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FOREWORD

The Central Hardwood Forest Conference is a series of biennial meetings that have been hosted
by universities and research stations of the U.S. Department of Agriculture Forest Service in the
central hardwood forest region in the Eastern United States. The objective of the conference is
to bring together forest managers and scientists to discuss research and issues concerning the
ecology and management of forests in the central hardwood region. This, the 15th Conference,
included presentations pertaining to forest health and protection; ecology and forest dynamics;
natural and artificial regeneration; forest products; wildlife; site classification; management and
forest resources; mensuration and models; soil and water; agroforestry; and fire. The conference
consisted of 86 oral presentations and 30 poster presentations resulting in the papers and

abstracts published here.
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THE RESILIENCE OF UPLAND-OAK FOREST CANOPY TREES
TO CHRONIC AND ACUTE PRECIPITATION MANIPULATIONS

Paul J. Hanson, Timothy J. Tschaplinski, Stan D. Wullschleger,
Donald E. Todd, Jr., and Robert M. Augé'

Abstract—Implications of chronic (33 percent) and acute (-100 percent) precipitation change
were evaluated for trees of upland-oak forests of the eastern United States. Chronic manipulations
have been conducted since 1993, and acute manipulations of dominant canopy trees (Quercus
prinus; Liriodendron tulipifera) were initiated in 2003. Through 12 years of chronic manipulations
tree growth remained unaffected by natural or induced rainfall deficits even though severe drought
conditions dramatically reduced canopy function in some years. The resilience of canopy trees

to chronic-change was the result of a disconnect between tree growth phenology and late-season
drought occurrence. Acute precipitation exclusion from the largest canopy trees also produced
limited growth reductions from 2003 through 2005. Elimination of lateral root water sources for
the acute treatment trees, via trenching midway through the 2004 growing-season, forced the
conclusion that deep rooting was a key mechanism for large-tree resilience to severe drought.

INTRODUCTION

Changes in regional precipitation expected to result from increasing global temperatures are predicted

to have a major effect on the composition, structure and productivity of forest ecosystems (Houghton

and others 2001). Such predicted changes raise concerns about terrestrial ecosystem productivity,
biogeochemical cycling, and the availability of water resources (Kirschbaum and Fischlin 1996, Melillo
and others 1990) and the IPCC Working Group II Third Assessment Report (McCarthy and others 2001)
requested further research on the response of ecosystems to multiple stresses (e.g., increased temperature
and drought). Unfortunately, the direction and magnitude of expected changes in precipitation remain highly
uncertain (Houghton and others 2001). Given this uncertainty, manipulative field experiments can play

a powerful role in the identification of gradual and threshold ecosystem responses that might result from
future precipitation changes. This paper describes the results of multi-year chronic and acute precipitation
manipulations designed to evaluate the sensitivity of upland-oak forest tree species to natural and
manipulated water deficits. The paper summarizes the responses for large trees, which are defined as trees
having a dbh greater than 0.1 m. Sapling growth is described elsewhere (Hanson and others 2001, 2003b).

EXPERIMENTAL SITE

The experiments were located on the Walker Branch Watershed (35°58° N and 84°17° W), a part of the
U.S. Department of Energy’s (DOE’s) National Environmental Research Park near Oak Ridge, Tennessee
(Johnson and Van Hook 1989). Long-term (50-year) mean annual precipitation was 1352 mm and mean
annual temperature was 14.2 °C. The soils are primarily Typic Paleudults derived from dolomitic bedrock.
Plant extractable water (water held between 0 and -2.5 MPa) for the upper meter of soil is approximately
183 mm. A large fraction of this water (44 percent) is held in the upper 0.35 m of the soil profile, which
is the location of 60 percent of all fine roots in the 0-0.90 m soil profile (Joslin and Wolfe 1998). The
soils are highly weathered and very deep (> 10m) on ridge tops and therefore retain little evidence of
their carbonate parent material. Deep rooting may be a source of some water. Early aerial photographs
show that the study area was forested in the late 1930’s (http://tde.ornl.gov/landuse.html), but several
large dominant trees show open growth characteristics suggesting some harvesting before that time. The
forest on Walker Branch Watershed is a centrally located example of the eastern broadleaf forest province

! Paul J. Hanson, Timothy J. Tschaplinski, and Stan D. Wullschleger, Research Staff Members, and Donald E. Todd, Jr., Technical
Specialist, Oak Ridge National Laboratory, Environmental Sciences Division, Oak Ridge, TN 37831-6422; and Robert M. Augg¢,
Professor, University of Tennessee, Plant Sciences Department, Knoxville, TN 37996-4561.
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as defined by Bailey (1983) and historically has been characterized as a Quercus/Carya forest. Insect
outbreaks in the early 1980s, however, decimated the Carya populations (Dale and others 1990), and the
current forests are better termed upland oak forests.

Quercus spp. and Acer spp. are the major canopy dominants across all slope positions. Liriodendron
tulipifera L. is a canopy dominant on the lower slope positions, and Acer rubrum L., Nyssa sylvatica
Marsh. and Oxydendrum arboreum (L.) DC are the predominant species occupying mid-canopy locations.
In March of 1994, stand basal area averaged 21.1 m?/ha (Hanson and others 2001). By April 2004, the
mean basal area across all plots had increased to 25.4 m?/ha (table 1). The number of saplings (trees <

0.1 m dbh) across the study area averaged 3079 trees/ha in 1994 falling to 1881/ha in April of 2005.
Saplings contributed an additional 3, 2.6, and 2.5 m*ha to total stand basal area in 1994, 1999, and 2005,
respectively (table 1). In 1994, Acer rubrum L. and Cornus florida L. made up 59 percent of all saplings
and 53 percent of the sapling basal area (Hanson and others 2001).

PROCEDURES

Chronic Precipitation Manipulation

The Throughfall Displacement Experiment (TDE) is a multi-year chronic precipitation manipulation
study. It was constructed across a 2-ha portion of an upper sub-catchment of the Walker Branch Watershed
in 1992 and 1993. The site was chosen because of its uniform slope, consistent soils, and a reasonably
uniform distribution of vegetation. The TDE system and its performance are described in detail by Hanson
and others (1995, 1998, 2003a). Early aerial photographs show that the TDE study area was forested in
1935, but several large dominant trees show open-growth characteristics, confirming that selective cutting
along the ridge had been done before that time (Dale and others 1990).

Manipulations of throughfall amounts reaching the forest floor were made by passively transferring

a fraction of the throughfall from one experimental plot to another. There were three (80 x 80 m)
experimental plots: one wet, one dry, and one ambient. Each plot was divided into 100 8 x 8 m subplots
that served as locations for repetitive, nondestructive measurements of soil and plant characteristics.

An 8 m buffer zone around the edge of all plots (16 m between plots) was treated but not used for the
observations of tree and sapling growth. On the dry plot, throughfall precipitation was intercepted in
~1900 below-canopy troughs (0.3 x 5 m) made of greenhouse grade polyethylene that was suspended at
an angle above the forest floor (~33 percent of the ground area was covered). The intercepted throughfall
was transferred by gravity flow across the ambient plot and distributed onto the wet treatment plot through
paired drip holes spaced approximately 1 m apart.

The experimental area was located at the upper divide of the watershed so that lateral flow of water

into the plots from upslope did not occur. The site had a southern aspect. Reductions in soil moisture
anticipated from the experimental removal of 33 percent of the throughfall were designed to be
comparable to the growing season having the lowest recorded rainfall during the dry 1980s decade (Cook
and others 1988).

Acute Precipitation Manipulation

Because results of the TDE study (Hanson and others 2001) showed greater than expected resilience of
tree growth in response to chronic drought, a follow up study was conceived to quantify responses to

acute soil water deficits. This study termed the ‘TARP’ study used understory tents for the removal of 100
percent of the growing-season throughfall and stem flow from large, individual canopy trees. Two species
representative of two distinct plant functional types L. tulipifera (yellow-poplar) and Q. prinus (chestnut
oak) were manipulated (n =4 for each species treatment combination). Each treatment ambient plot area
was the same, and exceeded the projected canopy spread for the largest trees. Each tent covered an area with
a minimum circular radius of 10 m from the target tree bole. The TARP tents and water collection gutters
were installed before leaf-out in March of 2003 and have been left in place through the 2005 growing
season. Photographs of the experimental system are available at the following web site: http://tarp.ornl.gov.
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Table 1—Cumulative basal area of (A) individual tree species > 0.1 m d.b.h.
and (B) saplings for the Throughfall Displacement Experimental area in March
1994, December 1999, and April 20052

Cumulative basal area
Species March 1994 December 1999  April 2005

(A) Trees > 0.1 m d.b.h.

Acer rubrum L. 2.40 2.92 3.39
A. saccharum Marsh. 0.56 0.66 0.72
Carya sp. 0.44 0.42 0.46
Cornus florida L. 0.16 0.13 0.1
Liriodendron tulipifera L. 1.64 1.62 1.82
Nyssa sylvatica Marsh. 2.97 3.07 3.26
Oxydendrum arboreum [L.] D.C. 0.77 0.83 0.86
Prunus serotina Ehrh. 0.11 0.16 0.22
Quercus alba L. 417 4.95 5.04
Q. prinus L. 5.72 6.02 7.09
Q. sp. 2.04 1.83 2.18
Misc. conifers 0.15 0.15 0.17
Misc. hardwoods 0.00 0.04 0.08

Total trees 21.15 22.80 25.40

(B) Saplings are plants > 1 m
and < 0.1 md.b.h.

Acer rubrum L. 0.97 0.96 1.1
A. saccharum Marsh. 0.05 0.06 0.07
Carya sp. 0.02 0.02 0.06
Cornus florida L. 0.62 0.49 0.31
Fagus grandifolia J.F. Ehrh. 0.03 0.05 0.07
Nyssa sylvatica Marsh. 0.36 0.30 0.22
Oxydendrum arboreum [L.] D.C. 0.29 0.30 0.25
Prunus serotina Ehrh. 0.19 0.15 0.14
Quercus sp. 0.14 0.12 0.10
Q. alba L. 0.04 0.04 0.04
Q. prinus L. 0.01 0.01 <0.01
Rhamnus sp. 0.16 0.1 0.03
Sassafras albidum (Nutt.) Nees 0.05 0.03 0.03
Miscellaneous 0.03 0.02 0.03
Total saplings 2.97 2.64 2.47
(C) Total basal area 23.93 25.44 27.87

@ A total of 18 tree species and 20 sapling species were present on the measurement plots,
but some groups were combined for presentation in this table.
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Trenching of the TARP plots was not done initially to avoid the artifacts of root severing and to allow
external tree roots to continue to extract water from the target dry plots. In July of 2004 (following limited
tree response to the acute treatments) the TARP treatment plots were trenched with a ditcher to a depth

of 50 to 60 cm and width of 20 cm to eliminate potential lateral root water sources. This process severed
100 percent of the lateral roots over this depth representing more than 80 percent of the total know root
population at this site (Joslin and Wolfe 1998).

Soil Water Content, Water Potential and Weather

Soil water content (percent, v/v) was measured in both studies with a time domain reflectometer (TDR;
Soil Moisture Equipment Corp., Santa Barbara, California) following the procedure of Topp and Davis
(1985) as documented for soils with high coarse fraction content (Drungil and others 1987). On the
TDE, Three hundred ten sampling locations were installed at an 8 x 8 m spacing across the site giving
more than 100 soil water monitoring locations per plot. For the TARP study, each experimental tree was
instrumented with four TDR locations within the canopy drip line. Each of these TDR measurement

sites consisted of two pairs of TDR waveguides installed in a vertical orientation (0-0.35 and 0-0.7 m).
The surface (0-0.35 m) TDR measurements coincide with the zone of maximum root density in these
soils. TDR measurements were obtained biweekly during the growing season and approximately monthly
during the dormant season on the TDE study, and periodically during physiological campaigns for the
TARP study. Automated hourly observations of soil water status were also logged using heat-dissipation
probes (CS615 water content reflectometer; Campbell Scientific, Logan, Utah) installed in vertical profiles
within each of the TDE and TARP treatment plots.

The TDR soil water content measurements were adjusted for the coarse fraction of these soils (mean coarse
fraction of 14 percent) and converted to soil water potentials using laboratory derived soil moisture retention
curves for the A, A/E and E/B horizons (Hanson and others 2003a). To facilitate comparisons of the severity
of soil water deficits between years, the minimum soil water potential (MPa) and calculate a water stress
integral (units of MPa d; Hanson and others 2003a) were measured or estimated for all years and treatments.

Weather data including air temperature, relative humidity, and soil temperatures (0.1 and 0.35 m) were
logged hourly on each treatment plot. Rainfall, solar irradiance (Pyranometer sensor, LiCor Inc., Lincoln,
NE) and photosynthetic photon flux density (Quantum sensor, LiCor Inc.) were also measured continuously
and logged as hourly means for one above-canopy location in the vicinity of both experiments.

Measurements of Tree Growth

Diameter measurements of all individual trees greater than 0.1 m dbh and a record of their presence/
mortality were recorded annually for the TDE experiment. Quercus alba L., Q. prinus L., A. rubrum, L.
tulipifera, and Nyssa sylvatica trees greater than 0.2 m dbh were fitted with dendrometer bands (170 trees)
for biweekly measurements of stem circumference during each growing season as described by Hanson
and others (2001). These five species made up almost 80 percent of the basal area of the experimental area
(table 1). Similar dendrometer band measurements were conducted for all Q. prinus and L. tulipifera trees
manipulated as a part of the TARP study.

Measured changes in the circumference of each tree were combined with information on its initial stem
diameter to obtain the change in stem basal area over time (cm? per year). All dendrometer bands were
installed during the dormant season, ahead of the initial growth measurements, to eliminate potential
first year bias in the dendrometer band measurements (Keeland and Sharitz 1993). This paper focuses on
cumulative annual tree growth data and shrink/swell patterns capable of being measured by dendrometer
bands are not important to the current discussion.

Statistical Analyses
The unreplicated nature of the TDE is not ideal (Hurlbert 1984), but the resulting pseudoreplication is
recognized as a reasonable approach when costly large-scale experimental field designs are undertaken
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(Eberhardt and Thomas 1991). To minimize the possibility that spatial variation would be confounded
with treatment effects, the TDE observations were preceded by judicious selection of homogeneous sites
(considering aspect, vegetation, and soils), detailed characterization of site environmental parameters,
and pretreatment measurements for key response variables (Hanson and others 2001). Growth responses
on the TDE were analyzed using individual trees growth (n = 200 to 250) as the experimental unit. In
support of the use of individual trees as the experimental unit, Hanson and others (1998, 2001, 2003a)
demonstrated that the individual 8 x 8 m resolution soil water measurements across the TDE plots were
not correlated with each other and could therefore be treated as independent measurements. Nevertheless,
to further account for bias in growth rates caused by pretreatment plant size and growth rate, the initial
basal area of individual saplings was used as a covariate in analysis-of-variance tests of treatment effects.
Such covariates were significant and appropriate for their intended purpose.

The TARP study was conducted on fully replicated mature trees with randomly assigned ambient or
dry-plot treatments. One-way analysis of variance with covariates based on initial basal area was used to
evaluate significant annual growth responses in the TARP study. Additional regression analyses relating
individual tree responses to tree-specific soil water content data are planned for a future paper. Statistical
analyses were conducted with SPSS 6.1 for Macintosh (SPSS, Inc.).

RESULTS AND DISCUSSION

Interannual Weather 1993 to 2005

Weather conditions exhibited substantial interannual variation from 1993 through 2005 (Hanson and
others 2003, http://tde.ornl.gov/tdedata.html). Lower-than-average annual precipitation was measured in
1993 (-16 percent), 1995 (-16 percent), 1998 (-9 percent), 1999 (-15 percent), 2000 (-11 percent), and
2001 (-27 percent). Above-average precipitation was observed in 1994 (+24 percent), 1996 (+21 percent),
1997 (+8 percent), 2003 (+13 percent), and 2004 (+7 percent). Growing-season precipitation (May to
September) was near normal in 1994, 1999, 2000, 2002, and 2004, but it was 26 to 38 percent less during
the drought years of 1993, 1995, and 1998. Growing-season precipitation was 47, 22, and 29 percent
higher than normal in 1996, 1997, and 2003, respectively. Mean annual air temperature and annual
incident solar radiation were not as variable as annual precipitation, but mean annual air temperatures in
1993, 1998 and 2002 were warmer than in the other years. Cumulative annual incident solar radiation at
the site was similar across years ranging from 2643 to 3155 MJ m-2.

Observed Patterns of Soil Water Potential

The seasonal patterns of mean TDR soil water potential by treatment in the 0 to 0.35 and 0.35 t0 0.7 m
depth increments from 1993 through August of 2005 are shown for the TDE and TARP manipulations in
figures 1 and 2, respectively. Minimum daily soil water potentials for the 0 to 0.35 m depth showed that
significant ambient drought occurred in 1993, 1995, 1998, 1999, 2000, and 2002 (sustained values below
-0.7 MPa in figure 1). In years with significant dry periods (1993, 1995, 1998, 1999, and 2002), long
periods without rainfall caused treatment differentials to be minimized. Following the depth of drought,
treatment differences redeveloped as the soils refilled at a faster and slower rate on the wet and dry plots,
respectively. No treatment differences were ever observed during the dormant seasons when all soils
returned to field capacity.

Water in the 0.35 to 0.7 m depth remained available for plant use throughout the drought periods in all
years with consistent evidence of reduced water availability at depth observed only during the severe late-
season droughts of 1998 and 2002. Annual water stress integrals (Hanson and others 2001, 2003a), which
account for the duration of drought, demonstrate that the 1993, 1999, and 2002 droughts (-92, -31 and
-114 MPa d, respectively) were not sustained as long as those occurring in 1995 and 1998 (-168 and -217
MPa d, respectively).

Acute soil moisture treatments associated with the TARP study diverged from ambient plot conditions
within one month after the initiation of treatments in 2003 and 2004 (fig. 2). Surface soils were allowed
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to return to field capacity during the winter of 2003/2004, but were maintained at acute drought levels
throughout the winter of 2004/2005. Partial refilling of surface-soil water stocks in February and March
of 2005 was evident the dry plots of the Quercus plots and was presumed to result from hydraulic
redistribution (Burgess and others 1998) via roots having access to deep water supplies.

Responses to Chronic Precipitation Change

Through 12 years of chronic manipulations, individual tree annual growth, measured on a subset of trees
with dendrometer bands, remained unaffected by natural or induced rainfall deficits even though severe
drought conditions were observed to dramatically reduce canopy function in some years (Wilson and
Hanson 2003). Hanson and others (2001, 2003b) showed that the observed resilience of these upper-
canopy Acer, Nyssa, Liriodendron, and Quercus trees was the result of a disconnect between their early-
summer growth phenology and normal late-season occurrence of drought.

Analysis of cumulative tree basal area growth over the entire experimental period from 1993 through
2005, however, showed a significant influence of the TDE precipitation treatments (fig. 3). Dry plot tree
growth was lower than both the ambient and wet treatments, but wet plot growth did not exceed ambient
growth. Tree size did not have a dramatic influence on the response to chronic precipitation manipulations.
Although not justified in this paper, current analyses of element cycles for the TDE suggest that long-
term chronic increases in precipitation may increase leaching of beneficial base cations (Johnson and
others 2002), and drought conditions may lead to immobilization of mineral elements (Paul J. Hanson,
unpublished data). Both processes could lead to reductions in growth over time.

Responses to Acute Precipitation Change

Results from the TDE study led us to hypothesize that an acute early spring precipitation deficit would
force drought conditions to overlap tree growth phenology on Walker Branch and lead to significant
current-year growth reductions. The acute precipitation exclusion in the TARP experiment, however,
produced limited growth (fig. 4) or physiology effects through three consecutive growing seasons (data
not shown). The TARP growth data provide further evidence of the resilience of upland-oak canopy trees
to drought on Walker Branch.
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Figure 3—Cumulative individual tree basal area growth (cm? + 95 percent
C.L) from 1994 through 2005 as a function of the chronic throughfall
displacement experiment (TDE) treatments for all defined trees (woody plants
> 10 cm d.b.h.), and the same analysis for defined trees < or > 26 cm d.b.h.
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Trenching around each dry-plot tent midway through the 2004 growing season was conducted to determine
if lateral root water sources were responsible for the resilience of the trees exposed to acute droughts.

The manipulation showed no negative influence on continuous observations of water use by the sapflow
method (Wullschleger and Hanson, in press) and allowed for the conclusion that deep rooting must be

a key mechanism for large-tree resilience to severe drought. Although such a conclusion is common for
woody plants in dryland ecosystems of the western United States and deep roots are known for oak forests
(Phillips 1963, Stringer and others 1989, Canadell and others 1996), such a conclusion was unexpected
for the upland-oak forest of Walker Branch for two reasons (1) measured root densities at depth were very
low at this site, and (2) dramatic canopy physiological effects and leaf senescence were observed during
the drought of 1998 when deep soil moisture was non-limiting. The TARP manipulations, however, clearly
demonstrate that the largest individual Q. prinus and L. tulipifera trees in this forest have an effective
mechanism for the extraction of deep soil water resources. Observations to quantitatively evaluate the
presence and water transport capacity of roots below 90 cm for the Walker Branch forest are underway.

Conclusions Relevant To Ecosystem Modeling

In their current form, ecosystem models used for assessments of the impacts of climatic change on
eastern forests overestimate the severity and influence of precipitation deficits on the upland forests

of Walker Branch (Hanson and others 2004). The precipitation manipulation experiments on Walker
Branch demonstrate the following needed improvements to ecosystem models of eastern deciduous
forests: an understanding of the timing of growth phenology and drought, an improved characterization
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of root hydraulic architecture and soil water supplies with depth, and the need to understand how stored
nonstructural carbohydrate (Tschaplinski and Hanson 2003) and element reserves vary form year to year
and when such pools become limiting to current-year growth.
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CARBON DIOXIDE FLUXES IN A CENTRAL HARDWOODS
OAK-HICKORY FOREST ECOSYSTEM

Stephen G. Pallardy, Lianhong Gu, Paul J. Hanson, Tilden P. Myers, Stan D. Wullschleger,
Bai Yang, Jeffery S. Riggs, Kevin P. Hosman, and Mark Heuer’

Abstract—A long-term experiment to measure carbon and water fluxes was initiated in 2004

as part of the Ameriflux network in a second-growth oak-hickory forest in central Missouri.
Ecosystem-scale (~ 1 km?) canopy gas exchange (measured by eddy-covariance methods),
vertical CO, profile sampling and soil respiration along with meteorological parameters were
monitored continuously. Early results from this forest located on the western margin of the Eastern
Deciduous Forest indicated high peak rates of canopy CO, uptake (35-40 umol/m*/second)

during the growing season in the relatively wet year of 2004. Late growing-season CO, uptake
rates declined despite the absence of drought, suggesting declining leaf photosynthetic capacity
that preceded leaf fall or removal of leaf area by herbivory. Canopy CO, profile measurements

in summer indicated substantial accumulation of CO, (~ 500 ppm) near the surface in still air at
night, venting of this buildup in the morning hours under radiation-induced turbulent air flow, and
small vertical gradients of CO, during most of the subsequent light period with minimum CO,
concentrations in the canopy. Flux of CO, from the soil ranged from 2 to 8 pmol/m*second during
the growing season and increased with temperature. Flux of forest floor CO, fell below 1 pmol/
m?*/second during mid-winter periods. Data from this site and others in the network will also allow
characterization of regional spatial variation in carbon fluxes as well as inter-annual differences
attributable to climatic events such as droughts.

INTRODUCTION

Traditionally, foresters have assessed the economic value of forests based on quantity and quality

of stem wood production. While this assessment remains an important perspective on resource use,
there are other approaches that have both economic and ecological utility. The eddy-covariance (EC)
technique to monitor exchanges of CO,, water vapor, and heat at the interface between vegetation and
the atmosphere allows a more complete accounting of carbon balance in forest ecosystems (Baldocchi
and others 1988, Baldocchi 2003). As carbon uptake or loss is the primary determinant of productivity
of forest ecosystems, EC measurements can provide a valuable tool for foresters, forest ecologists and
those interested in assessing the capacity of forests to sequester carbon. The latter may be of increasing
economic importance as greenhouse gas emissions force climate change.

In the Central Hardwoods Region there are now at least three EC sites operating in forest ecosystems
(Walker Branch, TN; Morgan Monroe State Forest, IN; Missouri Ozarks, MO). The Missouri site is the
most recent addition and a primary objective of the project is long-term quantification of carbon fluxes
of a Central Hardwoods forest in this forest-prairie transition region expected to be limited by water
availability. The site has been operating since June of 2004 and data are now available to illustrate the
potential value of such research to the forestry community.

! Stephen G. Pallardy, Professor, University of Missouri-Columbia, Department of Forestry, Columbia, MO 65211; Lianhong
Gu, Research and Development Associate, and Paul J. Hanson, Senior Research and Development Scientist, Oak Ridge National
Laboratory, Environmental Sciences Division, Oak Ridge, TN 37831; Tilden P. Myers, Atmospheric Scientist, National Oceanic
and Atmospheric Administration, Atmospheric Turbulence and Diffusion Division, Oak Ridge, TN 37831; Stan D. Wullschleger,
Senior Research Scientist, Bai Yang, Postdoctoral Research Associate, and Jeffery S. Riggs, Electronics Specialist, Oak Ridge
National Laboratory, Environmental Sciences Division, Oak Ridge, TN 37831; Kevin P. Hosman, Research Specialist, University
of Missouri-Columbia, Department of Forestry, Columbia, MO 65211; and Mark Heuer Electrical Engineer, National Oceanic
and Atmospheric Administration, Atmospheric Turbulence and Diffusion Division, Oak Ridge, TN 37831.
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STUDY AREA

The Missouri Ozark Ameriflux site (MOFLUX) site (38°40° N, 92°12” W) is located in the Ozark Border
physiographic region at the Baskett Research and Education Area (BREA, owned and managed by the
University of Missouri) 30 km SE of Columbia, Missouri, USA. The vegetation at the site, assessed

both by long term permanent plot measurements distributed across the BREA (Pallardy and others

1988, Pallardy and Coonley 2005) and from plots placed on spoke-like transects within the footprint of
the tower (unpublished), is an oak-hickory forest dominated by white oak (Quercus alba L.) and with
contributions of several other oak species (black oak, Q. velutina Lam.; northern red oak, Q. rubra L.;
Shumard oak, Q. shumardii Buckl.; chinkapin oak, Q. muehlenbergii Engelm.; and post oak, Q. stellata
Wangenh.) and hickories (primarily shagbark hickory, Carya ovata [Mill.] K. Koch). A dense understory
of sugar maple (Acer saccharum Marsh.) is found beneath the canopy, along with eastern redcedar
(Juniperus virginiana L.) (the latter in localized disturbed areas). Vegetation sampling in the footprint of
the eddy flux tower at the site indicated tree density of 583 trees/ha (> 9 cm dbh) and tree basal area of
24.2 m?*/ha. Canopy height ranges from 17 to 20 m and leaf area index, measured by leaf litter collection,
is about 4.2. Dominant soils are a broadly distributed type classified as Weller silt loam and another type
“Steep Stony Land” localized to limestone outcrop areas (Krusekopf and Scrivner 1962). Ridges alternate
with relatively gentle side slopes leading to ephemeral streams in shallow valleys with a total local
elevation range of 175-245 m across the area. The climate of the area is warm, humid and continental. The
monthly mean temperature (1971-2000) is —2.3 °C in January and 25.2 °C in July (http://www.ncdc. noaa.
gov/oa/climate/online/ccd/nrmavg.txt). Annual precipitation averages 1023 mm from 1971 to 2000 (http://
www.ncdc.noaa.gov/ oa/climate/online/ccd/nrmocp.txt). The study site is centered on a SW facing ridge
with gently sloping SE- and NW-facing sides surrounded by a basin about 1 km in diameter. The eddy
flux tower is located at the top of this elongated ridge roughly in the center of the basin.

MEASUREMENTS

An EC system is installed at a height of 30.48 m at the top of a walkup tower. It consists of a R. M.

Young 81000 three-dimensional sonic anemometer (R. M. Young Company, Traverse City, MI, USA) and
a LI-7500 open path gas analyzer (LI-COR Inc., Lincoln, NE, USA). Data are recorded at 10 Hz by a
personal computer sheltered at the base of the tower. Vertical fluxes of CO,, water vapor, temperature and
momentum are computed every 30 minutes after two-dimensional coordinate rotation to eliminate errors
in fluxes attributable to sonic anemometer tilt relative to the terrain surface, despiking to remove spurious
extreme values occasionally produced by the sonic anemometer and CO, analyzer, and Webb correction of
CO, concentrations to adjust for the effects of temperature and water vapor fluxes on CO, density (Webb
and others 1980).

Also in operation is a CO,/water vapor profile sampling system. Atmospheric CO, concentration and
water vapor content are measured by a LI-7000 gas analyzer (LI-COR Inc., Lincoln, NE, USA) at
heights of 0.15, 0.30, 0.61, 0.91, 1.52, 3.05, 6.1, 9.14, 12.19, 16.76, 22.86 and 30.48 m. Samples are
drawn through Teflon tubing progressively from top to bottom in a continuously recurring cycle. These
measurements allow continuous monitoring of the dynamic vertical CO, gradient within the ecosystem
for estimation of CO, storage and correction of eddy-covariance flux data to provide Net Ecosystem
Exchange (NEE) of CO,.

Soil respiration is monitored continuously with an automated system that samples eight tip-down
chambers of the design by Edwards and Riggs (2003) that are distributed 30-40 m from the tower along
the SE slope.

RESULTS AND DISCUSSION

Eddy-covariance measurement of CO, flux is based on very fast (10-20 Hz) measurements of both
vertical air movement and CO, concentration at the tower top (Aubinet and others 2000, Baldocchi and
others 1988, Baldocchi 2003). For example, upward air movement away from the canopy combined with
a concurrent fall in CO, concentration, or downward air movement into the canopy combined with an
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increase of CO, concentration, indicates depletion of CO, of the air below and therefore net CO, uptake in
photosynthesis. Raw data are usually processed to provide half-hourly values of CO, and H,O flux.

The daily march of EC CO, flux data (fig. 1) often shows a distinct pattern. Still air at night results in
buildup of CO, near the surface by plant and heterotrophic respiration. This dynamic pattern is captured
by the profile sampling system which draws air samples from the tower top to the forest floor (fig. 2).
Nighttime buildups of CO,, which can reach 500 pmol/mol or more, are subsequently vented upward
(indicated by negative flux values) early the next morning as increasing solar radiation induces increased
turbulence and higher daytime wind velocities (fig. 1). Venting is followed by photosynthetic uptake of
CO, that under well-watered, sunny conditions roughly follows the sinusoidal pattern of solar illumination
of the forest canopy. Daytime minimum CO, concentrations in the profile are located within the canopy
between 5 and 18 m (fig. 2).

Nighttime accumulation of CO, near the surface reflects intense respiration from the soil, especially
during the growing season (fig. 3A). Soil respiration ultimately depends on the fixed carbon inputs
provided by plant litter and carbohydrate translocation to the root system in living trees. However,
environmental controls on the process are also quite important. In winter (fig. 3B) low temperatures limit
daily mean soil respiration to less than 1 umol/m?/second, whereas in summer, when soil temperatures
may exceed 25 C in the upper soil (fig. 3A), the daily rate may reach 8 pmol/m?*second or more. Soil
water content may reduce soil respiration independent of temperature (Hanson and others 2003), but
during the wet year of 2004 there was little evidence of such limitation at the Missouri site (fig. 3).
Interestingly, heavy rain (in the present study >37 mm over the course of a day) may temporarily restrict
loss of CO, from the soil surface by the formation of a diffusion cap that presumably arises from filling of
the soil pore space with water (see arrows in fig. 3A).
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Figure 1—Typical diurnal pattern of CO, flux derived from eddy-covariance (EC) measurements at the
tower top (30.48 m) at the Missouri Ozark Ameriflux site.
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Figure 2—Vertical profiles of CO, concentration measured with the Missouri Ozark Ameriflux site CO,
profile sampling system at four representative times during the diurnal cycle of CO, exchange on day 175
(June 23, 2004).

Peak EC CO, fluxes at the Missouri site reached 35-40 pmol CO,/m*/second during the 2004 growing
season (fig. 4), values that are surprisingly high considering its location in the relatively xeric western
reaches of the Central Hardwoods region. These flux values are comparable with flux data for CO, from
deciduous forest EC sites elsewhere (Baldocchi and others 2001, Curtis and others 2002, Ehman and
others 2002, Schmid and others 2000, Wilson and Baldocchi 2001). The data in figure 4 also reinforce the
recurring nature of the diurnal pattern described in figure 1.

When EC-based flux rates are adjusted for CO, storage in the vertical air column, an estimate of NEE

of CO, can be derived. Mean daily NEE data for CO, from the initiation of measurement in mid-June
2004 through the end of the year are shown (fig. 5). The seasonal pattern of NEE is clearly observable
through the leaf-on season which ends by mid-October (Day 290). Interestingly, late growing season NEE
was reduced despite a lack of limitation by soil water availability or temperature (e.g., Days 200-250).
Modeling of NEE based on photosynthetic process models (Gu and others 1999) did not explain all of this
reduction and it is possible that the deviation may be attributable to senescence-related metabolic changes
although it precedes any visible signs of autumn coloration, or because of leaf area removal by herbivory.
Seasonal variations in foliar photosynthetic capacity consistent with this pattern have been observed in
eastern Tennessee by Wilson and others (2000). In early winter, NEE values hover around zero, likely
reflecting a balance between some residual CO, uptake by the evergreen Juniperus virginiana on the site
and wintertime soil respiration (fig. 3B).

The data provided by the suite of instrumentation on this site enable a comprehensive understanding of
short-term dynamics and mid-to-long term drivers of forest productivity. Straightforward integration of
NEE on an annual basis provides an independent estimate of ecosystem productivity to compare with
conventional biometric (e.g., dendrometer band estimates of growth and whole-tree biomass accounting
based on destructive sampling) and the status of a particular forest as a source or sink for CO,. Once
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Figure 3—Thirty-five-day traces of soil respiration, soil temperature at 5 cm depth, soil water
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potential in the upper 30 cm, and precipitation events for the growing season (A) and the dormant
season (B) of 2004 at the Missouri Ozark Ameriflux site [arrows in (A) indicate rain events that were

associated with dips in soil respiration].

Proceedings of the 15th Central Hardwood Forest Conference

e-GTR-SRS-101

17



50 T T T T T !

EC CO, flux (umo1 m?s™)

_30 1 1 1 1 1 1
190 191 192 193 194 195

July 8 2004 Yearday July 13

Figure 4—Eddy-covariance (EC) CO, fluxes for 5 days in midsummer 2004 at the Missouri Ozark
Ameriflux site (compare with figure 1).
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an adequate data set is in hand, models can be developed that accurately predict CO, exchange based
on conventional meteorological variables as drivers (Gu and others 1999, Hanson and others 2004). In
this way, CO, exchange at a regional scale can be estimated for forest ecosystems with similar species
composition. We are also in the process of building biometric data sets against which to contrast annual
NEE data as an independent test of the eddy-covariance method to resolve net carbon exchange in this
forest.

Although this approach to ecosystem—level carbon exchange has much promise, some issues remain to
be worked out. For example, if the topography of the site is dissected and prone to night drainage air
(so-called “complex terrain”) then some CO, produced at night in still air will “leak” away unmeasured.
Practical and theoretical methods are being developed to deal with these issues (Gu and others 2005).
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THE SINE METHOD AS A MORE ACCURATE HEIGHT
PREDICTOR FOR HARDWOODS

Don C. Bragg'

Abstract—Most hypsometers apply a mathematical technique that utilizes the tangent of angles
and a horizontal distance to deliver the exact height of a tree under idealized circumstances.
Unfortunately, these conditions are rarely met for hardwoods in the field. A “new” predictor
based on sine and slope distance and discussed here does not require the same assumptions for
accurate height determination. Case studies using a sycamore (Platanus occidentalis L.), a water
oak (Quercus nigra L.), and a southern red oak (Q. falcata Michx.) from southern Arkansas

are presented to emphasize the sensitivity of the tangent method to erroneous measurement
procedures. When heights were measured properly and under favorable circumstances, the
results obtained by the tangent and sine methods differed only by about 2 percent. Under more
challenging conditions, however, errors ranged from 8 to 42 percent. These examples also
highlight a number of distinct advantages of using the sine method, especially when exact tree
height is required.

INTRODUCTION

Tree height is one of the most conventional attributes of forest mensuration. Equipment and methods
specifically designed to enumerate the vertical dimension of individual trees have been available since
the earliest years of forestry (for example, Noyes 1916; Schlich 1911). Few people have questioned
the application of these techniques because they are based on fundamental geometric or trigonometric
principles. Given textbook definitions of tree height measurement under idealized circumstances, there
seemed little need for criticism.

Unfortunately, the accuracy of height measurement has for too long been taken for granted. If carelessly
applied, the conventional method of height determination is prone to significant errors. Even subtle
violations of the assumptions of this technique (for example, an almost imperceptible lean in a tall tree)
can produce noticeable departures from the exact height. In all fairness, it has only been in recent years
that technology has caught up to the science behind tree height measurement, making it possible to
control or eliminate this error (Blozan, W. 2004. Tree measuring guidelines of the Eastern Native Tree

Society. Unpublished report. http://www.uark.edu/misc/ents/measure/tree_measuring guidelines.htm.
[Date accessed: August 20, 2005].

This paper briefly reviews the basic assumptions behind the traditional height measurement technique,
including some that can lead to significant errors in height estimation. I will also describe a “new”
estimator of height that uses a set of trigonometric relationships that is not sensitive to the same
assumptions. Differences between the tangent and sine methods are illustrated in case studies of height
measurements of hardwoods in southern Arkansas.

METHODS

Basic Height Measuring Principles

Mathematically speaking, hypsometers typically apply a technique that utilizes the tangents of angles
and a horizontal distance to determine tree height. Figure 1 illustrates the basic principles of height
determination. With accurate distance and angle measurements, tangent-based hypsometers determine
total tree height (TanHT) as follows:

TanHT = [tan(A) % b] + [tan(A") X b] (D)

! Research Forester, USDA Forest Service, Southern Research Station, Monticello, AR 71656.
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TanHT = [tan(A) x b] + [tan(A’) xb] =a + a’

SinHT = [sin(A) x c] + [sin(A’) xc']=a + a’

Figure 1—The trigonometric basis for height determination, using
both the tangent method (TanHT equation) and the sine method
(SinHT equation). Triangles ACB and A'C'B' are both right triangles.
On perfectly flat ground with a truly vertical tree, a + a' = true tree
height, b = horizontal distance, and ¢ and ¢' are slope distances.

where the angles A and A' are measured in degrees, and the distance b is the true horizontal distance
from the observer to the stem. Note that under ideal conditions (a tree with no significant diameter on a
flat surface with a perfectly vertical stem and its highest living point centered over the bole (fig. 2), the
tangent method produces an exactly correct standing height (Husch and others 2003).

However, these conditions are rarely met, especially with hardwoods. A very large proportion of trees
lean, have bends or angles in their upper boles, or are found on sloping ground, and these departures
from the ideal make it necessary to take corrective actions to predict true height using the tangent method
(Falconer 1931, Krauch 1918). Crown asymmetry and shape can also cause problems (Husch and others
2003). For instance, many if not most large hardwoods (especially those growing in relatively open
conditions) develop a widely spreading crown with no obvious apex. Under these circumstances, height
measurements will almost invariably be taken from a point associated with an edge of the crown (rather
than over the bole), biasing tree height estimates using the tangent method upward (fig. 3).

Few people actually adjust for ground slope, tree lean, or skewed crown apex in the field, and failure to
make such corrections results in at least some degree of error. When corrections are applied, they are
often more ad hoc than mathematically based. For instance, techniques to adjust for the unseen apex

of a tree crown include measuring the highest visible limb or projecting through the crown towards an
assumed crown peak, even though neither method ensures an actual representation of a real tree top. Some
workers average multiple tangent measurements to estimate total height, but have no means to determine
if their original numbers are reliable. Others willingly accept solitary tangent heights, knowing that they
only need an approximate value.
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Figure 2—Idealized tree height measurement, where a perfectly
vertical tree has its highest live crown directly over its stem. Under
these specific circumstances, the tangent method will give exact
tree height (without correction).
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Figure 3—Overestimation bias from the tangent method of height
measurement applied to a diffuse crown typical of most hardwoods.
The tangent height (TanHT) relies on the angle A and horizontal
distance b and projects a non-existent crown apex, which, without
correction, overestimates tree height. A direct measurement of the
crown intersection, the sine height method slightly underestimates
true tree height.
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Fortunately, there is a different technique based on slope distances and the sines of the angles capable
of good height estimates under real-world field conditions. This estimator resembles the tangent-based
approach, with some notable exceptions:

SinHT = [sin(A) x c¢] + [sin(A") X ¢'] )

In this equation, ¢ and ¢’ are slope (not horizontal) distances, and the sine of angles A and A’ is used (fig.
1). This technique is possible because accurate and inexpensive laser distance measuring equipment is now
available and can be used to directly measure the slope distance to the highest and lowest points of the tree.

Under perfect conditions, TanHT = SinHT = exact standing tree height. However, the sine method is more
reliable under less-than-ideal circumstances than the tangent method because it is based on an actual
measurement to a real point on a crown, and does not involve projecting a hypothetical crown top based on an
angle and a distance measurement (fig. 3). So long as the angles and slope distances are accurate, the
trigonometry behind the sine method also ensures that only the true vertical height component is estimated,
making the technique insensitive to the slope of the land, the lean of the tree, or the width of the crown (fig. 4).

Figure 4—Diagram of how the sine method calculates true tree height
for (A) an offset hardwood crown and (B) for a leaning hardwood
with an offset crown on sloping ground. Uncorrected tangent-based
measurements would overestimate height under both conditions.
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Study Implementation

To illustrate the implications of different hardwood crown attributes for height estimates, sample trees
were measured using a Laser Technology Impulse 200LR™ laser rangefinder. The 200LR was chosen
for its high degree of distance (£ 0.2 feet at 1885 feet) and angular (£ 0.1 degree) accuracy (Carr 1996).
The default height function incorporated in the 200LR calculates the exact horizontal distance to the
stem, measures the angles to the top and bottom of the tree, and then uses the tangent method to derive a
height estimate (to the nearest 0.1 foot). The 200LR can also be used to determine upper and lower slope
distances (and their corresponding angles) using separate functions. Thus, the same laser rangefinder
can also be used to provide the sine method height, thereby eliminating potential errors caused by using
different technologies.

Three hardwood trees on the grounds of the University of Arkansas-Monticello and the Crossett
Experimental Forest (table 1) were selected for measurement. Each was selected to highlight a particular
attribute that may influence hardwood height measurement accuracy. A sycamore (Platanus occidentalis
L.) was chosen because of its lack of obvious lean, while an open-grown water oak (Quercus nigra L.)
was selected because of its broadly spreading crown, and the southern red oak (Q. falcata Michx.) was
picked because of its pronounced lean.

It should be noted that this limited sample was used specifically to show the risks of inappropriately
applying the tangent method. Even though this may seem to be a “stacked deck” approach to evaluating
the techniques, my intention was to highlight the relative insensitivity of the sine method to even gross
misapplications of height measurement techniques. After all, even the best trained field crews are not
likely to spend much time carefully determining the extent of lean or the skew of crowns unless the trees
are obviously affected. Rather, they are more likely to assume that modest departures produce very minor
differences in the predicted heights. Indeed, this is often part of their instruction: Avery and Burkhart
(1994) state that clinometers can accurately (within 2 to 5 percent) predict height for trees leaning up to 5
degrees. With small trees, or for those conducting a large-scale inventory, this magnitude of error is rarely
problematic. For those requiring greater accuracy, even this is unacceptable.

RESULTS AND DISCUSSION
Favorable Conditions

I first tested the 200LR under conditions that approached the ideal. When the two methods were used to
estimate the height of a 32 foot tall vertical light pole from horizontal distances ranging from 66 to 107
feet, they produced height estimates that differed by less than 0.2 feet (< 0.6 percent). Thus, there was no

Table 1—Basic attributes of southern Arkansas hardwoods used
to highlight differences in height measurement techniques

Diameter at Horizontal Defining
Tree breast height distance? attribute®
inches feet
Sycamore 18.8 124 No visible lean
Water oak 46.4 79-255° Wide crown
Southern red oak 40.1 116-182° 20 degree lean

@Horizontal distance between the measuring station and the tree.
bThe reason why the tree was chosen for this comparison.
°Multiple stations were used at varying distances from the tree.
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meaningful difference between the estimates produced by the techniques, given the stated accuracy of the
instrument.

In the case of the sycamore with good apical dominance (fig. 5), the tangent method produced a height
estimate (72.3 feet) only slightly (2.0 percent) lower than that produced by the sine method (73.8 feet).
This small difference arose because the sycamore leaned almost imperceptibly away from the measuring
device, so that its highest live leader was not positioned directly over the point to which the horizontal
distance was measured.

Wide Crowns

When the height of the water oak was measured from over 250 feet away, the difference between the
height estimate produced by the tangent technique (66.8 feet) and that produced by the sine technique
(69.1 feet) was moderate (3.3 percent). At this distance, it was possible to view the top of the entire crown
(fig. 6), and selection of the crown apex was greatly facilitated. However, this does not change the tangent
method assumption that the highest point is located over the point to which the horizontal distance is
measured. Thus, the 3.3-percent difference between the height estimates indicates that there is still an
obvious offset when the tangent method is used.

When measured from up close (78.5 feet away, horizontal distance), the tangent method yielded a height
estimate of 62.4 feet and the sine method one of 67.8 feet (an 8.0-percent difference) for exactly the same
leader mentioned in the previous paragraph. At this close proximity, it is virtually impossible to detect

Figure 5—A sycamore with little apparent lean. Picture was taken
approximately 125 feet from the stem.
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Figure 6—The water oak with a broadly spreading crown. Picture
was taken approximately 250 feet from the stem. The arrow
identifies the highest visible leader at 250 feet, compared to the
circled leader that appeared highest at 106 feet.

the highest point on the crown without first having spotted it at a distance (which is not always possible,
especially in dense stands). The nature of how tangent heights are determined (indirect placement of
crown top by using horizontal distance and angle, often to an approximated apex) creates a much greater
potential for error than the sine method.

To further illustrate this, I selected another viewing point 106 feet from the water oak. At this location, it
appeared that a different leader was the highest point on the tree (fig. 6). This new high point produced

a tangent height of 73.4 feet. When the sine method was used, however, it produced a height estimate

of only 62.4 feet, and it was clear that this leader was in a subordinate crown position. Even though the
tangent method predicted a height closer to the true height of the tree, it arrived at this value through
compensating errors rather than as a consequence of the validity of the technique. In other words, without
strict controls, the observer cannot account for the accuracy of a lone measurement under the tangent
method.

Pronounced Lean

A leaning southern red oak provided a classic example of the potential for serious errors in height
estimation using the tangent method. This tree was selected for its prominent inclination (20 degrees
from vertical) (fig. 7a) specifically to emphasize the effect of lean on height determination. When the
tree leaned away from the observer, the tangent method yielded a height estimate of 77.4 feet and the
sine method one of 79.3 feet. When this red oak was measured away from its predominant axis of lean,
the highest branch was actually offset slightly behind the vertical axis of the tree, and this resulted in a
relatively minor (~2 feet) underestimate of tree height.

At a point perpendicular to the lean of the southern red oak, the tangent method yielded a height estimate
of 80.2 feet and the sine method one of 80.5 feet. The close correspondence between estimates based on
the two methods and a perpendicular perspective indicates that the techniques give very similar results if
they are applied properly.
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Figure 7—Strongly (20 degrees) leaning southern red oak, with pictures taken from about 100 feet away for the (A)
perpendicular to the lean and (B) into the lean perspectives. The arrow in (B) indicates the apparent top of the crown,
and indicates the lack of visible lean from this direction at this distance.

However, when the southern red oak was measured with the lean toward the observer, a new branch of the
crown (identified by an arrow in figure 7b) appeared to be tallest. This branch was located significantly
closer to the measurement station than the vertical bole axis, and therefore the tangent method (if

not corrected for horizontal distance) would project a height much greater than the true value. Not
surprisingly, the unadjusted tangent method produced a height estimate of 110.8 feet, 33 feet (42 percent)
higher than the 77.8- foot estimate obtained by using sines.

Though this last trial violated accepted height measuring procedures, from exactly this vantage point
(fig. 7b) the oak did not have an obvious lean, and thus could have misled some observers. Technology

is increasingly making the direct measurement of sample trees less necessary. Laser-based dendrometers
already on the market are capable of accurate diameter measurement from a distance, so remotely sensed
stem measurements will probably become commonplace before long. If this happens, workers may never
actually walk up to trees to measure them and large errors may result if the tangent method is used to
determine height and tree lean goes undetected.

Tangent Versus Sine Tree Height Determination

As shown in the previous discussion, the tangent method is very sensitive to the point of the crown chosen
to represent tree height, especially in wide, skewed, or flat-topped hardwoods. It is possible to avoid large
errors in height estimates using the tangent method, but to do this careful measurement of true horizontal
distance must be made. In practice, this means identifying the point on the ground directly below the
highest point of the tree, a difficult if not impossible prospect under most circumstances.

The sine method avoids inappropriately determined horizontal distances by measuring a real point of the
crown, not the projected or assumed apex as with the tangent method. This means that the sine method
will never overestimate tree height, which is possible when the tangent method is used incorrectly.
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Therefore, to accurately estimate height using the sine method, all one has to do is take appropriate
distance and angle readings and correctly identify the highest point on the tree.

However, under some circumstances it can be difficult to find an adequate opening through the canopy to
determine slope distance and make a height determination with the sine method. The tangent method does
allow for the user to approximate where the top of the crown is (assuming enough can be seen), but this
“advantage” is also the flaw that makes inappropriate estimates of tree height possible. Fortunately, since
the sine method does not require that a specific viewing distance or direction be used in order to estimate
height, it is possible to maneuver around the subject tree until the crown apex becomes visible. The effort
expended searching for a good (clear) shot at the highest point of a tree when the sine method is employed
is not likely to be greater than the amount of time spent collecting multiple height estimates to average for

a more accurate tangent height.

Finally, since it makes use of an actual point on the crown (and does not presume to project one), the sine
method is also not as prone to close- proximity errors as the tangent method. This is very advantageous
in forests with dense canopies, especially when the trees are all of approximately the same size, since the
tangent method should be measured using an angle of 45 degrees or less to help minimize error (fig. 8).

Although considerably more expensive and cumbersome to use, laser technology and sophisticated
electronics can substantially improve hardwood height estimates, regardless of the technique. Errors in
height prediction can be even more pronounced if older technologies (for example, using clinometers
with cloth measuring tapes or pacing) are combined without regard to the degree of error these imprecise

techniques impart.

It is also important to remember that any measurement technique requires proper application and the
measurement of a consistent standard. It will, for example, always behoove the observer to correctly
identify the highest live point of the tree, regardless of the height measurement technique. Accurate
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Figure 8—The relative impacts of closeness on height errors for both the
tangent and sine methods, given an idealized and opaque hardwood crown. As
one approaches the outer edge of the crown (gets closer to the stem), the tangent
method provides increasingly greater overestimates, while the sine method
underestimates height (although at a lower rate than the tangent).
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horizontal distance measurements and reliable angle readings are just as critical in the sine method as
they are for the tangent approach. The sine method may be less sensitive to most of the assumptions of
the tangent method, but it still requires appropriate implementation to ensure that the highest accuracy is
achieved.

CONCLUSIONS

Under typical circumstances, the sine method is the most reliable means currently available to determine
standing tree height, largely because it is relatively insensitive to some of the underlying assumptions of
the tangent method. Unfortunately, only recently has technology permitted the use of the sine method,
whereas the tangent method has been ingrained into procedures and instrumentation for many decades.
However, a growing number of individuals and organizations (such as the Eastern Native Tree Society)
have begun to tout the advantages of the sine method (ENTS 2005).

Hopefully, the need for consistent and accurate height determination, especially in an era of remotely-
sensed and modeled measurements, will encourage more people to use the sine approach. Certainly, in
cases where high accuracy is called for (for example, the measurement of champion trees) or conditions
exist that would seriously bias height measurement (for example, broad or offset crowns, leaning trees, or
steeply sloping terrain), any extra time spent correctly determining height is well worth the effort.
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A DIAMETER DISTRIBUTION APPROACH TO ESTIMATING AVERAGE
STAND DOMINANT HEIGHT IN APPALACHIAN HARDWOODS

John R. Brooks'

Abstract—A technique for estimating stand average dominant height based solely on field
inventory data is investigated. Using only 45.0919 percent of the largest trees per acre in the
diameter distribution resulted in estimates of average dominant height that were within 4.3 feet
of the actual value, when averaged over stands of very different structure and history. Cubic foot
and board foot yields on a per acre basis can be easily obtained based solely on field tally of tree
diameters and total height on inventory samples.

INTRODUCTION

In many different cover types, stand volume per acre can be accurately determined as a function of

stand basal area and average dominant height (Brooks and Wiant 2004). The determination of average
dominant height normally requires the subjective assignment of crown class and the measurement of tree
total height. Previous studies have shown that stand average dominant height can be accurately predicted
using a percentage of the diameter distribution, when arranged in decreasing size order (Bailey and
Brooks 1994, Bailey and Martin 1996, Brooks 2003). This percentile of the diameter distribution in pines
has been shown to be very stable and can be used to extract average dominant height from inventory
data when crown class assignment has been omitted. The estimation of hardwood stand volume based

on these two stand level variables has also been shown to be quite stable (Brooks and Wiant 2004) but
this diameter distribution approach has never been reported for the determination of average dominant
height in more variable hardwood populations. This study uses permanent sample plot data collected in
three very different hardwood stand conditions to test this application for the estimation of stand average
dominant height.

METHODS

Three Appalachian hardwood datasets were selected for study based on the precision of measurements
and the diversity of stand types. All three locations involve permanent fixed area sample plots where

dbh, total height and crown class were recorded for all trees 4.6 inches dbh and larger. Diameters were
measured to the nearest 0.1 inch with a diameter tape, while total heights were recorded to the nearest

0.1 foot with an Impulse laser hypsometer. The first dataset represents the initial measurement and some
remeasurement data on 40 square 0.2 acre sample plots located on the West Virginia University Research
Forest (WVUREF) located in north central West Virginia. This forest is approximately 75 years old and is
predominately even-aged. The forest is composed of two broad cover types; mesophytic and oak types. In
general, the mesophytic types occur on north and east-facing aspects and coves while the oak types occur
on south and west aspects and ridges. Descriptive statistics of the forest structure are displayed in table

1. The second dataset represents 67 circular 0.2 acre permanent sample plots located near Daily, West
Virginia (Tygart). This forest was originally even-aged prior to a diameter limit selection harvest in the
early 1970s. Dominant species include white oak (Quercus alba L.), chestnut oak (Q. prinus L.), scarlet
oak (Q. coccinea Muenchh.), yellow-poplar (Liriodendron tulipifera L.) and northern red oak (Q. rubra
L.). Descriptive statistics of the forest structure are displayed in table 1. The third dataset is based on 15
circular 0.1 acre permanent plots located in southeastern Ohio. This forest includes dominant trees of 110
years of age and is dominated by maples (Acer spp.), oaks (Quercus spp.) and American beech (Fagus
grandifolia Ehrh.). Descriptive statistics of the forest structure are displayed in table 1.

! Associate Professor, West Virginia University, Forest Biometrics, Morgantown, WV 26506-6125.
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Table 1—Descriptive forest statistics for the three hardwood datasets

Forest No. plots TPA BAAC Max DBH DHT
ft? ft
WVURF 57 193.3 153.7 35.0 89.4
Tygart 67 228.6 107.7 29.5 73.4
Ohio 15 207.3 83.8 28.1 71.6

TPA = trees per acre; BAAC = basal area per acre; DHT = average dominant height;
WVURF = West Virginia Univeristy Research Forest.

For each dataset, all inventory data were sorted by plot number in decreasing dbh and total height order.
For each plot, a percentile of the diameter distribution was identified where the average total height of
the current tree and all larger trees was approximately equal to the average height of all dominant and
codominant trees, regardless of species type. This percentile was identified for each plot and the mean
and variance of this value was determined for each dataset and across all plots and locations. To ascertain
whether a single percentile could accurately estimate stand dominant height across these very different
stand conditions, the average bias and root mean squared error (RMSE) between actual and estimated
average dominant height was determined for each plot in each of the three datasets. In addition, the
sensitivity of the mean dominant height estimation error was examined as the percentile of the ranked
diameter distribution was varied from 10 to 90 in steps of 10 percent.

RESULTS AND DISCUSSION

The diameter distribution percentile that equates to average dominant height was calculated for each
sample plot of the 3 forests examined. These percentiles ranged from 9 to 84 percent, with a mean of
45.0919 percent when averaged across all plots (fig. 1). Although visually quite variable, the variance
across all plots is only 0.024918. The average diameter distribution percentile and its associated variance
are shown by forest and across all plots (table 2). To determine whether a single percentile could be

used to accurately estimate average dominant height, the average height of all trees in the upper 45.0919
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Figure 1—Distribution of average dominant height percentiles by plot and location.

Proceedings of the 15th Central Hardwood Forest Conference

e-GTR-SRS-101



percent of the diameter distribution was calculated for each plot and compared to the known average
dominant height based on total height and crown class assignment. Both average bias and RMSE of this
height difference was evaluated. Average bias ranged from -8.7 feet (Ohio) to 1.3 feet (WVURF) with a
mean across all plots of -1.5 feet (table 3). Based on average bias, the percentage of plots within 10 feet of
the actual dominant height ranged from 96 (WVURF) to 60 percent (Ohio). Across all the datasets tested,
88 percent of the individual plots were estimated within 10 feet of the actual value. Similar results were
obtained when the RMSE of the prediction error was evaluated. RMSE ranged from 2.5 (WVURF) to 8.7
feet (Ohio). The average error across all plots was 4.3 feet. The percentage of plots within 10 feet of actual
dominant height was identical to that expressed for average bias.

To evaluate the sensitivity of the percentile value, the diameter distribution percentile was varied from 10
to 90 percent of the ranked distribution and average dominant height error was calculated at each step.
Average error was within 10 feet of the actual dominant height value for an extended range, the smallest
of which was with the Ohio dataset where a 10 foot error was obtained within a range from 10 to 50
percent of the ranked diameter distribution (fig. 2).

Prediction of average dominant height in central hardwoods without the field assignment of crown
class appears feasible given the stability of the diameter distribution percentile. The plot data selected
for study was chosen due to large differences in stand history and structure. The WVUREF plots are the

Table 2—Mean and variance of the average
dominant height percentile by location and
across all locations

Dominant height percentile

Forest Mean Variance
WVURF 0.4492 0.0231
Tygart 0.3858 0.0202
Ohio 0.5233 0.0188
All 0.4295 0.0249

WVURF = West Virginia Univeristy Research Forest.

Table 3—The average bias, RMSE prediction error and
percentage of plots having an average bias within 10 feet of
the actual dominant height

Average Percent
Forest bias RMSE within 10 feet
------ feet - -----
WVURF 1.3 2.5 96.5
Tygart -2.4 4.9 88.1
Ohio -8.7 8.7 60.0
All -1.5 4.3 88.5

WVURF = West Virginia Univeristy Research Forest.; RMSE = root
mean squared error.
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Figure 2—Average dominant height bias in feet by diameter distribution percentile for
all sample plots in the Ohio location.

most uniform providing a dominant height RMSE of only 2.5 feet over 57 permanent plots. This error is
arguably less than traditional measurement error. In the Tygart dataset, some of the overstory was removed
in the early 1970s. The average diameter distribution percentile was smaller in this forest, reflecting

the need to only include a portion of the largest trees. In the Ohio dataset, the forest has a much more
developed stand structure with many sugar maples developing into the codominant crown class from
existing gaps in the canopy. In this situation, much more of the diameter distribution is needed to quantify
the average dominant height. Based on field measurements of diameter and total height, both basal area
per acre (total and sawtimber only) and average dominant height can be quickly determined and whole
stand volume (ft* and bf) can be estimated using equations published by Brooks and Wiant (2004, in
press). Their results indicate that over 90 percent of the variation in volume yield can be explained by
these two stand level variables.
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DEVELOPMENT OF INTERIM OAK ASSESSMENT GUIDELINES
FOR THE SILVAH DECISION-SUPPORT SYSTEM

Patrick H. Brose'

Abstract—Updates to the SILVAH decision-support system make it more applicable to the mixed
oak forests of Pennsylvania and other mid-Atlantic states. This update required establishing
interim inventory guidelines for assessing the competitive ability of advance oak regeneration.
This assessment was complicated by oak’s growth strategy, emphasizing root development in lieu
of stem development. Regression analysis of an oak height growth data set from the Piedmont
region of Virginia was used to compare stem height, basal diameter, and root collar diameter over
3 years in shelterwood stands. If the oak stems were not top-killed, then there was no difference
in the coefficients of determination among the three variables. Conversely, when the stems were
top-killed, root collar diameter explained much more of the subsequent height growth than either
basal diameter or stem height because many small oak stems produced tall vigorous sprouts.
Examination of these sprouts revealed that they had large root systems and shared certain
characteristics such as number of stems, number of full-sized leaves, and stem height. These
findings indicate that root collar diameter should be examined when assessing oak regeneration in
previously disturbed stands and should provide guidance as to what stem characteristics indicate
small oak stems with large root systems.

INTRODUCTION

SILVAH is a quantitative and systematic approach to forest management developed following decades

of research by personnel of the USDA Forest Service’s Forestry Sciences Laboratory in northwestern
Pennsylvania (Marquis and others 1992). SILVAH is geared primarily for the cherry-maple and northern
hardwood stands of the Allegheny Plateau region and it has a documented record of prescribing
appropriate treatments for these forest types in that part of Pennsylvania. SILVAH’s oak component was
less well developed and in late 1999, the Pennsylvania Bureau of Forestry (PA-BoF) encouraged the lab to
remedy that deficiency.

In January 2000, representatives of the PA-BoF, USDA Forest Service’s Northeastern Research Station
and Allegheny National Forest, The Pennsylvania State University’s School of Forest Resources, forest
industry, and forest consulting firms met for 3 days in State College, PA to begin improving SILVAH’s oak
component. The meeting had three purposes: (1) to organize existing oak management knowledge into
SILVAH’s decision-making framework; (2) to develop interim guidelines for inventory procedures; and (3)
to identify and prioritize knowledge gaps for future research. One of the first knowledge gaps encountered
was how to identify competitive oak regeneration, i.e., a stem ready to compete for a dominant or co-
dominant crown position in a regenerating stand.

Existing guidelines from the Ozarks use stem height to identify competitive oak reproduction. Ivan
Sander and others (1976) determined that oak stems > 4.5 feet tall were the only ones large enough to
reliably capture dominant or strong co-dominant crown positions after harvesting of the existing stand.
The 4.5-foot stem height threshold fit well into SILVAH’s “stocked plot” concept and prescriptive
framework but the committee members felt, based on their collective experience, that it was too tall for
most Pennsylvania oak forests so a 3-foot threshold was adopted as an interim height guideline.

There were three concerns regarding the use of oak regeneration guidelines developed elsewhere.
The primary concern was the adequacy of stem height alone to indicate the competitiveness of oak
regeneration given the fact that oak seedlings and seedling sprouts emphasize root development more

! Research Forester, USDA Forest Service, Northeastern Research Station, Irvine, PA 16329.
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than stem growth (Kelty 1989; Kolb and others 1990; Miller and others 2004). The concern over root
development meant that assessing oak regeneration with stem height might be misleading because small
oaks may actually have large enough root systems to compete following a harvest. This is especially true
if the oak stem is broken during the harvesting operation resulting in a new, vigorously growing sprout or
if prescribed fire is used during the regeneration process (Brose and others 1999a, 1999b).

Another concern was the dissimilarities between Pennsylvania and the Ozarks in terms of site quality,
major competing species, disturbance regimes, and overstory density (full sunlight versus partial shade)
and their influence on seedling growth. Most Pennsylvania oak forests are better quality than those of the
Ozarks. Major species competing with oak in Pennsylvania include black birch (Befula lenta L.) and red
maple (Acer rubrum L.). These two species are absent or not nearly as troublesome in the Ozarks.

Pennsylvania oak forests have been and are subject to defoliation by gypsy moth (Lymantria dispar L.)
and subsequent salvage operations while the Ozarks still lack this pest. Consequently, oak regeneration in
many Pennsylvania forests develop for years in partial shade while the Ozark guidelines assume complete
canopy removal for their growth and survival projections.

Reanalyzing an existing data set (Brose 1997) offered a way to address the concern about which
morphological attribute would effectively assess the competitive capacity of oak regeneration. That data
set contained oak height growth data collected over 3 years and allowed direct comparisons of the ability
of pre-treatment stem height, basal diameter, and root collar diameter (RCD) to post-treatment growth.
Basal diameter was also part of Sander’s research and was used by Loftis (1990) in his probabilistic
regeneration model for the southern Appalachian Mountains. Basal diameter is usually measured where
the stem emerges above the leaf litter. RCD is commonly used to measure root size in oak planting
operations (Stroempl 1985; Johnson and others 1986; Kennedy 1993; Spetich and others 2002). The
root collar is the transition point between stem and root and is identifiable by a ring of callous tissue
and dormant buds. Generally, it is found in the upper 1-inch of soil. Because of oak’s emphasis on

root development, basal diameter or root collar diameter may be a better measure than stem height in
explaining subsequent growth.

This paper reports the findings of the data reanalysis. The initial objective was to compare the ability of
basal diameter, root collar diameter, and stem height to explain the variation in oak stem growth following
top-kill and sprouting. Findings from that analysis spurred a second objective: to provide guidance for
determining when root collar diameter should be included in the size assessment of oak regeneration.

METHODS

Site Description

The data set was compiled from a study that took place from 1994 to 1998 in three mixed-oak
shelterwood stands at the Horsepen Wildlife Management Area in central Virginia. The stands ranged
from 15 to 50 acres and were similar to each other in landform, soils, species composition, and structure.
All were situated on the top and upper side slopes of gently rolling hills at elevations of 500-600 feet
above sea level. Soil series for all three stands was a Cecil sandy loam with an oak site index of 70 feet
(base age 50). The stands originated in the late 1890s, were even-aged, and had been partially harvested
about 1990, reducing basal area from 120 to 60 square feet per acre. The resultant shelterwood had about
50 percent canopy closure. The most abundant canopy species were the upland oaks [black oak (Quercus
velutina Lam.), chestnut oak (Q. prinus L.), northern red oak (Q. rubra L.), scarlet oak (Q. coccinea
Muenchh. ), and white oak (Q. alba L.)]. American beech (Fagus grandifolia Ehrh.), blackgum (Nyssa
sylvatica Marsh.), flowering dogwood (Cornus florida L.), mockernut hickory (Carya tomentosa (Poir.)
Nutt.), pignut hickory (C. glabra (Mill.) Sweet), red maple, and yellow-poplar (Liriodendron tulipifera L.)
also were present, especially in the midstory. The heavy partial cut resulted in abundant, well-distributed,
advance regeneration (> 20,000 stems per acre) with all canopy species represented. Red maple and
yellow-poplar regeneration were the tallest stems, generally ranging from 8 to 10 feet in height, while
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oak reproduction was usually between 2 and 3 feet tall. Given these conditions, the study site was quite
similar to Pennsylvania oak forests so the data set also satisfies the concerns of the committee about forest
dissimilarity between Pennsylvania and the region of origin of the reanalyzed data set.

Study Design and Implementation

Each of the three stands was divided into four treatments (spring, summer, and winter burns, and an
unburned control). In 1994, prior to the prescribed fires, 304 oak stems representing all five upland oak
species were tagged for growth and height measurements. These stems were visually judged to represent
the range in height of surrounding reproduction. For each tagged stem, species, basal diameter, number of
stems, number of mature leaves, root collar diameter, and stem height were recorded.

Prescribed burns were conducted in February (winter), April (spring), and August (summer) 1995 by
personnel of the Virginia Department of Game and Inland Fisheries. Drip torches were used to light the
prescribed fires in a strip head-fire ignition pattern. The initial strip head-fire was lit along the uphill or
downwind side of the treatment block and was about 10 feet wide. Once the initial strip was burned,
subsequent strips were wider and systematically ignited moving in either a downhill or upwind direction
until the entire treatment block was completely burned. Fire behavior was typical for the seasons,
according to the experienced fire personnel conducting the burns. Spring fires produced flame lengths
of 2 to 4 feet with rates of spread ranging from 5 to 10 feet per minute. Summer and winter burns were
similar to each other and exhibited 1 to 2 feet flame lengths and rates of spreads from 1 to 5 feet per
minute.

Tagged stems in the control, spring burn, and winter burn treatments were measured for height growth in
fall 1995, 1996, and 1997. Tagged stems in the summer burn treatment were measured for height growth
in fall 1996, 1997, and 1998 because many of the stems did not initially sprout until 1996.

Statistical Analysis

Earlier analysis of sprout growth rates found no significant differences among the oak species (Brose
and Van Lear 1998), so height growth data were pooled to increase sample size and then separated by
treatment. Stepwise regression was used to determine which of the three variables or combinations had
the most influence on third-year stem height (SAS 2002). Simple linear regression was used to evaluate
the ability of the three variables to explain third-year stem height by comparing their coefficients of
determination. Each of these were rated as extremely poor (1><0.20), poor (r>=0.20 — 0.39), fair (r>=0.40
—0.59), good (r*=0.60 — 0.80), and excellent (r>>0.80) predictors of third-year stem height.

The initial stepwise regression analysis showed the importance of RCD in predicting third-year stem
height so stepwise regression was used to determine which aboveground stem characteristics best
explained RCD size. Variables used in this analysis included basal diameter, number of stems per
rootstock, number of mature leaves per stem, and stem height.

To develop field criteria for judging when to examine root collars, oak stems were sorted by pre-treatment
and post-treatment heights into four groups. Small oaks were < 4.5 feet before and at the end of the study.
Small-large oaks were < 4.5 feet to begin with but were > 4.5 feet by the third year. Large-small oaks
were > 4.5 feet at the beginning of the study but did not attain that height by the end of the third growing
season. Large oaks exceeded 4.5 feet before and after the study. Analysis of variance with Student-Keuls
mean separation test was used to determine whether there were differences in the number of stems per
rootstock and number of leaves per stem among the four groups. Residuals were examined for compliance
with statistical assumptions and alpha was 0.05.

RESULTS

Of the 304 tagged oak stems, 83 were dropped from the reanalysis because they failed to sprout following
the fires or were never top-killed by the fires. The remaining 221 stems were evenly distributed among the
five oak species with 37 to 48 stems per species and among treatments with 48 to 66 oaks per treatment.
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All four of the models derived from stepwise regression analysis explained between 64 and 71 percent of
the variability in early height growth of sprouting oak stems, regardless of treatment (table 1). However,
the models differed profoundly in their makeup. Root collar diameter was the major explanatory variable
of early height growth in all the burn treatments. In fact, it was the only variable in the spring and winter
burn models and accounted for over 90 percent of the coefficient of determination in the summer burn
model. In the unburned control, stem height and basal diameter were the only components of the model.

Basal diameter, root collar diameter, and stem height all provided fair coefficients of determination
ranging from 0.484 to 0.533 when oaks were not top-killed (table 2). However if they were forced to
sprout, basal diameter and stem height produced poor and fair coefficients of determination ranging
from 0.224 to 0.460, depending on season of burn, while root collar diameter had good coefficients of
determination of 0.642 to 0.676.

Stepwise regression of the aboveground stem characteristics produced a model that explained about 67
percent of the variability in root collar diameter. Of the model’s components, basal diameter and stem
height were the two key variables, accounting for over 90 percent of the coefficient of determination.

Table 1—Models developed from stepwise regression analysis relating
the total amount of height growth (stem height at age 3 minus initial
stem height) of oak reproduction over 3 years to the pretreatment
morphological attributes of basal diameter (BD), stem height (SH), and
root collar diameter (RCD)

Treatment n Model r2

Control 66  Growth =0.126 + 2.051(BD) + 0.342(SH)  0.664
Spring burn 55  Growth =0.177 + 1.919(RCD) 0.642
Summer burn 1 48  Growth = 0.461 + 2.539(RCD) 0.665
Summerburn2 48  Growth =0.291 + 2.01(RCD) + 0.27(SH) 0.710
Winter burn 52  Growth = 0.400 + 2.089(RCD) 0.676

Table 2—Comparison of the coefficients of determination (r?) of
pre-burn basal diameter, root collar diameter, and stem height
by treatment for explaining total height growth of sprouting oak
stems through 3 years

Basal Root collar Stem
Treatment n diameter diameter height
Control 66 0.509 0.484 0.553
Spring burn 55 0.460 0.642 0.224
Summer burn 48 0.344 0.665 0.454
Winter burn 52 0.301 0.676 0.326
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Simple linear regression of these variables with root collar diameter showed that each explained about
50 percent of the variability in root collar diameter (figs. 1 and 2). Other variables that contributed
significantly to the model were number of stems and number of leaves.

Analysis of variance indicated that small-large and large oak regeneration had significantly more stems
per rootstock and leaves per stem than the other two size classes (fig 3).

DISCUSSION

Mixed-oak forests are tremendously important to Pennsylvania for a wide variety of ecological and
economic reasons. They are declining in number and extent for numerous reasons and require active,
scientifically sound management to stop this decline. Revising SILVAH to be more applicable in mixed-
oak forests is an important step in that regard. Using collective knowledge from foresters and reanalyzing
data sets from other regions accelerated this revision and produced interim guidelines in months, not
years.

Sander (1971, 1972) set forth the 4.5-feet stem height as the threshold for identifying competitive oak
regeneration. His regression equation had a low coefficient of determination (0.32), indicating that
something else was influencing new sprout growth. He theorized the missing variable was root size and
that it was probably better correlated with sprout growth than stem size.

These results support Sander’s theory. In this study, coefficient of determination of basal diameter or
stem height when the stem was top-killed and sprouted ranged from 0.22 to 0.46, comparable to that of
Sander’s work. However when root collar diameter was used, it provided a better model as indicated by an
increase in coefficient of determination to between 0.64 and 0.68. RCD is the superior indicator of future
early height growth in oak regeneration if top-kill and sprouting is likely to occur.
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Figure 1—Simple linear regression of stem height (SH) and root collar diameter (RCD) for 221 mixed oak stems
growing in shelterwood stands. The coefficient of determination (1?) indicates that stem height explains approximately
half the variation found in root collar diameter.
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Figure 2—Simple linear regression of basal diameter (BD) and root collar diameter (RCD) for 221
mixed oak stems growing in shelterwood stands. The coefficient of determination (r?) indicates that
basal diameter explains a little more than half the variation found in root collar diameter.
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Figure 3—The mean numbers of stems per rootstock and leaves per stem for the four size
classes of oak regeneration. Columns with different letters are significantly different for that
stem characteristic at alpha = 0.05.
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Conversely, if the oak reproduction is not forced to sprout, as in the control, then there appears to be no
difference among the three stem characteristics in terms of their ability to explain subsequent height
growth. In this setting, basal diameter, root collar diameter, and stem height all produced comparable
models (coefficients of determination ranged from 0.48 to 0.53). Apparently in this scenario, it would not
matter which stem characteristic was measured to assess size adequacy of the oak regeneration. However,
avoiding top-kill of oak regeneration during timber harvests and prescribed burns is unlikely.

Sander also stated that root size would be difficult, if not impossible, to assess in the field, making stem
size the preferred measurement. Obviously it is easy and quick to measure basal diameter or stem height
but assessing root collar diameter requires the forester to do a little digging. Fortunately, this study
provides some valuable clues as to which small oak stems have large root systems and are capable of rapid
height growth, so digging to expose the root collar on every oak stem is unnecessary.

First, the relationship between stem size and root size is fairly linear despite oak’s proclivity to emphasize
root development in lieu of stem height growth. In this study the coefficients of determination for the
basal diameter—root collar diameter and stem height—root collar diameter regressions were 0.56 and

0.50, respectively. In other words, larger oak stems will generally have larger root systems so usually oak
regeneration can be assessed for its potential competitiveness based on stem height.

However, stem height may not always be the best criteria. In this study, 84 oak stems, or 38 percent of
stems < 4.5-feet tall before the fires, produced sprouts that grew past the 4.5-foot mark within 3 years.
This suggests that, at times, it is worthwhile to look at root collars. These stems, classified as small-

large, had some other characteristics in common that help identify them. First, they were usually multiple
stemmed, averaging nearly three stems per rootstock before they were top-killed. The other small oak
stems seldom had more than one stem. Number of leaves also was related to number of stems. The small-
large oak stems averaged almost 20 leaves, more than double that of the other small oaks. Minimum pre-
burn basal diameter, root collar diameter, and stem height of the small-large oaks were 0.3 inches, 0.75
inches, and 2.0 feet, respectively. Species of oak does not appear to be a factor in determining which small
oaks were capable of rapid sprout growth following top-kill by the prescribed fires.

Finally, stand history can help us identify when it is worthwhile to look at root collars. This study was
done in 4-year-old shelterwood stands. The previous cut and the time between it and the study promoted
root development by the oak reproduction (Miller and others 2004). Had this study been done in
undisturbed, fully stocked stands, root development of the oak regeneration would have been retarded by
the dense shade resulting in few, if any, oak stems capable of rapid height growth.

Users of the SILVAH decision-support system now have interim inventory guidelines for identifying
competitive oak regeneration. They are:

1. Three foot is the minimum height to judge competitiveness of oak stems on medium-quality
sites. This mark will vary some according to site quality and species composition, but overall,
this is a safe, sound point of reference.

2. Shorter oak stems with root collar diameters > 0.75 inches can also be considered competitive.
These are most likely found in previously disturbed stands and can be tentatively identified by
height (> 2.0 feet tall), basal diameter (> 0.30 inches), multiple stems, and have > 20 normal-
sized leaves.

3. Check root collars on oak stems in the first two or three plots. This will help develop a “stand-
specific eye” for characteristics of oak stems that have large root systems capable of supporting
rapid height growth upon release. After that, check only those stems exhibiting those
characteristics.
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Like all of SILVAH’s guidelines, these oak inventory guidelines are a supplement and not a substitute to a
forester’s professional judgment. They are also interim in that two long-term oak regeneration studies now
under way will supercede them in a few years.

ACKNOWLEDGMENTS

The author thanks the Virginia Department of Game and Inland Fisheries, especially former biologist
Patrick Keyser, for help during the field portion of the fire — oak study. They located potential research
stands, made available free housing at Horsepen Wildlife Management Area, and conducted the prescribed
burns. The author also thanks Steve Horsley and Susan Stout for reviews of earlier versions of this
manuscript that helped improve brevity and clarity.

LITERATURE CITED

Brose, PH. 1997. Effects of seasonal prescribed fires on oak-dominated shelterwood stands. Clemson, SC: Clemson University.
Ph.D. dissertation. 169 p.

Brose, PH.; Van Lear, D.H. 1998. Responses of hardwood advance regeneration to seasonal prescribed fires in oak-dominated
shelterwood stands. Canadian Journal of Forest Research. 28: 331-339.

Brose, PH.; Van Lear, D.H.; Cooper, R. 1999a. Using shelterwood harvests and prescribed fire to regenerate oak stands on
productive upland sites. Forest Ecology and Management. 113: 125-141.

Brose, PH.; Van Lear, D.H.; Keyser, PD. 1999b. A shelterwood-burn technique for regenerating productive upland oak sites in the
piedmont region. Southern Journal of Applied Forestry. 23(3): 158-163.

Johnson, P.S.; Dale, C.D.; Davidson, K.R.; Law, J.R. 1986. Planting northern red oak in Missouri’s Ozarks: a prescription.
Northern Journal of Applied Forestry. 7(3): 153-156.

Kelty, M.J. 1989. Sources of hardwood regeneration and factors that influence these sources. In: Smith, H.C.; Perkey, A.W,;
Williams, E. eds. Guidelines for regenerating Appalachian hardwood stands. Morgantown, WV: Society of American Foresters
Publication 88-03. 17-30

Kennedy, H.E. 1993. Artificial regeneration of bottomland oaks. In: Loftis, D.L.; McGee, C.E. eds. Oak Regeneration: serious
problems, practical recommendations. Gen. Tech. Rep. SE-84. Asheville, NC: U.S. Department of Agriculture, Forest Service,
Southeastern Research Station: 241-249.

Kolb, T.E.; Steiner, K.C.; McCormick, L.H.; Bowersox, T.W. 1990. Growth response of northern red oak and yellow-poplar
seedlings to light, soil moisture, and nutrients in relation to ecological strategy. Forest Ecology and Management. 38: 65-78.

Loftis, D.L. 1990. Predicting post-harvest performance of advance red oak reproduction in the Southern Appalachians. Forest
Science. 36(4): 908-915.

Marquis, D.A.; Ernst, R.L.; Stout, S.L. 1992. Prescribing silvicultural treatments in hardwood stands of the Alleghenies (revised).
Gen. Tech. Rep. NE-96. Radnor, PA: U.S. Department of Agriculture Forest Service, Northeastern Forest Experiment Station.
101 p.

Miller, G.W.; Kochenderfer, J.N.; Gottschalk, K.W. 2004. Effect of pre-harvest shade control and fencing on northern red oak
seedling development in the Central Appalachians. In: Spetich, M.A. ed. Proceedings: Upland Oak Ecology Symposium. Gen.
Tech. Rep. SRS-73. Asheville, NC: U.S. Department of Agriculture, Forest Service, Southern Research Station: 182-189.

Sander, I.L. 1971. Height growth of new oak sprouts depends on size of advance reproduction. Journal of Forestry. 69: 809-811.

Sander, [.L. 1972. Size of oak advance reproduction: key to growth following harvest cutting. Res. Paper NC-79. St. Paul, MN:
U.S. Department of Agriculture, Forest Service, North Central Forest Experiment Station. 6 p.

Sander, I.L.; Johnson, P.S.; Watt, R.F. 1976. A guide for evaluating the adequacy of oak advance reproduction. Gen. Tech. Rep.
NC-23. St. Paul, MN: U.S. Department of Agriculture, Forest Service, North Central Forest Experiment Station. 7 p.

SAS Institute. 2002. User’s guide: statistics version 9. Cary, NC: SAS Institute Inc. 1054 p.

Spetich, M.A.; Dey, D.C.; Johnson, P.S.; Graney, D.L. 2002. Competitive capacity of Quercus rubra L. planted in Arkansas
Boston Mountains. Forest Science. 48(3): 504-517.

Proceedings of the 15th Central Hardwood Forest Conference e-GTR—SRS-101



Stroempl, G. 1985. Grading northern red oak planting stock. Tree Planter’s Notes. 36(1): 15-18.

Trimble, G.R. 1973. The regeneration of central Appalachian hardwoods with emphasis on the effects of site quality and
harvesting practice. Res. Paper NE-282. Upper Darby, PA: U.S. Department of Agriculture, Forest Service, Northeastern
Forest Experiment Station. 14 p.

Tryon, E.H.; Carvell, K.L. 1958. Regeneration under oak stands. Bulletin 424T. Morgantown, WV: West Virginia University,
Agricultural Experiment Station. 22 p.

45
Proceedings of the 15th Central Hardwood Forest Conference e-GTR—SRS-101



46

DIGITAL PHOTO MONITORING FOR TREE CROWN
FOLIAGE CHANGE EVALUATION

Neil Clark and Sang-Mook Lee'

Abstract—Assessing change in the amount of foliage within a tree’s crown is the goal of crown
transparency estimation, a component in many forest health assessment programs. Many sources
of variability limit analysis and interpretation of crown condition data. Increased precision

is needed to detect more subtle changes that are important for detection of health problems.
Digital photomonitoring can be used to increase the precision of these measures provided exact
camera parameter replication is performed and movement of canopy structures is not severe.
Two measures of transparency (compactness and DSO, or fractal dimension of silhouettes minus
fractal dimension of outlines) show sensitivity to small branches or small canopy gaps, but may
offer some unique descriptive information over area ratio measures. Point-wise and region-wise
transparency distribution maps provide easy to interpret visual representations of localized
transparency.

INTRODUCTION

Visual inspection is often the first step in evaluating the health of an organism. Farmers visually inspect
their plant crops on a regular basis to determine when to water, fertilize, or treat an insect or disease
outbreak. Likewise, visual inspection is often a key indicator of tree health. National and international
forest health monitoring programs (Huettl 1993) such as the Environmental Monitoring and Assessment
Program (EMAP) (Tallent-Halsell 1994), which is now Forest Health Monitoring (FHM) (Mangold 1998),
and the United Nations Economic Commission for Europe (UN-ECE) (Ferretti 1997) collect tree crown
indicators to assess forest health.

Though many variables have been proposed for tree health assessment (Innes 1993), many of these have
been dropped from national assessment programs for various reasons-cost, lack of applicability over wide
regions, species-specificity, etc. These monitoring programs required cost-effective means of assessing
large areas of forest, consisting of many species, over short time intervals. One measure that is common to
nearly all programs is the judgment of the amount of foliage present. This ordinal measure has been called
crown thinning, defoliation, or transparency and its definition varies slightly among programs (Innes
1993). Foliage amount and condition is a general indicator over all species and serves as an integrative
index of current tree condition.

First, challenges of visual foliage measurement are discussed. Then previous applications of photographic
methods for tree crown assessment are summarized. This is followed by a brief discussion of the trend
toward digital sensors and associated factors. Various crown analysis methods are discussed, and an
example of morphological and area-based transparency estimation is given. Finally, ideas for future
research are presented and details are provided on ways to increase foliage change estimation precision
using digital photographs from monumented viewpoints.

FOLIAGE MEASUREMENT CHALLENGES

Sampling foliage of mature trees involves many challenges with the primary challenge being access
(Barker and Pinard 2001). Many creative means are being applied to access tree canopies including
climbing with ropes, walkway and crane construction, lift trucks, and scaffolding. Destructive sampling
(i.e., cutting a portion or the entire tree) is widely implemented and required for studies where biomass

!'Neil Clark, Research Forester, USDA Forest Service, Southern Research Station, Blacksburg, VA 24060; and Sang-Mook Lee,
Researcher, Bradley Department of Electrical Engineering, Virginia Polytechnic Institute and State University, Blacksburg, VA
24061.
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must be determined (Montes and others 2000). Litter trap sampling is a standard technique for measuring
deciduous foliage over an area, but may have some limitations for individual trees and for forest health
assessment as the leaves are then dead.

Visual methods offer an alternative to the physical access problems but face problems due to occlusions
caused by overlapping structures as well as other objects in the foreground or background (Ansley and
others 1988, Bréda 2003, Dobbertin and others 2004, Lindsey and Bassuk 1992). This issue is identified
as a clumping factor in studies of leaf area index (LAI) using visual methods (Chen and others 1997).
Observer bias has been a widely documented issue with visual crown condition estimation (Dobbertin and
others 2004, Innes 1988, Solberg and Strand 1999). Light conditions are also shown to cause problems
(Dobbertin and others 2004).

Though not explicitly set forth in the literature, perspective effects exist caused by viewpoint locations,
which are typically constrained by height of observation point and number of observation points
considered. Field manuals (USDA Forest Service 2004) typically specify that the viewpoint be located at
least tree height distance away from the base of the tree and that two observers create nearly perpendicular
sighting angles to the tree. This still leaves a portion of the crown unobserved. Control on azimuthal
relocation is rarely specified. The effects of overlooking this control will vary in proportion to the
asymmetry of the crown structures within the overall crown space.

USE OF PHOTOGRAPHY FOR VEGETATION ASSESSMENT

Photography is used for detecting (Haering and others 1997), classifying, identifying (Soille 2000), and
measuring (Brown and others 2000) vegetation from forest to agriculture and rangeland to wetland.
Hemispherical photography is commonly used to evaluate LAI, throughfall, and understory light
environment (Hale and Edwards 2002, Rich 1990). Photography also has been used to some extent for
evaluating foliage on trees (Curtis and Kelley 1993, Lindsey and Bassuk 1992, Mizoue and Masutani
2003) as well as branch architecture without leaves (Stebbins 1975, Wagar and Heisler 1986).

Photograph collection methods vary among applications, although a few issues are common to all.
Perhaps one of the most critical issues in using cameras in outdoor environments is light. As the sun is
the dominant light source in outdoor photography, the amount, orientation, and characteristics of radiant
input are not fully controllable. Some control can be applied by collecting photographs only under certain
atmospheric conditions (i.e., clear or overcast), at a specific time of day, or at specified positions relative
to the light source and the object of interest. Lens filters and other light blocking or reflecting media, such
as an object to mask the solar disk for hemispherical photos (Peper and McPherson 2003) or a background
screen (Ansley and others 1988) may be employed. Penumbral effects need to be evaluated in quantitative
applications (Clearwater and others 1999, Wagner 1998). Stebbins (1975) utilized flash photography at
night to control lighting and eliminate background effects. Tanaka and others (1998) also used active
remote sensing with a scanning laser for 3D modeling.

Cameras and media are also selected based on the frequencies of spectral response they detect. Black and
white negative film is typically chosen for applications requiring the most precise quantification of total
light as it has a wide dynamic range. Red, green, blue (RGB) color photography is used for applications
where classification (i.e., leaves vs. stem) is needed. Infrared wavelengths can be measured to provide
higher contrast for vegetation condition.

Scale is another consideration when using photography for evaluation. Scale can be modified by the
position relative to the object of interest or by optical magnification. With film photography scale was
often ignored provided the object of interest was visible. Scale and output image resolution are critical
when using digital imagery for quantitative measurements. As with any spatial sampling, image data must
be acquired at a scale at which objects of interest can be resolved. In addition to analytical determinations
of image resolution, camera and scene characteristics must also be considered. Frazer and others (2001)
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indicate that resolution limitations can be quite restrictive with the extreme field of view of hemispherical
photography.

Photographic monitoring is the use of cameras to reexamine the same scene over time (Hall 2001). This
technique lends itself to qualitative analysis that allows the investigator to visualize change. The quality
of the analysis is inherent in the magnitude of change and the ability to perceive the desired elements for
analysis. Some examples include examining the abundance of grasses and herbaceous vegetation across a
landscape, or the visualization of change as a forest grows or is harvested over the course of decades.

ANALOG TO DIGITAL CONVERSION

Digital cameras are pervasive in the consumer market. These devices have improved tremendously in the
last 10 to 20 years, to the point that direct comparisons are being made between digital and film photos
(Frazer and others 2001, Hale and Edwards 2002). Digital cameras offer several advantages: there is no
expense for film development; output is immediately available for field verification and image processing,
transmission, or analysis; there is more flexibility of spectral range; and optics are smaller and cheaper.

Film media have been rigorously vetted within the scientific community, while much is unknown
about digital image creation. Film emulsions react predictably, whereas digital results may be subject
to electrical corrections and operations that may vary with the change of scene. Depending on the
manufacturer of the sensor, these operations may be proprietary and impossible to correct.

Issues of concern that have been identified with some current digital systems are:

e Smaller optics of consumer-level digital cameras limit light capture and widen depth of field for given
aperture.

e Imprecise optics not designed for spectral or dimensional measurement can cause color blurring and
chromatic aberration (Frazer and others 2001).

e Limited dynamic range, especially for single-chip color formats, causes detail to be lost in either bright
or dark regions.

e Single chip color consumer-level cameras usually output RGB data with 8 bits per channel providing
limited quantification (256 levels).

e Limited spatial resolution is especially problematic with hemispherical lenses where field of view is
fixed (Frazer and others 2001).

e A large number of manipulations can be required, and this can make it difficult to keep track of settings.

2D CROWN ANALYSIS

Analytical procedures depend on the project objectives. The simplest analysis is a qualitative visual
comparison revealing obvious changes (i.e., much more sky visible through the crown). Quantitative
comparisons are more frequently applied to supply more information and a higher level of precision.
Caution must be applied when attempting to be overly precise when using 2D methods to estimate the
quantity of objects in a 3D space, as assumptions about their distribution and orientation are important
(Chen and others 1997).

Dot grids provide a manageable method of estimating proportions or even the area of a 2D planar region
if scale is known. Dot grid techniques have been applied to oblique photographs of tree crowns (Seiler and
McBee 1992, Wagar and Heisler 1986). Others have used computers to quantify classified pixels of digital
photographs (Curtis and Kelley 1993, Lee and others 1983, Lindsey and Bassuk 1992). With greater
access to digital imagery and immense computing power, the trend is toward more advanced image
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processing for increased information extraction (Dobbertin and others 2005, Lee and others 2003, Montes
and others 2000, Paruelo and others 2000, Peper and McPherson 2003).

Regression analysis has been used to estimate total leaf area from silhouette area (SA) measurements.
Some have found a linear relationship (Lindsey and Bassuk 1992, Peper and McPherson 2003) while
others (Ansley and others 1988, Paruelo and others 2000) noted a curvilinear relationship, which might be
expected with increased foliage density. This may be dependent on overall canopy size and architecture as
well as species factors.

TRANSPARENCY

Photographic methods are beginning to be applied for the purpose of foliage change evaluation. A
substitute might be examining the change of transparency estimates over time. Lee and others (2003)
present a method that uses the FHM collection methods and definition of transparency. Transparency is
defined as the amount of skylight visible through the live, normally foliated portion of the crown (USDA
Forest Service 2004). The authors used image processing techniques to automatically generate a boundary
that would be considered the “live, normally foliated portion.” Within this boundary they present three
methods of transparency estimation: area-ratio, point-wise, and region-wise. Area ratio is simply the
count of sky pixels within the boundary divided by the count of plant pixels. Point-wise and region-wise
transparency distribution maps use two different sampling strategies to determine localized transparency
across the 2D plane (fig. 1). Direct comparisons to human observer estimates were good, provided woody
components could be removed for sparsely foliated conditions.

Mizoue (2001) avoided the problem of trying to define the ambiguous region of consideration by using
silhouettes(area) and outlines(perimeter). He presented a measure termed DSO calculated by

DSO = Ds — Do (1)

where Ds is the fractal dimension of the silhouette and Do is the fractal dimension of the outline. The
fractal dimensions tend to converge with increased transparency. Exponential functions relating DSO to
crown transparency were created for different species.

Compactness, defined by

perimeter?/ area 2)

is often used in computer vision as a shape descriptor. While DSO is more sensitive at low levels of
transparency, compactness is most sensitive where transparency is high. It should also be noted that

D
o
Percent transparency

Area ratio Point-wise distribution map Region-wise distribution map

Figure 1—Area ratio (left) is the ratio of sky pixels (gray) to plant pixels (white) within a defined area (gray + white). Point-wise
and region-wise transparency maps use different sampling methods to map the distribution of transparency over the projected
crown space.
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because the perimeters in digital image processing have discrete representations (pixels), these measures
are affected by the resolution of the images.

Both of these methods are sensitive to spatial heterogeneity. DSO, compactness, and area-ratio are
calculated (table 1) for different texture patterns (fig. 2). In the case of many small twigs (Image B of

fig. 2) or small gaps (Image G of fig. 2) the proportion of perimeter to total area increases, causing DSO
(value inversely related to transparency) and compactness to demonstrate a greater degree of transparency
than area ratio. The analyst must decide which method is the most descriptive. Many small bare twigs
represent areas where leaves should be present, while larger gaps are often places where large branches
are missing and not part of the “live, normally foliated part of the crown.” Much of this also has to do
with the scale of the photographs and the severity and pattern of foliage presence or absence.

Table 1—Area ratio, DSO, and compactness measures for sam-

ple images

Image Area ratio DSO Compactness
A 0.44 0.25 5206

B 0.44 0.18 9604

C 0.32 0.25 6126

D 0.24 0.31 4440

E 0.18 0.44 1728

F 0.14 0.59 749

G 0.09 0.50 1363

Figure 2—Examples of transparency patterns showing different amounts and distributions of plant structures (black).
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TREND ANALYSIS

As previously mentioned there can be substantive variation in the size, shape, number, and spatial
arrangement of leaves and branch structures. Therefore, comparisons of transparency measurements
between different trees or even between different perspectives of the same tree are not very meaningful.
However, one purpose of transparency estimation is to determine the change in the amount of foliage over
time. Repeat measures using photo monitoring over short periods of time would limit many sources of
extraneous variability and increase precision for this change analysis. For this technique to be successful,
camera parameters must be recreated precisely, and tree structures must not have changed positions
significantly.

Camera parameters include the optics, exposure and other optional settings, and the location of the camera
in relation to the tree. Limiting the amount and nature of change in these parameters between observations
is critical. Situations may require the use of a different camera or lens, but testing should be done to
ensure the compatibility of the results.

Unfortunately, illumination can not be controlled in the outdoor environment, so exposure settings will
need to be adjusted. If plenty of light is available and the crown structures are relatively unaffected by the
wind, the recommendation would be to use the smallest aperture setting available. Underexposure by 1 or
2 stops is usually required to preserve sunlight and stray foliage with dominant sky background. It is also
helpful to reduce penumbral and image blooming effects.

Relocating the camera can be easy with the proper preparation. If it is possible, permanent markers can be
set to reestablish the azimuth. Otherwise, permanent features can be selected and photographed for future
reference. These features can be used to triangulate the position for relocation. Find features at different
depths that can be aligned relative to one another. The junction of major branches on the tree of interest
may be helpful. It is a good idea to have multiple tie points in case a branch breaks or some other change
occurs.

Tree structures may be affected by wind and other dynamics (loading caused by foliage, moisture, etc.)

It is best to avoid collecting data under windy conditions. Other structural dynamics may be unavoidable,
in which case it must be determined what detriment these are to the analysis. There may be small
movements of leaves and branch growth. Different leaves (in deciduous trees) virtually guarantee that
exact replication of the viewpoint to every structure is not possible. However, if assumptions can be made
about the semi-rigid nature of large woody structures and relative consistency of bud locations between
years, there is still an advantage in monumented viewpoints. Also, as a tree grows the apical meristems
will naturally be dispersed over a broader area. For this reason the length of time between sampling should
be reasonably short relative to the growth rate of the tree.

These controls allow more appropriate comparison of transparency estimates to be made. Comparison
using area ratio, point-wise and region-wise transparency density maps, compactness, and DSO can be
done with some confidence. If replication is performed well, it may be possible to perform localized
change detection (fig. 3).

SUMMARY AND CONCLUSION

While contact or destructive sampling provides the best results for foliage measurement, canopy access
and associated costs largely prohibit this type of sampling for applications requiring large numbers

of trees to be observed. Litter trap sampling of deciduous trees is informative, but challenging at the
individual tree level. Visual assessment has been a useful method, particularly for tree health appraisal.

Repeated measures designs are useful for minimizing extraneous variability. Unless a number of
assumptions are made regarding the uniform distribution of crown structures within a generalized crown
space, perspective control should be maintained over time for maximum precision. Further study is
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Time 1 —time 3 Time 1 —time 2 Time 2 —time 3

Figure 3—Photos taken at three different times from a monumented viewpoint (top) and visual depiction of localized silhouette
area (SA) change (bottom).

needed to examine the tolerances required for perspective control and whether this is possible given the
dynamics of the crown structures.

Interpretation of results varies with application. Foliage change can vary as a result of a number of factors
and may vary systematically within the crown. Symptomatic characteristics such as discoloration, dead
and skeletonized leaves, and wilting may not be detected in underexposed images and would need to be
noted before the observer left the plot. Investigation should be made into the creation of transparency
coefficients (analogous to LAI light extinction (Smith 1993), and shading coefficients (Nowak 1996)).
These methods also can be used to judge the decline or recovery of trees from various damaging

agents. Biological thresholds where defoliation affects tree growth or mortality might be determined by
photographic analysis.

Though not explicitly considered with visual methods, scale is a consideration for spatial sampling. This
comes to the forefront with digital imaging as the data is sampled and recorded in discrete amounts and
over discrete tessellated regions. This should be investigated over a range of transparencies.

These digital photographic methods allow low-cost raw data collection. These data can readily be
analyzed by numeric methods, providing consistent estimates over remeasurement cycles. Data are also
easily archived and organized without requiring a great amount of physical storage space.
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Disadvantages of the proposed method include the need for precise realignment and re-creation or
calibration of lighting and camera parameters. This technique is also limited to situations where a large
portion, if not all, of the tree crown can be viewed without overlap from other trees or objects in the
foreground or background.

Area ratio alone, as a single measure of transparency, lacks specificity of description and does not account
for scale explicitly. DSO and compactness provide more information about the complexity of the 2D
shape, and thus some indication of porosity. Additionally these methods do not require explicit parameters
for creating a crown outline. Transparency distribution maps can allow precise analysis of foliage change
over time, provided that spatial changes can be corrected or assumed. Photographic monitoring shows
promise for enabling more precise estimates of change in the amount of foliage over time.
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STOCKING EQUATIONS FOR REGENERATION IN MIXED OAK STANDS

Songlin Fei, Kim C. Steiner, and James C. Finley'

Abstract—Regeneration stocking equations for mixed-oak stands were developed based on data
collected from nearly 14,000 plots in the central Appalachians. Maximum stand density was
identified by plotting aggregate height against number of seedlings per plot, and was used as the
reference level of the average maximum stand density (100 percent stocking or A-level stocking).
Minimum stand density (B-level stocking) was estimated using the crown area and seedling height
relationship of open-grown seedlings. Stocking equations were developed separately for plots
having average seedling height below and above 9 feet. The resulting stocking equations provide
an objective basis for evaluating stocking of young regeneration in the upland mixed-oak forest.

INTRODUCTION

Appropriate stocking equations or stocking charts, which serve as measures of stand density, have long
been sought by foresters. Stocking can be measured using numbers of trees, quadratic mean diameter,
mean volume, dominant height, or other stand properties appropriate to the concept of density (quantity
per unit area). All stocking guides share one common concept — relative density. Relative density is the
ratio of absolute density to a reference level. Measures of relative density assess crowding in forest stands
by comparing the growing space available per tree with the growing space available to trees of the same
size at some reference level of density (Stout and Larson 1988). Generally, the two major approaches

to measure stocking are typified by: Reineke’s (1933) stand density index (SDI) and Gingrich’s (1967)
stocking diagram. Most stocking charts, diagrams, and monographs are suitable only for bigger trees

(> 12 feet in height or > 1 inch in dbh), and older stands (> 20 years). No stocking guide exists for
seedlings or young stands for the upland mixed-oak forest. The seedling stage is very important because
it determines the future stand structure. Failure to obtain adequate stocking of desired species can leave
a stand unproductive for many years. Hence, developing a stocking guide for the regeneration stage is
necessary and pressing, and that was the objective of this study.

SOURCE OF DATA

Three sets of data were used in this study. The first data set was collected in 52 mixed-oak stands in
Pennsylvania. Depending on stand size, 15 to 30 permanent center points were systematically installed
in a square grid on each stand. Four permanent sample plots with a radius of 3.72 feet (0.001-acre)
were established around the center points at each cardinal direction at a distance of 16.5 feet. On each
plot, all tree seedlings regardless of origin were recorded by species and height class and seedling cover
percentage (i.e. percentage of plot area covered by seedling canopy) was estimated. All stands were
measured approximately one year before harvest, 33 stands were re-measured one year after harvest, 16
stands were re-measured four years after harvest, eight stands were re-measured five years after harvest,
and four stands were re-measured six years after harvest.

Data from 15 mixed-oak stands with stand ages of 6-12 years were also included in this study. The
overstory of each of the 15 stands was removed 6-12 years prior the time of assessment, and the stand
regenerated successfully after harvest. These stands were intentionally chosen to represent crown-closure
or near crown-closure conditions. Depending on the size of the stand, 15 to 40 plots with a radius of 7.44
feet (0.004 acre plots) were sampled throughout the stands. In total, 504 plots were included in this data
set. On each plot, all seedlings or saplings regardless of their origin were recorded by species and height,
and percentage of crown cover was estimated.

! Songlin Fei, Assistant Professor, University of Kentucky, Department of Forestry, Lexington, KY 40546-0073; and Kim C. Steiner
and James C. Finley, Professors, The Pennsylvania State University, School of Forest Resources, University Park, PA 16802—4302.
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The final data set provided information for open-grown trees. Based upon abundance and availability,
567 open-grown trees that included the six major regeneration species in this region were measured

in this data set: 81 red maples (Acer rubrum L.), 97 black birches (Betula lenta L.), 38 blackgums
(Nyssa sylvatica Marsh), 92 white oaks (Quercus alba L.), 125 chestnut oaks (Q. montana Willd.),

and 134 northern red oaks (Q. rubra L.). All selected trees had no competing neighbors at the time of
measurement, and they were measured in stands that provided data for the 1st and 2nd data set. For
each tree, species, height, stem dbh, and crown diameter were recorded. In order to have best crown size
estimation, crown diameters were measured in four directions: longest dimension of the crown, and 45,
90, and 135 degrees off the longest dimension through the center.

DEVELOPMENT OF STOCKING GUIDES

Average Maximum Density

Plots from the first two data sets that had at least one seedling were utilized to identify plots that were
experiencing the maximum level of competition. Aggregate height (Fei and others), a composite measure
of stand density, was calculated on each plot and then plotted against seedling density on a log-log scale
(fig. 1). Two clear boundaries are apparent. The lower boundary is the minimum plot aggregate height for
a given number of seedlings. It represents plots covered only with seedlings of the smallest height (one
inch in this study). The upper boundary corresponds to the observed maximum aggregate heights over the
range of observed seedling densities. To ensure that the observed maximum aggregate height represents
the biological average maximum level of competition or the ecological maximum carrying capacity, plots
around the upper boundary were further examined. Figure 1 was divided into 0.05 unit width slices along
the x-axis, and the top two plots near the upper boundary in each slice were then selected. For all selected
plots, percentage of seedling cover was further checked, and plots with less than 90 percent seedling cover
(by measurement) were eliminated. The remaining selected plots were the ones chosen to represent the
biological frontier. In total, 110 plots were used to define the biological frontier. Maximum aggregate
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Figure 1—Relationships between aggregate height and number of seedlings per milacre on 13,853 surveyed
plots. Plots with maximum or minimum aggregate height at a given density are highlighted.
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height increases as seedling density increases. But the increase is progressively smaller as the number of
seedlings per milacre increases. The upper and lower boundaries converge as seedling density approaches
the maximum.

As with Gingrich’s (1967) stocking guide and Reineke’s (1933) SDI, average maximum competition was
selected to serve as the reference level to develop regeneration stocking equations. To develop stocking
equation, we first analyzed relationship between average crown area and height for seedlings experiencing
the average maximum level of competition (seedlings in the 110 biological frontier plots). Crown area
was determined simply by dividing plot size by the total number of seedlings in these frontier plots.
Regression analysis was then carried out by using crown area as the dependent variable and average
seedling height as the independent variable. Since the relationship between crown area and seedling
height has a significant shift for seedlings above and below 9 feet tall on average (Fei 2004), two different
regression lines were fitted to represent the two different crown area-height relationships. Using the crown
area-height relationship, the stocking level on a plot then can be calculated as follows if seedling height is
measured in feet:

S = [(N*0.0682AvgHt '%3?) / (m*43560)] <100

= (0.00016/m)*N-AvgHt 2 (1)
= (0.00016/m)*N+(Sh,/ N) 032 (AvgHt < 9 feet)

S = [(N+0.0044AvgHt >**7) / (m+43560)] *100
= (0.00001/m)>N=AvgHt >3¢5 2)
=(0.00001/m)*N+(Xh,/ N)**% (AvgHt > 9 feet)

where

S = percentage of School of Forest Resources, regeneration stocking
N = the total number of seedlings per plot

AvgHt = the average height of all seedlings

m = the size of plot in acres

h,= height of seedlings on the sampled plot (i =1, ...... , N)

Average Minimum Density

Average minimum stand density at full canopy closure, or Gingrich’s (1967) B-level stocking, represents
an ideal condition in which a stand is fully covered with seedlings with maximum crown area and no
inter-seedling competition. Crown areas of open-grown seedlings were used to define the maximum
crown area. Crown area of open-grown seedling was calculated using average crown diameters from
field measurement. To compute the minimum density at a given average seedling height, the relationship
between crown area and seedling height of open-grown seedlings was used.

Regression analyses of crown diameter against seedling height were performed by species. Comparisons
of regression coefficients among different species indicated that the overall relationship between crown
diameter and seedling height is not significantly different among species, although crown diameter of oak
species was slightly greater than non-oak species when seedling heights are small (fig. 2). Consequently,
the same crown area-diameter relationship was used for the six major regeneration species. Minimum
number of seedlings with maximum crown area that can fully cover a plot can then be calculated by
dividing total plot area with average maximum crown area of seedlings at given average height. Since the
relationship between crown area and seedling height also has a significant shift for open-grown seedlings
above and below 7 feet tall on average (Fei 2004). Two different equations were developed for seedlings
<7 feet tall and for seedlings > 7 feet tall:
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N =(43560m) / (0.4051AvgH1'*) o)
= 107529+m [ AvgHr™ (AvgH1 <7 feet)

N=(43560°m) / (0.0479+AvgH1>) )
= 909395+m / AvgH1?>5: (AvgH1 <7 feet) @)

where

N = the minimum number of seedlings per plot
m = the size of plot in acres
AvgHt = the average height of seedlings

Because less than 10 open-grown seedlings with height smaller than one foot were measured, the
minimum number-height relationship for small size seedlings is not as robust as for larger seedlings.

DISCUSSION

Regeneration equations developed above have reasonable quantitative connections with the former
stocking guides. For instance, if there is only one tree with minimum crown area (A-level) on a milacre
plot and the plot is fully stocked, then the height of the tree must be > 49 feet based on the regeneration
stocking equation. Using the highly deterministic height-diameter relationship of trees in the upper-limit
plots (Height = 8.79dbh + 6.69, r* = 0.83), the correspondence tree must have a dbh > 4.8 inches. With
the same scenario, Gingrich’s (1967) equation predicts a minimum dbh of 4.0 inches for oak and hickory
species; McGill’s (1999) equation predicts a minimum dbh of 4.7 inches for northern red oak; while
Stout’s (1988) equations predict a minimum dbh of 4.5 inches for red maple. In an alternative scenario,
if there is only one tree with maximum crown area (B level) on a milacre plot and the plot is fully
stocked, then the height of the tree must be > 15 feet based on the resulting regeneration stocking, and
the correspondence tree must have a dbh > 1.7 inches by the height-diameter relationship of open-grown
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Figure 2—Relationship between crown diameter and seedling height by species for open-grown seedlings
and small saplings.
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trees (Height = -0.90dbh >+ 7.82dbh + 4.18, > = 0.87). Based on Gingrich’s and McGill’s equations, the
minimum dbhs in the second scenario are 2.3, 1.6 inches, respectively. Both scenarios indicate a good
connection between the regeneration stocking and other stocking guides for mature stands.

The use of the regeneration stocking equations is rather simple. The equations can be used both in pre-
and post-harvest situations. For example, if a milacre plot has 100 seedlings with average height of

three feet, we can plug these parameters in equation (1) and calculate the stocking value, which is about
50 percent. By plugging these parameters in equation (3), we can determine that we need 21 seedlings
with average height of three feet to reach the B-level stocking. Hence, this plot will eventually reach full
stocking if no major disturbances occur. Forest manager can use the stocking value to determine if the
current stocking is adequate for their management goal. The resulting regeneration stocking equations
provide an acceptable and objective basis for evaluating stocking of tree regeneration in the upland mixed-
oak forest. We suggest other researchers explore the use of the stocking equations for describing and
assessing regeneration stocking.
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A FORM OF TWO-PHASE SAMPLING UTILIZING REGRESSION ANALYSIS
Michael A. Fiery and John R. Brooks'

Abstract—A two-phase sampling technique was introduced and tested on several horizontal point
sampling inventories of hardwood tracts located in northern West Virginia and western Maryland.
In this sampling procedure species and dbh are recorded for all “in-trees” on all sample points.
Sawlog merchantable height was recorded on a subsample of intensively measured (second

phase) sample points and these heights were predicted on the non-intensive (first phase) sample
points. Regression analysis was used to predict heights on first phase points in order to achieve an
estimate of board foot volume per acre for every point. Results indicate an improved estimate of
the mean volume per acre when compared to traditional double sampling using basal area as the
auxiliary variable. An unbiased sampling error was also achieved in this process.

INTRODUCTION

One of the major influences on forest inventory over the last few decades has been the desire to reduce
field data collection time without sacrificing the accuracy and precision of sample based estimates of
trees per acre, basal area, weight, and volume. The switch to the point sampling system, introduced by
Grosenbaugh in late 1950s, was fueled by the obvious time savings as fewer “in-trees” were measured per
sampling unit. Over the last 30 years there has been a slow migration to using larger basal area factors
(BAFs) in sawtimber inventories, spurred by the empirical evidence that it provides less biased estimates
of stand volume, but more likely due to the fact that fewer “in-trees” would be measured thus saving field
data collection time (Wiant and others 1984, Brooks and McGill 2004). During this same period there was
a parallel reduction in fixed area plot size from 0.25 and 0.20 acre plots to those of 0.1 acre in size. In the
1960s, a sampling technique commonly referred to double sampling was introduced by Freese (1962).

This sampling technique was developed to take advantage of the relationship between the variable of
interest and some easily measured and highly correlated auxiliary variable so that only a subset of the
overall sampling units would be intensively measured. One drawback to double sampling was that since
dbh and species are only recorded on second-phase (intensive) points, no direct method of creating a
stand and stock was available, though procedures were developed for their estimation (Matney and Parker
1991, Shiver and Borders 1996). Should an inventory require more accurate stand and stock tables,

there are ways to do this without intensively measuring every tree on all sampling units. An inventory
system can be designed where dbh, product, and species are tallied on all points, and tree heights are only
measured on a subsample of these plots. Under the proposed sampling system, dbh, species, and sawlog
merchantable heights would only be measured on second-phase (intensive) points. On all first-phase
(non-intensive) samples, only dbh and species would be recorded. Using regression analysis, all heights
necessary for volume estimation would be predicted on a species or species group basis. While this
process requires more time than the use of traditional double sampling, it would be more efficient than
measuring heights on all sampling units. This design would permit an accuracy equivalent to the intensive
measurement of all sampling units for stems and basal area per acre. In areas where there are large
variations in value based on species and size, diameter distribution data becomes increasingly important
and may warrant the additional field inventory time. Although this technique has been employed in the
South, no published record of the effects of height prediction on the accuracy and precision of typical
volume sampling statistics has been found. The research that follows will:

! Michael A. Fiery, Graduate Student, and John R. Brooks, Associate Professor, West Virginia University, Forest Biometrics,
Morgantown, WV 26506-6125.
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1. Outline an inventory system where board foot volume is known (measured) on intensive points and
estimated on all non-intensive points based on regression analysis to estimate sawlog merchantable
height.

2. Through computer simulation, evaluate the behavior of the mean volume per acre and associated
sampling error.

PROCEDURES

Datasets from several areas in West Virginia and Maryland were available for analysis in this study. Each
dataset included measurements of species, dbh, and sawlog merchantable height on every point which
permitted the comparison of both two-phase sampling methods (double sampling and height regression
sampling) to estimates where all “in-trees” were intensively measured on all sampling units. The WVU
Research Forest, Coopers Rock State Forest and the Coopers Rock Annex datasets are based on a 1999-
2000 inventory conducted at both Coopers Rock State Forest and the West Virginia University Research
Forest located in Monongalia and Preston Counties, WV. Primary species found in this inventory included
yellow-poplar (Liriodendron tulipifera L.), northern red oak (Quercus rubra L.), red maple (Acer rubrum
L.), chestnut oak (Q. prinus L.), and black cherry (Prunus serotina Ehrh.). These datasets were based

on a BAF 20 point sampling inventory on a systematic grid. The Compartment 14, 1967 Single Species
and Trout Pond datasets were also collected on the West Virginia University Research Forest as part of
other research projects. The Tygart dataset was collected in the summer of 2004 from the Tygart Tract
located in Dailey, WV. The tract is approximately 10 miles south of Elkins, WV and approximately 426
acres were inventoried. Primary species consisted of red maple, northern red oak, and chestnut oak. The
original dataset consisted of 67, 1/5 acre circular plots where species, dbh (nearest 0.1 inch), sawlog
merchantable height (0.1 foot) and total height (0.1 foot) were measured. Horizontal distance from plot
center to every “in-tree” was also recorded to the nearest foot using an Impulse laser. The Savage River
dataset comes from the Savage River State Forest in Garrett County, MD courtesy of the Maryland Forest
Service. Primary species consisted of red oak, red maple, and chestnut oak. This dataset consisted of 214,
1/5 acre circular plots which formed the basis of a continuous forest inventory system located throughout
the 53,473 acre forest. At each plot, species, dbh (nearest 0.1 inch), and number of 8-foot logs were
tallied for every “in-tree”. Horizontal distance from plot center to every “in-tree” was also recorded to
the nearest foot using an Impulse laser. All datasets originally based on fixed area plots included accurate
measurements of horizontal distance to each “in-tree”. These datasets were converted to point sample
inventories based on a BAF of 20. All trees having a horizontal distance from point center equal to or less
than the critical distance for that tree size were included in the final dataset.

Since all datasets were originally based on the intensive measurement of all “in-trees” on all points,
board foot volume of every “in-tree” was calculated based on field measurements of dbh and sawlog
merchantable height and the board foot volume equations published by Scott (1979) for International Y4
inch log rule. In this study, the “actual” mean volume per acre used for comparison purposes is based on
simple random sampling statistics of this horizontal point sample data.

To conduct the double sample point sample inventory, the existing datasets were sampled using a 1:4
ratio where one out of every four samples points was selected as an intensively measure point utilizing
the recorded species, dbh and sawlog merchantable height data. On all other points, only species and dbh
were utilized. A ratio of means estimator was used to calculate mean board foot volume per acre and the
associated standard error employing basal area as the auxiliary variable (Shiver and Borders 1996).

Height regression sampling was applied to the same samples selected in double sampling inventory to
minimize variation between the two systems. In this case, the same points that were selected as second
phase sampling units (intensively measured sample points) in the double sample inventory were also used
as a basis for the merchantable height regressions. Under this two-phase sampling system, species, dbh
and sawlog merchantable height were utilized on intensive points while only species and dbh were used
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on non-intensive points. Regression analysis was used to predict sawlog merchantable heights on all non-
intensive points, thus providing the necessary information to calculate boardfoot volume for every sample
point. A common height model mentioned by Avery and Burkhart (2002) was used and is of the form:

Ln(MHT) = f3, + f3, (ﬁ )+ e (1)

where

DBH = diameter at breast height (inch)

MHT = sawlog merchantable height (feet)

B, B, = parameters to be estimated from the data
e, = error (feet)

Separate parameters were established for each species whenever a sample size of five or more was
available. If less than five observations were available, the species was grouped in the “all other” category.

Two different methods for data analysis were conducted and evaluated for height regression sampling,
each producing a different set of results. Sampling error for Method 1 is easily calculated but not
statistically sound while Method 2 provides a more rigorous approximation of the sampling error.

Method 1 (SRS method) for height regression sampling calculates inventory statistics for board foot
volume per acre using simple random sampling techniques. The assumption is made that the error
associated with predicted heights on non-intensive (first phase) points is minimal and that the estimates
of volume per acre and the associated standard error, can be estimated using simple random sampling
statistics.

Method 2 (ratio method) for height regression sampling uses an estimate of volume (using predicted
heights for all trees) for each point. The actual volume on just the intensively measured points is based
on measured tree heights. At this point the dataset can be treated as a double sample where actual volume
is the variable of interest and estimated volume is the auxiliary variable. The mean volume per acre and
standard error can be calculated using equations (2) and (4) respectively. A ratio estimator was used to
find the mean volume per acre:

n

zyi ixi .
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n
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where

¥, = mean volume per acre

¥, = actual volume per acre on intensive points

x, = predicted volume per acre on intensive/non-intensive points
n = number of intensive points

n’ = total number of points

The variance of the ratio can be calculated from the equation:
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In order to investigate the estimation properties of both the mean and standard error for the sampling
techniques described, a Visual Basic 6.0 simulation program was written to resample existing datasets
where second phase sample points were selected at random (without replacement). This procedure

was employed for both double sampling and height regression sampling (methods 1 and 2). For each
simulation, a 1:4 ratio of intensive to non-intensive samples was employed where all intensive (second
phase) points were selected using a random number generator, thus providing unique inventories each
simulation. A total of 500 simulations were conducted for each dataset, providing estimates of the mean
volume per acre and the standard error for each of the 500 simulations.

RESULTS

For each of the 8 inventory datasets, mean board foot volume per acre was estimated using measured
diameters and sawlog merchantable heights that were available for every “in-tree” in the dataset. The
simple random sampling statistics based on these measurements are considered the actual volumes

for this study. One out of every four points was then selected to be used as an intensively measured
sample point (second phase) for both a traditional double sample and the proposed height regression
sampling technique. For the intensively measured points, species, dbh and sawlog merchantable height
measurements were utilized. For the non-intensive (first phase) sample points, only species and dbh
information was used. Table 1 includes the mean board foot volume estimate based on the simple random
sample mean (SRS) from the assumed “actual” volume, the mean based on a double sample ratio of
means estimator (DS) and two estimates based on the use of height regression sampling (HRS) using the
two estimation methods described previously. In five of the eight inventories, the mean board foot volume
based on the HRS method 1 procedure was more accurate than the common double sampling approach
using basal area as the auxiliary variable (table 1). While in all but one of the inventories, the mean board
foot volume based on the HRS method 2 procedure was more accurate than the double sampling approach
(table 1). The results of the regression process indicate that some increase in variance with increasing tree
size occurred, but the distribution of merchantable height errors appeared random (fig. 1). In most cases,
predicted heights were within 10 feet of the actual height of each tree at least 60 percent of the time (table
2). The estimated standard errors for each sampling scheme are shown in table 3. In each of the eight
inventories, both HRS method procedures resulted in an estimate of the standard error that were closer

to that based on the complete measurement of every sample tree (SRS). Both the DS and HRS systems
used the same 1:4 ratio of second phase to first phase samples and all intensively measured points (second
phase) were the same sample points in both instances.

The results from the 500 simulations conducted on each of the 8 inventory datasets indicate that the HRS
method 2 estimates of the mean board foot volume per acre had a lower RMSE in all cases and a smaller
average bias in 5 of the 8 inventories tested (table 4). Only one of the HRS method 1 estimates had a
smaller average bias but all eight inventories still had a lower RMSE. Both the DS and HRS simulations
provided what appeared to be unbiased estimates of the mean board foot volume per acre, with both
HRS procedures showing a higher level of precision (fig. 2). The estimates of the sampling error for the
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Table 1—The mean and bias in board foot volume per acre for inventory tract and sampling scheme

Mean board foot volume per acre

Difference from SRS

Tract Acres Points SRS DS HRS (srs) HRS (ratio) DS HRS (srs) HRS (ratio)
Tygart 426 67 7,8834 7,9355 7,834.8 7,840.7 52.1 -48.6 -42.7
WVU Research 7,594 2,013 9,676.1 9,7309 9,520.8 9,640.9 54.7 155.4 -35.3
Forest

Coopers Rock 4,037 1,081 10,643.7 10,426.8 10,589.0 10,743.4 -217.0 -54.8 99.7
State Forest

Coopers Rock 364 98 10,3419 9,9452 10,511.0 10,4184 -396.8 169.0 76.5
Annex

Compartment 138 52 11,076.6 10,909.2 11,209.8 11,053.8 -167.4 133.2 -22.7
14

1967 single 3,500 384 2,5394 25313 2473.0 2,546.5 -8.1 -66.3 7.1
species

Trout Pond N/A 30 14,591.6 14,988.3 13,899.0 13,718.9 396.5 -692.9 -872.9
Savage River 53,473 214 10,363.2 8,359.0 10,5514 10,732.6 -2,004.2 188.2 369.4

SRS = simple random sample mean

; DS = double sample ratio of means estimator; HRS = height regression sampling.
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Figure 1—Height prediction error (foot) by d.b.h. across all species (Tygart Tract).
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Table 2—Percentage of predicted saw log heights within 10
percent of the actual measured height by inventory tract

Within 10 Percent within
Tract n feet 10 feet
Tygart 210 144 68.57
WVU Research Forest 8,052 5,331 66.21
Coopers Rock State Forest 4,892 2,158 4411
Coopers Rock Annex 392 240 61.22
Compartment 14 254 158 62.20
1967 single species 1,253 966 77.09
1967 species specific 331 261 78.85
Trout Pond 178 132 74.16
Savage River 932 630 67.60

Table 3—Standard error by inventory tract and sampling scheme

Standard error (board foot per acre)

Standard error of the mean

Tract SRS DS HRS (srs) HRS (ratio) SRS DS HRS (srs) HRS (ratio)
----------- percent - - ---------

Tygart 683.8 1,055.2 659.2 662.0 8.7 13.3 8.5 8.4

WVU Research  153.9  230.6 145.5 159.7 1.6 2.4 1.7 1.7

Forest

Coopers Rock 200.1 343.4 192.4 214.6 1.9 3.3 2.0 2.0

State Forest

Coopers Rock 653.2 911.9 626.2 670.5 6.3 9.2 6.4 6.4

Annex

Compartment 916.3 1,534.8 894.6 890.7 8.3 141 8.0 8.1

14

1967 single 130.9 152.3 119.9 146.7 5.2 6.0 5.9 5.8

species

Trout Pond 1,254.8 1,717.8 1,190.8 1,354.4 8.6 11.5 9.7 9.9

Savage River 481.0 1,840.8 480.4 502.2 4.6 22.0 4.8 4.7

SRS = simple random sample mean; DS = double sample ratio of means estimator; HRS = height regression

sampling.
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Table 4—Average bias and root mean squared error for volume estimates by inventory tract and
sampling scheme (based on 500 simulations)

Average bias (board foot per acre) RMSE (board foot per acre)

Tract Acres Points DS HRS (srs) HRS (ratio) DS HRS (srs) HRS (ratio)
Tygart 426.0 67.0 82.4 69.5 33.5 952.9 239.8 223.7
WVU Research  7,594.0 2,013.0 8.3 -125.0 3.0 197.1 137.8 57.0
Forest

Coopers Rock 4,037.0 1,081.0 -156 -146.0 10.8 266.0 168.8 82.0
State Forest

Coopers Rock 364.0 98.0 39.0 163.7 74.5 787.4 326.3 286.0
Annex

Compartment 138.0 52.0 75.3 189.5 198.3 1,413.3 4941 471.0
14

1967 single 3,500.0 384.0 -3.4 -72.7 -3.3 75.0 90.0 52.5
species

Trout Pond N/A 30.0 -330.7 324.0 158.6 1,290.8 613.1 524.2
Savage River  53,473.0 214.0 20.8 -192.9 -55.9 1,283.3 301.4 237.8

DS = double sample ratio of means estimator; HRS = height regression sampling; SRS = simple random sample;
RMSE = root mean squared error.
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Figure 2—Variation in mean board foot volume per acre by sampling type for the Tygart Tract
(based on 500 simulations).
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HRS procedures were centered around the SRS estimate an appeared less variable than the traditional DS

estimates (fig. 3). The DS estimates appeared to be biased in a positive direction. The relationship between

actual and predicted volume, which was used to estimate the HRS sampling error, had a correlation
coefficient of 0.999 and this relationship is depicted in figure 4.

DISCUSSION

The overall effect on mean volume per acre when some sampling units have measured heights and others
have estimated heights is unknown. The variance is most likely reduced as the natural variation in heights
by diameter and thus on volume has been removed through the prediction process.

The use of regression analysis to predict merchantable heights to obtain volume estimates on a subset of
sampling units has provided some positive results. Mean volume estimation was usually more accurate
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Figure 3—Variation in the standard error (board feet per acre) by sampling type for the Tygart

Tract (based on 500 simulations).
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and precise than the traditional DS procedures. This study employed two different methods for achieving
an estimate of sampling error. Method 1 employed a simple random sampling estimate of variance
ignoring the fact that sawlog merchantable heights were predicted on all non-intensive (first phase)
samples. In HRS method 2, the analysis was reformulated as a true double sampling application where

a ratio estimator was used to estimate the sampling error. For most of the inventories investigated, both
HRS sampling methods provided a smaller standard error than traditional DS approach. It appears that
both HRS sampling methods provide positive results and although method 1 ignores the effect of height
prediction on the overall variance, it still resulted in a seeming unbiased estimate of the mean board foot
volume per acre and an unbiased, but slightly less variable, estimate of the sampling error.

The application of the HRS procedure is not warranted in many cases. The measurement of dbh on
every sample tree may require more time resources than a single inventory can justify. However, in those
situations where the additional diameter distribution data is desired, this procedure requires less field
collection time than the complete enumeration of every sample point and provides reasonably accurate
estimates of mean volume per acre even in variable hardwood populations.
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EVALUATION OF LANDSAT IMAGERY FOR DETECTING ICE STORM
DAMAGE IN UPLAND FORESTS OF EASTERN KENTUCKY

W. Henry McNab, Tracy Roof, Jeffrey F. Lewis, and David L. Loftis’

Abstract—Two categories of forest canopy damage (none to light vs. moderate to heavy) resulting
from a 2003 ice storm in eastern Kentucky could be identified on readily available Landsat
Thematic Mapper imagery using change detection techniques to evaluate the ratio of spectral
bands 4 and 5. Regression analysis was used to evaluate several model formulations based on the
spectral ratio and topographic variables for detecting the two categories of damage, which could
be applied with a geographic information system. Results of this study suggest that moderate to
heavy forest canopy damage caused by ice storms can be detected on sample plots from satellite
imagery. Additional work is needed, however, to determine if these results can be used to produce
an accurate landscape-scale map of canopy damage beyond the study area.

INTRODUCTION

Ice storms are a major, recurring type of disturbance in deciduous forests of the Eastern United States,
with annual probability of occurrence ranging from 0.11 to 0.22 (U.S. Department of Agriculture Forest
Service 1969, Hauer and others 1994). Mapping and assessing the extent and severity of storm damage
in managed forests is necessary to estimate economic loss, salvage products, and plan recovery activities.
Aerial photography is typically used for such assessment following a disturbance event (Lewis 2004),
but results in unanticipated costs for its procurement and interpretation. Conventional Landsat Thematic
Mapper (TM) satellite imagery has been shown to be useful for detecting forest damage to tree canopies
resulting from insects (Vogelmann and Rock 1989) and ice (Burnett 2003). Because Landsat TM
imagery is economical, readily available, and generally well suited to detect changes in vegetation (U.S.
Department of Agriculture Forest Service 1995), methods for using it to detect and assess forest damage
resulting from ice storms could be of significant practical value to managers.

A major ice storm occurred on February 15, 2003, in a large area of northeastern Kentucky and
southeastern Ohio that included parts of the Daniel Boone and Wayne National Forests. Up to 2 inches
of ice accumulated on exposed surfaces, causing breakage of limbs and stems, and uprooting (fig. 1). A
report for the Wayne National Forest indicated that damage “...appeared to be light to moderate over the
entire district, with many trees having some crown damage. In smaller pockets, ranging up to hundreds
of acres in size, damage ranged from heavy to severe ...” (U.S. Department of Agriculture Forest Service
2003). Initial effects of forest damage resulting from this storm were assessed from conventional aerial
photography (Lewis 2004). The success of other workers in using satellite imagery to assess levels of
ice damage in mesophytic forests of Vermont (Burnett 2003) has encouraged us to test those methods in
predominately upland oak forests of eastern Kentucky. The scope of our study was limited by available
resources to a rudimentary application of well-developed methodology used to detect change in forest
conditions from Landsat imagery (Heikkonen and Varjo 2004).

PROCEDURES

Study Site and Data Collection

An area representative of common forest types and typical ice damage was selected near Morehead, KY,
in the Morehead District of the Daniel Boone National Forest (38.1° N, 83.5° W). Forest composition
consists of over 40 commercial species that are distributed primarily in relation to moisture regime. On
mesic sites of coves and northerly slopes are northern red oak (Quercus rubra L.), American basswood

''W. Henry McNabb, Research Forester, USDA Forest Service, Southern Research Station, Asheville, NC 28806; Tracy Roof,
Forestry Technician, USDA Forest Service, Southern Research Station, Asheville, NC 28806; Jeffrey F. Lewis, Silviculturist,
Daniel Boone National Forest, Morehead, KY, 40351; and David L. Loftis, Project Leader, USDA Forest Service, Southern
Research Station, Asheville, NC 28806.
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Figure 1—Aerial view of forest disturbance resulting from an ice storm that occurred on the Wayne National Forest in February
2003. The proportion of trees uprooted appears to be greater on the slope on the left than on the right.

(Tilia americana L.), American beech (Fagus grandifolia Ehrh.), yellow-poplar (Liriodendron tulipifera
L.), sugar maple (Acer saccharum Marsh.), black birch (Betula lenta L.), red maple (Acer rubrum L.),

and Canadian hemlock (7suga canadensis [L.] Carr.). Westerly slopes are occupied by yellow-poplar,
northern red oak, white oak (Q. alba L.), and hickories (Carya spp. Nuttall.). On xeric southerly slopes
and ridges are chestnut oak (Q. prinus L.), white oak, Virginia pine (Pinus virginiana Mill.), and shortleaf
pine (P, echinata Mill.). Understory tree species include flowering dogwood (Cornus florida L.), sourwood
(Oxydendrum arboreum [L.] DC.), and blackgum (Nyssa sylvatica L.). Two shrubs are widespread:
rosebay rhododendron (Rhododendron maximum L.) on moist slopes and mountain laurel (Kalmia
latifolia L.) on drier sites. Stand basal areas ranged from 70 to 120 square feet per acre.

Aerial photography was obtained soon after the storm for mapping the extent of the disturbance and
assessing the severity of damage to forest resources. A study area of approximately 3,400 acres was
selected on the basis of ground reconnaissance and aerial photography to include the range of disturbance,
which varied from undisturbed patches of trees to canopy gaps associated with almost complete uprooting
and crown breakage. The 1:10,000 scale, leaf-off, panchromatic photography was electronically scanned
at 800 dpi, orthorectified to establish a coordinate system and remove image distortions resulting from
camera and terrain sources, and displayed on a computer monitor at a scale of approximately 1:24,000.
Plot locations were selected from a computer-generated grid overlaid randomly on the image; the grid
intersects defined the center of potential plot locations. Intersects were randomly selected and a standard
density grid was used to assign canopy damage to four categories:
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Category Range of canopy damage

None No apparent damage to forest canopy
Light < 25 percent of canopy damaged
Moderate From 25 to 65 percent of canopy damaged
Heavy More than 65 percent of canopy damaged

The categories were defined prior to classification of the sample plots on the digital image and had been
used by the third author in an unreported trial of forest damage resulting from a windstorm. Selection of
grid intersections continued until approximately 30 plots were chosen in each category of canopy damage.
Coordinates of the location of each plot were recorded from the scanned photographic images using
geographic information system (GIS) software. The GIS was also used to derive aspect (degrees azimuth)
and gradient (percent) at each plot location from a digital elevation dataset. Elevation varied relatively
little in the study area, from 800 to 1,250 feet, and was not tested for significance.

Each plot selected from the aerial photographs was located in the field during the following summer using
a geographic positioning system to navigate to the recorded map coordinates. The plotless inventory
method (Grosenbaugh 1952) was employed, and each sample tree identified by a 10-factor prism was
classified as damaged or not damaged. Forest type on each plot was subjectively classified to provide
supplemental information on variability of ice damage by species composition.

We obtained a cloud-free Landsat TM image of the study area for June 2002 and July 2003. A Landsat
image represents an area about 106 by 115 miles in extent and consists of a grid of picture elements, or
pixels. Each square pixel represents a ground area of approximately 0.22 acre. Data associated with each
pixel consists of values for seven spectral bands, and the magnitude of these values varies depending on
characteristics of objects or vegetation on the ground that reflects light to sensors on the satellite.

We used the moisture stress index (MSI) as the response variable to quantify forest damage (Hunt

and Rock 1989). MSI is the ratio of mid-infrared band 5 (1.55—1.75 microns) to near-infrared band 4
(0.76-0.90 microns) and has been found useful for detecting the moisture content of vegetation because
of differences in reflectance by the two bands. MSI is not without problems, however, because it may
be influenced by factors unrelated to the disturbance event, such as soil moisture beneath vegetation

or defoliation by insects. We used MSI as the response variable because we hypothesized that less
photosynthesizing biomass would be present after the event than before it as a consequence of canopy
gaps resulting from crown breakage and uprooted trees. MSI was calculated for each pixel in the study
area satellite image scenes before (MSIb) and after (MSla) the ice storm and extracted to a database for
pixels containing a field plot. Data were not normalized for differences in atmospheric conditions between
the two image dates.

Data Analysis

The kappa statistic (Cohen 1960) was used to test for agreement between categories of forest damage on
the sample plots estimated from aerial photography and determination of damage in the field. We used
chi-square to test for independence of damage category with aspect and gradient classes. Analysis of
variance (ANOVA) was used to test the hypothesis that damage category had no significant effect on MSI
at the 0.05 percent level of probability. The difference (MSId) between pre- and post-disturbance MSI was
used as the ANOVA response variable, which follows methodology typically used in studies of vegetation
change detection based on satellite imagery (Burnett 2003). Treatments consisted of the four categories of
canopy damage determined by means of ground examination at each plot location. Significant differences
among damage categories were separated by the Bonferroni test at the 0.05 level of probability.
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We used logistic regression to evaluate formulations of prediction models that could be useful in
automated detection of forest damage on satellite imagery obtained before and after an ice storm:

logit (DC) = function of (MSIb, MSIa, MSId, aspect, gradient) (D)

The dependent variable, DC, is a binary damage category (i.e., None or Light vs. Moderate or Heavy).
Two model formulations were evaluated that included either MSId alone or a combination of MSIa and
MSIb. Aspect was transformed from a circular to a continuous measure by taking the sine and cosine of
the direction in which each plot faced. A probability level of p = 0.05 was used to retain independent
variables in the model. The two model formulations were tested with data for three groups of forest type
(see table 1): (1) all types, (2) the two predominant types of mesic oak and mixed mesophytic, and (3)
the majority type of mesic oak. Unlike the ANOVA, which tested for the effect of damage categories on
the change of MSI before and after the ice storm, these regression analyses provided an evaluation of two
methods of expressing MSI and the value of topographic variables for detecting and mapping ice storm
damage using a GIS.

RESULTS AND DISCUSSION

Damage Assessment

A total of 117 plots representing 4 categories of forest canopy damage were selected for study using aerial
photography (table 2). The required number of plots selected for two categories, None and Moderate, was
less than desired. Agreement was high, > 90 percent (kappa = 0.87), between the classification of damage
estimated from aerial photography compared to damage assessed in the field. Six plots were discarded as a
result of missing field data or outlier values of MSIb and MSIa, leaving 111 plots for subsequent analysis.

Sample plots were generally distributed uniformly among quadrants of azimuth, although fewer plots (17)
were situated on northerly aspects. Chi-square tests indicated that category of canopy damage varied by

aspect class (p<0.000); plots with westerly and northerly aspects tended to receive None to Light damage
while plots with easterly aspects received Heavy damage. Slope gradient of the sample plots ranged from

Table 1—Number of sample plots and mean values of moisture
stress index by forest type before and after a February 2003 ice
storm on the Morehead District of the Daniel Boone National

Forest?
Forest type Plots®  MSIbc  MSla° MSId + SE°
Mesic oak 55 0.756  0.815 0.069 £ 0.014
Mixed mesophytic 32 0.766  0.819 0.043 £ 0.018
Mixed oak-pine 5 0.744  0.722 -0.022 £ 0.043
Mixed oak-yellow pine 8 0.784 0.785 0.001 £ 0.026
Yellow pine 2 0.804 0.681 -0.123 £ 0.028
Xeric oak 9 0.792 0.818 0.025 £ 0.040
Total 111 0.764  0.810 0.045 +0.010

MSI = moisture stress index; SE = standard error.

aMSl is the ratio of Landsat spectral band 5 to band 4; MSIb was determined
from June 2002 imagery (before the ice storm); MSla was determined from
July 2003 imagery (after the storm); MSId is the difference between MSla and
MSIb.

b Six of the 117 total plots (see table 1) were omitted from the analysis
because of missing data or values of MSI considered as outliers.

°There were no significant differences of MSIb, MSla, or MSId among forest
types at alpha = 0.05.
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Table 2—Error matrix for two methods of classifying forest
canopy damage resulting from a February 2003 ice storm on
the Morehead District of the Daniel Boone National Forest

Classified Classified from aerial photography

from ground (sample plots)

examination None Light ~ Moderate Heavy  Total

None 25 0 0 1 27

Light 0 31 0 0 31

Moderate 4 0 24 0 28

Heavy 3 0 2 26 31
Total 32 31 27 27 117

6 to 74 percent. Chi-square analysis indicated that damage category did not vary by class of slope gradient
(p = 0.064), although plots with Heavy canopy damage tended to occur on steeper (> 40 percent) slopes.

Six forest types were identified on the 111 sample plots (table 1). The predominant forest types were
mesic oak and mixed mesophytic, which together accounted for 78 percent of the plots. Mean MSId
increased by 0.045 in July 2003, indicating that less photosynthesizing vegetation was present after

the ice storm compared to before. MSla, MSIb, and MSId did not differ among forest types (table 1),
which allowed pooling of data from all plots for the change detection analysis. ANOVA of the MSId data
indicated that category of damage had a significant (»p = 0.001) effect on MSId. Separation of significant
damage category means using the Bonferroni test indicated that there were real differences between

the Light and Medium categories (p = 0.01) and between the Light and Heavy categories (p = 0.01);
there was no real difference between the None and Light categories or between the Medium and Heavy
categories. Therefore, two new damage classes were formed for further analysis by combining None and
Light, and Medium and Heavy. Analysis of these two new damage classes revealed significant (p<0.01)
differences of MSId. Results of a supplementary analysis not described in detail here indicate that simple
unsupervised and supervised classifications of the two damage classes based on MSId produced accuracy
levels of about 60 percent.

Our findings agree with those reported by Burnett (2003), who found that damage to hardwood forest
canopies can be detected by low-resolution Landsat TM imagery. Our results differed from those of
Burnett, however, in that we were unable to detect levels of damage. A difference between our study and
that of Burnett (2003) is forest type, which was mixed mesophytic in Vermont and predominantly oak in
Kentucky. How these forest types differ in response to the ratio is unknown, but such a difference may
contribute to the discrepancy between Burnett’s findings and our own. Our results agree with those of
Lewis (2004), who reported difficulty in separating medium and heavy levels of storm damage using
conventional aerial photography.

Damage Modeling

We developed six predictive models for evaluating two expressions of MSI and three groupings of
forest type (table 3). Accuracy in detecting canopy damage increased slightly as variation in forest type
decreased, from an average of 75 percent for all six types (models 1 and 2 in table 3) to 83.5 percent for
the single forest type (models 5 and 6). Likewise, the optimum expression of MSI changed from MSIb
and MSIa, for the analysis including all forest types, to MSId alone for the single type. In formulations
based on MSIb and MSla (models 2, 4, and 6), the two variables probably accounted for variation
associated with different forest types, somewhat as if a covariate had been included in the ANOVA used
for the damage category analysis.
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Table 3—Comparison of two regression model formulations that utilized three forest
type groupings for relating moisture stress index and topographic variables to forest
canopy damage caused by an ice storm in February 2003 on the Morehead District of
the Daniel Boone National Forest*

Dependent variables® All (n=111) MO + MM (n = 87) MO (n = 55)
or statistic? MF1e MF2 MF1 MF2 MF1 MF2
MSid 17 — 0 — 1 —
MSIb — 1 — 1 — 0
MSla — 1 — 1 — 1
Aspect (degrees) 1 0 1 1 1 0
Gradient (percent) 0 0 1 1 1 1
ROC (percent) 80 86 87 89 93 93
Accuracy (percent) 73 77 78 79 85 82
Model number 1 2 3 4 5 6

aForest type (see table 1) groupings: (1) all sampled, (2) the two predominant types of mesic oak and
mixed mesophytic, and (3) mesic oak.

bDamage categories: none and little vs. moderate and heavy.

¢MSla = moisture stress index (MSI) after the storm, MSIdb = MSI before the ice storm,

MSId = difference between MSla and MSIb. MSI was determined from pre- and post- Landsat imagery
as the ratio of spectral band 5 to band 4.

9ROC = receiver operator curve; Accuracy = percent of plots classified correctly.

¢Model formulation (MF) 1 tests MSId with aspect and gradient; MF2 tests MSla and MSIb with aspect
and gradient.

"0 = variable tested in the model but omitted from the final formulation because it was not significant at
the p < 0.05 level of probability; 1 = variable tested in the model and retained because it was significant
at the p < 0.05 level of probability; — indicates variable not tested in the model.

Topographic variables varied in their importance in the prediction models. Aspect and gradient generally
were not important for predicting canopy damage for all forest types combined. Their value increased,
however, with increased uniformity of species composition. Including topographic variables in a model
involves additional work because digital elevation data must be obtained for the image area, followed by
derivation of the variables and assignment of a value to each pixel of the Landsat image. Finally, however,
a relationship must be established between canopy damage and the important topographic variables to
provide coefficients for the prediction model.

Our analysis suggests a likely increase in overall accuracy of damage assessment by developing a model
for each individual forest type. Application of a system of models using a GIS would be problematic,
however, because an accurate determination of forest type would be required for each pixel of a Landsat
image. Model 2 is appealing for general application because it utilizes only MSIb and MSIa, and has high
relative accuracy (77 percent). The classification error matrix (table 4) based on model 2 resulted in about
equal levels of false negative (10.5 percent) and false positive (12.5 percent) predictions.

The predictive models indicated that pre- and post-disturbance MSI and topographic variables

accounted for much of the variation in forest damage resulting from the February 2003 ice storm in
eastern Kentucky. Our results agree largely with those of Millward and Kraft (2004), who found that
aspect, species composition, and weather conditions during an ice storm event were important factors

in determining the pattern and extent of forest damage. Although we could detect differences in MSI
based only on two canopy damage classes (None and Light vs. Medium and Heavy), this degree of
discrimination will likely be adequate for most assessments because it will allow identification of areas of
potential salvage and regeneration needs. We can not speculate on how our results would have changed if
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Table 4—Error matrix for a regression model of crown damage in
all forest types resulting from a February 2003 ice storm on the
Morehead District of the Daniel Boone National Forest

Classified by Classified by field examination (sample plots)
regression model 22 Not damaged Damaged Total
Not damaged 39 12 51
Damaged 14 46 60
Total 53 58 111

2 Provided in table 3.

we had used values of MSI that had been corrected for image differences occurring between the two years
of observation, although making such corrections is clearly recommended (Vogelmann and Rock 1989).

In summary, we demonstrated that moderate to heavy ice damage in forests of eastern Kentucky

could be detected on Landsat TM imagery using an index of moisture stress. The degree of canopy
damage resolution that we attained with satellite imagery was slightly lower than the level achieved by
conventional methods using aerial photography; better results would likely be achieved with satellite
imagery of higher resolution. A possible limitation of the satellite imagery method, however, is that
ground verification of damage will probably be required unless the manager assumes that changes in pre-
and post-disturbance MSI values were caused by a known weather event, such as an ice storm, and not,
for example, from recent unknown insect defoliation. We consider this technique of using Landsat TM
imagery to detect canopy damage resulting from ice storms to be promising. Additional refinement and
testing with independent data is needed, however, before the technique can be considered an operational
tool for producing accurate maps of canopy damage resulting from ice storms.
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MESAVAGE AND GIRARD FORM CLASS TAPER FUNCTIONS
DERIVED FROM PROFILE EQUATIONS

Thomas G. Matney and Emily B. Schultz’

Abstract—The Mesavage and Girard (1946) average upper-log taper tables remain a favorite

way of estimating tree bole volume because they only require the measurement of merchantable
(useable) height to an indefinite top diameter limit. For the direct application of profile equations,
height must be measured to a definite top diameter limit, and this makes the collection of data
more arduous, particularly in hardwoods, since in many cases both the height to the top diameter
limit (stopper top) and the stopper top diameter must be measured. In this paper, Girard form class
is used to convert a regular profile function into a Mesavage and Girard type taper model requiring
only the measurement of merchantable height. The advantages of the new approach include:

1) the derived model’s upper log tapers are species specific, 2) the model describes the taper in

the butt log, and 3) pulpwood and sawtimber trees can use the same model and height measure.
Like the Mesavage and Girard taper tables, the converted profile equations have the disadvantage
of requiring an average form class, preferably by dbh class. The source code for the profile
conversion algorithm in C++, or BASIC can be downloaded from www.timbercruise.com,
www.cfr.msstate.edu, or by contacting the authors. The program is short and can be quickly
embedded in any cruise program implementing profile functions.

INTRODUCTION

Tree volume tables based on Girard form class (Avery and Burkhart 1994), and the upper-log taper tables
for Southern conifers and Eastern hardwoods (Mesavage and Girard 1946) are still in wide spread use
throughout the entire Eastern US. This use continues in spite of the fact that for most commercial tree
species, stand origins, and geographic regions, highly accurate tree profile functions are available. There
are two primary reasons for the continued use of these out-of-date and flawed tables. These are: 1) many
timber cruisers have relied on volumes derived from the taper tables for years and are very reluctant to
change volume estimation systems even though they recognize that by changing to species specific profile
functions the accuracy and consistency of tree volume estimates could be improved dramatically, and

2) height measurement in the field is quicker because heights are measured to an indefinite top (usable

or merchantable). The heights of trees assigned to a profile function must be measured to a definite top,
and when the tree is not merchantable to the targeted definite top, the stopper top must be estimated and
recorded. The old taper tables are out-of-date because the character of timber has changed significantly
due to genetics and management practices. They are also seriously flawed because they are not species,
stand origin, or geographic region specific and make the assumption that upper-log tapers are independent
of form class and provide no taper rates in the first log.

This paper describes a procedure developed to effectively convert a tree profile function into a form that
requires only the field measurement of height to an indefinite top diameter. The procedure is a simple
numerical algorithm that calculates the total height of a tree from dbh, form class height, and form class.
Once this procedure is included in a timber cruise program, users of the program can take advantage of
the accuracy of tree profile functions without increasing the complexity of field measurements.

METHODS

Profile equations are algebraically complex functions that predict diameter at any height () above ground
from diameter breast height (dbh), total height (/), and the height / of the desired diameter. Outside bark
profile equations (O) predict outside bark diameter (dob), and inside bark profile functions (/) predict inside
bark diameter (dib). These functions can be written abstractly as dob = O(k, dbh, H) and dib = I(h, dbh, H).

! Thomas G. Matney, Professor, and Emily B. Schultz, Associate Professor, Mississippi State University, Forest and Wildlife
Research Center, Mississippi State, MS 39762.
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Girard form class (F) is defined as the percentage the scaling diameter (sd) of the first 16 foot log is of dbh.

sd
F=1002%
dbh (1)

Traditionally the assumption has been made that stump height is 1 foot, and log trim is 0.3 feet, and thus
the height above ground (g) of the scaling diameter of the first 16 foot log is 17.3 feet. Stump heights are
now around 0.5 feet, and the form class height could be set at 16.8 feet. Even though form class calculated
at 16.8 feet would differ little from form class calculated at 17.3 feet, for current tree volume estimates to
be comparable with past estimates form class height should be kept at 17.3 feet. However, if a departure
from the height of 17.3 feet presents no problems, a form class height measurement point higher up on the
bole will improve the accuracy of the profile function calculated from dbh and F. That is, when dbh and F
are used to determine H, the closer the form class height g is to H the better the estimate of H will be.

If the dbh and total height H of a tree are known, the scaling diameter of the first log sd = dib = I(h, dbh,
H) = I(g, dbh, H). The scaling diameter of the first log is the value of the inside bark diameter at the form
class height g (i.e., 4 = g). Thus, the form class equation (1) can be rewritten as

(g, dbh, H)
F=10018:4%%.11)
dbh @)

Equation (2) can be solved for the total height A using a number of procedures for solving for roots of an
equation such as the bisection, Newton, secant, or regula falsi fixed point iterations (Burden and others
1981). Finding the value of H satisfying equation (2) by a fixed point iteration requires that the equation
be written in the following form:

1(g,dbh,x = H)

f(x)=f(x=H)=100 oy

—F=0 3

where

x = H has been used to designate that x and H are equivalent. In the case F is expressed as a ratio of
outside bark diameters, /(%, dbh, H) equation (3) must be replaced by O(h, dbh, H).

The root (x* = H*) of the nonlinear equation (3) is the total height of the tree with the specified value of
dbh, g, and F. Any of the above fixed point iterations can be used to find the root H*, but the method of
bisection, while being the slowest to converge to a solution, always converges. The other methods often
diverge unless the initial guess of the solution falls inside an often narrow range of convergence for the
method. The bisection method can be stated in algorithmic form:

Let f{x) be a piece-wise continuous function on a closed interval [A, B] with f{A)f{B) < 0, then use the
following steps to find the root of the equation f{x) = 0 having a specified maximum allowable error of
MAXE.

1. Compute the mid-point M = (A + B)/2 of the interval [A, B]
2. Compute the maximum error of the iteration of the best estimate (M) of the equation’s root as E =
(B-A)/2
3. If E £ MAXE, the root of the equation is M. Otherwise
a. If fA)f(M) £0, set B=M. Otherwise, set A =M
b. Repeat steps 1 to 3 until the error condition in step 3 is satisfied
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EXAMPLE

To illustrate the solution procedure, consider the cubic foot volume of a cherry bark oak (Quercus falcata
var. pagodi folia Ell.) tree with a dbh = 18 inches, F' = 88, and a usable (merchantable) height of 3.5 16
foot logs. The cherry bark oak profile function used is presented in Matney and others 1985. For the
example tree, the root of equation (3) is between A = 117.3 and B = 127.3. The solution for total height
is between A = 117.3 and B = 127.3 because f{117.3) <0 and {(127.3) > 0. The solution range is easy

to find. Starting with a total height of 17.3 feet, the total height (#) is incremented by a fixed amount
(INC) until f(H) =2 0. B is set to H, and A is set to B — INC. The INC for the example was 10 feet, but
other increment values could be used. Table 1 summarizes the bisection of the interval [A, B] =[117.3,
127.3] with a maximum allowable error of 0.25 feet. The final total height estimate of 119.33 feet has an
actual maximum error of 0.15625 which is less than 0.25 feet. Figure 1 presents the graph of equation
(3) showing that the function is monotonically increasing and will cross 0 for some total height value
exceeding the form class height.

Table 1—Determination of the total height of a tree with a d.b.h. of 18 inches and a form class
of 88 using the method of bisection for solving for roots of nonlinear equations

n A B M=(A+B)?2 f(A) f(B) f(M) Error = (B — A)/2
0 117.30 127.30 122.30 -0.21114 0.76453 0.29593 5.00000
1 117.30 122.30 119.80 -0.21114 0.29593 0.04751 2.50000
2 117.30 119.80 118.55 -0.21114 0.04751 -0.08050 1.25000
3 118.55 119.80 119.18 -0.08050  0.04751 -0.01617 0.62500
4 119.18 119.80 119.49 -0.01617  0.04751 0.01575 0.31250
5 119.18 119.49 119.33 -0.01617  0.01575  -0.00019 0.15625
10
0 -
-10 1
-20 1
-30 1
’II: -40 1
Z -50 1
-60 1
-70 1
-80 1
-90 1
-100 - - - . . . .
0 20 40 60 80 100 120 140 1€

Total height (x = H) feet

Figure 1-—Graph of the function f(x = H) for a cherry bark oak tree with dbh, form class height, and form
class of 18 inches, 17.3 feet, and 88, respectively.
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Given that total height is now known, the volume from stump height to any indefinite top limit < H* =
119.33 feet is easily calculated. For example, the cubic foot ib and ob volumes of a 3.5 log tree are 116.33
and 129.82 cubic feet. The cubic volume computations were approximated by Smalian’s cubic volume
rule using a 4-foot bolt length. The initial values for A and B are readily obtained by setting A = 17.3,
incrementing A by some value (INC) such as 10 until F(A) = 0, and then setting B =A and A =B —INC.

C++ SOURCE CODE

The C++ source code for the bisection routine (HtFromDbhFC) for calculating total height from dbh

and form class is presented in the appendix. The main program uses the dbh and form class from the
Example to illustrate the computation of the total height and ib and ob cubic foot volume of the 3.5

log merchantable length. A Microsoft Visual C++ dialog project implementing the code can be directly
accessed at the link www.timbercruise.com/Downloads/Software/HtFromDbhFormClass.zip or by visiting
the Web site www.cfr.msstate.edu to obtain a. The links are case sensitive.

DISCUSSION

This procedure forces the profile function to have the desired form class. Like all procedures the
algorithm will fail for illogical conditions. If the form class is too large, the scaling diameter of the

first log will be greater than or equal to dbh inside bark and the procedure will fail to converge. Before
calling the procedure the user should make sure that the ratio of scaling diameter to dbh inside bark is
not too close to one. Otherwise, the procedure will converge provided the maximum height input is set
sufficiently large. If the form class is too large, the routine will converge but to a ridiculously high value.
If the form class is too low, the estimated total height may be less than the measured merchantable height.
In either case, the specified form class for the tree will probably be erroneous.

The commercially available cruise program Timber Cruise (TCruise) implements the algorithm as

an optional procedure for using profile functions. With the option selected, users can simply measure
merchantable heights while improving their volume estimates by using a profile function that is specific to
the tree species being measured. A trial version of TCruise is available at www.timbercruise.com.

In the case that the profile function is a function of Girard form class, a form class height other then
17.3 feet must be selected. For the profile functions inside TCruise published by Clark and others 1991
involving Girard form class, the program sets form class height to the top of the second log (i.e., 33.6
feet).
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APPENDIX
C++ source code in the example project using the bisection fixed point iteration method for determining
total tree height from dbh and form class

/

#include <stdlib.h>
#include <stdio.h>
#include <math.h>

int main(int argc, char* argv[])

{

// Outputs

double csErrorMsg;
double dCFVIB;
double dCFVOB;
double dTOT_HT;
int nError;

// Inputs

double dDBH = 15.0;
double dFC = 80.0;

double dFC_HT = 17.3;
double dGFC = 0.0;

double IMAX_HT =275.0;
double dMHT = 3.5;

double dSHt = 1.00;
double dBoltLen = 4.0;

// Calculate total tree height
dTOT_HT = HtFromDbhFC(dDBH, dFC, dFC_HT, dMAX_HT,
dGFC, &CBO_DIB, nError);

/I Convert merchantable height in logs to feet
if(dMHT < 8.0)
{

}

// Convert to height above ground
dMHT += dSHt; // Add stump height

dMHT = 16.0*dMHT;

// Compute ob and ib cubic foot volume between the heights

// of dSHt and dMHT

dCFVIB = GetCubicVolume(dDBH, dTOT_HT, dGFC, &CBO_DIB,
dSHt, dMHT, dBoltLen);

dCFVOB = GetCubicVolume(dDBH, dTOT_HT, dGFC, &CBO_DOB,
dSHt, dMHT, dBoltLen);
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csErrorMsg = “7;
if(nError 1= 0)

{
csErrorMsg = “Illogical input”;
}
return 0O;
}
*/
// Function for calculating total tree height from dbh, form class, and
// form class height
//
// Input
//
// dDbh = diameter breast high
// dFC = Girard type form class

// dFCHt = form class height
// dMaxHt = Maximum allowed total height

/ dGFC = Girard form class. This is for profile functions that

// use Girard FC. In this case the form class height dFCHt
// must be greater then 17.3 feet.

// pfIbProfile = pointer the the inside bark profile function

//

// Output

//

// Total height = return value

//nError = error code (0= no error, 1 = illogical inputs)

//

double HtFromDbhFC(double dDbh, double dFC, double dFCHt, double dMaxHt,
double dGFC, PROFILE pflbProfile, int& nError)

{
double dPHt, dTHt, dHtInc, dHtLower, dHtMid, dHtUpper, dFCTest, dMaxError;

nError = 0;
dPHt = dFCHt;
dTHt = dFCHt;
dHtUpper = dFCHY;
dHtInc = (dMaxHt - dFCH)/20.0;

dFC = dFC/100.0F;

while((dHtUpper = dHtUpper + dHtInc) < dMaxHt)

{
dTHt = dHtUpper;
dFCTest = (*pflbProfile)(dDbh, dTHt, dGFC, dPHt)/dDbh,;
if(dFCTest >= dFC)break;

}

if(dHtUpper > dMaxHt)

{
nError = 1; // Could not calculate a total ht for the FC. Check Dbh, Hm, and FC for logic
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return(dMaxHt);
}

dHtLower = dHtUpper - dHtInc;
dMaxError = dHtUpper - dHtLower;
dHtMid = (dHtLower + dHtUpper)/2.0F;

while((dMaxError = dMaxError/2.0F) > 0.25F)
{
dTHt = dHtMid;
dFCTest = (*pflbProfile)(dDbh, dTHt, dGFC, dPHt)/dDbh;

if(dFCTest <= dFC)
{
dHtLower = dHtMid;

}

else
{
dHtUpper = dHtMid,;
}

dHtMid=(dHtLower + dHtUpper)/2.0F;
}

return(dHtMid);
}

/I Cherry bark oak outside bark profile function

//

// Input

//

/I dDbh = diameter breast high

/I dTHt = total tree height

/I dPHt = height of output diameter

/I dGFC = Girard form class. This is for profile functions that
// use Girard FC.

//

/I Output

//

// Diameter outside bark at the height dPHt = return value
//

double CBO_DOB(double dDbh, double dTHt, double dGFC, double dPHt)
{
static double dPar[3] = {0.779945, 0.126221, 1.0412989};
double dDOB, dWorkA, dWorkB, dWorkC;

if( (dPHt < dTHt) && (dPHt > 0.))
{
dWorkA =dPar[0]*(pow(dTHt, dPar[1]));
dWorkB =-tan(dWorkA)/log(1.0 - pow((1.0-4.5/dTHt), dPar[2]));
dWorkA =dDbh/dWorkA;
dWorkC = -log(1.0 - pow((1.0 - dPHt/dTHt), dPar[2]))*dWorkB;
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dDOB = dWorkA *atan(d WorkC);

}
else
{
if(dPHt >= dTHt)
{
dDOB = 0.0;
}
else
{
dWorkA = dPar[0]*(pow(dTHt, dPar[1]));
dWorkA = dDbh/dWorkA,;
dDOB = 1.570796327*dWorkA;
}
}
return (dDOB);

}

/I Cherry bark oak inside bark profile function

//

// Input

//

/! dDbh = diameter breast high

/! dTHt = total tree height

/I dGFC = Girard form class. This is for profile functions that
/! use Girard FC.

//

// Output

//

/I Diameter inside bark at the height dPHt = return value
//

double CBO_DIB(double dDbh, double dTHt, double dGFC, double dPHt)

{
static double dPar[5] = {0.767290, 0.130027, 1.0560755F, 0.000,0.945};
double dDIB, dWorkA, dWorkB, dWorkC, dWorkD;

if( (dPHt < dTHYt) && (dPHt > 0.))

{
dWorkA = dPar[3] + dPar[4]*dDbh;
if(dWorkA < 0.0)dWorkA=0.0;
dWorkB = dPar[0]*pow(dTHt, dPar[1]);
dWorkC = -tan(dWorkB)/log(1.0 - pow((1.0 - 4.5/dTHt),dPar[2]));
dWorkB = dWorkA/dWorkB;
dWorkD = -log(1.0 - pow((1.0 - dPHt/dTHt), dPar[2]))*dWorkC;
dDIB = dWorkB*atan(dWorkD);

}

else
{

if(dPHt >= dTHt)

{
dDIB=0.;
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}

}

else
{
dWorkA = dPar[3] + dPar[4]*dDbh;
if(dWorkA < 0.0)dWorkA=0.0;
dWorkB = dPar[0]*(pow(dTHt, dPar[1]));
dWorkB = dWorkA/dWorkB;
dDIB = 1.570796327*dWorkB;
}
}
return (dDIB);

// Cubic foot volume calculation function

//
// Input
//

// dDbh = diameter breast high
/ dTHt = total tree height
/I dGFC = Girard form class. This is for profile functions that

I

use Girard FC.

// dBeginH = height of the large end of log

/" dEndH = height of the small end of log

//dBoltLen = bolt length for Smalian’s cubic volume rule
// pfProfile = pointer to the profile function

/

// Output

1

// Cubic foot volume between the heights dBeginH and dEndH = return value

1

double GetCubicVolume(double dDbh, double dTHt, double dGFC, PROFILE
pfProfile,

{

}

double dBeginH, double dEndH, double dBoltLen)

double dPHt = dBeginH;
double dDLE = (*pfProfile)(dDbh, dTHt, dGFC, dPHt);
double dDSE;

double dCFV = 0;

while((dPHt = dPHt + dBoltLen) < dEndH)

{
dDSE = (*pfProfile)(dDbh, dTHt, dGFC, dPHt);
dCFV += 0.002727*(dDSE*dDSE + dDLE*dDLE)*dBoltLen;
dDLE = dDSE;

}

dBoltLen = dTHt - (dPHt - dBoltLen);
dDSE = (*pfProfile)(dDbh, dTHt, dGFC, dEndH);
dCFV +=0.002727*(dDSE*dDSE + dDLE*dDLE)*dBoltLen;

return dCFV;
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PREDICTING THE COVER-UP OF DEAD BRANCHES USING
A SIMPLE SINGLE REGRESSOR EQUATION

Christopher M. Oswalt, Wayne K. Clatterbuck, and E.C. Burkhardt'

Abstract—Information on the effects of branch diameter on branch occlusion is necessary for
building models capable of forecasting the effect of management decisions on tree or log grade. We
investigated the relationship between branch size and subsequent branch occlusion through diameter
growth with special attention toward the development of a simple single regressor equation for use
in future hardwood stem quality models. Data were obtained from 21 boards representing 3 logs

of the first 21 feet of one cherrybark oak originating from a planted stand north of Vicksburg, MS.
Double cross-validation methods were used to evaluate fitted models. A non-linear model form
(Y=a'BK  °, where Y =overwood, BK = maximum branch-knot diameter and a and b are
parameters) provided the best fit. The model explained approximately 50 percent of the variation in
overwood.

INTRODUCTION

Silviculturists have long realized the importance of tree or log grade. However, the implications of
silvicultural activities on stem structure have been largely overlooked. This is particularly the case of
recent large-scale replanting efforts in the Lower Mississippi Alluvial Valley (King and Keeland 1999,
Twedt and Wilson 2002), where many monospecific plantations lacking natural analogs are being created.
Unlike some softwood products, grade production in hardwood trees is a more important factor in
valuation than volume because of the great differential between the highest and lowest grades of lumber
or veneer products produced. For example, the price differential between red oak FAS and 1F alone and
FAS and 2A alone was 219 percent and 264 percent in March of 2005, respectively (Hardwood Market
Report, 3/05/05). Therefore, understanding the impacts of silvicultural activities on the production of
hardwood tree grade is critical.

Experimental methods of acquiring causal information regarding the impacts of management activities on
tree structure are needed, and in some cases are underway (Clatterbuck and others 1987, Oliver and others
1990). Complementary techniques that can expedite acquisition of needed information are necessary.
Stem analysis techniques combined with modeling methods can improve our understanding in the interim,
and help guide current and future land management decisions.

As gross crown dimensions are proportional to and determinants of tree growth (Assman 1970, Rennolls
1994), the number and size of branches within the crown are major determinants of stem structure and,
therefore, wood quality. Wood quality is heavily affected by the development of first-order branches
within the crown, particularly the self-pruning and subsequent occlusion of branches as crown recession
occurs (Makinen 1998, Makinen and Colin 1998, Makinen and Makela 2003). Thus, a logical first step is
to evaluate the effects of variable branch sizes on the stem diameter needed for branch occlusion.

Information on the effects of branch diameter on branch occlusion is necessary for building models
capable of forecasting the effect of management decisions on tree or log grade. However, little is known
regarding the relationship between branch size and the occlusion of that branch through diameter

growth following crown recession. The knowledge gap is particularly large for hardwoods, including
highly valuable species such as cherrybark oak (Quercus pagoda Raf.). Models combining growth and
development of stem structure, including internal characteristics, are in development (Maguire and others

! Christopher M. Oswalt, Graduate Research Assistant, The University of Tennessee, Department of Forestry Wildlife and Fisheries,
Knoxville, TN 37996-4563; Wayne K. Clatterbuck, Associate Professor, The University of Tennessee, Department of Forestry
Wildlife and Fisheries, Knoxville, TN 37996-4563; and E.C. Burkhardt, Burkhardt/Hardwood Associates, Vicksburg, MS 39180.
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1994, Makela and Makinen 2003). However, researchers have focused
primarily on conifer species [e.g. Norway spruce (Picea abies (L.)
Karst), Scots pine (P, sylvestris L.) and Loblolly pine (P taeda L.)].

The primary objective of this research was to quantify the relationship
between branch size and subsequent branch occlusion through
diameter growth. Special attention was paid to the development of

a simple single regressor equation for use in future hardwood stem
quality models.

METHODS
Data

Data were obtained from 21 boards representing 3 logs of the first 21
feet of one cherrybark oak. The tree originated from a stand of planted

Full
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cherrybark oak on land owned by Anderson-Tully Company, north of
Vicksburg, MS (322553N, 0904306W). The tree was blown over in

a local windstorm event in 2002, but the bole remained intact. Tree
diameter at breast height (dbh) was 41 cm and total height was 31 m at
age 36 years. Three logs, representing the merchantable portion of the 1@ 1 6
tree were removed for sawing.

Equation 2

Q>< ®

Development Evaluation
dataset dataset

Equation 3

Each log end was divided into quarters and marked for reassembly
following sawing. All boards were flat sawn in the field using a Wood-
Mizer (Wood-Mizer Products Inc., Indianapolis, IN) portable band
saw with a 2mm kerf. The first cut for each log followed the log pith.
Boards were carried to the laboratory and the logs were reassembled. Model predictipns
Distance from the pith to each board face was recorded. Mean sawn SO)
board thickness was 2.82 cm with a range of 2.3 to 4.6 cm. cross-validation

results
Branch-knots were numbered and mapped along 3 axes according
to board-face location, height from base of tree, and distance from ol
the centerline of each board (board centerline corresponded to | dataset L
initial quarter lines drawn for reassembly). In addition, branch-knot . ® )
diameter was recorded at each location. Branch-knots retained a 1
unique identifier among sequential boards to chart the development Final
of each branch. For each branch, maximum diameter and stem radius equation

at the point where a branch no longer appeared (hereafter referred to
as overwood) were calculated for development of simple predictive
equations.

Figure 1—Flowchart illustration of
model development and evaluation.

Model Building and Evaluation

Branch-knot mapping produced a total of 287 points and 105 unique branches for the 21-foot length.

Only branches that could be followed from inception at the pith were used for model-building and model
evaluation (n = 66). Figure 1 illustrates the analysis procedure. Data were randomly split into two datasets.
One dataset was used for model fitting and parameterization (hereafter known as the development
dataset). A holdout dataset was used for model evaluation (hereafter known as the evaluation dataset).
Observed data in the development dataset were fitted to each model form (table 1) using the PROC REG
and PROC NLIN procedures (SAS Institute Inc. 1989). Ordinary least-squares were utilized for parameter
estimation. Mean square error (MSE), error sum of squares (SSE), coefficient of determination (R2) and
the PRESS statistic were used to evaluate the appropriateness of each fitted model and choose the “best”
performer.
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Table 1—Summary statistics for each fitted model of branch-
knot diameter and overwood

Model form

Statistic Y=Y, +aX Y =a (1-e®) Y =aXx®
R 0.61 0.63 0.68
R? 0.37 0.39 0.46
a 0.12 9.5 3.49
SE{a} 0.03 0.87 0.65
b 0.17 0.29
SE{b} 0.05 0.06
Y, 5.16

SE{Y,} 0.66

MSE 7.54 7.33 6.48
SSE 233.6 227.28 200.95
PRESS 269.54 254.22 219.84
SEE 2.75 2.71 2.55

Note: Empty cells are a result of incomplete alignment of parameter labels.

Three biologically reasonable candidate model forms consisting of one regressor, maximum branch-knot
diameter achieved (BK ) were proposed:

Model Form (1) Y=Y, +a BK,,,

Model Form (2) y_, (1 _

—b*BK max
e

Model Form 3) y = ;g *

where

Y = overwood
Y, a, and b are parameters

The predictive capability of the chosen model was evaluated. The developed model was used to predict
each case in the evaluation dataset and the mean squared prediction error (MSPR) (Neter and others 1996)
was calculated with:

n A 2

Y|vi-vi

. 1

MSPR = ! )
n

where

Yi = the value of the response variable in the ith validation case
Yi = the predicted value for the ith validation case based on the development dataset
n = the number of cases in the evaluation dataset

Comparison of the MSPR with MSE of the model fit with the development dataset can be used as indication
of the predictive ability of the model. The mean (é) of the prediction errors for all cases of the evaluation
dataset was computed as an estimate of model prediction bias (Zhang 1997). In addition, the model was
quantitatively tested by a double cross-validation procedure (Neter and others 1996, Zhang 1997). Following
the evaluation of the initial model, the evaluation dataset was used to reparameterize the model. The
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reparameterized model was used to predict each case from the development dataset and the same metrics
were calculated and compared. Cross-validation is considered an effective method for model evaluation
and obtaining nearly unbiased estimators of prediction error (Neter and others 1996, Zhang 1997). Final
estimation of model parameters were derived from the full (n = 66) dataset (Neter and others 1996).

RESULTS

Model Selection

No significant evidence was observed for problems of unequal error variances. Residual analysis resulted
in no significant trends in the plots of residuals against the predictions. Therefore the assumptions of least-
squares were satisfied.

The linear model Y =Y, + a"BK,,,, and non-linear models Y =a(1—e"**™ ) and Y =a'BK,,” were fitted
to the development dataset. Regression analyses revealed that the model ¥ = a*BK " fit the development
dataset best (table 1). The linear model Y =Y, +a BK . was the poorest fit. The correlation coefficient
and coefficient of determination was highest for ¥ = a’BK " and the MSE, SSE and PRESS statistic
were lowest (table 1). The standard error of the estimate was also smaller for the ¥ = a"BK , " model
(table 1). The model chosen was Y =a’BK__°.

Model Evaluation

Examination of the residuals from the regression solution of the chosen model revealed no
heteroscedasticity. All parameter estimates were statistically significant at o = 0.05. The fitted model
resulted in the following equation:

Overwood =3.49" BK__ "% ()

The SSE for the model fitted with the development dataset was 200.95 (table 2). The PRESS statistic
(219.84) was reasonably close to the SSE and supports the validity of the fitted regression model and of
MSE as an indicator of the predictive capability of this model (Neter and others 1996). The initial fitted
model resulted in a significant moderate relationship with only moderate predictive power (R = 0.68,
R?>=0.46, P <0.001) (fig. 2A).

Using equation (2), each case in the evaluation dataset was used to predict overwood (fig. 2B). Calculated
mean prediction error was -0.36 cm and MSPR was 4.85 (table 2). MSPR of the evaluation dataset was
comparable with MSE of the development dataset suggesting that MSE based on the development dataset
is a valid indicator of the predictive capability of the model.

Reparameterization of the model using the evaluation dataset resulted in the following equation:

Overwood =2.83* BK__°* (3)

The SSE and PRESS statistic were 152.96 and 167.94, respectively (table 2). Similar to the model fitted
to the development dataset, the model fitted to the evaluation dataset ([equation (3)] indicated a significant
moderate relationship with moderate predictive power (R = 0.74, R*=0.54, P < 0.001) (fig. 3A). However,
the model fit was slightly improved over the model fit to the development dataset. Using equation (3),
each case in the development dataset was used to predict overwood (fig. 3B). Calculated mean prediction
error was 0.33 cm and MSPR was 6.32 (table 2).

Parameterization of the model using the full dataset resulted in the final equation:

Overwood =3.17* BK,_ " " 4)

The final model was similar to the previous model fits and indicated a significant relationship with
moderate predictive power (R =0.70, R2=0.50, P < 0.001) (table 2, fig. 4).
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Table 2—Double cross-validation summary for the fitted nonlinear
model form Y = aX® for branch-knot diameter and overwood

Model-building Validation Full
Statistic dataset dataset dataset
a 3.49 2.83 3.17
SE{a} 0.65 0.53 0.42
b 0.29 0.35 0.32
SE{b} 0.06 0.06 0.04
SSE 200.95 152.96 357.59
PRESS 219.84 167.94 374.18
MSE 6.48 4.93 5.59
MSPR 6.32 4.85
R? 0.46 0.54 0.5
R 0.68 0.74 0.7
SEE 2.55 2.22 2.36
e 0.33 -0.36

Note: Empty cells are a result of not calculating some metrics for the full dataset.
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Figure 2—Branch-knot diameter and overwood with nonlinear
model fitted to the model-building dataset (A) and actual by
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Figure 4—Branch-knot diameter and overwood with nonlinear
model fitted to the full dataset for cherrybark oak planted in
Vicksburg, MS.
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DISCUSSION AND CONCLUSION

The model presented in this study will be used in the development of future models for forecasting stem
quality in hardwoods as a result of silvicultural decisions. Although the predictive power is intermediate,
this equation, to the authors’ knowledge, represents the first attempt of its kind to quantify the relationship
between branch size and branch occlusion in cherrybark oak. As a result, limited information exists
regarding insights into the relation of branch size to overwood.

The final equation explained only 50 percent of the variation in the full dataset. A share of the unexplained
variation may be explained by the constraints of the data collection methodology. The methodology
involves very low longitudinal resolution (2.3 to 4.6 cm). That is, branch-knot observations were only
available on cut board faces. As a result, accurate measures were unavailable for some branches. For
example, a branch may have been completely occluded 0.5 cm within a 4 cm board. The recorded measure
of occlusion would include the actual 0.5 cm and the error of the additional 3.5 cm of the cut board. The
use of computer tomography (CT), such as that used by Moberg (2001), may be the only method capable
of reducing this type of error. However, such equipment is often not available. Additionally, the resolution
obtained through CT-scan image analysis makes it difficult to capture accurate small branch-knot
observations (Gronlund 1995, Oja 1999).

Some of the unexplained variation in the model may be due to differences in the length of the residual
dead branch following breakage from the stem. One key assumption in this model is that pruning of dead
branches happens in a static manner. This assumption may or may not be valid. However, incorporation of
variables to describe or predict the variation in branch breakage or length of branch stub is quite complex.
This complexity was not considered when the model was developed and evaluated.

By removing the temporal aspect from the dataset and not attempting to predict occlusion rates, the
developed model should have application outside of the tree in which the data was collected. Furthermore,
by focusing on a linear measure of wood required to completely occlude a given branch, the effect of site,
crown position and growth rate should be removed. However, as the dataset only consisted of occluded
branches from within one tree, further tests are required to evaluate model predictions from a completely
independent dataset. In addition, model performance should also be evaluated when incorporating data
from different sites and stem development histories.

The results from this study represent one planted tree. Relationships may vary between plantation and
natural stand development. Variable stand density may also impact this relationship. As such, additional
datasets are desired for future analyses and to further test this quantification of the relationship between
branch size and branch occlusion.
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LONG-TERM STREAM CHEMISTRY MONITORING ON THE FERNOW
EXPERIMENTAL FOREST: IMPLICATIONS FOR SUSTAINABLE
MANAGEMENT OF HARDWOOD FORESTS

Mary Beth Adams and James N. Kochenderfer’

Abstract—Long-term monitoring of stream chemistry of forested watersheds on the Fernow
Experimental Forest in West Virginia has been conducted to determine the effects of both human-
induced and natural disturbances on nutrient cycling and stream chemistry. We compare mean
annual stream water pH, and nitrate (NO,), sulfate (SO,), and calcium (Ca) concentrations from

6 gauged Fernow watersheds with different disturbance regimes for the last 30 years. Most
disturbances are not sufficiently large in area or extent to have a detectable effect on stream
chemistry (diameter-limit or selection harvesting, clearcutting, windstorms). Fertilization, acidic
deposition at ambient levels, maintaining watersheds devoid of vegetation, and conversion to
conifers significantly affected stream water chemistry. Implications for managing hardwood forests
for sustainability are discussed.

INTRODUCTION

Long-term watershed monitoring is a hallmark of the USDA Forest Service Research and Development.
Because trees are long-lived organisms and because of the temporal variability associated with climate
and other factors, such long-term research is necessary in order to understand the effects of forest
management activities and natural disturbances on forest ecosystem processes. In this manuscript we
present long-term stream chemistry data from the Fernow Experimental Forest (FEF), one of the few such
long-term studies of stream chemistry in the central Appalachians, and discuss effects of both human-
induced and natural disturbances on nutrient cycling and stream chemistry. In particular, we evaluate
timber harvesting, deforestation, fertilization, acidic deposition and changes in dominant species.

We present data from 6 gaged watersheds (WS) on the FEF (table 1). The stream flow records date back
to 1951, and we use stream chemistry data collected beginning in 1971. Older stream chemistry data,
and data from other sources, are used to illustrate specific points, as needed. Many of the data have been
published previously, as partial data sets; this represents one of the first presentations of more than 30
years of stream chemistry data.

The Watersheds

The FEF (39.03° N, 79.67° W) is located in north-central West Virginia, in the Allegheny Mountain
section of the mixed mesophytic forest. Central Appalachian forests have been shaped by a mixture of
natural and human caused disturbances including wind, fire, logging, and agricultural use, creating a
diverse mosaic of forest stands. More recently, several insects and diseases, most of them non-native, have
severely impacted Appalachian forests. The chestnut blight (Cryphonectria parasitica) has been the most
devastating, virtually eliminating American chestnut (Castanea dentata [Marsh.] Borkh.), which formerly
comprised 25 percent of Appalachian forests, including those of the FEF. Acidic deposition and other air
pollutants are a more recent, chronic disturbance (Adams 1999).

Diversity is an important characteristic of central Appalachian forests, and the FEF vegetation fits into
Core’s (1966) mixed central hardwood forests floristic province. Common tree species on the sites with
higher site index are yellow-poplar (Liriodendron tulipifera L.), sugar maple (Acer saccharum Marsh.),
black cherry (Prunus serotina Ehrh.), red oak (Quercus rubra L.) and basswood (7ilia americana L.).
Dominant tree species on the poorer sites include white oak (Q. alba L.), chestnut oak (Q. prinus L.),

! Mary Beth Adams, Supervisory Soil Scientist, and James N. Kochenderfer, Research Forester, USDA Forest Service,
Northeastern Research Station, Parsons, WV 26287.
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Table 1—Fernow watersheds: treatment histories and descriptive references

WS Area Treatment Treatment date References
ha
1 30 Clearcut to 15 cm d.b.h. except culls 1957-58 Patric and Smith
1978
Fertilized with 500 kg urea per ha May, 1971 Kochenderfer and
Aubertin 1975
2 15 43 cm diameter limit cut 1958
43 cm diameter limit (11 ha) 1972, 1988, 2004
Fertilized with 336 kg N/ha and 224 kg/ha April, 1976 Helvey and others
P,O,, 1.3 ha 1989
43 cm diameter limit cut, 5 ha 1978, 1997
3 34 Intensive selection cut, including cull trees 1958-59, 1963 Aubertin and Patric
>12.7 cmd.b.h 1974, Kochenderfer
and others 1990
0.16 ha patch cuttings totaling 2.3 ha, cut July,1968—-August,
down to 12.7 cm, 2-12 cm stems sprayed with 1968
herbicide
2-12 cm stems treated with herbicide then July, 1969—-May,
clearcut to 2.5 cm d.b.h., except for a partially 1970
cut 3.0 ha shade strip along the stream channel
Shade strip clearcut November, 1972
Natural recovery November, 1972—
present
Ammonium sulfate fertilizer applied December, 1989— Edwards and others
present 2002
4 39 No treatment; natural recovery since 1905 Reinhart and others
1963
6 22 Lower 11 ha clearcut 1964
Maintained barren with herbicides March, 1965—
October, 1969
Upper 11 ha clearcut 1967-68
Maintained barren with herbicides May, 1968—
October, 1969
Planted Norway spruce 1973
Aerial application, herbicide to release spruce 1975, 1980
7 24 Upper 12 ha clearcut 1963-64 Patric and Reinhart
1971
Maintained barren with herbicides May, 1964—
October, 1969
Lower 12 ha clearcut 1966-67
Entire watershed maintained barren with May, 1967— Kochenderfer and

herbicides
Natural recovery

October, 1969

October, 1969—
present

Wendel 1983

Adams and others
1995

WS = watersheds.
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hickory (Carya spp.), red maple (A. rubrum L.), and American beech (Fagus grandifolia Ehrh). A partial
list of more than 500 species of vascular flora found on the FEF (Madarish and others 2002) illustrates the
diversity of these forests.

The growing season on the FEF extends from May through October, and the average length of the frost
free season is 145 days. Annual precipitation is about evenly distributed between growing and dormant
seasons, averaging 145.8 cm. Precipitation often occurs in the form of snow during the winter but a
snowpack usually does not exist for extended periods. Average annual air temperature is 9.2°C (Pan and
others 1997), and mean monthly temperatures range from -18°C in January to 20.6°C in July. Potential
evapotranspiration on the Fernow was estimated to be 56 cm per year (Patric and Goswami 1968).

The hydrometeorologic network used on the Fernow is described by Adams and others (1994). All of the
watersheds are instrumented with 120° V-notch weirs, with FW-1 water level recorders and 7-day strip
charts to measure streamflow continuously. Stream water grab samples have been collected from the
watersheds on a weekly or bi-weekly basis since 1960. Solution samples are analyzed as described in
Edwards and Wood (1993). Watershed 4 (WS4) serves as the reference watershed, against which all others
are compared. WS4, and most of the Elk Lick watershed which makes up most of the FEF, was cut around
1905. The watersheds and their respective treatments are described in table 1.

What We’ve Learned:

Figure 1 shows annual stream water pH from 6 streams on the FEF. Stream pH is often used as an
indicator of water quality, particularly in reference to aquatic organisms, such as trout (Cleveland and
others 1986). Figure 1 suggests that annual stream pH, at least on the FEF watersheds, is not particularly
sensitive to disturbance. Only on WS3 has stream pH decreased significantly over time (Edwards and
others, in press), as the result of experimental fertilizer additions. Since 1989 we have been applying
ammonium sulfate fertilizer at twice ambient nitrogen (N) and sulfur(S) deposition levels to WS3 to
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Figure 1—Annual volume-weighted stream pH from six watersheds on the Fernow Experimental Forest.
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evaluate watershed acidification responses. Clearly, watershed acidification can be induced after long
periods of acidic deposition: treatments to WS3 represent 28 years of ambient deposition. However, most
streams in the FEF are still between pH 5.5 and 6.5, despite acidic bedrock, clearcutting (WS3 early
years), repeated cuttings (WS2), years of ambient acidic deposition (WS4), repeated blowdown of trees
(WS4), and even conversion to conifers (WS6).

Trends in NO,-N concentrations are shown in figure 2. Nitrate (NO,) is a concern because elevated NO,
concentrations in water can have significant implications for ecosystem processes, as well as human
health implications. A high rate of NO, leaching from a watershed is one symptom of nitrogen (N)
saturation (Aber and others 1998, Fenn and others 1998). Research in other forest types has reported
elevated NO, losses as a result of clearcutting (Likens and others 1970, Niemenen 1998, Waide and
others 1988). To evaluate clearcutting effects on the FEF, we might compare concentrations in WS3,
WS6, WS7, and WS1 to WS4, the reference WS. WS3 was clear cut in 1969-1970, therefore these
concentrations represent the most recent post-clearcutting data. WS6 and WS7 were clearcut and
maintained barren in the mid-1960’s (table 1), but permitted to regenerate beginning in 1969/1970, the
same year as WS3. We know that on WS1, which was clearcut in in 1958, stream flow and water quality
returned to pretreatment levels within 2-4 years post-clearcutting (Kochenderfer and Aubertin 1975), so
we will not consider WS1 in this discussion of clearcutting effects. Aubertin and Patric (1974) reported
that clearcutting WS3 had a negligible effect on most of the stream chemistry analytes they evaluated;
they did record that stream water NO,-N concentrations showed a slight increase in July and August of
1970, then declined to base levels again before increasing in response to a 64 mm rainfall in December
1970. Thereafter concentrations were comparable to those from WS4. Note however, that stream water
NO,-N concentrations draining WS6 and WS7, which regenerated the same year as WS3, are more than
twice the concentrations of WS3, for at least the first 4-5 years. We attribute this large difference not
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Figure 2—Annual volume-weighted stream NO,-N concentrations from six watersheds on the Fernow Experimental
Forest.
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to the clearcutting of WS6 and WS7, but to the herbicide treatments, since WS3 NO,-N concentrations
remained quite low. WS6 and WS7 were maintained barren of vegetation for a number of years through
repeated herbicide applications, as part of a study to evaluate water yields and the sources of water flow
within a watershed. Thus there was no vegetative sink for the nutrients which were quickly released by
the decomposition of slash and organic matter. Once the stands on WS6 and WS7 began to regrow, stream
water NO, concentrations decreased quickly as N uptake again became an important sink. This distinction
is important for forest managers. It is obviously not desirable to maintain a forested area devoid of
vegetation, due to concerns about erosion, nutrient losses, habitat, among others, but clearcutting need
not result in large increases in N loss from a watershed. Similar results were reported at Hubbard Brook
(Likens and others 1970).

Fertilization can significantly increase NO, leaching from a watershed, whether it arrives in one large
application (WS1, WS2), or chronic levels (WS3). The very high NO,-N concentrations associated

with WSI1 can be attributed to a fertilizer application of 500 kg/ha of urea (230 kg/ha of soluble N) in
May 1971 (Aubertin and others 1973). A slight, short-lived peak in annual NO,-N concentration is also
observed for WS2 in 1972, which also received a single large application of N fertilizer to a portion of the
watershed (Helvey and others 1989). Stream water NO,-N concentrations have been increasing steadily
as a result of relatively low levels of fertilizer additions (35 kg N/ha/year and 40 kg S/ha/year), applied
since in 1989 to WS3. Fertilizer applications of ammonium sulfate to WS3 have been rapidly mineralized
and nitrified (Gilliam and others 1994, 2001), and move quickly through the soil profile (Edwards and
others, in press). Although there is evidence of increased uptake by the vegetation (Adams and others
1993; DeWalle and others, in press), total exports and concentrations of N have increased significantly as
a result of the watershed acidification treatment (Adams and others, in press). The elevated leaching of
NO,-N has led to hypothesis that WS4 (Fenn and others 1998, Peterjohn and others 1996, Stoddard 1994),
WS3 (Gilliam and others 2001, Peterjohn and others 1996) and even WS7 (May and others 2005) may be
N saturated, in response to ambient (WS4, WS7) or artificially elevated (WS3) levels of acidic deposition.
While there is still much debate about the implications and definitions of N-saturation, these findings
suggest that all forests are not necessarily net N sinks, with near-infinite N retention capacity.

All of the watersheds are leaching some level of NO,-N (fig. 2), even WS4, the reference watershed,
with the eventual exception of WS6. WS4 is one of the few examples of elevated stream NO, associated
with ambient levels of N deposition. A comparison of WS6 and WS7 early data showed that stream
water concentrations draining these 2 watersheds during the devegetated (barren) stage of the study were
similar (Kochenderfer and Aubertin 1975). Nitrate concentrations remained elevated through 1971, and
declined during the regeneration stage. Stream water concentrations of NO,-N did not decline as far or
as continually on WS7 as they did on WS6. WS6, which was replanted to Norway spruce in 1973, now
shows little or no annual export of NO,. This is due at least in part to statistically significant decreases in
stream flow resulting from the change in tree species (Hornbeck and others 1993). Conifer stands have
greater transpiration and interception rates than hardwood stands (Swank and others 1988). However,
note that both flow-weighted (fig. 2) and non-weighted (data not shown) concentrations have decreased to
near detection limits, which suggests a change in N cycling within the watershed as well, independent of
changes in water availability. We are continuing to investigate N cycling in WS6 to identify the specific
processes by which this watershed is fully retaining N. Note that stream water NO,-N concentrations from
WS?2 also are quite low. The stand on WS2 received a diameter limit cut in 1958, 1972, 1988, 1997 and
2004 (table 1), and no evidence of the treatments has shown up in annual stream water concentrations

of NO,-N. One hypothesis to explain this is that by increasing growth, each of the repeated cuttings has
created an increased demand for N for growth of the remaining trees, which are probably more vigorous
as a result of more light and more growing space; this results in lower stream water concentrations and
export. This hypothesis remains to be evaluated, however. It is also probable that the basal area removed
by each of the cuts may have been sufficiently small and dispersed through the watershed that effects
could not be detected. Hornbeck and others (1993) determined that, to detect a significant effect of
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removal upon annual water yield, approximately 25 percent of the basal area of a watershed would need to
be removed. None of the cuts in WS2 removed more than 20 percent of the basal area.

Figure 3 shows stream water SO, concentrations. Sulfate is a concern because it is associated with

soil acidification, and because S has historically been the dominant component of acidic deposition.
Deposition of SO, has decreased significantly during the last 15 years (Likens and others 2001). Yet,
because of these changes and the reactions controlling SO, adsorption, SO, continues to be an important
anion in soil and water exchange and acidification processes. Sulfate concentrations from WS3 have
increased as a result of the watershed acidification treatment, although retention by the watershed is
occurring (Edwards and others, in press). Overall, SO, concentrations appear to be declining or leveling
off in recent years, despite increases from early levels. Because SO, adsorption is a reversible process, it is
difficult to determine what the effects of decreasing SO, deposition may be in these watersheds. However,
other than the fertilization of WS3, which is a direct addition, there seem to be little or no effects of the
other disturbances on stream water SO, concentrations.

Figure 4 shows the long-term stream water concentrations of Ca from the six watersheds. Base cation
depletion from soils has been hypothesized as a concern due to clearcutting (Fuller and others 1987),
acidic deposition (Johnson and others 1991), or a combination of the two (Adams and others 2000). For
most of the watersheds, the trends are very similar to those of NO,-N. Ca concentrations have increased
on WS3 as a result of the acidification treatment, and while trends are similar to those of both SO, and
NO,-N concentrations, analyses suggest that NO, is probably the dominant anion driving Ca leaching on
WS3 (Edwards and others, in press). Evidence also exists to suggest cation mobilization and depletion
occurring in WS3; the evidence is strongest in soil water and peak flow concentration data, and less strong
for baseflow concentration data (Edwards and others, in press).
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Figure 3—Annual volume-weighted stream SO, concentrations from six watersheds on the Fernow Experimental Forest.
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Figure 4—Annual volume-weighted stream Ca concentrations from six watersheds on the Fernow Experimental
Forest.

Stream water nutrient concentrations on WS1 are consistently the highest or among the highest for most
of those shown in figures 1-4, and for specific conductivity. One explanation could lie with the extreme
treatments WS1 has received (the “logger’s choice” placement of skid roads during the 1958-1959
clearcutting, a single large application of fertilizer). However, the earliest stream chemistry data available
from the FEF show that specific conductance of water draining WS1 was consistently about 1.5-2 times
that draining WS4, and the other untreated watersheds (Kochenderfer and Aubertin 1975), even before
treatments began.

Significant natural disturbances occurred in 1975, 1985 and 1986 (record rainfall events), and 1993 and
1998 (windstorms which blew down large volume of trees on WS4; Adams and others 2003). These
disturbances are not reflected in the annual streamflow chemistry trends in figures 1-4. The windthrow
storms, which created 3.5 m*/ha of new down dead wood each, also did not show up in weekly stream
water concentrations or annual sediment exports (data not shown). It is likely that even though these
were severe events on a local scale, the effects on the vegetation were not sufficient to significantly
change nutrient uptake on the watershed scale. In years with above average rainfall, the watersheds
have significantly greater annual flows and nutrient exports, and stream chemical concentrations may be
affected as well.

IMPLICATIONS

Stream water chemistry can record and reflect significant disturbances to a forested watershed.
Specifically, severe disturbance to the vegetation over a relatively long duration, and fertilization were
found to affect stream chemistry. Vegetation appears to significantly regulate or moderate the flux of
nutrients from forested watersheds. When vegetation is removed for a long period of time, there are
dramatic effects on stream chemistry, as reflected by WS6 and WS7, resulting from the herbiciding
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treatment. Merely clearcutting, as was done with WS3, proved to have only minor effects on stream
chemistry. Repeated partial cuttings, as on WS2 or mimicked in the windstorms on WS4, were neither
severe nor long-term enough to produce significant changes in nutrient exports. The conversion of WS6 to
spruce had a significant effect on stream water chemistry, and provides further evidence of the importance
of the role of vegetation as a regulator of nutrient cycling processes. In this case, the low stream water
NO, concentrations reflect changes in water movement through a stand as a result of higher interception
and transpiration by the spruce relative to the native hardwoods, the effects of greater nutrient uptake due
to the potential for year-round physiological activity as temperatures during the dormant season permit,
and changes in litter quality and decomposition that can result from species conversion.

The second activity that significantly affected the nutrient cycling of the watersheds, as reflected in annual
stream water chemistry, was the application of fertilizer. On WS1, a large single dose of urea fertilizer
resulted in an immediate large pulse of NO, from the watershed. The treatment of the upper reaches of
WS2 also resulted in a small pulse, although not as large as from WSI. Finally, chronic additions of
relatively low levels of fertilizer to WS3 resulted in large increases, and continuous, changes in nutrient
cycling. The effects on stream water NO, concentrations were observed relatively rapidly. Interestingly,
chronic fertilization of WS3 produced stream water concentrations similar to those from maintaining WS6
and WS7 barren of vegetation.

Therefore, land managers who wish evaluate the potential for changes in nutrient cycling, which can lead
to nutrient depletion and deficiencies due to their management activities should consider the extent of the
disturbances to vegetation, and the nutrient uptake processes. Management actions which would result in
significant disturbance of the vegetation and its ability to take up and cycle nutrients should be carefully
considered, and may require careful planning to minimize the effects. Effects on nutrient cycling are of
course not the only management objective that most land managers must consider. However, the results
from the FEF show that disturbance need not always result in negative effects on nutrient cycling and
water quality. Finally, we add the caveat that some of the effects that we have reported will vary depending
on nutrient inputs, vegetation type, geology, soils, and forest health. As always, land managers must
consider their particular set of circumstances when making management decisions.
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ECOSYSTEM RESTORATION TREATMENTS AFFECT SOIL PHYSICAL AND
CHEMICAL PROPERTIES IN APPALACHIAN MIXED OAK FORESTS

Ralph E.J. Boerner, Jennifer A. Brinkman, and Daniel A. Yaussy"'

Abstract—This study presents an analysis of the effect of ecosystem restoration treatments

on soil properties in the oak forests of southern Ohio. The treatments were (1) prescribed fire,

(2) mechanical thinning, (3) fire and thinning, and (4) passive management (control). Fire and
thinning resulted in increased mineral soil exposure, with the effect decreasing by the fourth post-
treatment year. No significant effect on soil compaction was observed. Soil pH increased after
fire and thinning+fire, but not thinning alone, and this effect persisted. P availability was lower in
burned areas, whereas available Ca, K, and Al were not significantly affected. Ca:Al ratios were
higher in burned areas the first year after treatment; this effect was greatly reduced by the fourth
post-treatment year. These results suggest that prescribed fire and restoration thinning can be
applied to this forest type without significant negative effects on the soil resource.

INTRODUCTION

The mixed oak forests of the Midwestern U.S. are far different from those encountered by early settlers
and land surveyors. In addition to periodic harvesting, most of the oak forest region has been subjected
to effective fire suppression for most of a century and to chronic deposition of the by-products of fossil
fuel consumption for even longer. The result of these factors has been the development of forests that
have greater stem density (especially in the understory and midstory), greater basal area, and greater fuel
accumulations than those present prior to Euro-American settlement.

The Fire and Fire Surrogate Network Project was initiated in the late 1990’s in an effort to evaluate

the efficacy of four approaches for simultaneously reducing wildfire hazard and facilitating ecosystem
restoration (Weatherspoon 2000). The four approaches are (1) passive management, (2) restoration of
ecosystem function through the reintroduction of low intensity, dormant season fire at historic intervals,
(3) restoration of community structure through mechanical treatment, involving thinning from below to
approximately historic basal area, stem density, and tree species composition, and (4) the combination of
those functional and structural approaches (Weatherspoon 2000).

Within this context, the specific objectives of this study were to assess the effect of these four ecosystem
restoration approaches on soil nutrient status and physical properties in Ohio oak forests, and to evaluate
the impact that any effects might have on decisions to implement one or more of these management
approaches more broadly.

SITES

The three experimental blocks comprising the Ohio Hills Site of the National Fire and Fire Surrogate
Network are located on the unglaciated Allegheny Plateau of southern Ohio. The climate of the region

is cool, temperate with mean annual precipitation of 1024 mm and mean annual temperature of 11.3 °C
(Sutherland and others 2003). The forests of the region developed between 1850 and 1900, after the
cessation of cutting for the charcoal and iron industries (Sutherland and others 2003). The current canopy
composition differs little from that recorded in the original land surveys of the early 1800’s. The most
abundant species in the current canopy are white oak (Quercus alba L.), chestnut oak (Q. prinus L.),
hickories (Carya spp. Nutt.), and black oak (Q. velutina Lam.)(Yaussy and others 2003).

! Ralph E.J. Boerner, Professor, and Jennifer A. Brinkman, Research Associate, Department of Evolution, Ecology, and
Organismal Biology, Ohio State University, Columbus, OH 43210; and Daniel A. Yaussy, Research Forester and Project Leader,
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Each of the three replicate blocks is composed of four treatment units of 19-26 ha, each of which is
surrounded by a buffer of approximately 10 ha. Both the core treatment unit and its corresponding buffer
receive the experimental treatment. These treatment units were designed to include all combinations of
elevation, aspect, and soil, and approximated the local watershed scale in area. The replication within
the Raccoon Ecological Management Area (39°11” N, 82°22” W) and the replication within Zaleski State
Forest (39°21” N, 82°22” W) are both located in Vinton County, OH. They are underlain by sandstones,
siltstones, and shales of Pennsylvanian age (Boerner and Sutherland 2003). The soils were formed

in place from residuum and colluvium, and are dominated by Steinsburg and Gilpin series silt loams
(typic hapludalfs) (Boerner and Sutherland 2003). The replication within Tar Hollow State Forest
(39°20" N, 82°46” W) is located in Ross County, OH. Tar Hollow is underlain primarily by sandstone of
Pennsylvanian age, and the soils are dominated by Muskingum series sandy loams (typic dystrochrepts).
Some of the Tar Hollow ridgetops are capped by loess deposits in which Wellston series silt loams (alfic
hapludults) have developed.

PROCEDURES

Experimental Design

Treatments were randomly allocated among treatment units within a replicate, and all treatments units
were sampled through the pre-treatment year 2000. Treatments consisted of prescribed fire, mechanical
treatment involving thinning from below to a basal area comparable to that present prior to Euro-
American settlement, the combination of prescribed fire and mechanical treatment, and an untreated
control.

The prescribed fires were applied during March and April of 2001. These dormant season fires were
designed to be similar to the predominant mode of natural fires in the region. Flame lengths varied from
<20 cm to approximately 2 m. Maximum temperatures recorded by thermocouples at 25 cm above the
forest floor averaged 152 °C, and the single maximum temperatures recorded in individual treatment units
averaged 318 °C (Iverson, and others 2003, 2004). These fires consumed unconsolidated leaf litter and fine
woody fuels while leaving the majority of the coarse woody fuels charred.

Mechanical treatment was accomplished between September 2000 and April 2001, and focused on
understory and midstory stems. The goal was a residual basal area of approximately 14 m*ha, but this
goal was not achieved at any of the study sites. Thinning left an average of 21 m*ha in residual basal area.
Units that were subjected to both mechanical treatment and burning were thinned at least two months
prior to burning.

Field and Laboratory Methods

Within each treatment unit ten sample plots of 0.10 ha were established such that the suite of ten plots
spanned the full range of landscape positions. Samples of approximately 400 g fresh mass of the top 15
cm of the A + Oa horizon were taken from opposite corners of each plot in May or early June 2000 (the
pretreatment year), 2001 (initial post-treatment year), and 2004 (fourth year post-treatment). This yielded
N =20 per treatment unit and N = 60 for each treatment on each date.

The forest floor was examined for exposure of bare mineral soil and soil strength was determined by
penetrometer on each sample date at 20 randomly selected points along one long axis of each sample
plot. This yielded N = 200 per treatment unit per date and N = 600 per treatment per date. Soil was
judged to be compacted if the soil strength was more than two standard deviations above the mean of the
800 pretreatment samples for that block. Both soil compaction and exposure of bare mineral soil were
expressed on a proportional basis.

Each soil sample was air-dried and sieved to remove material >2 mm. Root and particulate organic
matter fragments were then removed by hand. Soil pH was determined in a 1/5 soil slurry of 0.01 mol/
L CaCl, (Hendershot and others 1993), available P by the ascorbic acid method (Watanabe and Olsen
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1965), available AP* in 0.5 mol/L K SO, extracts by the ferron method (Bersillon and others 1980), and
exchangeable Ca* and K" in 1 mol/L NaOAc extracts using Orion® ion specific electrodes. Ca:Al ratio
was calculated on a molar basis.

Data Analysis

The experiment was a randomized complete block design with study sites as replicate blocks within
which the four treatments were allocated randomly to treatment units. As there were time lags between
mechanical treatment of units that received only mechanical treatment and those receiving mechanical
treatment followed by prescribed fire, and as the prescribed fires appeared to vary in intensity, we
considered the four treatments to be independent rather than a 2 x 2 factorial design.

All response variables were tested for normality prior to analysis of variance, and log transformed where
necessary to achieve normality. We evaluated treatment responses using one-way analysis of covariance
for the randomized complete block design with pre-treatment year conditions as the covariate. Means
separation was achieved using least squares estimation with the Bonferroni adjustment for multiple
comparisons. The exception to this analysis strategy was the molar Ca:Al ratio, whose exponential
distribution defied attempts at normalization. Ca:Al ratio was analyzed by non-parametric analysis

of variance using the Savage method, which is designed specifically for exponential distributions. All
statistical analyses employed SAS release 8e (Statistical Analysis System 2004).

RESULTS

Soil Physical Properties

During the first growing season after treatment, the proportion of the mineral soil surface exposed
ranged from approximately two percent in the control units to approximately 26 percent in the burn-
only units (fig. 1, table 1). Mineral soil exposure was significantly greater in units that were burned
(with or without mechanical treatment) than in units that were either thinned or untreated. By the fourth
growing season after treatment, the magnitude of differences among treatments had decreased, though
all three manipulative treatments still had greater mineral soil exposure than was present in the control.
The proportion of the soil that was compacted averaged less than seven percent of the treatment units in
both the first and fourth growing seasons after treatment (fig. 1, table 1), and there were no significant
differences among restoration treatments. The coefficients of variation in soil exposure and compaction
averaged 120 percent, but did not vary significantly among treatments or years.
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Figure 1—Effects of four ecosystem restoration treatments on the proportion of forest area with mineral soil exposed and the
proportion of soil samples exhibiting significant compaction during the first growing season (2001) and the fourth growing season
after treatment (2004). Means and standard errors of the means are indicated. Means labeled with the same lowercase letter were
not significantly different at p<0.05 following analysis of covariance, with the pretreatment year (2000) as the covariate.
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Table 1—Analysis of covariance for the randomized complete
block design for the effects of four treatments on soil physical
and chemical properties. Pretreatment (2000) conditions were
used as the covariates. Shown are the F-statistic and corre-
sponding p for the test of the treatment variance against the
treatment-by-block interaction variance

Response parameter Year Treatment Effect
Mineral soil exposure 2001 F=4.87 p < 0.050
(proportion of area) 2004 F=5.97 p <0.032
Soil compaction 2001 F=0.20 p <0.895
(proportion of area) 2004 F =249 p <0.158
Soil pH 2001 F=2.80 p <0.013
2004 F=1.01 p <0.045
Available P 2001 F=0.26 p < 0.851
(Mg/kg soil) 2004 F=512 p <0.044
Available Ca 2001 F=1.26 p <0.369
(mg/kg soil) 2004 F=1.39 p <0.334
Available Al 2001 F =6.53 p <0.026
(mg/kg soil) 2004 F=0.93 p <0.482
Available K 2001 F=235 p<0.172
(mg/kg soil) 2004 F=0.99 p <0.357

Soil Chemical Properties

During both years soil pH was significantly greater in the treatment units that were burned than in those
thinned or untreated (fig. 2, table 1). The soil pH of the units that received both mechanical treatment
and burning did not differ from those given any of the other treatments. During the first post-treatment
growing season available P was not affected significantly by any of the treatments, and during the fourth
growing season none of the manipulative treatments differed significantly from the control in available P
(fig. 2, table 1). However, relative to the thinned units fourth growing season P was 46 percent lower in
plots that were burned and 54 percent lower in plots that were burned and thinned.

Although Ca availability varied by as much as 50 percent among treatments, there were no significant
effects on Ca availability in either the first or fourth post-treatment growing season (fig. 3, table 1).

In contrast, there was a strong and significant effect of the treatments on available Al, with all three
manipulative treatments producing significantly lower Al availability than was present in the untreated
controls (fig. 3, table 1). The patterns of Ca and Al availability among the four treatments were mirror
images (fig. 3).

The molar Ca:Al ratio averaged 0.47 (+0.04) among the treatment unit groups during the pretreatment
year (2000). During the first growing season after fire, the molar Ca:Al ratio was significantly greater
than it was during the pretreatment year in the soils of treatments except the control. During the first post-
treatment growing season there were significant differences among treatment units ()*=41.09, p<0.001)
such that treatment units that were burned (either with or without mechanical treatment) had significantly
greater Ca:Al ratio than did the thinned units, which in turn had significantly greater Ca:Al ratio than

the untreated controls (fig. 4). There were also significant differences in Ca:Al ratio among treatments
during the fourth growing season after treatment (y*=11.77, p<0.009). During 2004 the Ca:Al ratio of the
thin+burn units was still significantly greater than that of the control, but the thinned units and burned
units were no longer significantly different from the control (fig. 4).
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Figure 2—Effects of four ecosystem restoration treatments on soil pH and plant available P (format follows figure 1).
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Figure 3—Effects of four ecosystem restoration treatments on extractable Ca and Al (format follows figure 1).
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Figure 4—Effects of four ecosystem restoration treatments on molar Ca:Al ratio and extractable K (format follows figure 1).
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Available K averaged 39.2 (+0.88) mg K/kg soil during the first growing season after treatment and 52.3
(+2.4) mg K/kg soil during the fourth post-treatment growing season. K availability was not affected
significantly by any of the treatments (fig. 4, table 1).

DISCUSSION

Physical disruption of the forest floor and upper mineral soil horizons can produce both acute and chronic
impacts on soil nutrient status and subsequent tree growth (Agee 1993). During the first post-treatment
growing season, prescribed fire (with or without mechanical treatment) resulted in the mineral soil surface
being exposed over an average of 20-30 percent of the area of each burned treatment unit. In contrast,
mechanical treatment resulted in approximately 10 percent soil exposure, and this degree of exposure

was not significantly different from that of the controls. By the fourth post-treatment growing season,
mineral soil was exposed on 8-10 percent in all three treatments. Although this degree of exposure was
significantly greater than that observed in the controls (1-2 percent), it did indicate a relatively rapid
reestablishment of forest floor cover, at least in the burned areas.

The proportion of the soil exposed by mechanical treatment in these Ohio forests was somewhat lower
than that reported after harvesting in other regions. Rummer and others (1997) reported that soil exposure
in upland hardwood forests in Alabama averaged 7-25 percent depending on cutting regime and Klepac
and others (1999) observed soil exposure averaging 15 percent after mechanical treatment of conifer
stands in Washington.

We observed no significant increase in the average or variance of the proportion of ground area with
significant soil compaction as the result of fire, mechanical treatment, or the combination. Although it
has been demonstrated in western conifer forests that severe and/or repeated burning has the potential to
increase soil bulk density, such effects are typically less evident after low intensity fires, such as those
typical of prescribed fire in Ohio oak forests (Agee 1993).

Harvesting operations also present the potential for significant effects on bulk density/compaction,
especially in areas of heavy vehicle traffic. However, we observed no significant effect, either in average
or variance, and Matson and Vitousek (1981) also reported no consistent changes in bulk density as the
result of clear-cutting of mixed oak forests in Indiana. Other studies, however, do demonstrate significant
effects of harvesting practices on soil compaction (e.g. Berger and others 2004, Rummer and others
1997). The lack of compaction we observed in our study may be the result of the relatively light intensity
of the cutting in our Ohio sites. Another contributing factor may have been our random sampling scheme,
as we did not single out skid trails when we sampled.

Changes in soil nutrient status as the result of management can have both short and long term effects on
revegetation, as nutrients present in the mineral soil after fire are needed both for immediate plant needs
and to replenish the nutrients lost from the site during fire or harvesting. In this study, fire alone resulted
in an increase in soil pH while mechanical treatment had no significant effect on soil pH. The combination
of mechanical treatment and burning produced soil pH that was not significantly different from fire

or mechanical treatment alone or from the controls, and this pattern persisted through the fourth post-
treatment growing season.

The increase in soil pH after fire we observed was consistent with that observed after single fires
(Blankenship and Arthur 1999), multiple fires (Boerner and others 2004), and long term prescribed
burning (Eivasi and Bayan 1996) in Midwestern oak forests. However, the lack of effect of mechanical
treatment on soil pH in these stands was unexpected, as other studies have demonstrated that thinned
stands often have significantly higher soil pH than reference stands. For example, a comparison of stands
in Kentucky, Ohio, and Illinois that were experimentally thinned 30+ years before showed that thinned
stands had soil pH on average 0.33 units higher than did paired reference stands (Boerner and Sutherland
1997).
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We observed no significant effect of fire, mechanical treatment, or their combination on available K*

at any time and no effect on available P during the first post-treatment growing season. However, by

the fourth-post treatment growing season, available P in the burned and thinned+burned treatments

was significantly lower than that in the thinned treatments (though none of the three were significantly
different from available P in the untreated controls). Long term prescribed burning in a Missouri oak
forest also resulted in a decrease of 24-35 percent in available P without a concomitant effect on K*
(Eivasi and Bayan 1996). It is unclear whether the change in available P is a result of rapid uptake by post-
fire regrowth depleting the local pool or the result of changes in P supply from parent material and organic
matter.

In a study of the consequences of clear-cutting on mixed oak forests in Virginia, Johnson and others
(1985) found that rapid slash decay resulted in increased K*but not P in the mineral soil during the
growing season after the harvesting. In contrast, Hendrickson and others (1989) reported no change in
available K™ after thinning of northern hardwoods and Frey and others (2003) observed a decrease in
available K™ after harvesting in an Alberta mixed forest. Given the high mobility of K*in the soil solution,
post-treatment availability may be governed primarily by site- and situation-specific factors such as
mineral soil exposure and post-fire precipitation patterns.

As was the case for K*, we observed no significant effect of our treatments on available Ca*". This was
an unanticipated result, as previous studies in nearby sites had shown significant, positive effects of 1-4
fires on available Ca?* (Boerner and others 2004), and the significant increase we observed in soil pH
suggested that Ca?" would also have increased. Although prescribed burning over a longer term does

not always result in increased Ca*" in oak forests (e.g. Eivasi and Bayan 1996), shorter term studies
typically do observe increases in the availability of Ca* (Boerner and others 2004). The lack of an effect
of mechanical treatment on Ca?* is equally unexpected. In their comparison of thinned and reference oak
stands in Ohio, Kentucky, and Illinois, Boerner and Sutherland (1997) found that thinned stands had on
average 55 percent greater Ca*" availability than paired reference stands, and a number of studies have
also demonstrated increases in Ca?" after clear-cutting (e.g. Frey and others 2003, Hendrickson and others
1989).

Available AI** did decrease initially as the result of our treatments, but this change did not persist through
the fourth post-treatment growing season. The patterns of Ca?* and Al** among treatments were mirror
images, as would be expected by their reciprocal responses to soil pH and base saturation. The Ca:Al
molar ratio increased significantly after fire (with or without mechanical treatment), but once again these
differences had begun to dissipate by the fourth-growing season after fire. Boerner and others (2004)
observed similar post-fire increases in Ca: Al ratio in neighboring sites on similar, acidic parent materials.
Based on an extensive literature survey, Cronan and Grigal (1995) concluded that forest decline symptoms
were much more likely to develop in European forests after the Ca: Al molar ratio decreased to <2.0. As
the pre-treatment Ca:Al ratios in our study sites averaged <2.0 and chronic N deposition continues to
contribute to soil acidification in this region (Boerner and others 2004), management practices that have
the potential to increase base saturation and Ca:Al ratio should be strongly considered.

MANAGEMENT IMPLICATIONS

Management practices designed to improve ecosystem health and sustainability must adhere to the same
first principle as medicine: above all, do no harm. Although we commonly assess the impacts of our
management activities in terms of trees, other plants, and animals, the impacts of management on the soil
resource is one of the keys to long term sustainability.

The effects on the soil resource of the ecosystem restoration treatments we applied were relatively modest
and, for the most part, positive. Although both fire and mechanical treatment resulted in disruption of the
forest floor, neither had significant effects on soil compaction. Even the effects on mineral soil exposure
were significantly reduced (at least for fire) by the fourth growing-season after fire.
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Soil nutrient status was relatively unaffected by mechanical treatment and perhaps modestly improved by
fire. Although the effect of the single fires we applied in this study produced effects that were transitory in
nature, repeated application of fire at intervals might result in these changes becoming chronic (e.g. Eivasi
and Bayan 1996). Given that chronic deposition of N onto these once N-limited ecosystems is unlikely

to cease in the foreseeable future, multiple longer term studies of the relationships among fire frequency
and forest soils are needed to bring the available database up to even the meager status of the thinning
literature.

Studies of thinning at rates similar to the ones used here are uncommon; however, the longer term study
of thinning in midwestern oak forests by Boerner and Sutherland (1997) suggests that the reduction in
uptake demand that accompanies a reduction in basal area may help retard soil acidification, even in a
region with heavy chronic N deposition. This conclusion must, however, be considered preliminary, given
the sparseness of the available data and the concerns raised by studies of more intensive harvesting.

The results presented here suggest that modest thinning and low intensity prescribed fire may be applied
to eastern oak forests as part of a management or restoration strategy without doing significant damage to
the soil resource. Managers should apply the conclusions presented here with caution until longer term,
replicated studies in the region confirm them.
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RECLAMATION OF SKID ROADS WITH FIBER MATS AND
NATIVE VEGETATION: EFFECTS ON EROSION

Shawn T. Grushecky, David W. McGill, William Grafton, John Edwards, and Lisa Tager!

Abstract—A research study was established to test the effectiveness of fiber mats and native seed
mixtures in reducing soil erosion from newly-constructed skid roads in the Elk River Watershed in
central West Virginia. Twelve road sections of equal grade were paired with a randomly-selected
section receiving a fiber mat and native grass seed while the other road section was not treated.
Silt fences with sediment traps were constructed at the downslope ends of each road section.
Sediments were collected from silt traps three times during the summer of 2005. Road sections
with no fiber mulch or seeding averaged 174.1 g/m?* and those with fiber mulch and seeding
average 34.9 g/m?. Vegetation averaged 17.5 cm in height on fiber mulch treated road sections; no
vegetation was observed sections without fiber mulch during the study period. Further research is
needed to develop a cost/benefit analysis of employing the road reclamation approach used in this
pilot project.

INTRODUCTION

The forestry community has long known that controlling non-point source pollution from silvicultural
activities is important. Most states now have forest practice standards or best management practices that
require the control of sediments from exposed areas. West Virginia published a set of Forest Practice
Standards in 1972, which were the first of their kind in the eastern United States. In 1992, the West
Virginia Legislature passed the Logging Sediment Control Act (LSCA). The LSCA mandated that loggers
become licensed and certified, notify the West Virginia Division of Forestry about logging operations, and
mandated that logging sites be reclaimed within seven days of the completion of operations.

Forest roads, trails, and landings are the primary sources of non-point source pollution, primarily in
the form of eroded soil sediments (Egan and others 1996, Kochenderfer and others 1997). Sediments
that make their way to a stream channel can be deposited in deeper pools and, once introduced into a
stream, can have deleterious affects on both vertebrate and non-vertebrate aquatic wildlife populations.
Sedimentation can also affect the natural characteristics (i.e., depth, temperature, width) of the stream
itself.

Since landings, forest roads, and skid trails are the largest potential source for sedimentation, it is natural
for the forestry community to concentrate their research, education and outreach efforts in this area.
This focus is especially justified since Egan and Rowe’s 1997 study found that improvements could be
made in skid road drainage and that in 2000, LSCA oriented logging inspections found that 11 percent
of compliance problems were due to skid/haul road problems (Milauskas 2001). Likewise, a 2001 LSCA
evaluation found that 13 percent of compliance problems were due to skid and/or haul roads (Milauskas
2002).

Exposed soils following harvesting operations represent the main potential for erosion. If vegetation is
not established quickly, erosion of these exposed surfaces is likely until natural herbaceous and woody
vegetation becomes established. The establishment of vegetation on skid roads not only lessens erosion,
but it also provides nesting, feeding, and escape habitat for wildlife. After harvesting in West Virginia,
skid roads and trails represent approximately 10 percent of the total harvest area (Provencher 2004). Thus,
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Consumer Sciences, Morgantown, WV 26506.
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vigorous establishment of vegetation on skid roads should be of top priority when timber harvesting sites
are reclaimed. Currently in West Virginia, only those skid roads that exceed 15 percent slope, or are within
100 feet of a landing or water crossing must be seeded.

The objective of this pilot project was to document the effectiveness of fiber mats and native vegetation
for reducing sediments from skid roads in a high quality watershed in West Virginia. Results from this
research project will help refine reclamation techniques so that the impact of sedimentation can be
reduced after timber harvesting in West Virginia.

METHODS

This pilot project was initiated in the Upper Elk River Watershed near Webster Springs, West Virginia

(fig. 1). The Upper Elk Watershed is a high-quality coldwater system with 16 streams (37 miles) identified
under Section 303(d) of the Federal Clean Water Act.

The Elk watershed extends the length of half the state, beginning in the Allegheny Mountains in the east
and flowing west to meet the Kanawha River at Charleston, WV, the urbanized and political center of
West Virginia. Most of the watershed is under private ownership, divided mainly among three large forest
products companies. However, 26 percent of the watershed is publicly owned as part of the Monongahela
National Forest. The upper Elk watershed is 95 percent forested and supports some of the highest quality
hardwoods in the United States. The quality and quantity of timber in the area leads to a substantial
amount of cutting activity in this watershed.

During the spring of 2005, a private timber operator agreed to allow our team to establish this research
project within a newly completed harvest unit. Twelve short sections of skid road were identified along
two major skid roads from the main landing area. Skid road sections were paired, thus we identified six
areas for treatment and six reference road sections within the harvest unit.

Road sections were delineated based on known water-breaks. For example, the start of each section
contained pre-established water bars. Sediment catchments were then constructed below the water bar.
Sediment catchments consisted of high-quality silt fence staked perpendicular to the road from cut bank
to the end of opposite cut bank or fill slope. A 12-inch lip was turf-stapled to the road and served as the
sediment trapping area. The total area of the section was calculated based on disturbed skid road section
that fell between the sediment trap and the water bar (fig. 2). All skid road sections were chosen so that
sediments would flow naturally towards the sediment traps. Slopes ranged from 4 to 36 percent (average
= 18 percent) on the selected road sections and were paired based on proximity and slope. Treated areas
averaged 16 percent slope, while reference sections had an average slope of 19 percent. Slopes found on
both treated and reference sections are above the minimum 15 percent where vegetation establishment is
mandated by the WV LSCA.

Upper EIk
Watershed

Figure 1—Location of the Upper Elk River Watershed in West Virginia
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Figure 2—Schematic drawing detailing sediment collection area used on skid roads in the Upper Elk River

Watershed in West Virginia. Drawing includes (A) catchment area, (B) water bar, (C) silt fence stake, and
(D) silt fence with silt trap at base.

After sediment traps were created, six sections of the paired areas were selected randomly for vegetation
treatment. A mixture of native vegetation was chosen for treatments (table 1). Seed was spread manually
on the six sections. A high-velocity natural fiber mat purchased from Ernst Conservation Seeds was then
unrolled on the section and staked into place. Sediment traps were emptied three times from the period of
late June to August, 2005. All collected sediment was placed in labeled bags and returned to a laboratory.
Sediments were then oven dried until their mass did not change. Weights were then recorded for use in
subsequent analyses. Average vegetation height was also recorded during each sediment collection period.

An analysis of covariance (ANCOVA) was used to test for differences in sediments eroded from skid road
sections while adjusting for slope and length. The following model was used (all tests of significance were
conducted at an o, = 0.05 level):

Yij =U+o +ﬁl%i +E;
where

Y, = sediments collected per unit area

u = the overall mean of sediments collected per unit area
o, = effect of the ith treatment group
B.x: = covariates (slope and section length)

g, = random effect that represents all uncontrolled variability

RESULTS

Total sediments displaced within each road section were standardized to g/m? by dividing the sum of
sediments collected during the three time periods by the associated catchment area. Catchment areas
averaged 26.2 m? on reference sites and 28.9 m? on treated skid road sections. Mean length of catchment
area was 7.5 m and 7.9 m on reference and treated areas, respectively. Collected sediments ranged from
5.0 g/m? on a treated skid road section to 310.6 g/m? on a reference section (table 2). Average sediment
per area was 174.1 g/m?on reference sites and 34.9 g/m? on treated sites. Vegetation averaged 17.5 cm on
treated sites, no vegetation was observed during the sampling period on reference skid road sections.
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Table 1—Seed mixture used to reclaim skid trail sections in
the Upper Elk River watershed near Webster Springs, WV

Common name Scientific name Rate
kg/ha
Annual winter wheat Triticum aestivum L. 8.9
Little bluestem Schizachyrium scoparium 2.7
Big bluestem Andropogon gerardii 4.5
Side oats gramma Bouteloua curtipendula 2.7
Silky wild rye Elymus villosus 5.8
Creeping red fescue Festuca rubra 6.7

Table 2—Characteristics of skid trails treated in the Upper Elk River watershed near

Webster Springs, WV which includes slope, area, total sediments collected, total

sediments collected in relation to area, and average vegetation height

Skid trail Sediment  Sediment/  Vegetation
section Treatment Slope Area Length collected area height
percent m? m gm gm/m? cm
1 Reference 8 23.6 7.4 2633 111.7 —
2 Treated 11 50.1 10.9 696 13.9 16.5
3 Reference 4 25.7 7.6 140 54 —
4 Treated 14 29.8 9.5 148 5.0 26.2
5 Reference 11 19.5 6.0 2338 120.1 —
6 Treated 18 18.5 6.7 531 28.7 20.3
7 Reference 26 9.9 4.3 2590 262.3 —
8 Treated 26 15.4 5.2 961 62.3 17.8
9 Reference 13 26.1 6.6 6155 236.1 —
10 Treated 11 35.2 8.3 1135 32.3 13.5
11 Reference 34 52.7 13.3 16 356 310.6 —
12 Treated 36 241 6.7 1614 66.8 10.9

aTreated skid trail sections were covered with fiber mulch mats and seeded; reference skid trail sections

were not treated.

— = the reference skid trails sections were not treated, thus vegetation height for the reference treatments

was not available.
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We found a significant difference in sediments collected from treated skid road sections (p=0.0215).
Sediments collected on treated skid roads were significantly lower than those collected on reference sections.

DISCUSSION

Forest roads and skid trails are the first access system used in the Appalachian Region to move wood
products to market. Soil exposed during harvesting activities, specifically road construction, is known to
be the greatest contributor to stream sedimentation (Kochenderfer 1970, Kochenderfer and Aubertin 1975,
Patric 1976). Subsequently, practices have been developed that focus on reducing erosion from forest
roads, including leaving log slash barriers, seeding fill areas, creating broad-based drainage dips, and
daylighting (Kochenderfer 1970), all of which are recommended practices under the WV LSCA.

Most research has shown that sediment levels return to pre-harvest levels within three years of harvest
(Hornbeck and Reinhart 1964, Patric 1980, Kochenderfer and others 1997). Since soil exposed during
the construction of road systems appears to be the “weak link” when it comes to sediment movement
following harvesting, we focused our efforts on reducing its severity. Reductions of the magnitude found
in this pilot project indicate that the use of fiber mats and proper re-vegetation of skid roads after harvest
has good potential for limiting in-stream sedimentation. It has been found that forest litter and vegetation
strips reduce the amount of sediments that actually make it into a stream system (Swift 1986). Therefore,
we cannot assume that the reductions we found would mirror those found at streamside. However,
keeping sediment from moving from the road systems limits the amount buffered by litter and vegetation
surrounding the stream corridor, thus adding to their protective qualities.

Kochenderfer and others (1997) found that the sediment increases following harvest represent a small
percentage of the total sediment delivered from a watershed during a 100 year rotation. Therefore, our
reductions alone may not significantly reduce stream sedimentation over a typical rotation. However, since
most of our study site was in an industrial timber production area, multiple timber harvests will occur

in the watershed over the next rotation, all with the potential to increase sediment delivery out of the
system. Therefore, sediment reductions of the magnitude found have the potential to significantly reduce
sedimentation over a long rotation.

We acknowledge that the effect of the fiber mats used cannot be separated from the impact of the vegetation
establishment. However, vegetative growth was quite vigorous on treated skid roads, and the root structure
associated with it likely contributed to the reduction in sediments found and will provide extended life

to the protected soil as the fiber mats decompose. However, most of the initial reduction in sediments

found during this research can likely be attributed to the effects of the fiber matting used. More research is
underway in this watershed to determine if seeding alone has a similar impact on sediment reduction.

Likewise, the extra costs associated with the reclamation work done in this pilot project have not been
compared to traditional techniques. Expenses associated with BMP establishment can be substantial
(Egan 1999), therefore, the cost/benefit relationship of these techniques should be further investigated.

A novel aspect of this pilot project was the use of native vegetation in seeding mixtures. The establishment
of native vegetation on skid roads and landings not only controls sedimentation, but it also provides
natural habitat for wildlife, while limiting the spread of non-native invasive plants. Current BMP
regulations under the WV LSCA do not require the use of native plant species, however, the impacts of
choosing natives over exotics and naturalized species should be further investigated.

Regulations, both mandatory and voluntary, have been enacted in West Virginia to control sedimentation.
Egan and Rowe (1997) evaluated BMP use after the WV LSCA and found significant increases in
compliance levels. However, improvements in haul and skid road drainage practices needed to be
improved (Egan and Rowe 1997). Further research is needed to refine techniques and develop a cost/
benefit analysis on the feasibility of employing the reclamation approach used in this pilot project.
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IMPACT OF ALTERNATIVE HARVESTING TECHNOLOGIES ON THINNING
ENTRY AND OPTIMAL ROTATION AGE FOR EASTERN HARDWOODS

Chris B. LeDoux!

Abstract—A complete system simulation model is used to integrate alternative logging
technologies, stand data, market prices, transportation costs, and economic concerns in a long-
term continuous manner to evaluate thinning entry timing and optimal rotation age. Forest
Inventory and Analysis (FIA) stand data for the oak/hickory forest type and time and motion study
data for 70, 90, and 120 horsepower skidders, a cut-to-length/forwarding system, and a feller
buncher/forwarding system were used in this research. Smaller, less expensive skidders allowed
commercial thinnings to be scheduled 15-30 years earlier in the life of the stand and resulted

in larger cumulative monetary returns to the landowner. Larger, more expensive skidders and
expensive mechanized systems such as cut-to-length resulted in delaying thinning entries by as
many as 30 years and in less cumulative monetary returns to the landowner. The results should be
valuable to landowners, loggers, managers, and decision-makers.

INTRODUCTION

Much of the world’s managed forest is for wood production. In order to remain competitive, large corporate
or industrial forest owners must manage forests with careful attention to harvesting trees at their optimal
financial age. Large and small forest owners must also pay careful attention to the timing of thinning/
intermediate treatments so that a thinning/intermediate treatment returns a profit as well as the benefits

of releasing the residual trees accelerating their growth into high quality wood products. It has long been
known and understood that strategically timed precommercial thinnings (Daggett and others 2002, Jean-
Claude Ruel and others 2002), commercial thinnings (Kenefic and others 2005, Opland and others 2002,
Wagner and others 2002), crop release treatments (Desmarais and Leak 2005, Phillips and others 2002),
shelterwood harvests (Binot and others 2002, Morin and Binot 2002), and variations of improvement/
partial cuttings (Barlow and Nowak 2002, Bevilacqua 2002) all serve to release the residual stand from
competition and result in accelerated growth and development of higher quality wood products. Additionally,
the array of commercially available logging technology has increased in recent years from skidders, small
farm tractors, cable yarders, to highly productive and mechanized systems such as cut-to-length and feller-
buncher with forwarder systems (LeDoux 2001, 2002). The challenge to the landowner is to match the
logging technology available with silvicultural treatments desired so that a profitable operation results.
Landowners must also understand how alternative logging technologies impact commercial thinning entry
timing, optimal economic rotation age, and related financial yields. In this paper, we use a complete systems
simulation model to evaluate the impact of alternative conventional and mechanized logging technologies on
commercial entry timing and optimal economic rotation age for an upland oak-hickory stand.

METHODS

Site and Stand Data

In this study, the stand chosen for demonstration is from the oak/hickory forest type and represents
substantial acreage (Schnur 1937) in the Central hardwood region. The species mix includes northern red
oak (Quercus rubra L.), white oak (Q. alba L.), red maple (Acer rubrum L.), and hickory [Carya ovata
(Mill.)] (fig. 1). The average site index of the stand is about 70. The stand is 40 years old and contains
366 trees per acre that are more than 5 inches dbh. The stand has an average tree dbh of 6.15 inches and
about 1471.47 cubic feet per acre of merchantable volume. The land is located on gentle-to-moderate
slopes (0-39 percent) and ground-based systems can be used for the harvests. It is assumed that new road
construction is not required. The stand is located 25 miles from a sawmill/pulpwood mill.

! Project Leader and Supervisory Industrial Engineer, USDA Forest Service, Northeastern Research Station, Morgantown, WV 26505.
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Logging Technology Evaluated

Three logging systems were used in this simulation (table 1). The first logging technology used in this
demonstration was conventional chainsaw felling with cable skidders. The majority of wood harvested

in the Eastern United States is extracted with a combination of chainsaw felling and ground-based cable
skidding. The 70, 90, and 120 horsepower John Deere® skidders such as the ones used in these simulations
are representative of contemporary logging technology and are large enough to handle the size of logs
from the thinnings and final harvest (LeDoux 2000). With this system, trees are chainsaw felled, limbed,
and topped. The cable skidder then drags the logs to a central landing. The second technology used was a
highly mechanized cut-to-length (CTL) system with a forwarder for transporting the wood to the landing.

Red maple
40

White oak

133
Hickory

49

Other red oak
144

Figure 1—Tree species distribution for oak-hickory stand.

Table 1—Logging technology machine configurations used to
simulate the thinnings and final harvest by hourly rate

Logging technology system and description Machine rate
$/hour

System 1

Chainsaw felling with John Deere 440C skidder 59.55

Chainsaw felling with John Deere 540B skidder 65.45

Chainsaw felling with John Deere 640D skidder 81.18

System 2

Modified John Deere 988 with Peninsula saw

head and Valmet 524 forwarder 225.00

System 3

Timbco 425 feller buncher, chainsaw limbing
and topping, and Valmet 524 forwarder 259.17
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Cut-to-length systems are expensive, highly productive, requires less personnel in the woods, are safer,
and are becoming more popular in harvesting of Eastern hardwoods (LeDoux 2002, LeDoux and Huyler
2001). The CTL system used in this evaluation was a medium-sized modified John Deere 988 with a
Peninsula design roller processing saw head and a Valmet 524 forwarder. This CTL system can work
efficiently in large or small tracts in thinning and final harvest treatments. This system fells the tree, bucks
it into product lengths and piles the sorted wood products into bundles. The piles/bundles are then loaded
on the forwarder and transported to a central landing. The third system used was a mechanized feller
buncher and forwarding system with chainsaw topping and limbing. Feller bunchers are expensive, highly
productive, and safer than chainsaw felling (Bell 2002). The feller buncher cuts the trees at the stump and
places them in piles that are later picked up by the forwarder for transport to the landing. A chainsaw is
used to limb and top the trees. Feller buncher systems are becoming popular in harvesting applications of
Eastern hardwoods (Long 2003). These logging technology configurations were selected because we have
robust time and motion data for each, and because they represent contemporary methods being used by
loggers to harvest Eastern hardwood stands. All of the above machines are capable of handling the size of
logs coming from the thinnings and final harvested simulated. The hourly machine rates used in this study
are shown in table 1, as calculated using methods by Miyata (1980). All costs are in 2005 U.S. dollars and
reflect new equipment.

Model Used

MANAGE-PC (LeDoux 1986) integrates harvesting technology, silvicultural treatments, market prices,
and economics continuously over the life of the stand. The simulation combines discrete and stochastic
subroutines. Individual subroutines model harvesting activities, silvicultural treatments, growth and yield
projections, market prices, and discounted present net worth (PNW) economic analysis. The model can
be used to develop optimal management guidelines for eastern hardwoods. Using the stand data described
earlier, MANAGE-PC was used to estimate optimal economic rotation length, volume/production yield
estimates, and logging costs for each rotation age. The tree list for the stand and the above logging
technology data were used as input to MANAGE-PC and the stand growth and development was projected
in 5 year intervals until it reached its optimal economic rotation, that is, the maximization of discounted
PNW. At each growth projection interval, the stand was logged, the value of the timber was determined,
the stump-to-mill logging cost was computed, and the discounted present net worth was calculated.
MANAGE-PC determined the optimal rotation age for the combination of stand and harvesting
technology. The average delivered prices for saw logs and pulpwood were estimated from Forest Products
Price Bulletins (Ohio Agricultural Statistics Service 2002, Pennsylvania State University 2003, Tennessee
Division of Forestry 2003) (table 2).

The stand was thinned once with each logging technology at the earliest entry age that would result in

a commercial operation and the residual stand was then projected to its optimal economic rotation. The
thinning was an area-wide low thinning that removed all trees below an average diameter at breast height
(dbh) of 8 inches to achieve residual stand basal area stocking levels of about 68 square feet per acre. The
objective for each thinning treatment was to open up the stand and to accelerate residual tree growth in
order to grow quality wood products for the final harvest. The wood harvested was sold as pulpwood and
saw logs. The stand was thinned with each logging technology and the residual stands were then projected
to their optimal economic rotation.

RESULTS

The simulated growth and yield and economic results are shown in table 3. Using a small, inexpensive
skidder such as the John Deere 440C allows a commercial entry into the stand at age 70, optimal
economic rotation of age 100, and cumulative PNW of $236.60 per acre. Larger skidders such as the John
Deere 540B and 640D delay the commercial entry by 10 and 15 years, respectively, when compared to the
smaller John Deere 440C. The 90 and 120 horsepower skidders have optimal economic rotations of 120
and 125 years with cumulative PNW of $159.48 and $136.93 per acre. Using a larger, more expensive 120
horsepower machine delays thinning entry timing by 15 years, extends optimal economic rotation length
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Table 2—Delivered prices for saw logs and fuelwood/pulpwood by species

Product
Large? high- Medium? size and Small® low- Fuelwood¥
Species quality saw logs quality saw logs quality saw logs pulpwood
Red maple 251 192 131 40
White oak 450 279 138 40
Red oak 561 397 225 40
Hickory 210 160 150 40

@Minimum small-end diameter = 13 inches, length = 10 feet.

b Minimum small-end diameter = 11 inches, length > 8 feet.

¢Minimum small-end diameter = 10 inches, length = 8 feet.

989 cubic feet per cord, minimum small-end diameter = 4.0 inches that will not make large,
medium, or small saw logs.

Table 3—Simulated results by logging system

Timbco
425 feller

Modified buncher,
JD 988 chainsaw

Chainsaw Chainsaw Chainsaw CTL, topping/

felling, felling, felling, Valmet  delimbing,

JD 440 JD 540 JD 640 524 Valmet 524

Logging system skidding  skidding  skidding forwarder forwarder
Thinning age (years) 70 80 85 100 60
Average d.b.h. (inches) 9.77 10.59 10.98 12.17 8.30
Trees cut per acre 141 131 126 113 151
Volume cut per acre (cubic feet) 1,807.58 2,024.14 2,098.35 2,336.26  1,318.77
Mill value ($ per acre) 806.84 951.58 1,001.14 1,240.31 592.71
Logging cost ($ per acre) 631.27 840.28 928.87 1,180.44 549.41
Present net worth? (PNW per acre,$) 54.13 23.18 12.37 5.69 19.76
Optimal economic rotation (ORA, years) 100 120 125 125 100
Average d.b.h. at ORA (inches) 12.91 15.39 15.83 15.74 13.43
Trees cut per acre at ORA 127 112 108 103 131
Volume cut per acre at ORA (cubic feet per acre) 3,064.62 3,976.05 4,130.97 3,850.20 3,486.56
Mill value at ORA ($ per acre) 2,409.16 4,195.72 4,516.86 4,332.59  3,156.16
Logging cost at ORA ($ per acre) 489.66 1,054.09 1,023.65 1,878.38 1,189.16
Present net worth at ORA? ($ per acre) 182.47 136.30 124.56 87.51 186.98
Cumulative PNW ($ per acre) 236.60 159.48 136.93 93.20 206.74

JD = John Deere; CTL = cut-to-length; PNW = present net worth; ORA = optimal rotation age.
@Real discount rate = 4 percent.
bDiscounted to age 40.
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by 25 years, and results in $99.67 per acre less PNW when compared to using a smaller, less expensive 70
horsepower machine. Substantial cumulative monetary returns are available to the landowner by careful
selection and matching of skidder size to thinning entry timing.

Using an expensive highly mechanized system such as the CTL/forwarding results in a commercial
thinning entry age of 100, an economic optimal rotation of 125 years, and a cumulative PNW of $93.20
per acre. Using CTL/forwarding delays thinning entry timing by 30 years; extends optimal economic
rotation by 25 years, and results in $143.40 per acre less PNW than thinning with a 70 horsepower
skidder. The reduction in cumulative PNW for the CTL/forwarding system is largely because although
this system is very productive, the operating cost of such consumes most of the value of the wood leaving
the landowners with less cumulative returns. For example, the commercial entry at age 100 returns a low
PNW of $5.69 per acre because the operating cost is $1180.44 per acre, or 95.17 percent of the mill value
($1240.31 per acre) of the wood. Landowners must balance these tradeoffs in managing their woodlots.

The use of an expensive, highly productive feller buncher/chainsaw topping and delimbing/forwarder
system results in a commercial thinning entry timing of age 60, optimal economic rotation of age 100,
and a cumulative PNW of $203.74 per acre. The age 60 thinning is possible because the feller buncher/
forwarding combination is very efficient when felling, piling, and forwarding smaller dbh trees. The feller
buncher/forwarding system allows the earliest commercial thinning entry age of 60, optimal economic
rotation comparable to using the 70 horsepower skidder, and $113.54 per acre more cumulative PNW
return than using a CTL/forwarding system. The cumulative PNW return for the feller buncher system is
only $29.86 per acre less than using the smaller John Deere 440C skidder.

CONSIDERATIONS FOR MANAGERS

Landowners can schedule commercial thinning entries into young stands as early as age 60 if they use
mechanized feller-buncher/forwarding systems. The use of smaller, less expensive 70 horsepower skidders
such as the John Deere 440C allow for commercial thinning entry as early as age 70. These early entries
into a stand provide a positive cash flow to the landowner, make wood fiber available to markets earlier

in the life of a stand, result in shorter optimal economic rotations, and provide the landowner with larger
cumulative monetary returns (PNW). Using larger skidders or expensive mechanized CTL/forwarding
systems can delay commercial thinning entry timing by as many as 30 years.

Landowners have some flexibility in scheduling thinnings and in determining optimal economic rotation
age. For example, figure 2 shows the PNW revenue curves for the logging technologies simulated.
Although the optimal economic rotation for the John Deere 440C and the feller-buncher/forwarding
system is the same at 100 years, the cumulative financial yields are slightly improved by using the smaller
skidder, but using the feller-buncher/forwarding system would allow scheduling commercial thinnings 10
years earlier than the small skidder. The optimal economic rotation for the CTL/forwarding system and
the larger 120 horsepower John Deere 640D skidder is the same at 125 years. However, using the John
Deere 640D allows the landowner to schedule a commercial thinning 15 years earlier than using the CTL
system. The CTL system requires that the value of the stand be large enough to offset its high operating
cost. This forces the landowner to wait until the stand is 100 years old before a commercial thinning can
be scheduled. It is interesting to note that for late rotation harvests > about 150 years, the choice of using
all logging system technologies simulated will yield similar PNW results with the exception of the CTL/
forwarding system.

We only evaluated one stand, three logging technologies, a fixed real interest rate of 4 percent, and fixed
market prices with computer simulation. The results reported here are specific to the conditions simulated
and to the models used and should not be generally inferred. However, the results suggest that landowners
could schedule commercial thinnings earlier in the life of a stand and realize larger cumulative financial
returns by careful selection/matching of logging technology to thinning entry timing and following
optimal economic harvests.
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Figure 2—Present net worth (PNW) revenue curves for the oak-hickory stand by logging technology, real interest rate is 4
percent.
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NITROGEN DYNAMICS POST-HARVEST:
THE ROLE OF WOODY RESIDUES

Kathryn Piatek’

Abstract—The role of woody residues in N dynamics in harvested forests has not been fully
elucidated. Woody residues have been found to be an N sink, N source, and N neutral in different
studies. To understand the implications of each of these scenarios, post-harvest N dynamics in
high- and no- woody residue treatments were modeled for a Douglas-fir ecosystem. Nitrogen
mineralization in the combined forest floor, soil (to 15 cm depth), and root pools was 122 and
121, kg N/ha/year, in years 1 and 2 after harvest, independent of treatment. When wood was an

N sink, 23 kg N/ha/year could be immobilized annually, and about 80 and 100 percent of the

N available from forest floor, soil, and roots remained plant or leaching available in high- and

no- woody residue treatments, respectively. When wood was a source of N, an additional 12 kg
N/ha/year became available from wood in high residue, and 0 in no residue treatment. When wood
was neutral, 100 percent of the N mineralized after harvest was plant and/or leaching available

in both treatments. Empirical evidence is still necessary to confirm which scenario operates in
various forest ecosystems. Implications of these different scenarios for N-saturated ecosystems

of the central Appalachians are that as N sink, woody residues could potentially help decrease N
exports as nitrate. As N source, woody residues could contribute to N exports. As neutral, woody
residues would allow exports of N as they currently occur. This paper reflects on the dynamics of
N and woody residues in the Appalachian hardwood forests and provide hypothetical comparisons
between these dynamics in western coniferous forests and eastern hardwood forests.

INTRODUCTION

The role of woody residues in N dynamics in forests is not clear. Some of the obstacles to elucidating this
role are the length of time involved in wood decomposition and lack of methods for taking into account
changes in wood shape and volume over time (Krankina and others 1999). Wood decomposes over such
time frames that chronosequences of pieces of unknown age are the only possibility to examine long-term
decomposition of large wood. Age is presumed to be related to stage of decay, and stage of decay is described
based on morphological characteristics (Fogel and others 1973). Comparison across species and environments
is challenging if not impossible, as different conditions give the same morphological results at different
lengths of decay. As wood decays, its original shape changes due to tissue subsidence and loss. Therefore
assuming a circular shape of wood regardless of its stage of decay is inaccurate (Krankina and others
1999), but is routinely done and used in calculations of nutrient contents (volume X element concentration).
Therefore, woody residues can be an N sink or N source, depending on how volume was calculated
(Creed and others 2004). While others are resolving these important and difficult issues, this study was
undertaken to better understand the implications of two divergent scenarios for post-harvest N dynamics.

Post-harvest N dynamics is of particular interest because of high rate of N turnover in disturbed and
exposed soils, which leads to the formation of nitrate. Nitrate is a mobile anion easily leached to lower

soil profiles in the presence of water, and exported to water courses where it is a potentially harmful
contaminant (Driscoll and others 2003). Such export in the Douglas-fir forests of the Pacific Northwest
further decreases ecosystem levels of a nutrient limiting forest productivity. In the north-eastern and central
hardwood forests, some of which exhibit N saturation, N export increases total nitrate outputs to water
sources. Nitrogen saturation describes a condition in which ecosystem N demand is lower than available

N, and N is routinely exported (Aber and others 1989, 1998; Stoddard 1994). Should woody residues be

a sink for N, then leaving branches, tree stumps, and other unwanted wood on sites after forest harvesting
may be low-cost yet effective means for lowering the rates of N export and protecting water quality.

! Professor of Forest Management and Soils, West Virginia University, Morgantown, WV 26506-6125.
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Alternatively, if woody residues after harvest increase N exports by serving as an additional N source, then
it may be advantageous to remove them for use for example as biomass-based fuels. Therefore, greater
understanding of the implications of woody residues’ role in different ecosystems will stimulate research in
the direction of uncovering the biogeochemistry of nutrient dynamics with and without woody residues.

To accomplish this task, post-harvest N dynamics were modeled in two ecosystems — a Douglas-fir and a
central Appalachian hardwood forest. This paper reflects on the dynamics of N and woody residues, and
provides hypothetical comparisons between these dynamics in two ecosystems with widely differing N
levels.

METHODS

Data from an extensive post-harvest biomass study in Pacific County, Washington were used for model
development. A 40-year-old fertilized Douglas-fir/ western hemlock plantation was harvested in 1999
by cable-logging. The high-residue treatment contained all branches left after bole-only removal. The
no-residue treatment contained almost no branches due to operational and manual removal. All residues
were sampled including forest floor, buried slash, roots to 30 cm depth, and aboveground slash and large
debris where present, and dry-weights and their nutrient concentrations were obtained (Piatek and Terry,
unpublished).

The potential net N mineralization was estimated for the forest floor plus top 15 cm of soil (combined)
using the equations developed by Yin (1992) for a range of forests growing along an environmental
gradient from Massachusetts to Washington. The N processes in these equations are driven by average
January and July air temperatures, and N content and mean extractable N of litter and soil. Because data
on litterfall N was not available, we estimated this further by averaging the higher of the two Douglas-

fir litterfall N values used to develop the model and the total N amount in our forest floor divided by 5
years (assumed length of time that litter had collected on the ground without complete decomposition).
Nitrogen mineralization from roots was estimated by using percent N release in field- incubated fine roots
of Douglas-fir as reported by Chen and others (2002).

Wood N dynamics for Douglas-fir residues from current harvest (older, mostly decayed woody residues
were also present) were estimated according to the two possible and divergent scenarios. First, changes
in wood mass from decay stage 1 to decay stage 2 were calculated from a known starting mass of fresh
stumps and logging residues (75.2 t/ha; Piatek and Terry, unpublished data) by using an average annual
decomposition constant for wood density (0.038; Edmonds and Eglitis 1989) applied for 2 years.
Carbon content was estimated by multiplying mass by known C concentration (0.49; Piatek and Terry,
unpublished data). The ratio of woody residue C, as calculated after 2 years of decomposition, to the
original gave the percent C loss due to respiration alone. Second, to better understand woody residue
N dynamics under the scenario of wood being a sink for N, N content was increased to 180 percent

2 years after harvest as described by Edmonds and others (1986), and annual N immobilization rate
was calculated as the difference between “final” (after 2 years) and original N content divided by 2.
Nitrogen concentration after 2 years was calculated by dividing N content by mass, and percent change
by comparing to the original. To estimate possible N dynamics under the scenario of wood acting as

N source, N content after 2 years was hypothetically lowered by 10 percent from the original, and N
concentration and percent change was calculated as for N immobilization above.

A similar process was followed for a hypothetical Appalachian hardwood stand, using published data.
Mass of logging residue used was 10 ton/ha, as reported for large residues only (Grushecky and others
1997). Carbon content was estimated by multiplying mass by 0.49 percent C (as for Douglas-fir). Nitrogen
content was estimated by multiplying mass by 0.002 percent N, a value measured in Tucker County,

WYV 85-year-old hardwood forest (Adams and others 2004). A decomposition constant for yellow birch

at 0.217 per year was used to estimate mass loss for 2 years (Creed and others 2004). Using the same
procedure as above, N immobilization and “release” rates were obtained.

Proceedings of the 15th Central Hardwood Forest Conference e-GTR—SRS-101



RESULTS AND DISCUSSION

Post-Harvest Potential N Mineralization Rates

Estimated potential net N mineralization rates from the forest floor, soil to 15 cm depth, and roots

at the Douglas-fir site was 122 kg/ha in year 1 and 121 kg/ha in year 2 after harvest. There were no
treatment differences, and that was most likely the result of using equations based on air rather than soil
temperatures. Microbial processes, such as N mineralization, are driven by soil temperature among other
factors, and soil temperatures are expected to be higher in the exposed soils of the no-residue compared
to the high-residue treatment; therefore, it is highly likely that N mineralization rates in the no-residue
treatment were higher during some parts of the year when soil moisture was not limiting.

Hardwood forests generally have higher rates of N turnover than coniferous forests due to the generally
higher N content of leaf as compared to needle litter (Piatek and Allen 2001). Therefore Appalachian
hardwood forests, especially under high surface soil temperatures of post-harvest sites, may mineralize
at very high rates. In an N-saturated forest of central Appalachia these rates were estimated to be 374 kg
N/ha/year (Adams and others 2004).

Post-Harvest Woody Residue Mass, and C and N Content

The Douglas-fir high residue treatment contained 75 tons/ha of fresh woody residues with 36 tons/ha of C,
and 230 kg/ha of N with an average N concentration of 0.31 percent (Piatek and Terry, unpublished data).
The no-residue treatment had none. After 2 years of decomposition, an estimated 71 tons/ha of wood and
35.5 tons/ha of C were still present in the high residue treatment.

When Douglas-fir wood acted as an N sink, an increase of 180 percent in N content over 2 years resulted
in an estimated 92 kg/ha/year of N immobilization (table 1). However, this would only be possible if all
woody residues were in direct contact with soil, as they were in the study that reported such an increase
(Edmonds and others 1986). The soil is the main source of microbial inoculum for N immobilization

Table 1—Estimated N dynamics post-harvest based on 2 years of mass loss in Douglas-fir
and Appalachian hardwood forests @

Residue N Change in
Scenario mass C N dynamics N percent N
--------- thha--------- t/halyr percent
Douglas-fir
post-harvest
conditions 75.2 36.9 0.23 0.31
Wood = N sink 70.8 0.42 0.023 0.59 89
Wood = N source 70.8 0.21 -0.012 0.29 (-)6
Hardwood forest
post-harvest
conditions 10.0 4.9 0.02 0.2
Wood = N sink 6.5 0.036 0.008 0.56 178
Wood = N source 6.5 0.018 -0.001 0.28 39

Wood = N sink represents N dynamics if N mass after 2 years increased 180 percent; Wood = N source
represents N dynamics if N mass after 2 years were to decrease by 10 percent.

aPost-harvest conditions reflect conditions prior to decomposition.

bEstimated N dynamics for all wood in contact with soil was 0.092 t/ha/yr. Here, 25 percent is assumed in
contact with soil where immobilization is possible.
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in the Pacific Northwest forests as N inputs from atmospheric deposition are minor (Personal
communication. 2000. Robert L. Edmonds, Professor, Department of Forest Resources, University of
Washington, Seattle, WA 98195-2100). However, large-scale harvesting operations leave large amounts
of woody residues that are intertwined with each other in a way that raises pieces at odd angles and often
prevents them from lying flat against the soil surface. Woody pieces suspended above ground are assumed
to be inert with respect to short-term N dynamics, and 25 percent of all residues present were taken to

be in contact with the ground and capable of immobilization. Therefore, the rate of immobilization was
adjusted to V4 of the original estimate to 23 kg/ha/year (table 1).

Using the same procedures as for Douglas-fir, immobilization into hardwood woody residues was
estimated at 8 kg N/ha/year. This rate was not further adjusted because the total amount of wood reported
after harvest was only 13 percent of the total load of Douglas-fir residues, and individual pieces in a
smaller load have greater chances for contact with the soil surface.

When residues acted as an N source, Douglas-fir residues released an estimated 12 kg N/ha/year, while
hardwood released 1 kg N/ha/year.

N Immobilization or Release?

With a 90 percent increase in N concentration (a 180 percent increase in N content and including C loss
due to respiration), 75 tons/ha of fresh woody residues in a post-harvest Douglas-fir site could potentially
immobilize 20 percent of N available from the mineralization in the forest floor, soil, roots, and from
atmospheric inputs. Therefore, in the absence of plant uptake, annually 80 percent of the available N could
still leach through the soil and be eventually exported from site. By comparison, 10 tons/ha of woody
residues in a clearcut in the Appalachian hardwood forest could immobilize only 2 percent of that site’s
estimated available N, with 98 percent potentially leaching without plant uptake.

When woody residue N dynamics were tested under the source scenario, the Douglas-fir residues
contributed an additional 12 kg N/ha/year or almost 10 percent to the mineralization rates from the forest
floor-soil-root complex in those treatments where residues were retained. In the no-residue treatments, no
additional N would be present. In the Appalachian hardwoods, 1 kg N/ha/year would be added, a trivial
proportion of the site’s potential net N mineralization.

The large differences between these two sites in the capacity of woody residues to either immobilize or
release N are due primarily to the different masses of residues which determined original N content used
in these calculations, to wood N concentrations, and potential N mineralization rates from the forest floor-
soil-root complex. Also, data accessed and used here for the Appalachian hardwood forest were not as
exhaustive and site-specific as for the Douglas-fir forest.

While it may seem unconventional to compare different masses of woody residues, these conditions
reflect some of the reality of each ecosystem in terms of growth rates for the species and sites, tree age
and size at harvesting, harvesting systems, and wood utilization levels. Representing realistic conditions,
given the limitations of data sources, was an objective of this work. At the same time, mass of hardwood
residues used in this work included only coarse woody debris of 10 cm and above (Grushecky and

others 1997), while the Douglas-fir data included all residues to 0.5 cm in diameter (Piatek and Terry,
unpublished data). If mass of hardwood residues was hypothetically set to the same as in the Douglas-fir
system (75 ton/ha) and all other parameters remained as in the previous hardwood calculation, then woody
residues in the Appalachian hardwoods would be a source of 13 to 16 kg N/ha/year, and immobilization
would not be possible.

While the residues’ sink activity appeared higher than the source activity for both ecosystems in this

modeling exercise, it is important to remember that the sink was estimated based on field data, while the
source was somewhat arbitrarily set at 10 percent N release 2 years after harvest. A larger percent release
than the one used would increase N release levels from woody residues, but N release would continue to
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lag behind potential immobilization levels over the same time period due to the smaller N pool for release
(original wood N) than for immobilization into wood (the environment).

Woody residues in harvested Douglas-fir forests seem to have a potential capacity to contribute to N
dynamics as a sink or a source of N, while woody residues in hardwood forests do not. Given that the
Appalachian hardwood forests exhibit some of the highest mineralization rates reported for forested
ecosystems, the estimated rates of either mineralization or immobilization by woody residues will not
make a significant difference in the overall available N budget, even if residue loads were to increase 7-
fold. Only lower rates of N mineralization could increase the relative importance of woody residues’ role
as an N sink or source.

It has been previously concluded from a review of nutrient dynamics for a range of coniferous forests
that woody debris in standing forests plays a minor role in nutrient dynamics (Laiho and Prescott 2004).
Estimates for Appalachian forests seem to support these conclusions and expand them into the N-
saturated hardwood zone. In the Douglas-fir forests, however, woody residues after harvest appear to be
potentially capable of immobilizing about 20 percent of the available N pool, or contribute additional
10 percent, depending on which model is operating. Therefore, for those forests, it will be beneficial to
examine in greater detail the biogeochemistry of nutrients in post-harvest woody residues.
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BIOMASS REMOVAL AND ITS EFFECT ON PRODUCTIVITY OF AN
ARTIFICIALLY REGENERATED FOREST STAND IN THE MISSOURI OZARKS

Felix Ponder, Jr."

Abstract—Intensive harvesting, which removes a greater proportion of the forest biomass than
conventional harvesting and the associated nutrients, may cause a decline in forest productivity.
Planted seedling response to three biomass removal levels (1. removal of boles only=OM1, 2.

all surface organic matter removed, forest floor not removed=0OM?2, and 3. removal of all surface
vegetation plus forest floor = OM3) was examined in one of the Forest Service Long-Term Soil
Productivity (LTSP) research studies located in the Missouri Ozarks. Before harvesting, the study
area contained a mature upland oak-hickory (Quercus-Carya spp.) forest with some oak-pine
(Quercus spp.-Pinus echinata Mill.) communities. Soil nutrient concentrations at one year and
eight years later were compared with soil nutrient concentrations in uncut control plots. Survival of
red oak, white oak, and shortleaf pine seedlings increased with increasing levels of surface organic
matter removal. Mean height for red and white oaks was significantly (p < 0.05) greater for OM1
and OM2 plots than for OM3 plots. Mean diameter at breast height (dbh) was significantly less for
OMI plots than for OM3 plots. Mean height for shortleaf pine was not significantly affected by
biomass removal treatments but dbh was. Overall, measurements of tree growth after nine growing
seasons and soil and leaf chemistry indicated that site productivity has not been impaired by the
removal of surface organic matter.

INTRODUCTION

Forested ecosystems contain large amounts of nutrients in woody biomass that may exist either as standing
material, on the soil surface, or within the soil profile. Logs removed during timber harvesting removes
considerable amounts of nutrients and the disturbance caused by the process may sometime later, if not
immediately, affect the amount of nutrients left on the site due to increased soil erosion, mineralization,
and leaching (Alban and others 1978, Boyle and others 1973, Hornbeck and Kropelin 1982).

Wells and Jorgensen (1979) concluded that because soil nutrient supply and productivity in forests
change relatively slowly, biomass-harvesting practices could be selected from rotation to rotation without
serious risk of decline in soil productivity. Increasing the amount of biomass removal reduces the quantity
of organic residue that would ordinarily be subjected to decomposition and nutrient release. If forest

floor temperature and moisture are increased by biomass removals, there could be a nutrient flush from
accelerated forest floor decomposition.

Most attempts to predict the effects of organic matter removal on long-term forest productivity have

been severely limited by lack of information. An alternative to prediction is to wait 40 to 100 years for
the outcome after installing such studies (Wells and Jorgensen 1979). In this paper, data is presented on
planted red oak (Quercus rubra L.), white oak (Q. alba L.) and shortleaf pine (Pinus echinata Mill.) after
nine growing season, which were planted in plots with different levels of surface organic matter removal.
The objective of the study was to determine the effect of three levels of surface organic matter removal on
the productivity of the site. The study is part of a network of studies in the USDA Forest Service’s Long-
Term Soil Productivity (LTSP) program that is based on the following rationale (Powers and others 1990):

e Management practices create soil disturbances
e Soil disturbances affect soil and site processes

e Soil and site processes control site productivity

! Research Soil Scientist, USDA Forest Service, North Central Research Station, Jefferson City, MO 65102.
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The research focuses on the impact of soil compaction and organic matter removal on the growth,
development, and long-term soil productivity (LTSP) of forested lands in the United States and similar
studies established in parts of Canada. Installations are designed to be maintained for at least one rotation.

MATERIALS AND METHODS

Site Description

The site for this study is located in the Carr Creek State Forest in Shannon County, Missouri. The silt loam
soils on the site are primarily of the Clarksville series (Loamy-skeletal, mixed mesic Typic Paledults).
Initial soil chemical properties of the 0-30 cm depth were: pH (1:1 water) 5.7; total C, 3.3 percent; total N,
0.11 percent; P, 16.9 mg/kg; Ca, 789 mg/kg; and Mg, 61 mg/kg (Ponder and others 2000). Prior to harvest,
the site had a well-stocked, mature, second-growth oak (Quercus spp.) -hickory (Carya spp.) forest with

a site index for 50-year-old black oak (Q. velutina Lam.) that ranges from 22.5 to 24.3 m (Hahn 1991).
Mean annual precipitation and temperature is 112 cm and 13.3° C, respectively (Barnton 1993).

Experimental Design

The LTSP study includes nine treatments derived from combinations of three levels each of organic matter
removal and soil compaction. The three levels of organic matter removal included: (1) merchantable

tree boles removed, crowns retained, felled understory, and forest floor not removed (OM1), (2) all
aboveground living vegetation removed, forest floor retained (OM2), and (3) all surface organic matter
removed, exposing mineral soil (OM3). Merchantable boles included trees with diameters at breast
height (dbh) of 25 cm or larger. Total biomass dry weight was calculated for individual trees, then plotted
against dbh for each tree species, and biomass at each 5-cm diameter class was extrapolated from an eye-
fitted curve. Combined with the number of trees per acre, total dry weight of the overstory (> 4 cm) was
estimated. Allometric regression equations in the literature in the form'Y = a(DBH)"'B were developed
and compared to these estimates; for white oak and hickory (Clark and others 1985), for black, scarlet,
and white oak and hickory (Wiant and others 1977), and black oak (King and Schnell 1972). The three
levels of compaction included: (1) no compaction (C1), (2) moderate compaction (C2), and (3) severe
compaction (C3). Soil compaction was accomplished by using heavy road construction equipment
(Ponder and Mikkelson 1995). Mean bulk density increased to 1.8 g cm® compared to 1.3 g cm? for the
noncompacted treatment. The 3 x 3 factorial arrangement of treatments was replicated 3 times. Three
uncut control plots, which were similar in stand history, species composition, and topography to harvested
plots, were established as reference plots. Prior to tree harvesting and treatment installation, pre-harvest
inventories of the overstory, understory, herbaceous layer, and dead and downed woody material plus
biomass and soil sampling were completed. Following treatment installation, 1-0 seedlings of red oak,
white oak, and shortleaf pine were planted in rows at a spacing of 3.66 m apart in and between rows at a
ratio of 3 oaks of each oak species to one shortleaf pine. A complete description of the site and the LTSP
installation are provided elsewhere (Ponder and Mikkelson 1995).

For this report, only the three levels of organic matter removal without compaction and the uncut control
plots were used to compare soil nutrient changes and other measurements. For the first 2 years after
planting, a 3-foot radius area around seedlings was sprayed annually in the spring with a mixture of
glyphosate and simazine to control weeds. Growth responses to weed control are not part of this report.

Seedling survival, height, and diameter were measured after planting and annually thereafter. Diameter at
2.54 cm above the soil surface and diameter at breast height (dbh), when trees reached 1.4 m tall or taller,
were measured. Red oak, white oak, current-year shortleaf pine leaves were collected in August of year

8 for nutrient analyses. Soil samples were collected at 10 cm increments from 0 to 30 cm deep both at
pre-inventory and during the ninth growing season. To reduce cost for sampling and analyses, only leaves
from the OM1 and OM3 treatments and soil from the OM1 and OM3 treatments plus uncut controls were
sampled. For soil, data for all depths were combined for each plot, analyzed, and results presented as
relative differences between treatments after one year and during the ninth growing season. Leaf samples
for each plot were kept separate and analyzed.
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Statistical Analyses

The experiment was analyzed as a randomized complete block design. Survival was analyzed using the
PROC LIFETEST procedure (Allison 1995). Growth and leaf nutrient data were analyzed using analysis
of variance with the PROC GLM procedures in SAS Version 8.2 (SAS Institute, Cary, NC). All statistical
tests were performed at the oo = 0.05 level of significance.

RESULTS AND DISCUSSION
Surface Organic Matter
Boles (OM1) made up approximately 37 percent of the organic matter removed in the OM3 treatment

(table 1). Removing all living vegetation (OM2) increased organic matter removal by another 40 percent
over removing only merchantable boles (OM1). Removing all living vegetation plus the forest floor
(OM3) increased organic removal over OM2 by 23 percent. Considerably lesser amounts of nutrients
were removed in the OM1 treatment than in OM2 and OM3 treatments (table 1). Removing boles and
crowns more than doubled the amount of nutrients removed from the site, and for some nutrients, such
as Ca and Al, the OM2 treatment was three times the OM1 treatment. The amount of Al removed in the
OM3 treatment was 10 times higher than in the OM2 treatment. These results indicate that tree branches
account for large amounts of the nutrients in a tree. In a study similar to this study, mixed conifers (P
ponderosa, P lambertianaover, Abies concolor, Pseudotsuga menziesii, and Sequoiadendron giganteum,
boles accounted 80 percent of the above ground organic matter but less than half of the N present above
ground biomass (Powers and Fiddler 1997).

Table 1—Estimated biomass and nutrients removed in
organic matter removal treatments

Treatment
Variable OM1 OM2 OM3
---------- Mgha----------
Biomass
Biomass removed 85 176 228
----------- kgha-----------
Nutrients removed
Nitrogen 195 540 811
Phosphorus 7 26 48
Potassium 109 256 285
Calcium 774 2303 2819
Magnesium 20 53 81
Manganese 7 18 49
Iron 1 3 18
Zinc 0.5 2 3
Aluminum 2 8 81
Sodium 0.5 1 2
Copper 0.1 0.3 0.6
Boron 04 1 1.5

OM1 = removal of boles only; OM2 = all surface organic matter
removed, forest floor retained; OM3 = removal of all surface
vegetation plus forest floor.

Values are the mean for 18 trees.
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The impact of organic matter removal on major soil chemical properties during the first nine years is
presented in table 2 as relative differences between chemical properties of the soil in OM1 and OM3
treatments and the uncut control treatment. Differences between treated plots and uncut control plots
show few nutrient declines. Only K and Mg were less for treatments in 2002 than in 1995, nine years
after treatment application. The percent soil carbon did not change. Data from seven Coastal plain sites
indicated that organic matter removal had negligible impact on the concentration of soil C after 10 years
(Powers and others 2004).

Although treating the plots removed large amounts of nutrients, considerable amounts of nutrients
remained in the soil. It was estimated that 8,436 kg N/ha remained in the soil on this site following the
most severe organic matter removal treatment (OM3). This amount is within the range of 7,561 to 23,286
kg N/ha reported for two other central hardwood sites with site indexes similar to the site index for

the present study site (Kaczmarek and others 1995). Soil nitrogen pools on such sites can be large and
variable. Nitrogen as well as other soil nutrients released from organic matter on the forest floor in the
Missouri Ozarks may be cycled at a very slow rate in midsummer because decomposition is often limited
by moisture during that time of the year (Meentenmeyer 1978, White and others 1988). Also contributing
to the pool of nutrients that remains after harvesting or organic matter removal is the root biomass which
has been estimated to be almost proportional to aboveground biomass (Harris and others 1977). Further, it
has been estimated that precipitation, including dustfall, annually adds 7.9, 0.1, 4.0, 5.6, and 0.8 kg/ha of
N, P, K, Ca, and Mg, respectively, to the landscape (Foster 1974).

Tree Survival, Height, and Growth

Survival for all seedlings declined with age but increased with increasing organic matter removal (table
3). After nine growing seasons, survival for red oak and white oak was 81, 86, and 94 percent and 79, 82
and 88 percent, respectively, for OM1, OM2, and OM3 treatments. For shortleaf pine, survival ranged
from a low of 51 percent for the OM1 treatment to a high of nearly 60 percent for both OM2 and OM3.
The better survival associate with increasing organic matter removal may be due to fewer mice and rabbits
during the first few years of the study because of less cover for protection and forage in OM2 and OM3

Table 2—Relative differences in some soil chemical
properties between treatments at the initiation (1995) of the
study and during the ninth growing season (2002)

Treatment difference from uncut control?

1995 2002

Chemical property OoM1 OM3 OM1 OM3

pH +0.3 +0.3 +0.1 0
Carbon (percent) +0.9 +0.2 +0.8 +0.2
Nitrogen (percent) +0.03 +0.03 —> —>
Phosphorus (kg/mg) +4.5 +8.9 +9.2 +2.6
Potassium (kg/mg) +12.0 +10.6 -72.0 -21.9
Calcium (kg/mg) +342.5 +363.2 +759.0 +270.0
Magnesium (kg/mg) +10.6 +18.1 -33.7 -14.3

OM1 = removal of boles only; OM3 = removal of all surface vegetation
plus forest floor.

@Uncut control plots are three plots that are adjacent to treated plots
where soils and timber stand conditions are similar to treated plots before
treated plots were harvested. Positive values are higher than values for
uncut control and negative values are less than values for uncut control.
bData not available.
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Table 3—Percent survival of planted 1-0 red oak, white oak,
and shortleaf pine after the second, fifth, and ninth growing
season in three organic matter removal treatments

Treatment
Year OM1 OoM2 OM3
----------- percent?® - - - - - ------
Red oak
2 83a 89b 97c
5 81a 88b 95b
9 81a 86a 94b
White oak
2 83a 88ab 93b
5 81a 86ab 92b
9 79a 82a 88b
Shortleaf pine
2 62a 67b 70b
5 61a 62a 68b
9 51a 60b 61b

OM1 = removal of boles only; OM2 = all surface organic matter removed,
forest floor retained; OM3 = removal of all surface vegetation plus forest

floor.

Values followed by the same letter within the row for different treatments

are not significantly different by the Tukey’s multiple-range test (p < 0.05).
aPercent = number of live trees + number of trees planted x 100.

treatments. Shoot damage, which is typically associated with these predators, was more apparent in OM1
plots. Plastic tree protectors were installed around seedlings soon after planting, but apparently not before
a disproportioned number of seedlings in OM1 plots were killed. Also, part of the better survival of trees
in OM3 plots may be associated with reduced vegetative competition created early on by forest floor
removal that generated better root growth and water and nutrient uptake (Grossnickle and Heikurinen
1989).

Mean height of red oak and white oak declined with increasing organic matter removal level (table 4).
After nine growing seasons, red oaks were 40 cm or more taller than white oaks for all treatments. Mean
annual growth rates for oaks were similar (fig. 1). The decline in mean annual height growth increment for
oaks that occurred in 1998 and in 2000, except for the OM?2 treatment for red oak, did not occurred for
shortleaf pine. The cause for the decline is not known, but may be related to precipitation. Rainfall data
for 1999 and 2000 was 42 and 46 percent lower than from April through August. However, rainfall varied
from 0.9 cm during April 2000 to 17 cm during June 2000. We speculate that the three species reacted
differently to changes in precipitation, with shortleaf pine less tolerant of spring drought.

The dbh of red and white oaks also decreased with increased levels of organic matter removal (table
4). For red oak, trees in OM2 and OM3 treatments had significantly smaller dbh than trees in the OM1
treatment while white oaks trees with the smallest dbh were in the OM3 treatment. Shortleaf had

the smallest mean dbh in the OM1 and OM3 treatments and the largest in the OM2, indicating they
performed best in with an intermediate level of organic matter removal.
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Table 4—Mean height and diameter at breast height of red oak,
white oak, and shortleaf pine after the ninth growing season in three
organic matter removal treatments

Treatment
Species OoM1 OoM2 OM3
.................. Cm--_-_-_-_-_--_-_-
Height
Red oak 300.7 (115) a 291.8 (118) a 274.7 (117) b
White oak 256.9 (93) a 246.1 (97) a 233.1(99) b
Shortleaf pine 470.5 (117) a 474.0 (101) a 455.1 (150) a

Diameter (d.b.h.)

Red oak
White oak
Shortleaf pine

26.5 (20) a
236 (17)a
75.2 (37) a

24.6 (15) ab
23.3 (14)a
88.3 (31)b

22.4 (15)b
20.9 (14) b
80.9 (31) ab

OM1 = removal of boles only; OM2 = all surface organic matter removed, forest
floor retained; OM3 = removal of all surface vegetation plus forest floor; d.b.h. =
diameter at breast height.
Values followed by the same letter within the row for different treatments are not
significantly different by the Tukey’s multiple-range test (p < 0.05).

Numbers in parentheses are standard deviations.
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Figure 1-—Annual height growth of planted red oak, white oak, and shortleaf pine on plots treated with three levels of organic matter removal
including OM1 = all merchantable tree boles removed, OM2 = all aboveground vegetation removed except forest floor, and OM3 = all
aboveground vegetation removed plus forest floor exposing mineral soil. Means with the same letters within a year are not significantly different

based on Tukey’s test at the p<0.05 level.
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Much of the reason for species responding differently to organic matter removal levels is likely due to
inherent differences in species. Responses by oaks and shortleaf pine in table 4 cannot be explained by
leaf nutrient concentrations for 2001 (table 5). Except for differences in P and Mn concentrations for red
oak between OM1 and OM3 treatments, differences between treatments for leaf nutrient concentrations
were not significant. Neither leaf nutrient concentrations nor relative differences in soil chemical
properties (table 2) indicate a decline in site productivity; although, growth of oaks would suggest there
was. The overall mean height and dbh measurements after 9 growing seasons shown in table 4 indicate
differences between organic matter removal treatments; however, the analysis of variance for the annual
growth data graphically shown in figure 1 revealed that except for red oak in 2000, treatment differences
for red and white oak growth were not significant after 1999 and were significant for shortleaf pine only in
1996 and 1998. Thus, mean differences in height and diameter after 9 growing seasons can be attributed
to growth differences established by trees in the earlier years.

Recently, Powers and others (2004) showed that removing all surface organic matter prior to planting had
no general impact on total vegetative production (standing trees plus understory vegetation) at 10 years
for two species of conifers. These authors, with caution, also reported that the linear trend developed by
the regression suggests that removing surface organic matter reduces productivity more on poorer sites
than on better sites. The Missouri Ozarks is among the poorer sites in the Central Hardwood region for the
tree species in this study; primarily because occasional summer droughts occur and soils are often cherty
and/or shallow plus low in fertility. Despite being unable to compare the productivity of study trees on
more productive sites, apparently, even on this site, any detrimental effect that might have existed earlier
has disappeared. However, these are early results and caution must be exercised in making conclusions
about a study that is planned to continue for 80 to 100 years. In the present study, tree growth rather than
total vegetation was measured in response to organic matter removal. Total vegetation production better
reflects site potential than just trees growth alone, particularly were tree stocking has not yet reached site
carrying capacity.

CONCLUSIONS

Nine growing seasons are a short time period in the life of a forest stand. Results indicated that significant
growth differences attributed to organic matter removal treatments were accomplished early in the life

of the trees and these differences have been maintained through 9 growing seasons. Hence, later annual
growth differences were not significantly different between treatments. Measurements of tree growth and
soil and leaf chemistry indicate that site productivity has not been noticeably impaired by the removal

of surface organic matter. The greatest impact of treatments on vegetation production can not be fully
evaluated until crown closure. Although, the lack of site impairment due to organic matter removal agree
with findings reported earlier for another group of LTSP studies (Powers and others 2004), results can
not be generalized over the range of sites where other LTSP installations exist because of differences in
climate, soils, and tree species. Generalized conclusions may not be possible until data from most of the
more than 100 LTSP installations are analyzed.
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Table 5—Leaf nutrient concentrations for red oak, white oak, and shortleaf pine
during the eighth growing season in the low and high organic matter removal

treatments
Treatment
Red oak White oak Shortleaf pine

Nutrient OM1 OM3 OoM1 OM3 OoM1 OM3

---------------------- gKg - -
Nitrogen 20.8a 21.5a 19.1a 18.9a 15.0a 14.8a
Phosphorus 1.1a 1.3b 1.0a 1.1a 1.1a 1.1a
Potassium 6.3a 6.2a 5.7a 5.9a 5.3a 5.8a
Calcium 8.9a 8.2a 9.7a 10.0a 2.0a 1.9a
Magnesium 1.9a 1.9a 1.5a 1.3a 0.8a 0.9a
Sulfur 1.2a 1.2a 1.2a 1.2a 0.9a 0.8a

---------------------- mg/kg ---------=--=--=--=------
Sodium 37.5a 37.6a 36.7a 33.9a 36.3a 34.8a
Iron 93.2a 87.2a 65.6a 75.4a 68.5a 48.0a
Manganese 1200.3a 962.5b 742.5a 804.9a 305.3a 369.5a
Zinc 35.0a 35.1a 16.7a 16.6a 42.2a 39.9a
Copper 6.3a 6.5a 6.7a 6.6a 5.4a 5.3a
Boron 35.7a 32.6a 47.2a 47.3a 13.9a 14.3a

OM1 = removal of boles only; OM3 = removal of all surface vegetation plus forest floor.
Values followed by the same letter within the row for different treatments are not significantly
different by the Tukey’s multiple-range test (p < 0.05).

Each value is the mean of nine samples.
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ATTRIBUTES OF DOWN WOODY MATERIALS IN HARDWOOD
FORESTS OF THE EASTERN UNITED STATES

Christopher W. Woodall, Sonja N. Oswalt, and Randall S. Morin'

Abstract—The Forest Inventory and Analysis Program (FIA) of the USDA Forest Service
conducts a national inventory of down woody materials (DWM) on forestland in the United States.
Estimates of DWM for inventory plots occurring in eastern U.S. hardwood forests facilitate large-
scale assessment of hardwood forest fuel loadings and wildlife habitat. Therefore, the objectives
of this study were (1) to quantify fuel loadings by National Fire Danger Rating System (NFDRS)
hour-class for common hardwood forest types of the eastern U.S., (2) to quantify coarse woody
debris (CWD) size distributions for common hardwood forest types of the eastern U.S., (3) and

to compare the means of CWD and fine woody debris (FWD) by classes of stand live-tree basal
area and stand age for hardwood forests of the eastern U.S. using currently available data from
FIA. Results indicate appreciable amounts of forest fuels in eastern hardwood forests, particularly
in pure and mixed species forests with oak components. Furthermore, size-class distributions of
coarse woody pieces indicate a dearth of large-sized coarse woody debris in eastern hardwood
forests. Overall, a large-scale assessment of down woody attributes in hardwood forests of the
eastern U.S. contributes to understanding this resource’s role in the management of fuels and
wildlife habitat of the United States.

INTRODUCTION

Down Woody Materials (DWM) are dead organic materials that accumulate in forests as a result of plant
mortality and leaf turnover (Woodall and Williams 2005). The Forest Inventory and Analysis Program
(FIA) of the USDA Forest Service conducts a national inventory of down woody materials (DWM) on
forest land in the United States. FIA inventories numerous DWM components including fine woody
debris, coarse woody debris, litter, duff, slash, live/dead shrubs, and live/dead herbs. Fine woody debris
(FWD) are small pieces of woody material typically made up of fallen twigs, branches, and upper tree
boles. Coarse woody debris (CWD) is often defined as large pieces of woody material that meet minimum
size and decay requirements. Coarse and fine woody debris are often the central focus of forest ecosystem
analyses because they serve as important indicators of fire hazards, carbon stocks, and wildlife habitat.

The size specifications of fine and coarse woody debris sampled by the FIA program were selected to
match the components defined by the National Fire Danger Rating System (NFDRS). This system divides
fine and coarse woody debris into size classes that are equivalent to the fuel-hour class system (1-hour,
10-hour, and 100-hour) used by many fire scientists (Deeming and others 1977). In terms of wildlife
habitat, coarse woody debris serves as critical habitat for numerous flora and fauna. CWD provides a
diversity (stages of decay, size classes, and species) of habitat for fauna ranging from large mammals

to invertebrates (Maser and others 1979, Harmon and others 1986, Bull and others 1997, Carey and
Harrington 2001, Moseley and others 2004). Flora utilize the microclimate of moisture, shade, and
nutrients provided by CWD for regeneration establishment (Harmon and others 1986, Nordén and others
2004). Because of CWD’s importance with regard to biodiversity, nutrient cycling, carbon stocks, and fire
risk, wood debris is a leading concern for managed forest ecosystems.

Although coarse and fine woody debris serve as an important indicator of numerous forest ecosystem
functions, they have been infrequently investigated in hardwood forests of the eastern U.S. Chojnacky and
others (2004) presented the most recent efforts to estimate DWM in forests of the east. However, most

! Christopher W. Woodall, Research Forester, USDA Forest Service, North Central Research Station, St. Paul, MN, 55108; Sonja
N. Oswalt, Research Forester, USDA Forest Service, Southern Research Station, Knoxville, TN 37919; and Randall S. Morin,
Research Forester, USDA Forest Service, Northeastern Research Station, Newtown Square, PA 19073.
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other previous studies have been at smaller spatial scales and/or were directed at more specific forest types
or individual wildlife species (for examples see Ulyshen and others 2004, Pyle and Brown 1999, Rubino
and McCarthy 2003, Idol and others 2001, McCarthy and Bailey 1994). Therefore, although numerous
studies have contributed information regarding DWM, there is a lack of DWM information at scales
exceeding individual states and/or single hardwood forest types.

Given the lack of widespread information regarding the down woody resources in hardwood forests of the
eastern United States, our objectives were threefold:

1. To quantify fuel loadings by NFDRS hour-class for common hardwood forest types of the eastern
U.s.

2. To quantify CWD size class distributions for common hardwood forest types of the eastern U.S.

3. To compare the means of CWD and FWD by classes of stand live tree basal area and stand age in
eastern hardwood forests

METHODS

Data

Inventory data from the USDA Forest Service’s FIA program were used to estimate coarse and fine woody
debris attributes for hardwood forests of the eastern U.S. Data was collected on 860 plots during 2001-
2003 in hardwood forests within the following states (number of plots per state in parentheses): AL (71),
AR (43), GA (57), IL (16), IN (12), IA (12), KY (55), LA (26), ME (45), MI (74), MN (96), MO (55),
NH (6), NY (46), NC (7), OH (23), PA (74), SC (2), TN (81), VA (14), WI (45) (table 1).

Field Sample Protocols

The FIA program of the USDA Forest Service conducts a 3-phase inventory of forest attributes of the
United States (Bechtold and Patterson 2005). The FIA sampling design is based on a tessellation of

the United States into approximate 6,000 acre hexagons with at least one permanent plot established in
each hexagon. In phase 1 (P1), the population of interest is stratified and plots are assigned to strata for
purposes of increasing the precision of estimates. In phase 2 (P2), tree and site attributes are measured for
plots established in the 6,000 acre hexagons. Phase 2 plots consist of four 24-foot fixed-radius subplots
on which standing trees are inventoried. Data from the phase 2 used in this study included total standing
live tree basal area (square feet) per acre and stand age (years) (for more information see NCRS 2003,
Bechtold and Patterson 2005).

In phase 3 (P3), a 1/16™ subset of P2 plots are measured for forest health indicators, including down
woody materials. Data from P3 plots were utilized in this study to estimate down dead tree information.
Coarse and fine woody debris are sampled as part of P3 on 24-foot horizontal distance transects radiating
from each FIA subplot center at 30, 150, and 270 degrees (Woodall and Williams 2005). FWD (1-,

10-, and 100-hour fuels) were sampled on the 150 degree transect on each subplot. FWD with transect
diameters of 0.01 to 0.24 inches and 0.25 to 0.90 inches (1- and 10-hour, respectively) were tallied
separately on a 6 foot slope distance transect (14 to 20 feet on the 150 degree transect). FWD with
transect diameters of 1.00 to 2.99 inches (100-hour) were tallied on a 10 foot slope distance transect (14
feet to 24 feet on the 150 degree transect). CWD was defined by the FIA program as down logs with a
transect diameter > 3 inches and a length > 3 feet. Transect diameter, length, small-end diameter, large-
end diameter, decay class, species, evidence of fire, and presence of cavities was collected for every CWD
piece encountered on each of the 3 24-foot transects on every forested FIA subplot. Transect diameter was
defined as the diameter of a down woody piece at the point of intersection with a sampling transect.

Analysis
Line intersect model-based estimators were used to determine 1-hour, 10-hour, 100-hour, and 1000-hour
per acre fuel loading estimates for each inventory plot (Van Wagner 1964, and Brown 1974). To determine
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Table 1—Primary species constituents of forest types and forest-type groups used in this study?

Forest type and Number

forest-type group® of plots Predominant constituent tree species

Oak/other pine 48 Oaks (Quercus spp. L.), pines (Pinus spp. L.)

Oak/loblolly 28 Oaks (Quercus spp. L.), loblolly pine (Pinus taeda L.)

Post oak/blackjack 11 Post oak (Quercus stellata Wang.), blackjack oak (Quercus
oak marylandica Muenchh.)

Chestnut oak 26 Chestnut oak (Quercus prinus L.)

White oak/red oak/ 173 White oak (Quercus alba L)., red oak (Quercus rubra L.), hickory
hickory (Carya spp.)

White oak 18 White oak (Quercus alba L.)

Northern red oak 13 Northern red oak (Quercus rubra L.)

Yellow-poplar/white 25 Yellow-poplar (Liriodendron tulipifera L.), white oak (Quercus alba L).,
oak/red oak red oak (Quercus rubra L.)

Sweetgum/yellow- 26 Sweetgum (Liquidambar styraciflua L.), yellow-poplar (Liriodendron
poplar tulipifera L.)

Chestnut oak/black 13 Chestnut oak (Quercus prinus L.), black oak (Quercus velutina Lam.),
oak/scarlet oak scarlet oak (Quercus coccinea Muenchh.)

Red maple/oak 7 Red maple (Acer rubrum L.), oak (Quercus spp.)

Mixed upland oaks 63 Upland oaks (Quercus spp.)

Sweetgum/nuttall oak/ 18 Sweetgum (Liquidambar styraciflua L.), nuttall oak (Quercus nuttalli
willow oak Palmer), willow oak (Quercus phellos L.)

Sweetbay/swamp 12 Sweetbay (Magnolia virginiana L.), swamp tupelo (Nyssa biflora
tupelo/red maple Walt.), red maple (Acer rubrum L.)

Black ash/American 15 Black ash (Fraxinus nigra Marsh.), American elm (Ulmus americana
elm/red maple L.), red maple (Acer rubrum L.)

Sugarberry/hackberry/ 20 Sugarberry (Celtis laevigata Willd.), hackberry (Celtis occidentalis L.),
elm/green ash elm (Ulmus spp. L.), green ash (Fraxinus pennsylvanica Marsh.)

Sugar maple/beech/ 138 Sugar maple (Acer saccharum Marsh.), beech (Fagus spp. L.), yellow
yellow birch birch (Betula alleghaniensis Britt])

Black cherry 5 Black cherry (Prunus serotina Ehrh.)

Hard maple/basswood 16 Hard maple (Acer spp. L.), basswood (Tilia spp. L.)

Elm/ash/locust 5 Elm (Ulmus spp. L.), ash (Fraxinus spp. L.), locust (Gleditsia spp. L.)

Upland red maple 19 Red maple (Acer rubrum L.)

Aspen 67 Aspen (Populus tremuloides Michx.)

Paper birch 37 Paper birch (Betula papyrifera Marsh.)

a Scientific nomenclature follows the USDA National Plants Data Center.
bSee North Central Research Station (2002); Miles and others (2001).

Proceedings of the 15th Central Hardwood Forest Conference

e-GTR-SRS-101


http://plants.usda.gov/cgi_bin/plant_profile.cgi?symbol=BEAL2

the number of CWD pieces per acre, de Vries’ (1986) line intersect estimation procedures were used (for
application see Waddell 2002). For further information regarding the sample protocol and estimation
procedures for the DWM sampled by the FIA program, see Woodall and Williams (2005). Means and
standard errors were determined for down woody variables by forest type and by classes of stand live-tree
basal area and stand age. Forest type was determined by forest typing algorithms currently utilized by the
FIA program to fulfill program reporting requirements (table 1). The forest type algorithm assigns forest
type and forest type groups according to the preponderance of stocking by individual species (Bechtold
and Patterson 2005). Additionally, significant differences among DWM means by classes were evaluated
using ANOVA. Ratios of CWD diameter classes were estimated by dividing the number of CWD pieces
per acre for a particular size-class by the total number of CWD pieces per acre.

RESULTS

Mean fuel loading estimates for fuel-hour classes varied considerably by hardwood forest type (table 2).
For 1-hour fuels, the northern red oak forest type had the highest fuel loadings, approaching 0.6 tons per
acre. By contrast, most other forest types had 1-hour fuel loadings between 0.14 and 0.5 tons per acre.

For 10-hour fuels, the elm/ash/locust, oak/loblolly, northern red oak, upland red maple, paper birch, and
yellow-poplar/white oak/red oak forest types had the highest fuel loadings meeting or exceeding 1.0 tons
per acre. On the contrary, levels in the post oak/blackjack oak, red maple/oak, and black ash/American
elm/red maple types were at or below 0.5 tons per acre. For 100-hour fuels, oak/loblolly, yellow-poplar/
white oak/red oak, sugar maple/beech/yellow birch, black cherry, paper birch, and upland red maple forest
types had the highest fuel loadings nearing or exceeding 3 tons per acre. In contrast, loadings in the post
oak/blackjack oak, white oak, black ash/American elm/red maple, and elm/ash/locust types were below
1.5 tons per acre. For 1000-hour fuels, the oak/other pine, white oak/red oak/hickory, and upland red
maple forest types had the highest fuel loadings nearing or exceeding 20 tons per acre. By contrast, levels
in the sweetgum/yellow-poplar, chestnut oak/black oak/scarlet oak, and sweetbay/swamp tupelo/red maple
types were less than 2 tons per acre. Finally, the oak/other pines, white oak/red oak/hickory, and upland
red maple forest types had the highest levels of total down woody material with loadings higher than 20
tons per acre.

The size distributions off 1000-hour fuels, otherwise termed CWD in broader ecological contexts, were
heterogeneous across hardwood forest types of the eastern US (table 3). The distribution of CWD sizes
was dominated by small pieces (3.0 to 7.9 inches in diameter) for most forest types. Ninety percent or
more of CWD pieces in the post oak/blackjack oak, chestnut oak/black oak/scarlet oak, sweetgum/yellow-
poplar, black cherry, and elm/ash/locust forest types fell within the 3 to 7.9 inch diameter range. In most
other forest types, 50 to 85 percent of CWD pieces fell within the 3 to 7.9 inch size class. The sweetbay/
swamp tupelo/red maple forest type had an average of thirty-three percent of CWD in the 8 to 12.9 inch
CWD diameter size class, while most other types had between 10 and 30 percent. Thirteen to 17.9 inch
pieces comprised 5 percent or less of CWD in all forest types, while pieces in the largest size class (18.0
and larger) were absent in most types.

Estimates of mean CWD generally increased by class of stand live basal area until a basal area greater
than 120 square feet per acre was attained, although ANOVA results indicated no significant difference
between class means (P = 0.167) (fig. 1). Estimates of mean FWD essentially remained the same across
classes of stand live basal area (fig. 1). Trends in estimates of mean CWD by class of stand age were
hardly discernable (fig. 2). Maximum mean CWD was attained at an age class of 75 to 99 years, while
the minimum mean was for the 100+ age class. Estimates of mean FWD decreased slightly as stands
increased in age, although ANOVA results once again indicated a weak relationship (P = 0.213).

DISCUSSION

The results indicate that the majority of hardwood forests in the eastern US contain total down woody
fuel loadings below 10 tons per acre. The oak/pine, oak/loblolly, white oak/red oak/hickory, and upland
red maple forest types contained the highest mean tons-per-acre of total down woody material of all
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Table 2—Mean fuel loadings for hardwood forest types in the Eastern United States

Forest type and 1- Standard 10- Standard 100- Standard 1,000- Standard Total down Standard
forest-type group®  hour  error  hour error hour error hour error woody error
tons/ tons/ tons/ fons/ tons/
acre acre acre acre acre

Oak/other pine 0.19 0.02 0.81 0.12 1.92 0.26 18.45 11.3 21.38 11.37
Oak/loblolly 0.22 0.04 1.02 015 3.06 0.88 10.94 6.37 15.24 6.53
Post oak/

blackjack oak 0.14 0.04 0.51 0.1 1.24 0.24 213 1.18 4.02 1.26
Chestnut oak 0.18  0.02 0.72 0.09 223 0.33 3.28 0.55 6.42 0.76
White oak/red

oak/hickory 0.21 0.01 0.64 0.04 1.77 012 19.21 6.77 21.84 6.76
White oak 0.22 0.03 058 0.06 1.22 0.26 8.69 2.69 10.76 2.69
Northern red oak 058 035 098 024 2.1 0.50 7.37 4.37 11.04 4.40
Yellow-poplar/

white oak/red oak 0.22 0.03 1.07 016  3.92 0.67 2.71 0.58 7.91 1.10
Sweetgum/

yellow-poplar 027 005 0.75 0.1 2.22 0.41 1.89 0.54 5.07 0.75
Chestnut oak/

black oak/

scarlet oak 036 013 078 013 262 0.78 1.49 0.42 5.26 1.00
Red maple/oak 016 0.05 042 0.08 149 032 3.73 0.72 5.79 0.67
Mixed upland oaks 0.18  0.02 0.86 0.13 1.89 0.28 7.09 4.57 10.04 4.61
Sweetgum/nuttall

oak/willow oak 023 003 078 0.16 226 0.55 3.26 1.19 6.53 1.41
Sweetbay/swamp

tupelo/red maple  0.14 0.06 0.83 0.27 2.48 1.04 1.55 0.65 5.00 1.33
Black ash/

American elm/

red maple 017 0.03 042 0.09 146  0.28 4.29 0.88 6.34 1.08
Sugarberry/

hackberry/elm/

green ash 017 004 089 0.18 2.09 0.38 3.13 1.14 6.29 1.45
Sugar maple/

beech/yellow birch 0.38 0.03 094 008 289 0.23 5.96 1.04 10.17 1.1
Black cherry 033 015 060 019 299 1.29 5.85 2.97 9.78 3.34
Hard maple/

basswood 029 005 065 0.20 1.82 0.37 7.49 1.75 10.26 2.18
Elm/ash/locust 0.15 0.04 1.52 0.79 1.34 0.68 2.60 1.47 5.61 1.87
Upland red maple  0.44  0.09 124 040 4.02 1.10 28.12 24.76 33.81 24.71
Aspen 0.15 0.02 0.73 0.12 207 0.35 5.21 0.95 8.16 1.12
Paper birch 024 007 097 028 316 048 6.17 1.05 10.55 1.43

@See North Central Research Station (2002); Miles and others (2001).
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Table 3—Mean ratios of diameter classes of coarse woody debris for hardwood forest
types in the Eastern United States

Forest type and 3.0- Standard 8.0- Standard 13.0 - Standard Standard
forest-type group® 7.9 error 12.9 error 17.9 error 18.0 + error
inches inches inches inches

Oak/other pine 0.85 0.04 0.1 0.03 0.01 0 0.03 0.02
Oak/loblolly 0.74 0.07 0.13 0.05 0 0 0.13 0.07
Post oak/

blackjack oak 0.93 0.03 0.07 0.03 0 0 0 0
Chestnut oak 0.82 0.03 0.1 0.03 0.05 0.02 0 0
White oak/red oak/

hickory 0.83 0.02 0.10 0.01 0.02 0 0.05 0.02
White oak 0.68 0.09 0.18 0.07 0.02 0.01 0.12 0.08
Northern red oak 0.73 0.08 0.18 0.05 0 0 0.08 0.08
Yellow-poplar/

white oak/red oak  0.83 0.05 0.13 0.05 0.04 0.02 0 0
Sweetgum/

yellow-poplar 0.89 0.04 0.09 0.04 0.01 0.01 0 0
Chestnut oak/black

oak/scarlet oak 0.94 0.03 0.04 0.03 0 0 0.01 0.01
Red maple/oak 0.87 0.05 0.12 0.05 0.01 0.01 0 0
Mixed upland oaks  0.85 0.04 0.08 0.03 0.02 0.01 0.04 0.03
Sweetgum/nuttall

oak/willow oak 0.73 0.10 0.10 0.04 0.04 0.03 0.14 0.08
Sweetbay/swamp

tupelo/red maple 0.66 0.14 0.33 0.15 0 0 0.05 0.03
Black ash/

American elm/red

maple 0.83 0.04 0.16 0.04 0 0 0 0
Sugarberry/

hackberry/elm/

green ash 0.83 0.04 0.15 0.04 0.01 0.001 0 0

Sugar maple/
beech/yellow birch  0.81 0.02 0.15 0.02 0.03 0.01 0.02 0.01

Black cherry 0.94 0.04 0.06 0.04 0 0 0 0
Hard maple/

basswood 0.86 0.03 0.07 0.02 0.03 0.02 0.04 0.03
Elm/ash/locust 0.91 0.01 0.09 0.01 0 0 0 0
Upland red maple 0.83 0.06 0.1 0.04 0.01 0 0.06 0.06
Aspen 0.84 0.02 0.13 0.02 0.01 0.01 0.01 0.01
Paper birch 0.84 0.03 0.14 0.03 0.02 0.01 0 0

Due to rounding, not all ratios will add up to 1 for individual forest types.
aSee North Central Research Station (2002); Miles and others (2001).
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Figure 1—Means and associated standard errors of fine woody debris (FWD) and coarse woody debris (CWD)
in hardwood forests across the Eastern U.S. by standing live tree basal area class.
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Figure 2—Means and associated standard errors for fine woody debris (FWD) and course woody debris (CWD)
by stand age classes (years).

forest type groupings and had larger ratios of CWD to FWD than most other forest types. These forest
types are prevalent in the hardwood forests of much of the eastern U.S. Within the context of fuel
loadings in forests across the nation, the fire dangers in eastern hardwood forests should be considered
low due to the mesic environments and relatively low mean fuel loadings. However, fire dangers might
be exceedingly high for local areas due to high fuel loadings (> 50 tons per acre) in isolated areas and
regional droughts.

For most hardwood forests, CWD constituted the majority of the total down woody fuel loading. With the
exception of upland red maple forest types, forests that had oak species mixtures often had the highest
mean CWD. Four out of the top five forest types in terms of highest CWD amounts were oak forest types
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(oak/other pine, oak/loblolly, white oak/red oak/hickory, white oak) accounting for almost a third of
study observations. Eyre (1980) also found unusually high levels of CWD in some eastern oak stands.
There may be a number of reasons why mixed species oak forests have higher levels of CWD. First,
across much of New England and New York beech bark disease (BBD) mortality has added unnaturally
high amounts of CWD to many stands (Gore and Patterson 1986). McGee (1998) estimated that BBD-
induced mortality may have increased CWD volumes by as much as 25 percent. Second, forests in the
southern U.S. are periodically infested with southern pine beetle (Dendroctonus frontalis Zimmermann)
(SPB) in varying degrees of severity (Coulson and others 1999). The SPB causes mortality in all pine
species often devastating entire softwood stands and resulting in large amounts of down woody material.
CWD is particularly prevalent when an SPB attack is followed by windthrow events and a lack of active
management (e.g., salvage logging) (Hanula 1993). In the southern states of Georgia, Alabama, Arkansas,
and Lousiana where hardwood forests are interspersed and commingled with yellow pine species, SPB
could account for much of the accumulation of down woody material. Bragg (2004) noted that in pine-
hardwood stands in southern Arkansas, pines contributed more DWM (60 percent) than hardwood species,
even though softwoods contributed less than 20 percent of the overstory stem count. Third, high levels of
CWD in oak forests may indicate widespread oak tree mortality. Thomas and Boza (1984) and Kessler
(1989) suggest that oak forests are in a state of decline highlighted by observed oak forest declines in
regions of the south-central US. The high level of CWD in oak forests may be another indicator of their
decline. In addition to oak decline, extensive gypsy moth defoliation has caused oak mortality for more
than a century in eastern and and north-central forests of North America (Davidson and others 1999).

In terms of wildlife habitat, CWD appears to be prevalent across most hardwood forests in this study.
However, we found that most hardwood forests have less than 10 tons per acre of CWD in sizes below 8
inches (transect diameter). Further, very few hardwood forests on average had any CWD pieces greater
than 13 inches, a finding supported by McCarthy and Bailey (1994). These results indicate that CWD
hardwood forest habitat may provide adequate structural diversity and ecological niches for smaller
fauna. Further, the moderate stages of CWD decay indicate no recent widespread mortality events and
no immediate loss of CWD habitat. However, the lack of large CWD pieces provides little habitat for
larger-sized fauna and may reflect decades of utilization and natural negative exponential stand size-class
distributions common (Spetich and others 1999) in eastern hardwood forests.

Relationships between standing tree attributes, such as stand age and density, and total down woody fuel
loadings refines understanding of stand dynamics and its role in DWM accumulation. For FWD, we found
no relationship with stand age or stand basal area. However, we found increasing CWD amounts with
increasing stand age and basal area (except for the highest classes of independent variables). Our findings
are similar to Spetich and Guldin (1999) with regards to the accumulation of DWM in southern Arkansas
and Northern Louisiana, and the increase of DWM with increasing basal area. Spetich and Guldin (1999)
found that accumulation of dead trees was highest in southeast Arkansas, and that increasing volumes
corresponded with increasing site productivity—a function of increased biomass corresponding with
increased dead wood volume over time. However, Nordén and others (2004) found no correlation between
DWM volume and basal area in temperate broadleaved forests in Europe, and suggested that stand age
and management, which also affect basal area, may preclude the use of basal area as a predictive variable.
Although we found possible relationships between CWD and stand age/density, future studies may need to
incorporate variables relating to ownership, climate, physiography, and stand history to further elucidate
CWD differences across large-scales.

CONCLUSIONS

We present results of one of the first regional assessments of DWM in hardwood forests of the eastern
US. Our estimates of DWM suggest that fuel loadings are not exceedingly high in most hardwood forests
and may only pose a fire danger in isolated areas of high fuel loadings in times of drought. Beyond
obvious fire danger assessment, our study also suggests: (1) the lack of large CWD pieces indicates a lack
of habitat for large fauna, (2) the prevalence of CWD in oak forests may indicate widespread impacts
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of forest pests and oak decline, (3) weak correlation between total woody fuels and stand age/density
indicate the difficulty in predicting DWM attributes for any given hardwood stand, (4) and climatic
attributes of temperature and moisture may influence the accumulation of CWD across the diverse
hardwood ecosystems of the eastern US. Although DWM may serve as an indicator of fire dangers and
habitat, it may also indicate the impacts of forest pests and resulting health of hardwood forests.
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IMPACT OF THE HEMLOCK WOOLLY ADELGID ON RADIAL GROWTH OF
EASTERN HEMLOCK IN PENNSYLVANIA

Donald D. Davis, Matthew S. Fromm, and Matthew D. Davis'

Abstract—We evaluated the past 60-70 years of radial growth of old-growth eastern hemlock
[Tsuga canadensis (L.) Carr] infested with the hemlock woolly adelgid (4delges tsugae Annand)
in south-central Pennsylvania. Although undocumented, the initial adelgid infestation may

have occurred within the stand in the early 1990s. Increment cores were extracted during May
2003 from lightly infested and severely infested canopy hemlocks. Those hemlocks that were
growing more slowly in the decades prior to adelgid infestation ultimately exhibited more severe
infestation. This indicates that that slower-growing hemlocks may be inherently more susceptible
to the adelgid, or that stressed trees growing on poor sites may be more susceptible. Radial growth
of severely infested canopy hemlocks was below normal by the mid-1990s; growth of lightly
infested trees began to decline several years later. Severely infested trees exhibited a short-term,
spike in growth immediately prior to a precipitous growth decline that eventually lead to mortality.

INTRODUCTION

In eastern North America, the hemlock wooly adelgid (HWA) was introduced into Virginia in the early
1950s (Suoto and others 1996), and has caused mortality of eastern hemlock from New Hampshire to
Georgia (Stoetzel 2002). Eastern hemlock has little resistance to this invasive, introduced adelgid, and
cannot sprout or refoliate following infestation; hemlocks of all age and size classes may be killed by the
adelgid. Presumably, there will be a drastic decrease in eastern hemlock populations and resultant stand
composition changes within infested hemlock areas (McClure 1999; Orwig and Foster 1998, 1999).

Severely infested canopy hemlock trees may die within 4 years after the initial infestation by the HWA,
or, in contrast, may survive for 10 years after infestation (McClure 1999, Orwig and Foster 1998). In
moderately infested stands, suppressed and intermediate canopy trees often experience higher amounts
of mortality than dominant and codominant trees, and trees on xeric or stressful sites may exhibit

more mortality than trees growing on more mesic sites. Orwig (2002) stated that radial growth of
eastern hemlocks declined precipitously in stands heavily infested with the adelgid, but presented only
preliminary growth information. Few studies have assessed the effect of the HWA on growth of eastern
hemlock, or on the relationship between growth rate and level of infestation. Much remains unknown
about the long-term implications of this adelgid on growth of hemlock within forests of eastern North
America (Orwig and others 2002, Kizlinski and others 2002). However, dendrochronology (i.e., tree-
ring analysis) offers a powerful tool for modeling growth trends and events relating to tree decline and
mortality (McClenahen 1995).

The objective of this study was to examine the relationship between infestation by the HWA and radial
growth of canopy, old-growth eastern hemlock.

PROCEDURES

Study Area

This study was conducted within the Hemlocks Natural Area (HNA), located within the Ridge and Valley
Province of the Susquehanna lowland region in Perry County, PA (40°15'N, 77°37' W). The HNA is
within the Tuscarora State Forest and encompasses approximately 50 ha of old-growth eastern hemlock
in a steep ravine that extends about 2 km in length (Pennsylvania Department of Conservation of Natural
Resources, Bureau of Forestry 1998). The area receives approximately 100 cm of annual precipitation,

! Donald D. Davis, Professor, Matthew S. Fromm, Graduate Student, and Matthew D. Davis, Research Assistant, The
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has an average annual temperature of 18°C, and an average temperature of 26°C from April 1 to August
31 during the growing season. Soils are classified as extremely-stony, sandy-loams that are deep, well
drained, and strongly- to extremely-acidic. Stones and rocks 0.5-2 m or more in diameter cover more than
50 percent of the soil surface (U.S. Department of Agriculture, Soil Conservation Service 1986).

By the late 1800s, most old-growth hemlock stands in Pennsylvania had been harvested for their bark that
was used for tanning leather; many surviving stands were later cut for lumber. However, the HNA was

not logged, and remains one of the few old-growth stands of eastern hemlock in the state. The area has

not undergone significant anthropogenic disturbance, and was designated a National Natural Landmark

by the National Park Service in 1973. Canopy hemlocks within the stand are several hundred years old;
Cook (1982) reported that the oldest hemlock was 448 years old (approximate pith age at 1.4 m in height).
Most canopy hemlocks in the stand have a diameter greater than 60 cm dbh; the greatest dbh recorded was
132 cm, and the tallest hemlock was 38 m during the most recent inventory (Pennsylvania Department of
Conservation of Natural Resources, Bureau of Forestry 1998).

In addition to eastern hemlock, the HNA contains a cohort of old-growth hardwoods including yellow
birch (Betula alleghaniensis Britton), sweet birch (B. lenta L.), northern red oak (Quercus rubra L.), red
maple (Acer rubrum L.), chestnut oak (Q. prinus L.), black gum (Nyssa sylvatica Marsh), yellow-poplar
(Liriodendron tulipifera L.), cucumbertree (Magnolia acuminata L.), and basswood (7Tilia americana
L.). However, eastern hemlock is the dominant tree species in the HNA, representing 80 percent of

the old-growth total basal area (Pennsylvania Department of Conservation of Natural Resources,
Bureau of Forestry, unpublished census data). Understory vegetation is very sparse beneath the dense
hemlock canopy, with pockets of regeneration occurring mainly within canopy gaps. The understory
flora is comprised mainly of birch seedlings, woodfern (Dryopteris spp.), and mountain winterberry
(Ilex montana Torr. and Gray), along with a very few hemlock seedlings. The invasive tree-of-heaven
[Ailanthus altissima (Mill.) Swingle] seedlings are beginning to colonize canopy gaps.

The natural area has not been actively managed since its inception, in order to allow undisturbed
processes of tree mortality, decay, and succession to take place (Pennsylvania Department of Conservation
of Natural Resources, Bureau of Forestry 1998). This was a rather simple task until infestation by the
adelgid. The date of initial infestation in the HNA is unknown, but local accounts state that visual effects
of the adelgid were apparent on the hemlocks by the mid-1990s. As of 2002, the old-growth canopy
hemlocks in the natural area were experiencing initial mortality caused by the HWA.

Data Collection and Analysis

During May 2003, increment cores were taken from 20 lightly infested and 20 severely infested,
codominant, canopy, old-growth, hemlock trees. Lightly infested trees were those that retained mainly
green needles and experienced <25 percent defoliation. Severely infested hemlocks retained very few
green needles and experienced >50 percent defoliation; crowns of severely infested trees often had a
distinct grayish cast. Most canopy hemlocks in the stand were likely infested at time of sampling.

Two cores were extracted from each tree at dbh, 180°apart, and parallel with the slope contour. Since
Cook (1982), had already cored the hemlocks to the pith in this same stand, we extracted shorter cores
containing only the past 60—70 years of growth. Increment cores were air-dried, glued in grooved wooden
mounts, sanded with progressively finer grits of sand paper, and buffed with lamb’s wool to enhance

ring boundaries. Cores were visually cross-dated (Stokes and Smiley 1996) to ensure that each ring was
assigned to the correct year, and to help with detection of missing, partial, or false rings. Annual ring
widths were measured to the nearest 0.001 mm with a Velmex (East Bloomfield, NY) tree ring-measuring
device. Data were organized using the program MeasureJ2X (Voor Tech Consulting, Holderness, NH),
and initially evaluated using the quality control program COFECHA (Grissino-Mayer 2001; Holmes
1983, 1985). Cores that did not meet quality control standards were re-measured and data re-evaluated
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using COFECHA. Growth data from cores that still did not meet standards were not used in further
analyses.

Mean annual growth patterns (ca. 1930-2002) of lightly infested trees (36 individual cores from 19 trees)

were graphed against the mean growth data from severely infested trees (31 individual cores from 17

trees). A dimensionless ratio was constructed as: (mean annual growth of severely infested trees) + (mean

annual growth of lightly infested trees) (Davis and Frontz 2003). This ratio allowed a direct comparison
of the difference in growth rates of severely vs. lightly infested trees. Since sampled hemlocks were all
codominants, and of approximately the same dbh, conversion of raw ring widths to basal area increment
(BAI) (Phipps and Field 1988) was deemed not necessary. In addition, we were interested in growth

trends, not absolute growth values.
RESULTS

Local reports indicated that the initial adelgid infestation of hemlock in the HNA probably occurred in

the early 1990s. Our results reveal anomalous growth patterns beginning approximately with the 1993
growing season, which supports these observations.

Examination of growth patterns prior to infestation revealed that slower growing hemlocks ultimately

became more severely infested by the HWA (in 2003), as compared to trees exhibiting better growth (fig.

1). In addition, the slower growing trees generally did not respond as much to favorable environmental

growing conditions as compared to the faster growing trees. This is especially noticeable during periods
for favorable growth, such as in 1943 and 1973.
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Figure 1—Average annual radial growth (mm) of old-growth eastern hemlock trees within the Hemlocks
Natural Area in southcentral Pennsylvania. The solid line indicates growth patterns of trees that were lightly
infested (n = 36 cores from 19 trees) at time of sampling in May 2003. Dashed line represents growth patterns
of trees that were severely infested (n = 31 cores from 17 trees) at time of sampling.
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The calculated ratio (fig. 2), although not illustrating the high frequency variation in annual growth,
illustrates even more clearly that trees that became severely infested were growing much slower (ratio <
1.0) during most of the pre-infestation period, as compared to trees that became lightly infested. However,
this pattern was not as evident during the early to mid-1930s and 1990s.

Growth patterns of the lightly infested and severely infested trees began to diverge in the early 1990s
(figs. 1 and 2). From 1993-1997, growth was greater in the severely infested trees, for the first time since
the early 1930s. The calculated ratio illustrates this most dramatically. The ratio noticeably displays the
magnitude of the growth decline of the severely infested trees. At the end of the study (May 2003), 7 of
the 17 severely infested hemlocks were dead.

DISCUSSION

During the pre-infestation period of 1930-1992, the slower growing hemlocks ultimately became more
severely infested by the HWA than did the faster growing trees. The slow growing trees may be located on
poor, dry micro-sites within a stand. This may cause increased stress to this shallow-rooted and drought-
sensitive species, resulting in less growth before the infestation, as well as more rapid decline following
infestation. Orwig and others (2002) reported that hemlock stands on xeric aspects succumb rapidly to
infestation, supporting this supposition.

The severely infested hemlocks experienced a sharp increase in growth in 1993, and for the first time
since the late 1930s, experienced greater growth rates than did lightly infested hemlocks. Although
the reasons for the rapid growth spike are unknown, the increase may be due to growth release due
to mortality of adjacent, competing, severely infested trees. In addition, infestation by insects may
temporarily stimulate growth of some tree species (Alfaro and Shepherd 1991). Also, increased soil
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Figure 2—Ratio of average annual radial growth (severely infested:lightly infested) of old-growth eastern
hemlock trees within the Hemlocks Natural Area in southcentral Pennsylvania. The horizontal line at 1.0
represents approximately equal growth between trees that were lightly infested (n = 36 cores from 19 trees) vs.
trees that were severely infested (n =31 cores from 17 trees) at time of sampling in May 2003.
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nitrogen levels, possibly related to nitrogen in needle-fall from adjacent dying trees (Jenkins and others
1999), may stimulate growth. This growth spike in 1993 further suggests that the adelgid infestation in
HNA was well established in 1992, and that the initial infestation likely occurred earlier, before visual
symptoms were apparent in the hemlock crowns.

Although faster growing hemlocks became less infested by 2003, radial growth decline was evident
within this population beginning around 2000. Duration of infestation ultimately controls the intensity of
decline and mortality (Orwig and others 2002), suggesting that these trees will likely continue to decline
in following years and succumb to the HWA. Severely infested trees were dying by the end of our study. It
took approximately 10 years for mortality to begin in this stand. However, at the current rate of hemlock
mortality, most old-growth trees in the HNA may be dead in a few years. This is important, as most
old-growth forests on public land in Pennsylvania contain eastern hemlock is a major component of the
overstory (www.dcnr.state.pa.us/wrcf/keynotes/summer99/growth.htm). Although small in area, these old-
growth hemlock stands are important as watersheds, recreation areas, and various public-use activities.
Perhaps more importantly, they serve as a benchmark describing real old-growth conditions. We may have
to use such datasets and descriptions in the future, to re-create new stands that will serve as “old-growth”
stands for future generations.
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TESTING THE EFFICACY OF TRICLOPYR AND IMAZAPYR
USING TWO APPLICATION METHODS FOR CONTROLLING
TREE-OF-HEAVEN ALONG A WEST VIRGINIA HIGHWAY

William E. Eck and David W. McGill'

Abstract—Tree-of-heaven (4ilanthus altissima [Mill.] Swingle) is a non-native invasive plant
that is spreading throughout much of the U.S. In this study, efficacy of the herbicides triclopyr
and imazapyr was tested using injection and basal bark treatment methods. No treatment was
100 percent effective. Only triclopyr injection was significantly different from other treatments,
providing the least control. Both injection and basal spray treatments with imazapyr affected
untreated neighbor stems, probably through root connections and/or root leaking.

INTRODUCTION

Originating in Southeast Asia, tree-of-heaven is now found on all continents except Antarctica (Udvardy
1998). In the Americas, tree-of-heaven can now be found from Massachusetts to Oregon and from Toronto
to Argentina (Hu 1979). In some locations, it is so common that it appears to be a part of the native flora
(Little 1979). It has been present in urban and agricultural settings for quite some time, often growing
where no other tree would, but is now spreading into our forests, displacing more desirable native trees.

Possible control methods for tree-of-heaven include manual (hand pulling, digging, girdling), mechanical
(chopping, cutting, mowing), burning, grazing, biocontrol, and chemical control (Hoshovsky 1988).
Successful control methods for tree-of-heaven will kill both the stems and roots while allowing for the
reestablishment of native vegetation on the site (Burch and Zedaker 2003).

Chemical treatments are often performed on tree-of-heaven with differing levels of success. Foliar
broadcast applications are effective in defoliating this species. Basal bark application may be used on
trees up to six inches in diameter. For larger stems, cut stump treatments, treating fresh-cut stem surfaces
with herbicide, may be effective (Randall and Martinelli 1996). A study of chemical control by Burch
and Zedaker (2003) was successful in removing existing trees, in preventing resprouting, and allowing
for reestablishment of native vegetation on the site. Basal bark treatments with an herbicide combination
including picloram (at least 5 percent of the product Tordon K) proved most successful. Treatments of
triclopyr ester, imazapyr, and a combination of the two herbicides all controlled A. altissima better than
cutting alone, but were not as effective as treatments containing picloram.

The quandary is that the label for Tordon K (picloram) reads, “Picloram is a chemical which can travel
(seep or leach) through soil and under certain conditions has the potential to contaminate groundwater
which may be used for irrigation and drinking purposes.” Because of the potential negative impacts

on water and on adjacent trees in high-valued broadleaved stands, it may be advisable to formulate
prescriptions that do not include picloram.

With the overall purpose of finding an herbicide treatment that can be used on the invasive tree-of-heaven
growing in broadleaved stands in the central Appalachians, we established a study to investigate the
efficacy of two commonly used herbicides in combination with two herbicide application methods. The
objective of this study was to test the efficacy of triclopyr or imazapyr applied by basal bark treatment or

! William E. Eck, Graduate Research Assistant, West Virginia University, Division of Forestry, Morgantown, WV 26505-6125;
and David W. McGill, Associate Professor of Forestry and Forest Resource Extension Specialist, West Virginia University,
Appalachian Hardwood Center, Morgantown, WV 26505-6125.
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stem injection. Our secondary objective was to observe damage to non-target stems that may occur by
means of root connections and seepage.

METHODS

Study Site

The study was established in a 0.44 mile long plot centered on the Mile 150 marker along the northbound
lane of [-79 in Morgantown, West Virginia. Several benches of shale and sandstone are present along most
of this study site. Exposed bedrock-derived soils grade into forest soils on the north end of the site. Tree
of heaven is a clonal species, but most of this stand was contiguous and there were no discernable isolated
clones.

Herbicides and Application Methods

Imazapyr and triclopyr were the herbicides selected for use in this experiment. These are commonly-used
forestry herbicides in many areas of North America, particularly in pine plantations of the Southeastern
United States.

Imazapyr inhibits the production of three chain amino acids necessary for plant growth and protein
synthesis (Tu and others 2001). Mortality of treated plants is largely dependent on the amount of amino
acids they have stored. Roots begin to die soon after application followed by aboveground growth
cessation; mortality generally occurs one month after treatment (Cox 1996). Imazapyr is reported to be
most effective during axillary budding (post-emergent) (Hanlon and Langeland 2000).

Triclopyr behaves like a synthetic auxin, imitating natural plant hormones (e.g. indoleacetic acid) and
causing the growing tips of the plant to elongate, distort, wither, and die (Ware 2000). Triclopyr herbicide
symptoms are likely caused by disorganized cell division that leads to vascular damage (WSSA 1994).

In the low volume basal bark treatments used in this study, the lower ten inches of selected tree-of-heaven
stems were sprayed until thoroughly wet, including the root collar area, but not to the point of runoff.
Garlon 4 (triclopyr ester) and Stalker (imazapyr) were used for each of the two low volume basal bark
treatments. Because of the low volume of herbicide that was needed for this study, herbicide was applied
with one liter spray bottles. These bottles were calibrated in the lab so that the volume of herbicide
mixture used to treat each tree could be estimated.

Stem injections were applied using the EZject® lance. The EZject inserts .22 caliber shells containing
solid herbicide through the bark and into the cambium. Injections are applied to the lower ten inches

of treated stems. Herbicides used in this method included imazapyr capsules (same active ingredient as
Stalker) and triclopyr amine capsules (same active ingredient as Garlon 3A). Triclopyr capsules contain
0.24¢g active ingredient (0.27g total), and imazapyr contain 0.18g active ingredient (0.24g total). Label
recommendations for injection rates are related to the size of the stem to be injected; one capsule per four
inches (dbh) of circumference. The number of capsules to be injected was calculated prior to treatment to
assure that each stem was injected with the recommended number of capsules.

Treatments and Assessment

During the summer of 2004, 150 tree-of-heaven stems were identified, mapped, and measured for use in
this study. Diameter and height measurements were taken to assess treatment differences in efficacy of
treatments by size class.

Thirty trees were randomly assigned to each of the four herbicide/application treatments. All treatments
were applied on August 4-5, 2004. Treatments included:
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1. Low volume basal bark — 20 percent Garlon 4 (61.6 percent triclopyr ester) in Aqumix (BB-T)
2. Low volume basal bark — 8.25 percent Stalker (27.6 percent imazapyr) in Aqumix (BB-I)

3. EZject — triclopyr (44.4 percent triethylamine salt) capsule injection (I-T)

4. EZject — imazapyr (83.5 percent imazapyr) capsule injection (I-])

Thirty untreated control trees were also randomly chosen. A 2.25m radius buffer was established around
each subject tree to diminish the possibility of herbicide translocation between adjacent treatment trees.
The two nearest living neighbor trees to each treated stem were marked, regardless of species, to monitor
for herbicide translocation.

Treatment stems were revisited in August 2005 (12 months after treatment) and were assigned a four-
category efficacy score using the following qualitative ratings:

1. Tree was treated, but with no apparent negative effect on growth or health of the tree
2. Treatment effects evident with partial defoliation or retardation of foliage development
3. Defoliation complete, suckering or sprouting present

4. Defoliation complete, no evidence of suckering

Numerical Methods

All analyses were performed using SAS (SAS 2003). Fisher’s LSD and Dunnett’s t-test were used as
mean separation procedures at the alpha=0.05 significance level. Qualitative ratings of treatment efficacy
are ordinal. Although they are used in many disciplines, parametric methods such as ANOVA are
inappropriate for analyzing data on an ordinal scale (Munzel and Bandelow 1998). Hence, efficacy ratings
for treatment stems were rank-transformed and ranks used as the dependent variable in a single factor
analysis of variance (e.g., Iman 1982).

RESULTS AND DISCUSSION

No treatment provided 100 percent control (i.e, both top-kill and no sprouting). A Dunnett test shows

that all treatments were significantly different in efficacy from the untreated controls. Table 1 shows the
differences between the treatments. LSD failed to show a significant difference between efficacy of basal
bark treatment of triclopyr (BB-T) and capsule injections of imazapyr (I-1). These treatments provided
the highest level of control. Triclopyr injection (I-T) provided the least control, with treated trees showing
little or no effect of herbicide treatment.

Table 1—Differences in level of control
between treatments based on mean rank of

ratings

Treatment N Mean rank of rating
I 30 68.3 A

BB-T 30 62.4 BA

BB-I 30 52.7B

I-T 30 19.3C

Means with the same letter are not significantly
different based on Fisher’s LSD.
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While imazapyr injections and both basal bark treatments resulted in total defoliation of at least 80
percent of treated stems (table 2), basal bark treatments with imazapyr had a higher proportion of treated
stems with root suckering than the others (fig. 1), explaining why it is significantly less effective. A
Dunnett test shows that only this treatment had a higher number of sprouts per stem than the untreated
control.

Although the control trees were not treated with herbicide, five of them had new suckers. This is not
surprising, as clonal growth in tree-of-heaven is often a response to injury or stress to the parent plant
(Kowarick 1995). The hot, dry shale slopes of the highway cut on which this study is located, likely
provide enough stress to cause some suckering, even in untreated stems. In fact, this site had many stems
showing severe basal damage due to downslope soil and rock movement with significant bark and woody
tissue damage on the uphill sides of these stems.

Several non-target hardwood stems adjacent to imazapyr treated trees (basal bark and injection treatments)
showed obvious signs of herbicide damage, including wilting, prolific axillary budding, and chlorosis

and necrosis of foliage. This effect was most common in tree-of-heaven stems (up to 15 feet from

the treatment stem), but was also observed in black locust (Robinia pseudoacacia L.) and white ash
(Fraxinus americana L.) up to 48 inches from the treated stem. This is likely the result of root leakage,

or root grafting between treated stems and those adjacent. No herbicide damage was observed in stems
neighboring triclopyr treated stems.

Table 2—Attributes of treated stems prior to and 12 months following herbicide

treatments
Root suckers Capsules Stems w/

Treatment D.b.h. per acre D.b.h. per stem Topkill root suckers

inches number ml/inch - ---- percent - - - - -
Controls 2.97 1,276 0 16.7
BB-T 3.05 4,359 2.76 90 13.3
BB-I 2.95 9,143 3.13 80 40
I-T 3.35 1,063 2.63 3.3 10
T-T 3.13 1,488 2.47 93.3 6.7

||:| Rating 1 [ Rating2 M Rating3 M Rating 4

0] -
90 1

80 1
70 A
60 A
50 1
40 1
30 1
20 1
10 1
0 T T T 1
BB-T BB-I I-T -1

Treatment

Efficacy (percent)

Figure 1—Proportions of trees at each level of control for all
treatments.
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Damage to untreated trees was not unexpected. In fact, the label for Stalker warns against possible
damage to nontarget stems through root uptake. Imazapyr exhibits soil activity (Anderson 1996) and

is known to be absorbed through the roots of plants outside of treated areas (USDA 1989). A study by
Kochenderfer and others (2001) showed that in a hardwood crop tree release in central West Virginia,
imazapyr treatments applied to competing trees adversely affected several crop trees. On one site, 66
percent of the crop trees were killed by imazapyr treatments applied to competing non-crop trees. As in
our study, they observed no nontarget herbicide damage in the triclopyr treatments. Herbicide damage
to untreated trees caused by imazapyr is of importance as tree-of-heaven is becoming increasingly
common in woodlots and forest gaps where incidental damage to other more valuable hardwood trees is
undesirable.

While damage to adjacent trees was not unexpected, the spatial extent of damage was, and only two
nearest neighbor trees were marked for observation. No design for collecting and quantifying damage
to unmarked trees was in place, so results of imazapyr damage are purely observational. More research
needs to be conducted on damage to nontarget stems when using imazapyr.

Management Implications

No treatment in this study provided 100 percent control of tree-of-heaven stems by killing both the
aboveground and belowground portions of the tree. We recommend against the use of triclopyr injection
since this treatment was the least effective. Imazapyr injection was not significantly more effective in
control than basal bark treatments with triclopyr. In areas with valuable crop trees or in mixed species
stands, it is not advisable to use imazapyr treatments based on this and other studies; in these situations,
basal bark treatments with triclopyr should be used. In tree-of-heaven stands where a monoculture has
formed, use of imazapyr treatments may be a useful strategy in achieving greater control.
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ABUNDANCE OF ARMILLARIA WITHIN OLD-GROWTH EASTERN
HEMLOCK STANDS IN SOUTH-CENTRAL PENNSYLVANIA

Matthew. S. Fromm and Donald D. Davis'

Abstract—In early summer 2002, 329 soil-sampling pits were dug within an old-growth, eastern
hemlock (Tsuga canadensis [L.] Carriére) stand in south-central Pennsylvania recently infested
with the hemlock woolly adelgid (Adelges tsugae Annand). For comparison, 199 similar pits were
dug in an adjacent hardwood stand. Rhizomorphs of Armillaria (Fr: Fr) Staude were recovered
from 8.5 percent of the sample pits in the old-growth hemlock stand, and from 6.0 percent of the
pits within the hardwood stand. Average lengths of rhizomorphs per sample pit were 1.8 and 1.6
cm within the hemlock and hardwood stand, respectively. For only pits that contained rhizomorphs,
the average length of rhizomorphs per sample pit was 21.5, and 26.6 cm within the hemlock and
hardwood stand, respectively. Based on IGS-1 rDNA sequence data, recovered Armillaria were
either A. ostoya or within the A. gallica/calvescens/sinapina group. There were no readily apparent
differences in Armillaria between the two stands.

INTRODUCTION

Root disease caused by Armillaria is one of the major problems on tree species worldwide (Kile and
others 1991). Infection by Armillaria often occurs on hosts weakened by some predisposing factor that
reduces overall vigor, compromising host defenses (Wargo and Harrington 1991). Defoliation caused by
insects is one of the most common predisposition factors associated with Armillaria infections in eastern
North America (Horsley and others 2002, Marcais and Wargo 2000, Twery and others 1990). Eastern
hemlock is declining throughout much of its range due to infestations by the introduced hemlock woolly
adelgid. Some infested hemlock stands have experienced 95 percent tree mortality in the overstory and
90 percent sapling mortality (Orwig and Foster 1998). However, in some cases hemlock mortality may
be restricted to 5 percent in infested stands. The reason for this great range in mortality is unknown,

but variability in species of Armillaria among infested stands may play a role. Armillaria species that
are more virulent or aggressive may cause greater mortality to adelgid-stressed hemlocks. In contrast,
Armillaria species that are predominantly saprophytic, or that infect mainly hardwoods, may cause

little mortality in an infested hemlock stand. Thus, correct identification of the species of Armillaria

in a stressed forest may greatly influence forest management plans and procedures. However, precise
identification of Armillaria species is often problematic (Perez-Sierra and others 2000).

Confusion has surrounded the taxonomy of the genus Armillaria for more than a century (Rishbeth 1982).
The genus is probably composed of about 40 species worldwide (Watling and others 1991). In North
America, Armillaria mellea sensu lato is considered to be comprised of ten genetically isolated, biological
species (North American Biological Species, NABS) (Anderson 1986, Anderson and Ullrich 1979, Banik
and others 1996, Morrison and others 1985). 4. mellea is the most divergent North American species of
Armillaria (Anderson and Stasovski 1992) based not only on phylogenetic data but also on morphology
(Bérubé and Dessureault 1988) and the lack of clamp connections (Korhonen 1978). A. ostoyae and A.
gemina are more closely related to one another than to the other species of Armillaria (Anderson and
Stasovski 1992). The remaining species, 4. sinapina, A. gallica, A. calvescens, A. nabsnona, A. cepistipes,
and NABS X are considered to be closely related to one another (Anderson and Stasovski 1992). These
NABS species-group concepts have been generally supported by other research groups (Coetzee and
others 2003, Frontz and others 1998, Piercey-Normore and others 1998, Terashima and others 1998).

! Matthew. S. Fromm, Graduate Student, and Donald D. Davis, Professor, The Pennsylvania State University, Department of Plant
Pathology, University Park, PA 16803.
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However, there has been increased interest in use of molecular techniques to identify Armillaria species
(Perez-Sierra and others 2000). The most widely used molecular technique for species identification has
been RFLP analysis of the IGS-1 region of the rDNA, pioneered by Anderson and Stasovski (1992). They
reported that two groups of Armillaria (1. A. gemina, A. ostoyae, and A. borealis; and 2. A. sinapina, A.
calvescens, A. lutea, A. cepistipes, NABS 1X, and NABS X) were more closely related to each other than
to 4. mellea and A. tabescens. The two groups could be separated from one another, but interrelationships
within the groups were unclear.

The objectives of this research were: 1) determine the abundance of Armillaria within two different forest
stands in south-central Pennsylvania; and 2) to use IGS-1 sequence data to identify species of Armillaria
within each stand. One stand was an old-growth, eastern hemlock stand recently infested by the hemlock
woolly adelgid, in which we were conducting other research. For comparison, a second-growth, mixed-
species hardwood stand that abuts the old-growth hemlock stand was also sampled.

MATERIALS AND METHODS

Study Area

The study area (40'15°N, 77°'37°W) is within and adjacent to an old-growth stand (Hemlocks Natural Area,
HNA), located within a steep ravine in Perry County, PA, U.S.A. (Pennsylvania Department of Conservation
of Natural Resources 1998). Soils are classified as extremely-stony, sandy-loam that are deep, well drained,
and are extremely- to strongly-acidic; stones and rocks 0.5-2 m or more in diameter cover about 50 percent
of the soil surface (U.S. Department of Agriculture, Soil Conservation Service 1986). Many hemlocks in
the stand have been dated, and are 400-500 years old (Cook 1982). The hemlocks have been infested by
the hemlock woolly adelgid since the mid-1990s, and hemlock mortality has recently occurred. In addition
to eastern hemlock, the HNA contains several old-growth hardwood tree species. The most common
associated hardwoods include yellow birch (Betula alleghaniensis Britton), sweet birch (Betula lenta L.),
northern red oak (Quercus rubra L.), red maple (Acer rubrum L.), and chestnut oak (Q. prinus L.).

Although sample sites were initially established within the old-growth HNA, we wanted to compare
Armillaria species composition and abundance in an adjacent mixed-species hardwood stand. This
hardwood stand abuts the HNA in the same ravine, and was likely originally a hemlock stand. However,
this stand had been harvested at various times, and is now a second- or third-growth hardwood stand
consisting of northern red oak, white oak (Q. alba L.), red maple, sugar maple (4. saccharum Marsh.),
and black gum (Nyssa sylvatica Marsh.), as well as a small percentage of young eastern hemlock trees.

Abundance of Soil-Borne Rhizomorphs

If abundant, soil-borne rhizomorphs would serve as an efficient source of material for isolate collection
and species identification. Also, a measure of rhizomorph abundance would allow estimation of potential
inoculum pressure from Armillaria in a forest stand (Wargo and others 1987). However, due to the
extremely rocky nature of the soil in the study area, soil samples could not be collected in a systematic
manner. Therefore, in areas where surface soil could be sampled due to lack of rocks, 329 soil-sampling
points were randomly established in the old-growth HNA, and 199 points randomly established in the
adjacent hardwood stand during the early summer of 2002. Wargo and others (1987) reported that 94
percent of Armillaria rthizomorph density was contained in the organic soil horizon (fermentation and
humus layers) of the forest floor, as opposed to the underlying mineral soil. Therefore, the unincorporated
surface litter was removed at each sampling point, and a 15 x 15 x 15 ¢cm cube of soil, consisting mainly
of organic matter, was extracted from the forest floor. At times the lower portion of the samples contained
a small amount of the upper mineral horizon.

Samples were placed in plastic bags and returned to the lab where they were evaluated for presence or
absence of Armillaria thizomorphs. Abundance (presence or absence) of rhizomorphs in each sample
was recorded. When present, the total length of rhizomorphs in the sample was measured to the nearest
0.1 cm. The density of rhizomorphs in each stand was calculated by dividing total rhizomorph length

Proceedings of the 15th Central Hardwood Forest Conference e-GTR—SRS-101



(cm) by number of soil pits. Significant differences (P = 0.05) in abundance (percent samples containing
rhizomorphs) and density (cm of rhizomorphs per sample) between the two types of stands were evaluated
using the two-sample T-test (abundance) and the non-parametric (density) Mann-Whitney test (Zar 1999).

Collection of Isolates for Identification

Initial data from the soil pits revealed that Armillaria rhizomorphs were very scarce within the soil of

the study area (see Results), and that pit excavation represented an inefficient method to collect isolate
material for culturing. Therefore, Armillaria rhizomorphs collected from the soil pits were not used for
culturing isolates, but only to estimate rhizomorph abundance in the soil. However, during location and
excavation of soil pits, we observed that Armillaria rthizomorphs commonly occurred on trees, logs, and
stumps within the study area. Therefore, during the late summer and fall 2002, and summer 2003, samples
of Armillaria were collected from tree material during a walk-through the entire study area, including
both the HNA and adjacent hardwood stand.

Initial observations revealed very little Armillaria on roots and root collars of standing live hemlocks.
Armillaria was more abundant on roots and root collars of hemlocks that were severely stressed by the
hemlock wooly adelgid or that had died from various causes. Therefore, in order to collect a sufficient
number of isolates for species identification, sampling was biased towards severely defoliated or dead
material. For standing dead trees or snags, bark was removed from the root collar and 2 to 3 large buttress
roots were excavated for 1 to 2 m from the trunk with a soil mattock and a soil knife. On stumps and
fallen trees, only the root collar was examined. Logs were examined by removing the bark at the butt end.

Armillaria thizomorphs or mycelial fans were removed from the host material, placed in labeled plastic
bags, and returned to the laboratory. Decayed wood was not sampled. A total of 72 samples were collected
from standing dead trees, standing live trees, fallen trees or logs, and stumps in the old-growth HNA; 30
similar samples were collected in the adjacent, second-growth hardwood stand. Sample numbers in each
stand were related to availability of suitable substrate material.

Isolation Techniques

Rhizomorphs were washed with tap water, surface sterilized with 10 percent Clorox for 5 minutes, rinsed
with sterile water, dipped in 95 percent ethanol, flamed, and plated onto 2 percent malt extract agar in
Petri plates. Tissue from mycelial fans was directly plated onto malt agar (Maloy 1974, Worrall 1991).
Cultures were grown on malt agar in the dark at 23" C within a controlled environment chamber for 4 to 6
weeks.

DNA Extraction, PCR, and Sequencing

Liquid cultures [100ml of liquid MY (20g/L malt extract and 2g/L yeast extract)] were inoculated with 10
1-mm?plugs of agar and mycelium (Anderson and Bailey 1989) and shaken at 100 rpm at ambient room
temperature in the dark. Mycelia were harvested on cheesecloth, rinsed with sterile distilled water, and
frozen in liquid nitrogen (Terashima and others 1998). Template DNA was extracted using the Qiagen
DNeasy Plant Mini Kit (QIAGEN Valencia, CA) following the manufacturer’s protocol.

The PCR protocol of Harrington and Wingfield (1995) was adapted to amplify the IGS-1 region of the
rDNA. Extracted DNA was used as template in the PCR reactions to amplify the IGS-1 region for the
unknown isolates (Coetzee and others 2003). Primers LR12R [S’CTGAACGCCTCTAAGTCAGAA3’
(Veldman and others 1981)] and O-1 [S’AGTCCTATGGCCGTGGAT3’ (Dushesne and Anderson 1990)],
were used for amplification of the IGS-1 region (Frontz and others 1998). PCR products were purified
before sequencing with a QIAquick PCR Purification Kit (QIAGEN Valencia, CA). Sequences were
generated by The Pennsylvania State University Nucleic Acids Facility with the ABI Hitachi 3100 Genetic
Analyzer fluorescence-based capillary electrophoresis unit. Approximately 20 to 40 ng of PCR product
was used for sequencing. IGS-1 sequences were obtained with primers LR12R (Veldman and others 1981)
and O-1 (Dushesne and Anderson 1990).
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DNA sequences were edited in DNAstar (DNA Star Inc., Madison WI) using SeqMan IlI. The forward
and reverse sequences were trimmed to remove non-readable sequences, and base calls were made when
necessary. Initial identification of the unknown isolates was based on nucleotide similarity with sequences
at GenBank, by using the BLAST search function of the database (Coetzee and others 2003). Unknown
sequences were aligned with sequences that showed the highest similarity from GenBank. Sequences were
aligned in the Megalign program of DNAstar, using the clustal W method, and the alignment was saved
as a PAUP file (http://www.sinauer.com/detail.php?id=8060#atitle). The neighbor joining method (using
uncorrected p value) was used to generate a tree with 4. nabsnona defined as the outgroup, since this
species falls outside our group of interest (Volk and others 1996). In addition, only six unknown isolates
were included in the analysis to eliminate the identical sequences among the unknown isolates that were
observed in preliminary distance analyses (data not shown).

RESULTS

Abundance of Soil-Borne Rhizomorphs

There were no statistical differences (p = 0.05) in number or length of rhizomorphs collected within

the two types of forest stands. Soil-borne Armillaria thizomorphs were recovered from 28 of 329 (8.5
percent) of the sample pits in the old-growth HNA, and from 12 of 199 (6 percent) sample pits within the
adjacent hardwood stand. Including soil pits that did not contain rhizomorphs (length = 0 cm), the average
lengths (cm) of rhizomorphs per sample pit were 1.8 and 1.6 cm within the HNA and hardwood stand,
respectively. When only pits that contained rhizomorphs were analyzed, the average length of rthizomorphs
per sample pit was 21.5, and 26.6 cm, within the HNA and hardwood stand, respectively.

Collection of Isolates for Identification

Of the 102 samples collected from trees, 85 (83 percent) yielded positive Armillaria cultures. In the
HNA, Armillaria was recovered from 40 of the 47 (85 percent) old-growth eastern hemlocks sampled;
Armillaria was also recovered from all three of the dead hemlocks sampled in the hardwood stand. With
regard to hardwoods, Armillaria was recovered from 23 of the 25 (92 percent) old-growth hardwoods
sampled in the HNA, and from 19 of the 27 (70 percent) younger hardwoods sampled in the mixed-
hardwood stand.

Within all sampled eastern hemlock trees (n = 50), Armillaria was recovered from approximately

86 percent of all trees. Within all sampled hardwood trees (n = 52), Armillaria was isolated from
approximately 81 percent of the trees. With regard to living or dead trees in both stands, Armillaria

was recovered from all (n = 31) of the dead hemlocks and 12 of 19 (63 percent) of the living hemlocks.
Armillaria was recovered from 15 of 23 (65 percent) of the dead hardwoods and 27 of 29 (93 percent) of
the living hardwoods.

Species ldentification

Of the 85 Armillaria isolates obtained from field-collected material, sequence data were usable from 71
of the unknown isolates. Initial BLAST searches revealed that the unknown sequences were similar to
either A. gallica or A. ostoyae. Phylogenetic analysis using neighbor joining trees revealed that unknown
sequences were most closely related to two species groups: 1) A. ostoyae/A. gemina and 11) A. gallica/A.
calvescens/A. sinapina/A. cepistipes/ NABS X. Of the 71 sequences, 11 (15 percent) of the unknowns
were identified as being in group I, whereas the other 60 (85 percent) were identified as in group II (fig.
1). Species identified as being in group I were most closely related to 4. ostoyae (fig. 1). However, exact
species identifications could not be obtained for unknown isolates within group II based on IGS-1 data.

DISCUSSION

Armillaria thizomorph abundance and lengths from the 528 soil samples within the study area were
very low, variability was high, and distribution of rhizomorphs was not uniform among sample plots.
Armillaria thizomorphs were recovered from only 8.5 percent of the sample pits in the old-growth HNA,
and 6 percent of the sample pits within the adjacent hardwood stand. In contrast, Wargo and others
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Figure 1—Neighbor-joining tree with 1,000 bootstrap replicates for known and unknown isolates.
Horizontal branch length and scale bar correspond to evolutionary distances measured as the
proportion of nucleotide substitutions between the sequences. Known isolates are labeled with
species names and GenBank accession numbers. 4. nabsnona was defined as the outgroup.
Unknown isolates UNK-013, UNK-019, UNK-029, and UNK-038 are representative of the 11
unknown isolates in group I. Unknown isolates UNK-004 and UNK-056 are representative of the
60 unknown isolates in group II.

(1987) found Armillaria rhizomorphs in 95 of 351 (27 percent) of soil pits excavated along a transect

in hardwood, transition, and boreal forests that contained declining red spruce (Picea rubens Sarg.) in
eastern U.S.A. They also reported that rhizomorph density (cm/sample) was 10 times greater in hardwood
stands than in transition or boreal stands. Twery and others (1990) also reported high variability in
rhizomorph abundance in the soils of mixed oak forests; although comparable data were not given, they
reported a direct relationship between rhizomorph abundance and proximity to dead trees, length of time
since defoliation, and time of tree death.

The greater abundance of Armillaria thizomorphs found in both of these studies (Twery and others 1990,
Wargo and others 1987) may have been related to stand history. Both harvesting and insect defoliation
may result in increased numbers of Armillaria thizomorphs in the soil. Stands that have been harvested
recently provide abundant dead and dying stumps and roots, food bases that are important for Armillaria
survival and spread (Pronos and Patton 1978). Since our old-growth stand had not been harvested, and
since the adjacent hardwood stand had not been harvested for many decades, it is likely that our stands
had less food base. Likewise, the infestation from the hemlock wooly adelgid was just initiating hemlock
mortality in our study area, and there were not large numbers of adelgid-killed hemlocks in the stand
whose roots would serve as food bases. Although present, dead trees and snags were not common in either
stand. It was surprising, however, that both the old-growth hemlock stand and the adjacent hardwood
stand had similar numbers of rhizomorphs in spite of differences in stand composition and history.
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However, the two stands were contiguous, located in the same steep rocky ravine, and had the same very
acidic soil. The lower numbers of rhizomorphs found in this area may be related to the acidic nature of the
soil, since some Armillaria species may be inhibited by low soil pH (Singh 1983).

In contrast to the limited abundance of Armillaria in the soil, as indicated by the limited recovery of
Armillaria in the soil pits, the fungus was abundant on dead trees and stumps in the two stands, and

83 percent of these samples yielded isolates for identification. Most samples taken were rhizomorphs
associated with root collars or roots. Only two samples consisted of mycelial fans, both of which yielded
positive Armillaria cultures identified as 4. ostoyae. Armillaria was recovered from 86 percent of all
eastern hemlocks sampled and from 81 percent of all hardwoods sampled. This was surprising, since
rhizomorph production may be greater from hardwood substrates than coniferous substrates (Wargo and
others 1987).

Phylogenetic analysis using the neighbor joining method revealed that our unknowns fell within two
species groups: 1) 4. ostoyae/A. gemina and 1) A. gallica/A. calvescens/A. sinapina/A. cepistipes/NABS
X. Isolates within group I were more closely related to 4. ostoyae than A. gemina.

The IGS-1 sequences from unknown isolates that cluster within group II are more closely related to each
other than to sequences of known isolates from other NABS available in sequence databases (fig. 1). It is
therefore unclear what species the unknown isolates in group Il may belong to. However, A. nabsnona,

A. cepistipes, and NABS X can be ruled out due to their limited geographic distribution in northwestern
North America (Banik and others 1996, Volk and Burdsall 1993, Volk and others 1996). It also appears
that these isolates are more closely related to A. gallica and A. calvescens than to A. sinapina based on the
distance analysis and bootstrap values that show 4. sinapina as being very closely related to 4. cepistipes
(fig. 1). This relationship between A. sinapina and A. cepistipes was previously reported (Terashima and
others 1998). However, true biological species definitions cannot be determined within this group using
the IGS-1 region of the DNA, since multilocus phylogenetic methods for determining species boundaries
have not yet been completed for Armillaria.
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ROTATION LENGTH BASED ON A TIME SERIES ANALYSIS OF
TIMBER DEGRADE CAUSED BY OAK BORERS

Richard P. Guyette, Rose-Marie Muzika, and Aaron Stevenson’

Abstract—Recent outbreaks of red oak borer (Enaphalodes rufulus Haldeman) are causing
unprecedented economic devaluation of red oak timber in many areas of the Ozarks in the
Midwestern United States. Managers have few guidelines for coping with this problem in the
long-term. Here we present a retrospective analysis of degrade in wood quality and value focused
on cumulative degrade caused by oak borers over a period of approximately 80 years. This study

is intended to provide managers with guidance on the temporal aspects of changes in wood

quality as these are related to timber value and damage from oak borers. A dendrochronological
determination of the cumulative number of dated xylem tunnels and wounds, basal area, and stand
age was used to assess changes in timber value in a red oak stand. We sampled 31 black (Quercus
velutina Lam.) and scarlet oaks (Q. coccinea Meunchh.) along two belt transects in a forest with
observable red oak borer activity and canopy dieback near Bixby, Missouri in the Ozark Highlands.
Cross-sections were taken along tree boles at one m intervals beginning at one m above the ground.
Annual growth increments were cross-dated (Stokes and Smiley 1968) and tree stem initiation
dates determined. We identified and determined the year of occurrence of 745 borer wounds on
137 cross sections. We used the cumulative frequency of dated injuries that occurred between 1925
and 2001 as a proxy for the amount of economic degrade that occurred throughout the life of the
stand. The cumulative distribution of dated borer wounds and tunnels increased exponentially from
the date of stand origin (circa 1925) with a dramatic pulse beginning about 1975. Based on data
from this location, the earliest time of harvest for maximum value was about 1975 at a rotation
length of about 60 years. After 1975 value either stayed the same or decreased depending on the
difference in price between degraded and sound wood. The study provides a new and important
approach to assessing temporal changes in red oak borer degrade caused by wood boring beetles.

INTRODUCTION

The numerous large tunnels (approximately 1 cm diameter x 20 cm long) resulting from red oak borer
(Enaphalodes rufulus Haldeman) outbreaks (Solomon 1995) are causing unprecedented devaluation

of red oak timber in many areas of the Ozarks in the Midwestern United States. Managers have few
guidelines for coping with timber quality problems due to chronic insect damage (Gansner and Herrick
1982) and changing environmental and forest conditions (Muzika and Guyette 2004). In this paper we
present a retrospective analysis focused on cumulative degrade caused by oak borers over a period of
approximately 80 years. This analysis provides guidance on temporal aspects of wood quality, rotation
age, and forest value due to damage from oak borers, thereby adding more information to the many
considerations for optimal rotation length (Brazee and Newman 1999). Site productivity and red oak
borer population dynamics vary greatly among sites and regions; therefore, this study’s major contribution
is to describe a means to assess the temporal dimension of red oak borer degrade in oak stands. We use
dendrochronological methods to determine the cumulative number of defects from dated oak borer xylem
tunnels and wounds, annual basal area increment at a given age, and stand age, and use these variables to
assess changes in timber quality that influence optimum rotation age. The specific objective of this paper
is to develop an equation that can be used to estimate the optimal rotation length for the best economic
value considering only oak borer damage.

! Richard P. Guyette, Research Associate Professor, Rose-Marie Muzika, Associate Professor, and Aaron Stevenson, Graduate
Research Assistant, University of Missouri, Department of Forestry, Columbia, MO 65211.
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METHODS

The study area was in the Mark Twain National Forest, near Bixby, Missouri, in the Ozark Highlands.
Using two belt transects in a forest with observable red oak borer activity and canopy dieback, we
sampled 31 oak trees, with approximately equal numbers from black oak (Q. velutina Lam.) and scarlet
oak (Q. coccinea Meunchh.). Cross-sections were taken along potential saw logs at one m intervals
beginning at one m above the ground. Annual growth increments were cross-dated (Stokes and Smiley
1968) and tree stem recruitment dates at 1 m in height. We identified and dated 745 borer wounds on
137 cross-sections. Injuries were identified as borer damage by wound configuration and characteristics
(e.g. size, xylem wound shape, holes in bark, excelsior fibers), the presence of borer tunnels and tunnel
stain traces, and the occurrence of live larvae in tunnels. Although all borer wounds can be dated, not all
borer tunnels on a cross-section are datable. Tunnels constructed within the wood do not elicit a growth
response from the dead heartwood or sapwood. However, every borer tunnel has an entrance wound and
often an exit wound, and year of entrance and exit were determined when these wounds occurred on the
sample cross-sections. Annual basal area increment (BAI) of the trees was estimated for each year by
calculating basal area increment from the ring-widths of the trees. The BAI was used as a cumulative
measurement of growth and increasing timber volume.

The timing and accumulation of timber quality defects can be estimated over the life of a stand of oak
trees from dated borer tunnels and injuries. The cumulative frequency of dated injuries that occurred
between 1925 and 2001 is used as a proxy for the amount of degrade that occurred in timber throughout
the life of the stand. We developed the assumption that all red oak borer tunnels and injuries reduce the
value of timber. We used hypothetical levels of price reduction at three levels for degraded timber. We
use the difference in price between timber that has no borer injury and the percent of this price for timber
with varying levels of degrade. Admittedly, there are many variables we have not included in this analysis
since the objective was to determine optimal rotation length based solely on timber quality degrade by oak
borers. For example, the price differential for degraded and non-degraded timber which affects optimum
rotation age would vary through time. This variability, although interesting, is difficult to document and
we do not address this in our analysis. Additional value may be gained when the stand regenerated or
when ingrowth can occur. We did not address these factors due to the limited nature of our study.

We developed an equation for estimating rotation age and tracking value in the stand based on (1) the
cumulative amount of wood increasing in the harvest trees each year, (2) the cumulative degrade to this
wood by oak borers, and (3) the difference between the value of degraded timber and undamaged timber.
This price differential (a constant) determines the magnitude of difference in annual value estimates while
the two time series variables (BAI and borer degrade) operate in opposing directions. We developed the
equation both theoretically (using known relationships among variables) and empirically by testing the
equation against known conditions. We assumed a linear relationship between economic value and the
number of oak borer tunnels and wounds.

The output of the derived equation was calculated for three scenarios of market value. We used three
levels of market price reduction (as percent of wood that is free of degrade): 25 percent, 50 percent, and
75 percent. The optimal rotation length was determined by the difference in value between degraded
lumber versus non-degraded lumber and the rate of degrade accumulation.

RESULTS AND DISCUSSION

The cumulative distribution of dated borer wounds (fig. 1) and tunnels increased generally in an exponential
form from the date of stand origin (circa 1925). During the last 20 years of the trees lives major borer
damage occurred with increasing frequency in 1982, 1986, 1996, 1998, and 2000. Beginning about 1975
the rate increases from about 3 wounds per year to 23 wounds per year for all cross-sections in the sample.
Whether this increase is due to the biology and population dynamics of the red oak borer or to environment
factors or both is not known, but this rate precedes abrupt decreases in timber value as predicted below.
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Figure 1—The cumulative distribution of dated borer wounds and tunnels determined from
cross sections of 31 red oak trees sampled at 1-m intervals along 10 m of bole. The rate of
borer wounding began increasing about 1975.

By comparing estimates of timber degrade (cumulative red oak borer wounds) with stand growth (BAI)
we can determine an optimum rotation age for timber value based on different scenarios of likely market
value (fig. 2). Timber value estimated from the accumulation of both borer tunnels and increasing basal
area of the stand is described by the equation:

TV (%) =PCBAI * {[(100-CBORER) + (pd * CBORER)]/100} (1)
where

TV(%) = percent timber value compared to undamaged timber
PCBAI = the cumulative percent increase in basal area
CBORER = cumulative percent borer damage

pd = degraded timber price/non-degrade price

Based on the first abrupt decline in annual estimates of relative value, these scenarios yielded a difference
in rotation length of 16 years (table 1). If there is no difference in market value for timber with and
without defect (e.g. firewood) then rotation length and value will not be different (Scenario 100%, fig. 2).

CONCLUSIONS

Cumulative indices of red oak borer degrade indicate that stand devaluation often begins one to two or
more decades before typical rotation lengths of 65 to 85 years. Also, this devaluation often goes unnoticed
until cutting begins. In these stands, once the rate of red oak borer activity increases (in 1975 in this study),
increase in stand volume does not offset devaluation due to borer damage under most price scenarios.
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Figure 2—Plots of relative timber value at four levels of time-constant price differential between borer
degraded and nondegraded timber. Rotation ages are based on the first abrupt decline in annual estimates of
relative value.

Table 1—Rotation age versus market price reduction due to oak borer
degrade in a red oak stand

Residual Harvest Constant Optimum
Scenario value® date® period © rotation @
75% value reduction 25% 1979 1979-1980 54 years
50% value reduction 50% 1980 1980-1994 55 years
25% value reduction 75% 1995 1994-1999 70 years

@Residual value represents degraded timber value divided by non-degraded timber value
and multiplied by 100.

bOptimum harvest date is defined as the calendar year of increasing value.

¢Constant period refers to the period when timber value remains the same despite

increasing BAI.
4Optimum rotation is the length of the rotation based on tree age.

In even aged, low site index red oak stands, where borer outbreaks and populations are high, short rotation
intervals of less than 60 years may be optimum if timber quality is a consideration. The optimum rotation
length for forests with severely degraded timber quality was 54 years. This study underscores the need to
consider insect damage in infested forests when determining optimal rotation length.
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RED OAK DECLINE AND MORTALITY BY ECOLOGICAL
LAND TYPE IN THE MISSOURI OZARKS

John M. Kabrick, Zhaofei Fan, and Stephen R. Shifley'

Abstract—Oak decline, the precipitous mortality of mature oak trees, has been a chronic problem
in xeric oak ecosystems and is reaching unprecedented levels in red oak group (Quercus section
Lobatae) species in the Ozark Highlands. The high rates of mortality are leading to rapid changes
in species composition, forest structure, and related changes in fire risk, insect populations, and
colonization patterns of root diseases such as Armillaria. Based on intensive analysis of more than
455 half-acre plots of the Missouri Ozark Forest Ecosystem Project (MOFEP), we compared red
oak mortality change by ecological land types (ELT) using a multiple comparison test. There were
significant differences in red oak mortality between certain ELTs. Using ANCOVA, we found

that the abundance of red oak species was a major contributor; stand structure and tree attributes
played a marginal role. The result is helpful for interpreting the landscape-scale change of red oak
decline and mortality.

Keywords: Ecological land type, mortality, oak decline.

INTRODUCTION

For more than a century, episodes of oak decline periodically have occurred wherever oaks are prominent
throughout North America and Europe (Kessler 1989, Starkey and others 1989). Since the 1970’, oak
decline has been a common and chronic problem throughout the oak-dominated forests of the Missouri
Ozarks (Law and Gott 1987). By 1999, oak decline had become widespread and locally severe on more
than 400,000 acres of forests throughout the Interior Highlands of Missouri, Arkansas, and Oklahoma
(Heitzman and Guldin 2004, Heitzman and others 2004).

In the Missouri Ozarks, widespread episodes of decline generally have followed periods of drought (Law
and Gott 1987, Lawrence and others 2002). Red oak group species (Quercus section Lobatae) have

been particularly susceptible, especially those that are physiologically mature and growing on drought-
prone, nutrient-deficient sites such as on ridges or south-facing slopes and on soils that are shallow or
rocky (Law and Gott 1987). High mortality of red oak group species in Missouri Ozark forests has been
associated with Armillaria root disease (Bruhn and others 2000) and infestation by oak borers and other
insect pests (Lawrence and others 2002, Starkey and others 2004).

The high mortality rates associated with oak decline are leading to rapid changes in species composition
and forest structure. Where large numbers of red oak group species are declining and dying, they are
being replaced by white oak group species (Quercus section Quercus) and other hardwoods (Kabrick and
others 2004). Rapid onset of mortality temporarily increases the density of snags and the volume of coarse
woody debris, changing wildfire risk and the behavior of prescribed fire. In some locations, unprecedented
numbers of oak borers have infested the dead and dying red oaks (Lawrence and others 2002). In addition
to the ecological ramifications, these large outbreaks of wood-boring insects have severely reduced the
merchantability of red oak sawtimber.

Because of the significance of oak decline to forest management, we wanted to know whether an
ecological classification system was useful for identifying places where the incidence of oak decline

and mortality would be greater or have more impact. Ecological classification schemes are used to
hierarchically classify forest systems at multiple scales (Bailey 1996). At the finest levels, ecological land

! John M. Kabrick and Stephen R. Shifley, Research Foresters, USDA Forest Service, North Central Research Station, Columbia, MO
65211-7260; and Zhaofei Fan, Research Associate, University of Missouri, Department of Forestry, Columbia, MO 65211-7260.

181
Proceedings of the 15th Central Hardwood Forest Conference e-GTR—SRS-101



182

types (ELTs) are mapped approximately at stand scales, each comprising distinctly different vegetation
communities and environmental conditions. In theory, different ELTs can be used to identify where red
oak group species are likely to be abundant and where site conditions are likely to hasten the onset of oak
decline. We examined the differences in the distribution and the decadal mortality rates of red oak group
species to determine how they differ among ecological land types in Missouri Ozark forests.

METHODS

We used data from The Missouri Ozark Forest Ecosystem Project (MOFEP), a long-term study examining
the effects of forest management practices on upland forest flora and fauna in oak-dominated forests.
MOFEP comprises nine study sites ranging from 312 to 515 ha. Study sites are located within the

Current River Oak Forest Breaks or the Current River Oak-Pine Woodland Hills land type association
(LTA) in the Ozark Highlands (Kabrick and others 2000, Nigh and Schroeder 2002). The Current River
Oak Forest Breaks LTA has narrow ridges and steep side slopes with relief of 90-137 m which exposes
the Roubidoux, Gasconade, and Eminence bedrock formations. The Current River Oak-Pine Woodland
Hills LTA has broad ridges with relief <95 m and exposes only the Roubidoux and Gasconade bedrock
formations. Within these LTA’s at the study area, ten ecological land types have been identified (fig. 1).

Since the first inventory on MOFEP was initiated in 1990, the 648 0.2-ha permanent plots have been
inventoried approximately every three years (completed in 1995, 1998, and 2002) to document the
condition of the woody vegetation. Information recorded included: species, size class or dbh for trees

>4 cm dbh, status (e.g., live, dead, den, cut, blow-down), and crown class (Jensen 2000). From this
dataset, we examined the fate of all black oaks (Quercus velutina Lam.) and scarlet oaks (Q. coccinea
Muenchh.) > 11 cm dbh that were alive during the initial inventory. We examined the fate of black oaks
and scarlet oaks because these two species are most susceptible to oak decline (Law and Gott 1987)

and together comprise 98 percent of the red oak group basal area in the Missouri Ozarks (Kabrick and
others 2004). We also restricted our analysis to a subset of 455 of the 648 vegetation plots that were not
harvested as part of MOFEP treatments. We monitored the total basal area (BA), the number of trees per
ha (TPH), and quadratic mean diameter (QMD) of 13,176 live black and scarlet oaks through 2002 for
each ELT on the nine MOFEP sites. We used Duncan’s multiple-range test (SAS® Institute Inc. 2000) to
compare mean BA, TPH and QMD among ten ELTs. We incorporated the initial condition (BA, TPH,
and QMD of live black and scarlet oaks in year 1990) as covariates, respectively, in analysis of covariance
(ANCOVA) to determine whether the detected differences among ELTs resulted from original abundance
or were associated with other characteristics.

RESULTS AND DISCUSSION

The cumulative mortality of black oaks and scarlet oaks (BA or TPH) differed significantly (p < 0.01)
among ELTs (table 1). Two prominent groups of ELTs were identified. The first group (ELTs 1 through
6 and 9) had greater mortality than the second group (ELTs 7, 8, and 10). No significant difference was
further identified within groups.

Greater cumulative mortality occurred on ELTSs that are droughty and nutrient deficient (fig. 1). For
example, ELTs 1 through 3 are located on convex summit and shoulder slope positions and ELT 9 occurs
at the convex-shaped ends of structural benches where soil water readily drains to lower slope positions.
The soils of these ELTs, as well as those of ELT 5 and 6, contain 35 to > 60 percent cherty gravel or
cobbles, diminishing their ability to hold and supply water. Moreover, the soils have low cation exchange
capacity and low base saturation, limiting their ability to hold and provide nutrients. Of this group of
ELTs, the water and nutrient supply capacities increase gradually from ELT 1 (having lower capacity)

to ELT 6 and 9 (having greater capacity). Similarly, there appears to be a corresponding gradient in
cumulative basal area of black oaks and scarlet oaks that died (table 1).

In contrast, the second group of ELTs (7, 8, 10), where cumulative mortality was lower, generally have
greater water supply capacity, nutrient supply capacity, or both (fig. 1). ELT 10 occurs on silty footslopes
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Upper Gasconade: Thick

Roubidoux Formation: Inter- beds of dolomites and
bedded sandstone, silicified cherty dolomites
sandstone, and sandy dolomite
Lower Gasconade: Finely
crystalline dolomite
with low guantities of
ELT 4 chert nodules
OoOyioL., ELT 3
ELT 6 N\ #BB0AEEL.
ELT 8 JOO0OCO00000. ELT 5
00000000000 ELT 7
A0OO00O00DO0RAL.
LA0000000000p000L //////
““r : "‘.- ELT 9
> . . /
ELT 10 py e’ N— .

Protected Aspects

Eminence Formation:

| .

Medium to thick beds of Exposed Aspects

dolomite with small amounts of chert

Ecological Land Types

Description

1. Roubidoux/Upper
Gasconade Summits

2. Roubidoux/Upper
Gasconade Shoulders

3. Exposed Roubidoux/
Upper Gascondade
Backslopes

4. Protected Roubidoux/
Upper Gascondade
Backslopes

5. Exposed Lower
Gascondade/Eminence
Backslopes

6. Protected Lower
Gascondade/Eminence
Backslopes

7. Exposed Variable-
Depth-to Dolomite or
Dolomite Glades

8. Protected Variable-
Depth-to Dolomite

9. Lower Gasconade/
Eminence Benches and
Shoulders

10. Footslopes

Slopes: < 8 percent; soils: moderately-deep to deep, gravelly or
cobbly with low base saturation; overstory: black oak, white oak,
scarlet oak, shortleaf pine; ground flora: Vaccinium spp.

Slopes: 8 - 20 percent; soils: moderately-deep to deep, gravelly
or cobbly with low base saturation; overstory: black ocak,
scarlet oak, shortleaf pine; ground flora: Vaccinium spp.

Slopes: > 20 percent; aspect: 135 - 315 degrees; soils: deep,
gravelly or cobbly with low base saturation; overstory: black oak,
scarlet oak, white oak, shortleaf pine; ground flora: Vaccinium
spp., Desmodium spp.

Same as ELT 3 except aspect: 315 - 135 degrees; overstory: white
oak, black cak, scarlet ocak; ground flora: Vaccinium spp.,
Desmodium spp., Smilacena spp.

Slopes: > 20 percent; aspect: 135 - 315 degrees; soils: deep,
gravelly or cobbly becoming clayey with depth and having moderate
base saturation; overstory: white cak, black oak; ground flora:
Vaccinium spp., Desmodium spp.

Same as ELT 5 except aspect: 315 - 135 degrees; soils: deep,
gravelly or cobbly with moderate base saturation; overstory: white
oak dominates; ground flora: Cimicifuga spp., Desmodium spp.
Slopes: variable; Aspect: 135 - 315 degrees; soils: depth is
variable and outcrops are common or extensive, gravelly or cobbly
becoming clayey with depth and having high base saturation;
overstory: chinkapin oak, white ash; ground flora: Smilax spp.,
Tephrosia spp., Silphium spp.

Same as ELT 7 except aspect 315 - 135 degrees; soils: clayey with
high base saturation, outcrops occur but are not extensive;
overstory: sugar maple, white ash, black walnut, chinkapin cak,
ground flora: Cimicifuga spp. Lindera spp., Smilax spp.

Slopes: < 20 percent; soils: deep, gravelly or cobbly with low
base saturation; overstory: black ocak, scarlet oak, white oak,
shortleaf pine; ground flora: Vaccinium spp., Desmodium spp.

Slopes: 8 - 20 percent; soils: deep, silty with moderate base
saturation; overstory: white oak, hickories; ground flora:
Desmodium spp., Smilacena spp.

Figure 1—Upland ecological land types (ELT) of the study area. ELT names include slope aspect (for slopes > 20 percent),
bedrock formation, and slope position. Landscape profile identifies the composition of the bedrock formation and illustrates the
approximate landscape location for each ELT. Overstory or ground-flora species are either dominant or diagnostic and are listed
in order of importance. Detailed descriptions of the ELTs are provided by Nigh and others (2000).
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Table 1—Black oak (Quercus velutina Lam.) and scarlet oak (Q. coccinea Muenchh.) initial
abundance and cumulative mortality, determined as basal area, trees per hectare, and quadratic
mean diameter for ecological land types on the nine MOFEP sites?

Live black oaks and scarlet Cumulative mortality of black oaks and
oaks at year 1992 scarlet oaks during 1992 — 2002
ELT BA TPH QMD BA TPH QMD
m?/ha cm m?/ha cm

1 10.7 a 144 abc 31.2a 2.36 a 34 a 27.8 ab
2 10.6 a 157 abc 30.2a 1.97 a 36 a 28.0 ab
3 10.1a 185 a 27.6 ab 1.99 a 33a 29.1a
4 10.7 a 146 abc 31.7a 1.97 a 27 ab 32.7 a
5 9.4 a 171 ab 279 ab 1.63 a 31a 26.3 ab
6 9.0a 121 cd 314 a 1.90 a 31a 26.9 ab
7 24b 58 e 224c 0.33b 6d 25.6 ab
8 39b 82 de 25.7 bc 0.62b 12 cd 20.7b
9 9.5a 135 bc 29.1 ab 1.58 a 23 abc 27.5ab
10 40b 61e 30.3a 0.67b 15 bed 26.3 ab
Pr>F <0.01 <0.01 <0.01 <0.01 <0.01 0.16

@ Abundance and diameter differences among ecological land types were identified with Duncan’s multiple-range test.
Within columns, values followed by a different letter indicate significant differences (o = 0.05).

MOFEP = Missouri Ozark Forest Ecosystem Project; ELT = ecological land type; BA = basal area; TPH = trees per
hectare; QMD = quadratic mean diameter.

where water and nutrient supply are relatively high. ELT 8 occurs on lower, north-facing slopes where the
underlying dolomite is sufficiently near the soil surface to provide large quantities of the base cations Ca
and Mg; however, the bedrock is not too near the surface to restrict root development. The anomaly was
ELT 7 because the underlying and outcropping dolomite of this ELT restricts growing space for trees. We
also found that the abundance of black oaks and scarlet oaks was considerably lower on this ELT than on
the others. This led us to question whether the cumulative oak mortality was related to the abundance or
diameter (i.e., a surrogate for tree age) of black oaks and scarlet oaks at the initiation of the study.

We found few differences among ELTs in the QMD of live or dead oaks. When the study was initiated
the black and scarlet oaks on ELT 7 were slightly smaller than elsewhere, but the QMD of the black oaks
and scarlet oaks that died during the study period was the same as for the other ELTs. This suggests that
greater cumulative mortality of some ELTs was not due to the presence of larger (and presumably older)
black oaks and scarlet oaks.

However, we found higher cumulative mortality of black oak and scarlet oak was strongly correlated to
a greater abundance of these species at the initiation of the study (table 1). ANCOVA indicated that this
association was highly significant (p < 0.01). After accounting for this abundance effect, we found the
cumulative mortality was no longer significantly different among ELTs (BA: p = 0.86; TPH: p = 0.10) at
the 95 percent confidence level (table 2). This suggested that the mortality rate of black oaks and scarlet
oaks did not differ proportionally among ELTs.

In combination, these findings provide a new perspective on the oak decline problem. Much like studies
reported elsewhere, our findings confirm that there is greater cumulative mortality of black oaks and
scarlet oak on sites that are drought prone and nutrient deficient (Heitzman and others 2004, Law and Gott
1987, Lawrence and others 2002). Moreover, they demonstrate that ELTs can be used to identify across
the landscape where the cumulative mortality of these species is likely to be greater. However, they also
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Table 2—Least square means and standard errors of
dead basal area, trees per hectare and quadratic mean
diameter of black oaks (Quercus velutina Lam.) and
scarlet oaks (Q. coccinea Muenchh.) at year 2002 for
each ecological land type adjusted by initial condition
at year 1992 in the analysis of covariance

ELT BA TPH QMD
m?ha cm

1 1.8+0.3 30+£3.8 257+23
2 14+0.2 29+3.6 26.9+2.1
3 1.6+0.2 20+£3.5 306+1.8
4 14+0.2 22+3.2 30.1+£1.9
5 1.3+£0.2 20+ 3.7 27.5+2.1
6 1.7+£0.2 32+3.5 246 +2.1
7 1.5+£0.3 22+3.8 30.3+24
8 1.5+£0.3 22+4.0 245126
9 1.3£0.2 21+£3.5 27.5+2.1
10 1.520.2 30+£3.6 252+1.9
Pr>F 0.86 0.10 0.24

ELT = ecological land type; BA = basal area; TPH = trees per
hectare; QMD = quadratic mean diameter.

suggest an alternative pathway leading to accelerated mortality of black oaks and scarlet oaks. Rather
than accelerating mortality, the drought-prone and nutrient-deficient site conditions of some of the ELTs
may have favored the colonization of black oaks and scarlet oaks following the extensive logging and
farming practices during the early 1900s. When young, these species are adapted to poor site conditions
(Johnson and others 2002). Consequently, black oaks and scarlet oaks must have been more competitive
for growing space, displacing other oaks and other tree species and eventually becoming the dominant
species. Because black and scarlet oaks become highly susceptible to oak decline as they mature, the
cumulative mortality of these species is higher anywhere that physiologically-mature black oaks and
scarlet oaks are more abundant.

Our findings do not discount the role of environmental stress in triggering the onset of oak decline.
Episodes closely follow periods of drought (Law and Gott 1987, Lawrence and others 2002, Stringer and
others 1989). However, it appears that the water supply differences among ELTs have little impact on the
mortality rate of individual black oaks or scarlet oaks. The total number or basal area of dead black and
scarlet oaks is higher on ELTs that have more of those species, but the proportion of those trees that die is
comparable across all ELTs we examined. Stringer and others (1989) also noted that site moisture regime
did not appear to play a role in oak decline in eastern Kentucky. There may be a physiological explanation
for why site moisture regime does not appear to be important. Jenkins and Pallardy (1995) suggested

that in the Missouri Ozarks, oaks on poorer sites allocate more photosynthate to their roots than oaks on
nearby higher quality sites. This mechanism enables oaks on the poorer sites to withstand the deleterious
effects of extreme drought as well or better than those on higher quality sites. This may partially explain
why the mortality rate of black oaks and scarlet oaks is about the same regardless of ELT.
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HERBICIDE TREATMENTS FOR CONTROLLING INVASIVE BUSH
HONEYSUCKLE IN A MATURE HARDWOOD FOREST IN
WEST-CENTRAL INDIANA

Ron Rathfon and Keith Ruble’

Abstract—Asian bush honeysuckles (Lonicera maackii [Rupr.] Maxim, L. morrowii Gray,

and L. tartarica L.) have proved extremely invasive in eastern hardwood forests. In addition to
displacing native forest ground flora and associated fauna, these understory shrubs pose a threat

to forest regeneration. Effective control strategies need to be developed to incorporate into routine
silvicultural prescriptions for affected stands. This study tested ten control treatments in a fully
stocked, mature central hardwood forest in central Indiana for efficacy and cost. Treatments
included: low volume foliar applications of 4 percent triclopyr (Garlon 3A), 3 percent triclopyr
(Garlon 3A) + 1/8 percent imazapyr (Arsenal), and 5 percent glyphosate (Glypro Plus), each
applied in both early spring and late fall; full basal bark application of 20 percent triclopyr (Garlon
4) in AX-IT basal oil; streamline basal bark application of 20 percent triclopyr (Garlon 4) in
AX-IT basal oil; and cut stump treatments with either picloram + 2,4-D (Pathway) or 20 percent
triclopyr (Garlon 4) in AX-IT. Treatment timings were chosen to test effectiveness of herbicide
control at a time of year when native vegetation would be least vulnerable to off target damage.
Efficacy was tested across four shrub size classes. All but one of the low volume foliar applications
were equally effective, controlling 70 to 94 percent of bush honeysuckle shrubs between 2 and

8 feet tall. Triclopyr applied in the fall (Nov. 2) provided only 2 percent control. Both basal bark
applications provided inconsistent and poor control. Both cut stump treatments were equally
effective on the larger two size classes of shrubs, but efficacy declined on smaller shrubs due to
operational difficulties of locating all shrubs in a treatment unit. Depending on bush honeysuckle
stand stocking and size distribution, treatment costs ranged from $83 per acre to $383 per acre.

INTRODUCTION

The introduction, promotion, invasion, and ultimate vilification of Asian bush honeysuckles (Lonicera
maackii [Rupr.] Maxim, L. morrowii Gray, and L. tartarica L., all herein collectively referred to as

BHS names) in North America are well documented (Luken and Thieret 1996). Their ecology and
impacts on native forest vegetation in the Central Hardwood Region have been extensively studied
(Deering and Vankat 1999, Gorchov and Trisel 2003, Hutchinson and Vankat 1997, and Luken and
Mattimiro 1991). These honeysuckles have demonstrated a very plastic physiological and morphological
response to varying light levels (Luken and others 1995). They attain their fastest growth rates in full
sunlight. BHS growth rates increase in direct proportion to increasing amounts of light following forest
canopy disturbances. Timber harvesting in forest stands with significant BHS populations in either the
understory or on the edges of the forest will only increase the dominance of BHS in the stand. This may
adversely affect forest regeneration and most assuredly will harm the native forest herbaceous and shrub
components and the wildlife dependent on them (Gould and Gorchov 2000).

The literature, including websites, is replete with general recommendations for controlling BHS. However,
little experimental research specific to BHS control has been published. Silvicultural prescriptions for
controlling BHS in forest environments are needed.

The objective of this study was to test the effectiveness of various herbicide delivery methods and specific
herbicide combinations commonly used in forestry vegetation management to control different sizes of
BHS shrubs in a heavily infested, mature, well-stocked Central Hardwood Forest. Herbicides were applied
during the dormant season to minimize damage to native vegetation. Preliminary cost data is also presented.

! Ron Rathfon, Extension Forester, Purdue University, Department of Forestry and Natural Resources, Dubois, IN 47527; and
Keith Ruble, Director, Vigo County Parks and Recreation Department, Terre Haute, IN 47807.
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METHODS

The 14 acre study site was on rolling topography with 5 to 10 percent slopes and primarily east to
southeast aspects. Soils consisted of deep silt loam, between 6.5 and 7.5 feet deep. White oak site index
(base age 50 years) was 90 feet (NRCS 2005).

The study was located in a mature, well-stocked hardwood forest, in a Vigo County Park, located east

of Terre Haute, in west-central Indiana. Tree stocking ranged from 70 square feet to 190 square feet,
averaging 114 square feet per acre of basal area. Dominant tree species included sassafras (Sassafras
albidum [Nutt.] Nees), black cherry (Prunus serotina Ehrh.), and red maple (Acer rubrum L.) comprising
22 percent, 19 percent and 17 percent, respectively, of the basal area. Miscellaneous oaks (Quercus), ash
(Fraxinus), elm (Ulmus), and yellow-poplar (Liriodendron tulipifera L.) comprised the remaining stand
stocking.

The experimental design was a completely randomized design with 11 different treatments, each
replicated three times, applied to 33 Ya-acre square treatment plots. The application methods were low
volume foliar, basal bark, and cut stump herbicide applications. Only hand applications (as opposed to
mechanized) were chosen for this study because of the need to test applications appropriate for typical
native forest conditions; i.e., heavy tree stocking, relatively rough terrain, poor accessibility by motorized
equipment, desire to protect native vegetation, and the limited array of equipment typically available to
foresters in the region.

The individual treatments were as follows:

1. Control

Low Volume Foliar:

2. SprTriclo = 4 percent triclopyr (12 1b ae/100 gal), 31.8 percent (3 1b/gal) acid equivalent (Garlon 3A?)

3. SprTriclo+Imaz = 3 percent triclopyr (9 b ae/100 gal), 31.8 percent (3 1b/gal) acid equivalent (Garlon
3A) + 1/8 percent imazapyr (0.25 1b ae/100 gal), 22.6 percent (2 Ib/gal) acid equivalent (Arsenal?)

4. SprGlyph = 5 percent glyphosate (15 1b ae/100 gal), 30.8 percent (3 1b/gal) acid equivalent (Glypro Plus
[see footnote 2])

5. FalTriclo = 4 percent triclopyr (12 b ae/100 gal), 31.8 percent (3 1b/gal) acid equivalent (Garlon 3A)

6. FalTriclo+Imaz = 3 percent triclopyr (9 b ae/100 gal), 31.8 percent (3 1b/gal) acid equivalent (Garlon
3A) + 1/8 percent imazapyr (0.25 1b ae/100 gal), 22.6 percent (2 Ib/gal) acid equivalent (Arsenal)

7. FalGlyph = 4 percent glyphosate (12 1b ae/100 gal), 30.8 percent (3 1b/gal) acid equivalent (Glypro Plus)

Basal Bark:

8. FullBas = Full Basal 20 percent triclopyr (0.8 1b ae/gal), 44.3 percent (4 1b/gal) acid equivalent [Garlon
4 (see footnote 2)] in AX-IT* oil-surfactant low volume basal oil

9. Stream = Streamline 20 percent triclopyr (0.8 1b ae/gal), 44.3 percent (4 Ib/gallon) acid equivalent
(Garlon 4) in AX-IT oil-surfactant low volume basal oil

10. Cut Stump:Pathway = Undiluted picloram, 3 percent acid equivalent + 2,4-D, 20.9 percent acid
equivalent, (Pathway [see footnote 2])

11. Triclo+AX-IT = 20 percent triclopyr (0.8 1b ae/gal), 44.3 percent (4 Ib/gal) acid equivalent (Garlon 4)
in AX-IT oil-surfactant low volume basal oil

2 Garlon 3A, Garlon 4, Glypro Plus, and Pathway are registered trade names of Dow AgroSciences.
? Arsenal is a registered trade name of BASF Corporation.
4+ AX-IT is a registered trade name of Townsend Chemical.
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Foliar herbicides were applied using a hand pump, piston backpack sprayer with an adjustable cone
nozzle. Blue dye was added to the herbicide to aide in identifying already-treated areas. Each foliar
herbicide treatment was applied in late fall (Nov. 4, 2002) or early spring (Apr. 4 and 10, 2003) to test the
feasibility of conducting BHS control operations during periods when native vegetation is dormant but
BHS is still photosynthesizing and is possibly capable of absorbing and translocating systemic herbicides
through its foliage.

Basal bark herbicide treatments were applied Jan. 7, 2003. Temperatures were below freezing and one-
inch of snow was on the ground. The full basal spray was applied with a hand pump diaphragm backpack
sprayer, using a cone-jet nozzle. Herbicide was applied from the root collar up the stem to approximately
12 to 15 inches on all sides. The streamline method of basal bark application was applied using a hand-
pump, diaphragm backpack sprayer with a 0.0001 inch orifice spray tip that delivers a pencil-lead thick
straight stream. Herbicide was sprayed in a 3 inch to 6 inch band, approximately 6 inches from the ground
to two sides of the stem. On stems smaller than 1 inch in diameter, herbicide was applied to only one side
of the stem.

Cut stump treatments were applied with a two-person crew where one person operated the chainsaw
while the second applied herbicide to the stump. The cut stump Pathway treatment was applied on

Feb. 13, 2003 using a hand pump piston backpack sprayer, applying herbicide to the cut surface. The

cut stump triclo+AX-IT treatment was applied on Jan. 21, 2003 using a diaphragm backpack pump,
applying herbicide to the cut surface and to the stump bark. Temperatures were at freezing or below with
approximately one inch of snow cover. Treatment application labor time and herbicide volumes were
recorded for each treatment plot.

Prior to treatment application, ten 1/385 acre circular subplots were established in each treatment plot.
BHS population was determined for each Ys-acre treatment plot by tallying shrubs in the 10-subplot
sample by one of the following four size classes:

Class 1 — 0 to 2 feet tall
Class 2 — 2 to 4.5 feet tall
Class 3 — 4.5 to 8 feet tall
Class 4 — over 8 feet tall

Shrub size classes were at first assigned with the aid of a telescoping height pole until field technicians
became proficient at assigning classes by ocular estimation.

BHS populations were inventoried in the fall of 2003 and 2004. In the fall of 2003 shrubs were tallied
according to 0 percent, 20 percent, 40 percent, 60 percent, 80 percent, 99 percent, and 100 percent
damage classes. All damage classes, except 0 percent and 100 percent were subjective estimates of

crown percentages showing some form of herbicide damage, i.e., twig, branch death or die back, or leaf
necrosis and deformity. The 0 percent class showed no damage while the 100 percent class appeared to be
completely dead. Pretreatment, 1st year, and 2nd year BHS populations and efficacy data were determined
from sample shrub counts.

Efficacy data was analyzed as the proportion of shrubs dead (100 percent damage class) after the first
growing season following treatment. Because proportion data do not usually fit a normal distribution, the
proportions were transformed using the following arcsine transformation equation (Zar 1984) prior to
statistical analysis:
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1 . /X . }X+1
p'=—|arcsin + arcsin
2 n+1 n+1

where

p' = the transformed proportion
X =number of BHS shrubs observed to be dead or assigned to a damage class within a treatment plot
n = total number of BHS shrubs inventoried within a treatment plot.

The transformed efficacy proportion data was then analyzed using a general linear models (GLM)
procedure and Duncan’s Multiple Range Test (SAS Institute 2001). The control treatment was not
included in this analysis since we were most interested in finding the most efficacious treatments and not
simply those that were significantly different from doing nothing. Individual treatment data was pooled
by herbicide delivery method to compare overall differences between these methods. Treatment data was
also pooled by size class to test overall responsiveness of different size BHS to control treatments. The
pooled method and size class data were analyzed as factorial combinations of each other in order to test
for significant interactions. First year BHS populations were compared to 2nd year populations for each
treatment using paired t-tests to show longer-term treatment effects.

RESULTS

The forest understory was dominated by BHS ranging from seedling size to large mature shrubs up to 15
feet tall (table 1). Across all treatment plots, BHS stocking across the full range of sizes averaged 1,596
shrubs per acre. Stocking for shrubs 4.5 feet and taller averaged 519 shrubs per acre. Amur honeysuckle
was the most dominant BHS. A small number of patches of Morrow’s honeysuckle were interspersed
throughout the total BHS population.

Low volume foliar application as an herbicide delivery method on BHS appears to provide better control
over a broader range of shrub sizes than basal bark and cut stump methods (fig. 1), with 69 percent, 26
percent, and 26 percent control respectively.

The smallest size class, class 1, sustained significantly lower levels of control (33 percent) than the three
larger size classes (fig. 2). This was likely attributable to the difficulty applicators experienced locating
and treating shrubs less than two feet in height, especially when they grow amid the dense foliage of the
larger shrubs. Many in this size class were simply overlooked.

Significant interactions between herbicide delivery method and height class indicated that individual
herbicide delivery methods were best suited to controlling specific BHS shrub sizes (fig. 3). This may

be intuitive for anyone with any familiarity with vegetation control methods. Smaller shrubs were most
easily treated with foliar applications. Foliar treatments were most effective for size classes 2 and 3. It
was impractical to treat the largest shrubs with backpack foliar applications. Basal treatments had overall
lower levels of effectiveness across all sizes with marginally better results with size classes 2 and 3 than
1 and 4. Cut stump treatments were effective on shrubs larger than 4.5 feet and ineffectual for smaller
shrubs due to the impracticality of trying to find and cut them with a chainsaw.

Low Volume Foliar Treatment Comparisons

Only size class 2 and 3 shrubs were used to determine efficacy of the individual low volume foliar
treatments. Because these two size classes responded similarly, their data were combined for analysis and
presentation. In year one, for low volume foliar treatments showing acceptable efficacy levels, mean control
levels ranged from 70 percent for SprTriclo to 95 percent for SprGlyph (fig. 4). Among the low volume
foliar treatments only the FalTriclo treatment was significantly different. All other treatments were equally
effective on size class 2 and 3 shrubs. Crown damage greater than 50 percent further reduced BHS overall
health and competitiveness in the SprTriclo, SprTriclo+lmaz, FalTriclo+Imaz, and FalGlyph treatments.
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Table 1—Asian bush honeysuckle pretreatment shrub inventory by height class for an
herbicide trial in an hardwood forest in west-central Indiana

Size class
1 2 3 4 Total
(0 — 2 feet) (2—-4.5"feet) (4.5-8feet) (8+ feet) (0 — 8+ feet)

Treatment? Mean SE Mean SE Mean SE Mean SE Mean SE
------------------------ Shrubs/acre - - - - === === - === -~
SprTriclo 820 167 974 293 692 558 154 117 2,641 1,087
SprTriclo+Imaz 385 308 731 402 449 126 205 34 1,769 859
SprGlyph 551 257 308 102 205 112 51 34 1,115 500
FalTriclo 423 89 308 22 397 151 179 56 1,308 204
FalTriclo+Imaz 295 239 526 148 385 97 0 — 1,205 260
FalGlyph 282 225 333 191 269 102 90 13 974 423
FullBasal 923 332 474 167 410 237 244 114 2,051 681
Streamline 628 128 500 44 397 144 77 77 1,603 237
CSPathway 936 714 269 212 256 26 282 141 1,744 999
CSTriclo+AX-IT 679 400 423 182 397 172 51 34 1,551 749
Total 592 97 485 67 386 63 133 26 1,596 197

SE = standar error; — = not applicable.
2 See text for individual treatment definitions.

F =5.95p=0.0037, a = 0.05

o84

Proportion shrubs killed

Foliar Basal bark Cut stump

Figure 1—First-year Asian bush honeysuckle control efficacy by method of herbicide
delivery in a hardwood forest in west-central Indiana. Efficacy is measured as the proportion
of shrubs across all size classes that are killed by the treatment.
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Figure 2—First-year Asian bush honeysuckle control efficacy by size class in a hardwood forest
in west-central Indiana. Efficacy is measured as the proportion of shrubs across all treatments
that are killed by the treatment. Size classes are: 1 = 0-2 feet tall, 2 = 2-4.5 feet tall, 3 =4.5-8
feet tall, 4 = over 8 feet tall.
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Figure 3—First-year Asian bush honeysuckle control efficacy for herbicide delivery method x
height class interaction in a hardwood forest in west-central Indiana. Efficacy is measured as the
proportion of shrubs killed by the treatment. Size classes are: 1 = 0-2 feet tall, 2 = 2—4.5 feet
tall, 3 = 4.5-8 feet tall, 4 = over 8 feet tall.
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Figure 4—First-year Asian bush honeysuckle control mortality and damage for three low-
volume foliar herbicide treatments, each applied in both early spring and early fall, for size
classes 2 and 3 (2-8 feet tall) combined in a hardwood forest in west-central Indiana. Mortality
and damage are measured as the proportion of shrubs killed or damaged. Damage classes are:
GT 50 percent = more than 50 percent of the crown with herbicide-inflicted damage; LT 50
percent = less than 50 percent of the crown with herbicide-inflicted damage, not including
shrubs exhibiting no herbicide-related injury.

The FalTriclo treatment was significantly lower than all other treatments with only 2 percent mortality.
FalTriclo had no long term effect on any size class of BHS. It, unlike the other herbicides, was apparently
not adequately absorbed, translocated, or metabolized by BHS at the lower air temperatures encountered
in the early November application to be effective. Air temperatures gradually declined through the last
half of October 2002. Nighttime temperatures dropped to 30 °F, 23 °F, and 31 °F for the three successive
nights preceding the November 2, 2002 application date, while the daytime highs ranged from 41 to 50 °F.
Following treatment application, temperatures remained relatively cool with daytime highs in the mid-40
°F range and nighttime lows ranging from 29 to 42 °F for three successive days. Warmer temperatures
followed this through the middle of November. Although leaf abscission did not begin until mid-to-late
November, BHS leaf color was just beginning to yellow in early November at this latitude. Most native
vegetation was dormant by the treatment application date.

The spring foliar treatment application dates were immediately preceded and followed by daytime highs
ranging from 44 to 75 °F and nighttime low temperatures ranging from 61 to 25 °F. BHS shrubs were
fully leafed out at this time, while most native woody species were still dormant or were only initiating
bud break. A few native herbaceous plants were emerging.

Year 2 BHS inventory data for size classes 2 and 3 combined showed no significant changes from year
1 data for any of the low volume foliar treatments (fig. 5). Resprouting of top-killed BHS was rare to
nonexistent in year 2.

Basal Treatment Comparisons

Full basal herbicide applications were most practically used to treat the two larger size classes (classes
3 and 4) considered in this study. This treatment resulted in 15 percent 1st year mortality in size class 4
shrubs and 40 percent 1st year mortality in size class 3 shrubs (fig. 6). In addition to 1st year mortality,
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Figure 5—Mean pretreatment, year 1, and year 2 Asian bush honeysuckle populations of size
classes 2 and 3 (2-8 feet tall) combined by low-volume foliar herbicide treatments in a west-
central Indiana hardwood forest.
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Figure 6—First-year Asian bush honeysuckle control mortality and damage for two basal bark
herbicide treatments for size classes 2, 3, and 4 in a west-central Indiana hardwood forest.
Mortality and damage are measured as the proportion of shrubs killed or damaged. Damage
classes are: GT 50 percent = more than 50 percent of the crown with herbicide-inflicted
damage; LT 50 percent = less than 50 percent of the crown with herbicide-inflicted damage, not
including shrubs exhibiting no herbicide-related injury. Size classes are: 2 =2-4.5 feet tall, 3 =
4.5-8 feet tall, 4 = over 8 feet tall.
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full basal treatment inflicted greater than 50 percent crown damage to 35 percent and 52 percent of the
shrubs in size classes 3 and 4, respectively.

Streamline basal applications were most efficiently used to treat small size classes. Streamline herbicide
applications would not be expected to deliver enough herbicide to kill large BHS shrubs. Over 60 percent
of class 4 size shrubs experienced light damage (<50 percent crown damage) from this treatment while
none experienced heavy damage (>50 percent crown damage) or mortality. However, the streamline
treatment did kill 30 percent and 32 percent of shrubs in size classes 2 and 3, respectively. This was

not significantly lower than the levels of mortality inflicted by the full basal treatment. In addition, the
streamline treatment produced >50 percent crown damage in 28 percent and 27 percent of the shrubs

in size classes 2 and 3 respectively. Size class 1 shrubs had much lower efficacy rates for both basal
treatments due to the operational difficulty of locating and individually treating such small shrubs.

There were no significant differences between year 1 and year 2 populations for any of the treatment by
size class combinations.

Cut Stump Treatment Comparisons

Since cut stump treatments were only practical to apply to larger shrubs, only size classes 3 and 4 were
analyzed for efficacy. Furthermore, size classes 3 and 4 were sufficiently similar in their responses to
combine them into one class (4.5 - 8+ feet) for analysis.

There were no significant differences in the efficacy between the two cut stump treatments (fig. 7). Both
achieved 100 percent control in class 4 size shrubs. Less than 100 percent control was achieved in class
3 shrubs only because of applicator error (both in cutting and applying herbicide). In extremely dense
populations of bush honeysuckle, operational scale treatment usually results in less than 100 percent
control in the first application.

not significantly different

Proportion

04 4+ — — —

024 — — —

Pathway Triclo+AX-IT

Figure 7—First-year Asian bush honeysuckle control mortality for two cut-stump herbicide
treatments for size classes 3 and 4 (4.5-8+ feet tall) combined in a west-central Indiana
hardwood forest. Mortality is measured as the proportion of shrubs killed.

Proceedings of the 15th Central Hardwood Forest Conference e-GTR—SRS-101

195



196

Treatment Costs

Table 2 contains treatment labor time, herbicide application rates, and herbicide costs based on product
retail prices. Labor costs were not provided as this can vary greatly between applicators. This data should
be viewed as preliminary and is presented to provide a range of costs using these methods with the
stocking and size distribution of BHS treated in this study. Assuming labor costs of a conservative $25
per hour, total costs ranged from $83 per acre on a low volume foliar glyphosate plot with comparatively
lighter BHS stocking (884 BHS per acre less than 4.5 feet tall and 269 BHS per acre greater than 4.5 feet
tall) to $383 per acre on a low volume foliar triclopyr plot with very heavy BHS stocking (2,500 BHS per
acre less than 4.5 feet tall and 2,192 BHS per acre greater than 4.5 feet tall).

Table 2—Asian bush honeysuckle (BHS) control labor, herbicide application, and herbicide cost
rates for an herbicide trial in an hardwood forest in west-central Indiana

Herb. 1 Herb. 2

BHS <4.5 BHS > 4.5 Labor time concentr. concentr. Herb.
Treatment? Plot feet tall feet tall applied applied cost?

- - - - numbers/acre - - - - hours/acre - - - gallons/acre - - - $/acre
SprTriclo 1 962 115 1.5 0.64 47.45
SprTriclo 2 1,885 231 1.3 0.45 33.33
SprTriclo 3 2,538 2,192 10.0 1.80 133.21
SprTriclo+Imaz 1 2,461 962 8.2 1.19 0.050 103.71
SprTriclo+imaz 2 769 577 5.7 0.78 0.033 68.09
SprTriclo+imaz 3 115 423 34 0.53 0.022 45,99
SprGlyph 1 885 269 2.7 0.53 14.60
SprGlyph 2 1,461 500 3.5 0.62 17.08
SprGlyph 3 231 0 2.4 0.44 12.18
FalTriclo 1 846 385 1.3 0.27 20.17
FalTriclo 2 731 962 5.1 0.96 7117
FalTriclo 3 615 385 6.5 1.24 92.17
FalTriclo+Imaz 1 1,231 308 2.3 0.27 0.011 23.15
FalTriclo+Imaz 2 808 577 1.3 0.24 0.010 20.95
FalTriclo+Imaz 3 423 269 1.7 0.20 0.008 17.18
FalGlyph 1 1,423 308 7.0 0.88 24 11
FalGlyph 2 77 192 2.7 0.34 9.39
FalGlyph 3 346 577 2.0 0.32 8.82
FullBasal 1 462 269 1.4 0.60 23.25
FullBasal 2 1,923 1,077 3.0 1.20 46.50
FullBasal 3 1,808 615 2.1 0.80 31.00
Streamline 1 1,077 615 2.3 0.42 16.43
Streamline 2 1,000 154 1.2 0.13 4.96
Streamline 3 1,308 654 2.1 0.38 14.57
CSPathway 1 3,038 654 6.5 2.68 21.16
CSPathway 2 500 654 6.3 2.60 20.53
CSPathway 3 77 308 3.5 1.00 7.90
CSTriclo+AX-IT 1 2,154 846 6.1 0.62 23.87
CSTriclo+AX-IT 2 1,000 154 1.7 0.15 5.89
CSTriclo+AX-IT 3 154 346 2.3 0.25 9.61

2See text for individual treatment definitions.
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CONCLUSIONS

The development of BHS control prescriptions should be based on BHS stocking and size distributions,
as well as overall forest stand conditions and management priorities, such as the importance of protecting
native vegetation. Low volume foliar treatments were effective across a broad range of BHS shrub sizes
up to 8 feet tall. Cut stump treatments were most effective and practical for BHS exceeding 4.5 feet tall.

All low volume foliar herbicide combinations, triclopyr, triclopyr + imazapyr, and glyphosate, were
equally effective at controlling two to eight feet tall BHS in both early spring and late fall applications,
except triclopyr applied in the late fall, which was completely ineffective. Both basal bark applications of
20 percent triclopyr in AX-IT basal oil provided inconsistent and poor control. The streamline method of
basal bark application was nearly as effective as the full basal bark application, however, for BHS up to 8
feet tall. More research is needed to develop effective prescriptions for this potentially valuable method
of controlling large BHS. Both cut stump treatments, Pathway and 20 percent triclopyr in AX-IT, were
equally effective in controlling BHS taller than 4.5 feet.

Once appropriate herbicide delivery methods are chosen the choice of specific herbicide combinations is
largely one of comparative costs and potential risks to native vegetation. For instance, the two cut stump
treatment herbicides were comparable to one another in cost and effectiveness, but the triclopyr + AX-IT
poses less risk to sensitive native species than does Pathway.

BHS control costs were proportionate to BHS stocking and size distribution. In more lightly stocked BHS
stands, control costs were in the range of those associated with timber stand improvement (TSI) in the
region and could potentially be done in conjunction with scheduled TSI operations. In heavily stocked
BHS stands, costs far exceeded those expected for intensive TSI operations. Mechanization of control
applications where they are feasible should reduce costs.
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COTTONWOOD LEAF BEETLE CONTROL WITH
IMIDACLOPRID SOAKED CUTTINGS

Terry L. Robison and Randall J. Rousseau'’

Abstract—Dormant, unrooted cuttings from three eastern cottonwood (Populus deltoides
Marsh.) clones were soaked in either water or one of two concentrations of Admire® 2 Flowable
(imidacloprid) insecticide. Half were planted immediately after soaking while the other half were
stored for 12 weeks at -2°C prior to planting. Trees from cuttings soaked in either the 0.053 or
0.106 percent imidacloprid solutions were significantly taller at each measurement date and had
lower levels of insect feeding than trees from cuttings soaked in water. Insect feeding on shoot
terminals was limited almost entirely to the control trees (water soaked). Treatment effects lasted
for over 14 weeks, but insect population levels were low at the end of the growing season limiting
damage. In a related observational study, imidacloprid treatment effects seemed to carry into June
of the second growing season.

INTRODUCTION

Cottonwood leaf beetle (Chrysomela scripta F.) is a major defoliator of Populus plantations (Abrahamson
and others 1977, Burkot and Benjamin 1979, Coyle and others 2005) with preferred clones containing
parentage from the Aigeiros or Tacamahaca sections (Caldbeck and others 1978, Harrell and others

1981, Bingaman and Hart 1992). Both cottonwood leaf beetle (CLB) adults and larvae feed on young
leaves, with larvae causing the most damage. When population numbers are high, larvae may completely
consume young leaves and shoot tips. Because CLB have up to five generations per year (Coyle and others
2005), high population levels can be attained quickly under favorable conditions (Bingaman and Hart
1992) such as warm, extended growing seasons (Mattson and others 2001). Near the confluence of the
Mississippi and Ohio Rivers, we have observed intense CLB feeding pressure from bud break throughout
the growing season.

Eastern cottonwood makes its most rapid growth during the first three years after planting. Plantations are
particularly susceptible to CLB infestations during this period because of the high percentage of succulent
leaf and stem tissue (Bingaman and Hart 1992, Coyle and others 2005, Fang and Hart 2000). An artificial
defoliation study showed that during the first two growing seasons Populus growth and biomass may be
reduced by one-third when defoliation reaches 75 percent (Reichenbacker and others 1996). Recent field
studies indicate that heavy CLB defoliation (approaching 100 percent) during the first two years resulted
in height and diameter growth losses greater than 50 percent (Mattson and others 2001, Coyle and others
2002).

Carbofuran, chlorpyrifos, carbaryl, dimethoate, and various Bacillus thuringiensis Berliner (Bf) endotoxin
formulations have been effective in controlling CLB (Coyle and others 2000). Carbofuran provided long-
term control of CLB and other cottonwood pests such as the cottonwood borer (Plectodera scalatum)
because of its long soil residual and systemic activity. However, this chemical is no longer labeled for

use on cottonwood. Carbaryl, chlorpyrifos, and dimethoate are labeled for CLB control, but mounting
pressure to further restrict these pesticides may limit their use. Bt products (Coyle and others 2000) and
carbaryl are highly effective, but their residual activity is low and repeated applications are needed to
maintain adequate control levels. Application timing is critical, and often insecticides are applied after
substantial damage has occurred. Residual and systemic actions are desirable insecticide traits.

! Terry L. Robison, Research Scientist, ForestConcepts, LLC, Paducah, KY 42001; and Randall J. Rousseau, Project Leader,
ForestConcepts, LLC, Paducah, KY 42001.
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Studies in the Pacific Northwest indicate Admire® 2 Flowable (imidacloprid), also a systemic insecticide,
applied through drip systems was highly effective in reducing population abundance of CLB and aphids
[Phylloxerena popularia (Pergrande)] (Unpublished data, Douglas Walsh, Department of Entomology,
Washington State University, Irrigated Agriculture Research and Extension Center, Prosser WA). These
results were used to obtain a supplemental label for Admire® 2 Flowable for use on Populus in Oregon and
Washington.

Imidacloprid was introduced in the early 1990s as the first chloronicotinyl insecticide. It disrupts an
insect’s nervous system by acting as a competitive inhibitor at nicotinic acetylcholine receptors (Liu

and Casida 1993). It is the most widely used insecticide in the world with various formulations used

in over 120 countries on more than 250 crops (Personal communication. 2004. David Rogers, Product
Development Manager, Bayer CropScience, Product Development, P.O. Box 12014, Research Triangle
Park, NC). The wide acceptance is founded on the effectiveness of the chemical, the safety to its
handlers, and its enhanced environmental safety. Studies show imidacloprid undergoes complete biotic
degradation in the soil, degradation is enhanced by sunlight, there is little soil accumulation even with
repeat applications, and it does not persist in aqueous environments (Krohn and Hellpointner 2002). It is
highly toxic to bees and house sparrows; moderately toxic to aquatic invertebrates, upland game birds,
and earthworms; and slightly to not toxic to fish and waterfowl (Anon. 2003, Elbert and others 1990, U.S.
Environmental Protection Agency 1994).

“Seed-piece” soaking is used for treating sugarcane stalks, Saccharum sp., and seed potatoes (Solanum
tuberosum L.) with imidacloprid prior to planting. In these cases, the sugarcane stem section or potato
“seed-piece” serves as the reservoir for the chemical instead of the soil. This method may work similarly
with dormant, unrooted cottonwood cuttings. Cost per cutting would be substantially less using this
method versus applying imidacloprid directly to the soil. Moreover, potential toxic effects to bees,

birds, and fish would be minimized. Because this application method has not been tested previously on
cottonwood, we evaluated its use on a sample of operational clones to determine its effectiveness and
detect potential harmful effects such as reduced survival. Because storage times for operational cuttings
can vary from zero to 25 weeks, we also wanted to test the effects of storage on chemical stability and
insect control.

PROCEDURES

The study was located on an unprotected (located between levee and Mississippi River), alluvial site

in Pemiscot County, Missouri that was previously in row crops. The soil is Commerce silty clay loam,
which is considered excellent for cottonwood growth. Site preparation consisted of disking followed by
row marking and sub-soiling at 3.66 m intervals. The experiment was arranged in a factorial design with
randomized complete blocks. Cottonwood clones (3 clones), planting dates (2 dates), and Admire® 2
Flowable solution concentrations (3 levels) were the three factors combining for a total of 18 treatments.
A nine-tree row plot represented each treatment in each block for a total of 72 plots. A three-tree border
planted with untreated cuttings separated plots. Dormant, unrooted cuttings from three MeadWestvaco
clones (WV000099, WV000413, and WV000426) were submerged for 17 hours in 0, 0.053, or 0.106
percent Admire® 2 Flowable solutions. To verify stability of the insecticide, one-half of the cuttings
were planted immediately after soaking (February 27, 2004), and the other half were planted after
approximately 12 weeks of storage at -2°C (May 21). Cuttings were planted at intervals of two feet along
the sub-soiled rows.

Insect presence and leaf feeding damage were assessed every seven to 25 days to evaluate treatment
effects. Assessment began on May 12 and June 3 for the first and second planting dates, respectively, and
lasted through October 6. Total height was measured to the nearest 0.1 m on July 15, September 1, and
October 6. CLB presence was recorded using the following categories:
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0 = no insects

1 =CLB eggs

2 = 1% instar

3 =2 instar

4 = 3" instar

5 = adult

6 = other feeding insect

Feeding damage was rated on the top eight leaves (LPI 1-8) (Larson and Isebrands 1971) using the
following scale (Coyle and others 2002, Fang and Hart 2000):

0 =no feeding on LPI 1-8

1 = light feeding; sample feeding to <33 percent LPI 1-8 missing

2 = light to moderate feeding; 33-50 percent of LPI 1-8 missing; main leader intact

3 = moderate to heavy feeding; 50-75 percent of LPI 1-8 missing; main leader intact

4 = heavy feeding; > 75 percent of LPI 1-8 missing; main leader and terminal bud heavily damaged or
destroyed

Arcsine transformations of individual plot proportions were computed for insect presence, substantial
feeding damage (score >2), and terminal damage (score =4) on all survey dates and for end of year
survival. Analysis of variance for arcsine transformations and height data were generated using PROC
GLM, SAS/STAT software (Version 8.1 of the SAS System for Windows. Copyright® 1999-2000 SAS
Institute Inc. SAS and all other SAS Institute Inc. product or service names are registered trademarks or
trademarks of SAS Institute Inc., Cary, NC, USA).

RESULTS AND DISCUSSION

Survival

On October 6, 2004, overall test survival was 92 percent. Significant survival differences were detected
for planting date (P<0.01) and clone (P<0.001). Survival for the February 27 planting was 94 percent
but dropped to 90 percent for the May 21 planting date. The decrease in survival is more likely related

to environmental conditions at the May planting date than to cutting storage conditions. Overall clone
survival was 98, 96, and 82 percent for WV000099, WV000413, and, WV000426, respectively. Based on
previous experience, the decreased survival for clone WV000426 is an anomaly, and may have resulted
from poor handling or improper storage prior to assembling the test. Most important, no differences
were detected for survival of any clone at the various Admire® 2 Flowable concentrations (P>0.99),
which indicates that the chemical had no detrimental effects on this sample of operational clones at these
concentrations.

Height Growth

Height was significantly greater (P<0.001) for trees receiving either Admire® 2 Flowable treatment

than control trees at all measurement dates for both planting dates (fig. 1). The 0.053 percent and 0.106
percent treatments did not differ from each other on any measurement date. End-of-season heights for
treated trees averaged 30 to 60 cm greater than control trees for the early-planted and late-planted trees,
respectively. No second or third order interactions were significant, but heights varied significantly among
clones at the final measurement date (P<0.01). Regardless of soaking treatment concentration, WV000099
was taller than the other two clones at each measurement date for each planting date, and the difference
became greater later in the season (fig. 2).

CLB Populations and Feeding Damage

Insects first appeared in noteworthy numbers around May 21 on trees planted February 27, approximately
one month after bud break (table 1). Initially, insecticide treated plots had fewer trees with CLB than the
control plots. In June, CLB levels increased dramatically, and we found CLB on nearly all treated trees
and on 79 percent of the control trees during the June 21 survey. The lower CLB presence may have
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Figure 1—Mean height by planting date (T1 = 2/27/04 top three lines; T2 = 5/21/04 bottom
three lines) and Admire® 2 Flowable soaking concentration (0 = 0 percent, 1x = 0.053 percent,
2x = 0.106 percent) for all trees. Bars indicate mean standard error.

450

400

350

300

250

200

Height (m)

150

100

50

_X T1.099

T4 426
T1413

T2 413

7 8/1 9N 10/1
Measurement date

Figure 2—Mean height by planting date (T1 = 2/27/04 top three lines; T2 = 5/21/04 bottom
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Table 1—Mean percent trees with leaf-feeding insects, with feeding damage score > 2 (affecting
33 percent of top eight leaves), and with feeding damage score > 4 (terminal shoot damage)

for trees treated with either 0 percent, 0.053 percent, or 0.106 percent Admire® 2 Flowable
insecticide and planted February 27, 2004 (clones were combined for this analysis)

Trees with leaf—feeding Trees with feeding damage  Trees with feeding damage
insects (mean %) score > 2 (mean %) score = 4 (%)
Admire® 2 Flowable soaking solution concentration

Date 0 0.053% 0.106% 0 0.053% 0.106% 0 0.053% 0.106%
May 12 1a Oa Oa 1a Oa Oa Oa Oa Oa
May 21 54a 28b 15¢ 9a Ob Ob 3a Ob Ob
May 26 60a 35b 31b 13a Ob 2b 4a Ob Ob
June 3 60ab 67a 53b 30a 2b 1b 5a Ob Ob
June 10 85a 87a 77a 37a 3b 2b 3a Ob Ob
June 21 79a 97b 99b 100a 94ab 83b 40a 3b 2b
July 6 37a 33a 22b 38a 27ab 12b 5a Ob Ob
July 15 23a 4b 7b 1a Oa Oa
August 4 4a 2a 2a 2a Oa Oa 0 0 0
September 1 35a 39a 31a Oa 1a Oa 0 0 0
September 16 26a 22a 21a 1a Oa Oa 0 0 0

Note: mpty cells indicate data not collected for that variable and date.
For a particular date and variable, means followed by the same letter are not significantly different
(0.05) using Tukey’s HSD.

resulted from increased terminal damage on control trees resulting in less desirable leaf tissue available
to CLB than on the less damaged, treated trees. In early August, levels dropped and remained low until an
outbreak of CLB in early September. During the October 6 height measurements, CLB levels were very
low and incidence data were not collected.

Cuttings planted May 21 developed quickly with bud break initiating within one week. CLB populations
were low on the developing cuttings, but from June 3 to June 21 the percentage of trees with CLB climbed
steadily on the control trees to over 80 percent (table 2). Less than 30 percent of the treated trees (either
concentration) had CLB at this date. As with the February planted trees, CLB populations then dropped
until an outbreak in early September when fewer control trees had CLB than the treated trees.

Substantial feeding damage was defined as occurring when CLB feeding affected more than 33 percent
of the top eight leaves (feeding damage scores > 2). Throughout the season, the percent of trees with
substantial feeding damage was always greater on control trees than on treated trees for both planting

date with the 0.106 percent treatment showing the least damage in most instances. For the trees planted in
February, feeding damage on treated trees approached that of the control trees only in late June and early
July when CLB populations were the highest (table 1). On June 21, 100 percent of the control trees had
feeding damage while 94 percent and 83 percent of the 0.053 percent and 0.106 percent treatment trees,
respectively, had damage. Damage to insecticide treated trees planted in May was always much lower than
the control trees except late in the year when feeding damage was found on less than 10 percent of trees
across treatments (table 2).

Regardless of planting date, very few trees in the 0.053 percent or 0.106 percent treatments had terminal
damage (feeding score = 4) indicating that Admire® 2 Flowable nearly eliminated heavy CLB feeding in
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Table 2—Mean percent trees with leaf—feeding insects, with feeding damage score > 2
(affecting 33 percent of top eight leaves), and with feeding damage score > 4 (terminal shoot
damage) for trees treated with either 0 percent, 0.053 percent, or 0.106 percent Admire® 2
Flowable insecticide and planted May 21, 2004, after 12 weeks of storage at -2 °C (clones
were combined for this analysis)

Trees with leaf-feeding Trees with feeding damage  Trees with feeding damage

insects (mean %) score > 2 (mean %) score =4 (mean %)
Admire® 2 Flowable soaking solution concentration

Date 0 0.053% 0.106% 0 0.053% 0.106% 0 0.053% 0.106%
June 3 1a Oa Oa 0 0 0
June 10 30a 5b 2c 5a Ob Ob 0 0 0
June 21 81a 28b 28b 64a Ob Ob 19a 1b Ob
July 6 30a 19a 21a 52a 1b Ob 11a Ob Ob
July 15 29a 1b Ob 6a Ob Ob
August 4 2a 4b 6b 4a 1b 3ab 2a 0Ob 1ab
September 1 43a 49ab 60b 9a 3b 4b 1a Oa Oa
September 16 31a 16b 16b 13a 3b 4b 3a Ob Ob

Note: empty cells indicate data not collected for that variable and date.
For a particular date and variable, means followed by the same letter are not significantly different (0.05) using
Tukey’s HSD.

this study (tables 1 and 2). Even during the June 21 survey date when population and feeding levels were
high, terminal feeding remained low on treated trees. These observations indicate that imidacloprid is
directed to the growing points of the plant and concentrated in the actively growing shoot tips. These data
and observations show that imidacloprid does not prevent CLLB from colonizing cottonwood leaves. The
beetles are often found in large numbers on treated trees, but their feeding activity is limited, especially at
the actively growing shoot tips.

Observations

Both Admire® 2 Flowable soaking treatments resulted in reduced feeding damage, especially terminal
damage, and increased height growth compared to the control. CLB control lasted at least through July
15 as indicated by the reduced levels of damage and terminal feeding on treated trees compared to the
controls. This translates to almost 14 weeks of control from bud break for the first planted trees. Reduced
CLB numbers and damage levels throughout the test later in the growing season made it difficult to
determine whether CLB control continued longer in this test. In other crops, the length of control is
related to application rates, and it may be possible to extend control past 14 weeks using higher solution
concentrations (Personal communication. 2004. David Rogers, Product Development Manager, Bayer
CropScience, Product Development, P.O. Box 12014, Research Triangle Park, NC). Indeed, trees treated
with 0.212 percent Admire® 2 Flowable in an observational trial near Wickliffe, Kentucky had far less
CLB damage than controls through June of the second growing season.

Leaves on treated trees appeared glossy compared to control tree leaves especially during the first
one-third of the growing season. This appearance was also observed in the observational trial. Bayer
CropScience supports this observation indicating that along with the healthier appearance of plants, yield
data shows that when compared to other insecticides, Admire® 2 Flowable enhances growth of other crops
beyond that attributed to insect control (see www.BayerAdmire.com). In our study, the low to moderate
CLB populations during the growing season might imply that the growth enhancement for treated trees
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could be attributed partially to the insecticide treatments. More detailed studies comparing growth rates
using this and other insecticides are needed to determine if this is true for cottonwood.

The effectiveness of soaking treatments regardless of planting date indicates that time in cold storage

did not degrade the insecticide once imbibed by the cuttings. Moreover, the first planted cuttings were in
the ground for almost two months prior to growth initiation. The chemical apparently was not leached or
otherwise degraded during this period. Both of these observations are consistent with manufacturer claims
regarding low volatilization, tight soil binding, and slow breakdown in the absence of light. The tight soil
binding characteristics seem to be reflected in the binding within the cuttings.

Cost Analysis

Admire® 2 Flowable is an expensive insecticide for forestry use considering the 473 to 976 mL/ha rates
currently recommended for cottonwood when applied through drip irrigation or when knifed into the soil.
At $153/L, these methods cost $180 to $358/ha for the chemical alone suggesting that it should be used
only on high-value plantings such as nurseries. However, the soaking treatment described herein reduces
the chemical cost to $2.55/ha using a 0.106 percent solution concentration and the highest uptake rate
calculated from pre- and post-soaking cutting weights (21 mL solution per cutting). At a spacing of 3.66
m square, this translates to less than 16.7 mL/ha Admire® 2 Flowable at a cost of $0.0034 per cutting. The
cost of handling, including soaking tank development, will increase the actual application cost.

An improved chemical formulation has been released with an expanded label that includes methods
described in this paper. The new product formulation, Admire® Pro Systemic Protectant, provides better
mixing properties eliminating foaming and tank residue.
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DOWN DEADWOOD DYNAMICS ON A SEVERELY
IMPACTED OAK DECLINE SITE

Martin A. Spetich’

Abstract—Following a 3-year drought from 1998 to 2000, oak decline symptoms began to appear
throughout many parts of the Ozark Highland region of Arkansas and Missouri. Changes in down
deadwood that occurred at one site during the oak decline event are described and discussed. In
2000, 24 deadwood measurement plots 0.2025 ha (45 m by 45 m) in size were established. The
down deadwood on all plots was remeasured in the spring of 2005. Because 6 plots were burned
in March of 2004, changes on only 18 of the 24 plots are considered. In each inventory, all down
dead woody material with a diameter of 10 cm or greater was measured on each plot. Changes in
volume occurred across the site. Overall, median total volume increased from 15.8 m3/ha to 22.9
m*/ha (p=0.016). Down woody material was further divided into decomposition classes 1 through
5, where class 1 represents the least decomposed and class 5 represents the most decomposed
material. Decomposition class 1 increased from a median of 0 m*/ha in 2000 to 0.13 m*/ha in 2005
(p=<0.001). Class 2 increased from a mean of 2.1 m*ha in 2000 to 4.7 m*/ha in 2005 (p=0.013).
There were no significant changes in down deadwood volume for decomposition classes 3, 4, or

5. The number of pieces of down deadwood also increased from a mean of 184 pieces per ha in
2000 to 245 pieces per ha in 2005 (p=0.003). Results show an increase in down deadwood input.
However, at this stage increases are generally in the smallest, least decomposed material on this
dry and rocky site. The diameters of down deadwood pieces are small because inputs are mostly
from branches and small trees. Most large trees that died have remained standing.

INTRODUCTION

Large-scale oak mortality events have likely occurred for as long as there have been oak-dominated
forests. Fifty-seven oak mortality events have been recorded in the eastern United States between 1856
and 1986 (Millers and others 1989). These include one in 1959 in the Ozark Mountains of Arkansas
(Toole 1960), one in 1980-1981 in northwestern Arkansas (Bassett and others 1982, Mistretta and others
1984), and mortality that occurred in Missouri from 1980 to 1986 (Law and Gott 1987). The current
oak decline event in Arkansas and Missouri has severely affected up to 120000 ha in the Ozark National
Forest of Arkansas alone (Starkey and others 2004).

In the Eastern U.S., oak decline is considered a complex set of interactions involving many factors (Wargo
and others 1983). Manion (1991) describes it as resulting from the interaction of three major groups of
factors: predisposing factors, inciting factors, and contributing factors. Predisposing factors include tree
physiologic age and tree density, soil conditions, and topography; inciting factors include drought and
defoliating insects; and contributing factors include opportunistic insects (such as some wood boring
insects) and diseases, e.g., Hypoxylon canker (Hypoxylon atropunctatum).

A 3-year drought, an inciting factor of oak decline according to Manion (1991) and Starkey and others
(2004), occurred across the Interior Highlands region of Arkansas and Missouri from 1998 to 2000. This,
coupled with the fact that it occurred in a forest with high tree density and mature trees, made Arkansas’
upland hardwood forests especially vulnerable to oak decline (Oak and others 2004).

An oak decline event of this magnitude has the potential to significantly alter forest structure. One
important consequence of such an event is its effect on the amount and quality of coarse woody debris.
Living trees complete only a portion of their ecological role by the time they die (Franklin and others
1987). Coarse woody debris from dead and dying trees provides important habitat for forest organisms

! Research Forester, USDA Forest Service, Southern Research Station, Hot Springs, AR 71902.
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(Cain 1996, Larson 1992, Maser and others 1988, Meyer 1986, Muller and Yan Liu 1991, O’Neill 1967,
Thomas and others 1979, Van Lear 1993), provides both habitat and energy for detritivores (Lang and
Forman 1978), and serves as a reservoir for nutrients and carbon (Bray and Gorham 1964, Harmon and
others 1986, Edmonds 1987, Huston 1996, Lang and Forman 1978, Maser and others 1988).

The amount of living biomass in a dead log may be greater than that in a live tree (Franklin and others
1987). Meyer (1986) lists snags and down wood in Missouri as habitat for 26 bird species, 11 reptiles, 11
mammals, and 9 amphibians. In the Blue Mountains of Oregon and Washington, 39 bird and 23 mammal
species use standing dead trees for nest sites and shelter (Thomas and others 1979). At least 98 species
of land snails are associated with log habitats in the southeast (Caldwell 1996). In southern hardwood
and pine forests, 45 bird species use standing dead trees and 20 bird species that use down woody debris
(Lanham and Guynn 1996). In the southeast, at least 23 mammal species use standing dead trees and

at least 55 mammal species use down wood (Loeb 1996). Ausmus (1977) found greater organic matter
content, nematode density, and root biomass in soil beneath log litter than under leaf litter. Reptiles and
amphibians are associated with coarse woody debris, and it has been suggested that their diversity may
be linked with the quality and amount of coarse woody debris (Whiles and Grubaugh 1996). Earthworms
use deadwood for cover and as a source of food from microbial biomass (Hendrix 1996). Additionally,

a study by Barnum and others (1992) found that mice selected logs as the most widely used substrate for
travel. However, little is known about inputs of deadwood during a severe oak decline event.

Initially, all 24 plots in this study were intended to be part of one replication of a large, periodic,
prescribed fire study. However, by the summer of 2001 oak decline symptoms were evident at the site
(Spetich 2004), and the site became the center of a local patch of severe oak decline covering hundreds
of hectares in northwestern Pope County, AR. At that point, this site was designated for a long-term case
study of oak decline forest dynamics. Although this meant the temporary loss of one replication of the
original study, it provided a serendipitous opportunity to examine oak decline dynamics using detailed
early data.

The objective of this phase of the study was to examine the dynamics of down deadwood from 2000 to
2005. The study’s long-term objective is to compare stand dynamics among areas treated with a growing-
season prescribed fire, a dormant-season prescribed fire, and a control area.

STUDY SITE

The study site is a 32-ha area in an upland oak-hickory (Quercus-Carya spp.) stand that was
approximately 75 years old in 2005. It is located in the Boston Mountains of Arkansas, part of the
southern lobe of the Central Hardwood Region (Merritt 1980). The Boston Mountains are the highest and
most southern member of the Ozark Plateau Physiographic Province (Croneis 1930). They form a band 48
to 64 km wide and 320 km long from northcentral Arkansas westward into eastern Oklahoma. Elevations
range from about 275 m in the valley bottoms to 760 m at the highest point. The plateau is sharply
dissected. Most ridges are flat to gently rolling and generally are less than 0.8 km wide. Mountainsides
are alternating steep simple slopes and gently sloping benches. Vegetation across the landscape is a forest
matrix with non-forest inclusions.

More specifically, the study site is located in the northwestern corner of Pope County, approximately 3 km
southeast of Sand Gap, Arkansas. The stand is dominated by oak and hickory and has become the center
of a local patch of oak decline. In August 2000, mean basal area for all standing trees was 25.9 m?/ha,

and there were 417 standing trees/ha of which 1.8 m?/ha of basal area and 53 trees/ha were standing dead
trees. Stocking was 88 percent.

METHODS
The study site was located in the fall of 1999. Twenty-four deadwood measurement plots were established
with permanent plot markers during the winter of 2000. Each plot was 45 m by 45 m in size (0.2025-ha).
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Down deadwood in the plots was measured in September of 2000 and remeasured in the spring of 2005.
Because 6 plots were burned in March of 2004, changes on only 18 of the 24 plots are considered here.
Electronic data recorders were used to record measurement data in the field.

In each of the 24 plots, all dead and down coarse woody debris =210 cm in diameter was measured (fig. 1).
Each section was measured for length and midpoint diameter. Decomposition class of each section
(hereafter referred to as a piece) was also recorded and classified into one of five decomposition classes
(table 1). The length and midpoint diameter of each piece of down wood >10 cm in diameter within

each plot were measured to the nearest 0.1 m and 1.0 cm, respectively. The formula for the volume of a
cylinder was used to calculate the volume of each piece from the piece’s measured length and midpoint
diameter.

The data were analyzed using paired t-tests to compare 2000 plot values with 2005 plot values. In cases
where the normality test failed, a Wilcoxon signed rank test was performed to compare median values.

RESULTS AND DISCUSSION

Total volume of down deadwood increased from a median value of 15.8 m?/ha in 2000 to 22.9 m3/ha in
2005 (p=0.016). However, only two of the decomposition classes showed statistically different volumes in
2000 and 2005. Decomposition class 1 increased from a median of 0 m*/ha in 2000 to 0.13 m?/ha in 2005
(p=<0.001). Class 2 more than doubled from a mean of 2.1 m3/ha in 2000 to 4.7 m*/ha in 2005
(p=0.013). There were no statistically significant changes in down deadwood decomposition classes 3, 4,
or 5. However, mean values of both class 3 and 4 appeared to increase (fig. 2).

45 x 45 m plots

Tally
Off pIot(v\ -
Off plt <10 cmd.o.b. ‘ o
<10cmd.o.b. <10cm d.o.b.
le— 45—
Plot
Offplot center 1
Q ‘ 45 m
<10 cm d.o.b. Off plot

Off plot <10 cmd.o.b. . dob
<10 cm d.o.b.

Figure 1—Layout of 0.02025 ha down deadwood measurement plot. Numbers indicate a section measured as one piece.
All deadwood pieces =10 cm in diameter were measured for total length and midpoint diameter.
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Table 1—Decomposition classes for down deadwood

Decomposition class

Attribute 1 2 3 4 5
Bark Intact Intact Trace to absent Absent Absent
Twigs >3 cm  Present Absent Absent Absent Absent
Texture Intact Intact, sapwood  Hard, solid interior,  Soft, blocky Soft and
partly soft possible evidence pieces powdery
of exterior decay

Shape Round Round Round Round to oval Oval
Color of wood  Original Original Original to faded Original to faded  Heavily faded
Portion of log  Log elevated on  Log elevated on  Log near or on All of log on All of log on

on ground support points support points ground ground ground

Numbers 1 through 5 indicate codes used for decomposition classes where class 1 is least decomposed and class 5 is
most decomposed.

Adapted from Cline and others (1980) and Maser and others (1979).
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Volume (m%ha)
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Decomposition class

Figure 2—Mean volume of down deadwood by decomposition class (see table 1) and year for the down
deadwood study in the Boston Mountains in Arkansas, n=18.
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Decomposition class 3 constituted the greatest proportion of down deadwood in both years. This is
consistent with findings of other studies (Spetich and others 1999). One identifying characteristic of
decomposition class 3 deadwood is lack of bark. Bark is often shed while the tree is standing or soon
after the tree falls. Both Van Lear (1993) and Harmon and others (1986) suggest that when down wood
loses bark early it dries quickly and may become case hardened, slowing the decay process. Additionally,
fissures and excavations that develop in decomposition class 4 and 5 materials increase the total surface
area and accelerate the rate of decay (Maser and others 1988).

In comparison, the average down deadwood volume for second-growth Central Hardwood forests is 20
m?’/ha (Spetich and others 1999). The mean values at the Arkansas site are below this value in 2000 and
above it in 2005. As standing dead trees continue to fall, they will continue to add to down deadwood
volume. Decomposition of these large woody materials progresses slowly. For example, MacMillian
(1981) estimates that the average oak log takes 75 years to decay to 1/10 of initial density (density in
grams dry weight per cubic cm fresh volume). Inputs of the relatively large stems of standing dead trees
(up to 84 cm) at this oak decline site will likely provide nutrients, structure, and wildlife habitat for many
years.

The number of pieces of down deadwood increased from a mean of 184 pieces per ha in 2000 to 245
pieces per ha in 2005 (p=0.003). In both years the majority of pieces were in the smallest diameter
classes, decreasing in number exponentially with increasing diameter (fig. 3). The negative exponential
distribution of the number of pieces of down deadwood by diameter class is likely linked to a negative
exponential diameter distribution of live trees. In 2005 the largest increase in the number of pieces per
ha was in the smallest diameter class. Small-diameter wood is likely to lose its structural integrity sooner
than are large pieces.

The volume of down deadwood per ha also decreased with increasing diameter, but not as quickly as did
number of pieces per ha (fig. 4). In 2005 the largest increase was in the smallest diameter class. However,
there was also a small increase in two larger diameter classes, 55 cm and 65 c¢cm, due to a few fallen trees.
The diameters of down deadwood pieces are generally small because inputs are mostly fallen branches

250
2005
"""" 2000
200 — \ — — — — — — — — — — — — — — = = = — = = = = = = = =
]
EX:
% 5 150 4 — A\ — — — — — — — — — — & = = = = = = = = = = =
T Q
D u—
T O
S 1004 - N\
RE
| >
£
5004 — — — — W\ — — — — — — - — - — - — - - = — - = = = - =
0 T T T f T T
15 25 35 45 55 65 75-115

Diameter (cm)

Figure 3—Number of down deadwood pieces per ha by 10-cm diameter class and year for the down deadwood
study in the Boston Mountains in Arkansas, n=18.
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Figure 4—Down deadwood volume by 10-cm diameter class and year for the down deadwood study in the
Boston Mountains in Arkansas, n=18.

and fallen main stems of small trees. Although the 2005 overstory inventory was not completed by the
time this paper was written, visual observations indicate that main stems of most large trees that died over
the last 5 years remained standing.

Results show an increase in down deadwood input. However, at this stage increases are generally in the
smallest, least decomposed material on this dry and rocky site. As main stems of the large dead standing
trees fall they will continue to add to down deadwood for many years, likely changing the structure and
dynamics of the down deadwood pool.
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DEFOLIATION AND OAK MORTALITY IN SOUTHERN NEW ENGLAND
Jeffrey S. Ward'

Abstract—Crown class and diameter of 4088 upland oaks have been monitored at 10-year
intervals since 1927. Plots had three episodes of moderate to heavy defoliation: 1961-1964,
1971-1972, and 1981. Primary defoliators were gypsy moth, canker worm, and elm spanworm.
Mortality peaked during the period of 1957-1967 when there were three years of defoliation.
Mortality was higher for white oaks than red oaks, and higher for lower canopy trees than for
upper canopy trees. Since the end of the multi-year defoliations in 1972, mortality rates for both
species groups and all crown classes have fallen to pre-defoliation levels. Mortality was related to
tree vigor for red oaks with higher mortality for slower growing trees. The longer term impact of
multi-year defoliation events in oak dominated forests is to accelerate mortality of less vigorous
oaks in the lower canopy and slower growing trees in the upper canopy.

INTRODUCTION

Gypsy moth (Lymantria dispar) has spread to at least seventeen eastern states since its accidental
introduction outside of Boston in the late 1800°s (Morin and others 2005). Gypsy moth is well established
on the eastern and northern portions of the central hardwood region. Although the national “Slow the
Spread” program has greatly reduced the rate of expansion (Sharov and others 2002), gypsy moth will
probably be found throughout the region before 2050.

Gypsy moth has a wide host range (Liebhold and others 1995). However, increased mortality and reduced
growth of oak (Quercus spp.) species have accounted for most of the economic and ecological damage
caused by this alien pest. Mortality is usually highest for smaller trees in the lower canopy (suppressed
and intermediate crown classes) than for larger trees (Brown and others 1979, Campbell and Sloan 1977,
Kegg 1973, but see Stalter and Serrao 1983). Much of the mortality following defoliation has been
attributed to secondary agents, such as twolined chestnut borer (Agrilus bilineatus) and shoestring root rot
(Armillaria mellea), that attack weakened trees (Baker 1941, Dunbar and Stephens 1975).

The short term impacts of gypsy moth defoliation are well-documented. Oak diameter growth decreases by
30-60 percent during outbreaks (Baker 1941, Brown and others 1979, Campbell and Garlo 1982, Muzika
and Liebhold 1999). Earlier studies noted that diameter growth and tree health recovered 2-10 years after
heavy defoliation (Campbell and Garlo 1982, Campbell and Sloan 1977, Muzika and Liebhold 1999).

The objectives of this study were: (1) document the effect of multi-year defoliations on oak mortality and
diameter growth, (2) analyze how mortality was influenced by crown and vigor classes, and (3) examine
the longer term impacts (20+ years) of multi-year defoliations on mortality and growth of upland oaks.

STUDY AREAS

Study plots were the Cabin (40 acres), Cox (50 acres), and Reeves Tracts (40 acres) in Meshomasic State
Forest, Connecticut. Most of the land was cleared for pasture or cultivation by the mid-1800’. The current
forests developed following farm abandonment and cessation of charcoal cutting in the early 1900’. The
forests were estimated to be 20 to 40-years-old in 1927 (Hicock and others 1931).

Stand composition and structures are typical of most second-growth forests, not only in central
Connecticut, but of much of the eastern extension of the central hardwood forest. Upland oaks are
predominant in the upper canopy. Upland oaks have accounted for more than half the upper canopy basal

! Chief Scientist, The Connecticut Agricultural Experiment Station, Department of Forestry and Horticulture, New Haven, CT
06504-1106.
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area since the first inventory (Ward and others 1999). The mean diameter of upper canopy trees increased
from five inches in 1927 to over fourteen inches in 1997. Maple (Acer spp.) and birch (Betula spp.) are
predominant in the lower canopy.

The plots are on the western edge of the Eastern Highlands of Connecticut, a region of metamorphic rocks
and glaciated soils. The topography of the plots is gently rolling with elevations ranging from 300 to 550
feet above mean sea level. Soils are very stony to extremely stony, fine sandy loams derived from granite,
gneiss, and schist glacial tills, and are acidic to strongly acidic (pH 4.5-6.0). The area is in the northern
temperate climate zone with average annual precipitation of 44 inches.

Defoliation

The plots were subjected to three episodes of defoliation between 1961-1982. The guidelines of
Gottschalk (1993) were used to describe defoliation severity in this paper: light (< 30 percent), moderate
(30-60 percent), and heavy (> 60 percent). Aerial surveys indicated moderate to heavy defoliation of Cox,
Cabin, and Reeves during 1961-1963 by gypsy moth and canker worm (Paleacrita vernata). The plots
were heavily defoliated by gypsy moth and elm spanworm (Ennomos subsignarius) during 1971-1972.
All plots were once again heavily defoliated by gypsy moth in 1981. Only Cabin was lightly defoliated in
1982. The duration of each defoliation episode decreased over time, but defoliation intensity was greatest
in 1981. A fourth gypsy moth infestation began in 1989, but was limited by the gypsy moth fungus
(Entomophaga maimaiga).

PROCEDURES

Field Measurements

The study plots were established in 1927. Each plot had six to fourteen transects, and each transect

had ten to twenty transect segments (66 by 16.5 feet). Transects were spaced 264 feet apart. Transect
centerlines were permanently located by stakes at two chain intervals. Trees were mapped on transect
segments. During each inventory, the species, diameter, and crown class of each tree was recorded.
Minimum dbh (diameter at 4.5 feet) was 0.6 inches in 1927 and 1937; since 1957 the minimum dbh has
been 0.5 inches. The plots were not inventoried in 1947. Individual trees were matched with data from
previous inventories using their location, species, and diameter. To increase the sample size of larger
stems, the transect width was increased to 33 feet in 1957 for all stems with diameters of at least ten
inches. These larger trees in the outer strips were measured and mapped concurrently with the stems in the
inner, original strips. More complete details of the plots and sampling can be found in Ward and others
(1999).

Data Analysis

Preliminary analysis following defoliation episodes found survival and growth differed between the white
oak subgenera (Leucobalanus) and the red oak subgenera (Erythrobalanus). Species in the Leucobalanus
subgenera include white (Quercus alba) and chestnut oak (Q. prinus). Species in Erythrobalanus
subgenera include northern red (Q. rubra), black (Q. velutina), and scarlet oak (Q. coccinea). In the
analysis and discussion that follows, these groups will be referred to as the white oak and red oak groups,
respectively.

To allow direct comparisons of mortality rates in this study and other published studies, mortality rates
were converted to 10-year values. Differences in mortality rates among periods (intersurvey intervals)
were tested using procedures by Neter and others (1982, p 325-329). Analysis of variance was used to
examine influence of species group, crown class, and periods on diameter growth. Tukey’s HSD test was
used to determine whether diameter growth differed among periods and species group for each crown
class. Differences were considered significant at P < 0.05.
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RESULTS AND DISCUSSION

Before Defoliation

Mortality rates for upper canopy trees (dominant and codominant crown classes) were lower than
mortality rates for lower canopy trees (intermediate and suppressed) during the thirty-years before
multiple years of defoliation (table 1). During this period, mortality of upper canopy trees averaged less
than 5 percent per decade compared with more than 60 percent per decade for suppressed oaks.

Table 1—Mortality rates of oaks in southern New England by survey period and
crown class at beginning of period

Species group Crown class at beginning of period?
and period Dominant Codominant Intermediate Suppressed

Mortality rate (percent per decade)

Red oaks
1937-57 3a 5b 26a 60b?
1957-67 11b? 44ct 79b 78c’
196777 12b 35¢c 43a 69bc
1977-87 ba 4ab 24a 33a
1987-97 2a 2ab 31a 54b

White oaks
1927-37 1a 4a 18a 61b
1937-57 2a 1a 31a 71b
1957-67 55¢c 76b 84b 89c
196777 10b 13a 33a 46ab
1977-87 5ab 5a 31a 33a
1987-97 Oa 3a 9a 60b

Sample size

Red oaks
1927-37 325 238 361 562
1937-57 239 230 233 353
1957-67 540 144 81 167
1967-77 514 74 14 35
1977-87 424 101 21 21
1987-97 382 140 29 72

White oaks
1927-37 151 165 336 1,032
1937-57 98 136 196 625
1957-67 161 88 56 167
1967-77 78 15 9 26
1977-87 64 22 16 66
1987-97 53 29 11 113

aColumn values for a given species group and crown class with the same letter were not significantly
different at p < 0.05.
bRed oak and white oak mortality were significantly different at p < 0.05.
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Similar mortality rates (converted to 10-year basis) were found in other stands that were not defoliated.
In New York, mortality of northern red oak between ages 24-64 years varied by crown class; 5 percent
for dominant and codominant trees, 33 percent for intermediate trees, and 70 percent for suppressed trees
(Lorimer 1981). Another study in New York and Massachusetts found mortality of 21-41 year-old upper
canopy trees was 3-4 percent compared with 55-59 percent for suppressed trees (Lorimer 1984). In West
Virginia, mortality was much higher for intermediate than codominant or dominant 55-year-old northern
red oaks (Trimble 1974).

Before defoliation, mortality rates of upper canopy trees did not significantly differ between the white and
red oak groups (table 1). Diameter growth of red oaks was significantly greater than for white oaks within
a given crown class, except for suppressed trees between 1927-1937 (table 2). Average annual diameter
growth of red oaks between 1927-1957 was 0.17 inches compared with 0.12 inches for upper canopy
white oaks.

During the Period of Multi-Year Defoliations

The three consecutive years of moderate to heavy defoliation, 1961-1963, were the first known defoliation
episodes on these plots. Mortality rates increased significantly during this period (table 1). Significant
increases were noted for both the red oak and white oak groups, and for all crown classes. Mortality of
dominant and codominant white oaks increased to 55 and 76 percent, respectively. This was significantly
higher than the mortality rates of dominant and codominant red oaks. Mortality of all dominant and
codominant red oaks remained higher than pre-defoliation levels during 1967-77 when there were two
consecutive years of defoliation. Interestingly, mortality of codominant white oaks decreased to values
similar to, and not significantly different from, pre-defoliation values.

Table 2— Annual diameter growth of oaks in southern New England by period and
crown class at beginning of period

Species group Crown class at beginning of period?
and period Dominant Codominant Intermediate® Suppressed

Red oaks
1927-37 0.24d> 0.15d> 0.09a® 0.04a
1937-57 0.17¢* 0.11bc? 0.08a* 0.06a*
1957-67 0.12a° 0.07a 0.05a 0.04a
1967-77 0.11ab 0.08ab 0.07a 0.07a
1977-87 0.14b 0.10abc 0.07a 0.05a
1987-97 0.15bc 0.12c 0.10a 0.03a

White oaks
1927-37 0.18d 0.12b 0.07a 0.03a
1937-57 0.10abc 0.08a 0.04a 0.02a
1957-67 0.08a 0.06a 0.01a 0.03a
1967-77 0.09ab 0.05a 0.02a 0.04a
1977-87 0.12bc 0.09ab 0.04a 0.04a
1987-97 0.13c 0.11ab 0.05a 0.02a

aColumn values for a given species group and crown class with the same letter were not significantly
different at p < 0.05.
bRed oak and white oak diameter growth were significantly different at p < 0.05.
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Mortality differed among species during 1957-1967 (table 3). Red oaks (northern red, black, and scarlet) in
the dominant crown class had lower mortality rates during this period than white and chestnut oaks. In the
codominant crown class, mortality of northern red and scarlet oak were lower than for white and chestnut
oak. Northern red and black oaks in the suppressed crown class had lower mortality than white oak. Thus,
when crown class is included as a factor, the red oak group had lower mortality than the white oak group.

Other studies differ on relative mortality rates among species during and immediately following
defoliation (table 4). Because these studies did not present mortality rates by crown position for individual
species and because mortality is much higher for trees in the lower canopy than for trees in the upper
canopy, the observed differences in species mortality rates in other studies may reflect the proportion of
each species that was in lower canopy in each study.

Diameter growth of upper canopy red oaks, but not white oaks, decreased during the initial period of
defoliation (table 2). Growth rates for dominant and codominant red oaks decreased by 30 and 35 percent,
respectively. Red oak diameter growth during the pre-defoliation period (1937-1957) was 23-30 percent
lower than the previous period (1927-1937). Multi-year defoliations reduced oak (primarily black oak)
diameter growth by 32-40 percent (Brown and others 1979). Other studies found diameter growth reductions
for both red and white oaks following defoliation (Campbell and Garlo 1982, Muzika and Liebhold 1999).

Mortality rates of lower canopy (intermediate and suppressed) oaks increased during the initial period of
defoliation (table 1). Mortality rates were similar to pre-defoliation values during the second period of
defoliation. Other studies have also reported higher mortality for lower canopy oaks (Brown and others
1979, Campbell and Sloan 1977, Kegg 1971). It should be recalled that mortality of suppressed oaks was
high prior to defoliation (table 1), and it is likely that defoliation merely accelerated demise of this crown
class. Surprisingly, multi-year defoliations did not have a significant impact on diameter growth of lower
canopy trees (table 2). This may be because mortality was higher for the slowest growing trees (table 5).

Table 3—Mortality rates between 1957-67 of oaks in southern New England by species and
crown class in 1957

Crown class in 1957¢
Species Dominant Codominant Intermediate Suppressed

Mortality rate (percent per decade)

Northern red oak 10a 38a 77a 79a
Black oak 12a 53ab 82a 76a
Scarlet oak 13a 44a 82a 87ab
White oak 40b 72b 83a 92b
Chestnut oak 67c 82b 90a 80ab
Sample size

Northern red oak 303 72 53 94
Black oak 133 45 17 58
Scarlet oak 104 27 11 15
White oak 70 50 46 132
Chestnut oak 91 38 10 35

@ Column values for a given species group and crown class with the same letter were not significantly different
at p <0.05.
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Table 4—Summary of previous research on mortality rates of oak species following

gypsy moth defoliation

Study CHO WHO BLO SCO NRO State
Kegg (1971) 11 38 16 39 36 NJ
Kegg (1973) 66 84 48 27 41 NJ
Dunbar and Stephens (1975) 80 42 27 33 32 CT
Campbell and Sloan (1977) — 42 48 35 16 MA
Stalter and Serrao (1983) 0 1 4 — 46 NJ
Fosbroke and Hicks (1989) 44 35 46 57 31 PA
Herrick and Gansner (1987) 23 23 33 28 14 PA

Average 37 38 32 37 31

Median 34 38 33 34 32

CHO = chestnut oak; WHO = white oak; BLO = black oak; SCO = scarlet oak; NRO = northern red

oak; NJ = New Jersey; CT = Connecticut; MA = Massachusetts; PA = Pennsylvania.

— = not applicable.

Table 5—Mortality rates between 1957-67 of oaks in southern New England by diameter growth
and crown class immediately before multi-year defoliations®

Species Annual Crown class at beginning of period®
group growth Dominant Codominant Intermediate Suppressed
----------------- percent per decade - - - --------------
Red oaks
<0.05 — 60b 96b 94b
0.05-0.10 35¢° 58b¢ 75a 84b
0.10-0.15 13be 35a 50a 38a
>0.15 4a° 16a — —
White oaks
<0.05 82ab 90a 95a
0.05-0.10 66a 85b 70a 88a
0.10-10.15 55a 56a — —
>0.15 44a — — —

— = not applicable.

2Diameter growth was the average of the 1937-57 period.
b Column values for a given species group and crown class with the same letter were not significantly different at

p <0.05.

°Red oak and white oak mortality were significantly different at p < 0.05.
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As was noted above, diameter growth of red oaks was higher than for white oaks prior to the period of
multi-year defoliations (table 2). Thus, higher mortality of white oaks following defoliation may be related
to lower vigor, more than to the ability of white oaks to successfully recover from (cope with) multiple
defoliations. Mortality was higher for oaks with poor crowns than for those with good crowns (Campbell
and Sloan 1977, Gansner and Herrick 1984).

For red oaks, but not white oaks, tree vigor was a good predictor of upper canopy tree mortality between
1957-1967 (table 5). Red oaks with annual diameter growth of at least 0.1 inch had lower mortality rates
during the period of multi-year defoliations than slower growing trees (table 2). For example, mortality
was 16 percent for codominant red oaks that had annual diameter growth of 0.15 inch compared with 60
percent for codominant red oaks that had annual diameter growth of less than 0.05.

After Defoliations

Although there was heavy defoliation in 1981, there have been no sequential years of defoliation

since 1971-1972. The defoliation in 1981 did not induce the higher mortality of the earlier, multi-year
defoliations (table 2). Indeed, mortality rates for both red and white oaks during 1977-1987 fell to values
similar to, or lower than, those before the first defoliations in the 1960’s.

Mortality continued to decrease during the next ten years, 1987-1997, except for both red and white oaks
in the suppressed crown class. Many of the oaks in the suppressed crown class became established in the
canopy gaps formed following the mortality pulse during the 1960’s. The increased mortality between
1987-1997 can probably be attributed to competition from the more shade tolerant maple and birch that
became established at the same time.

Diameter growth quickly recovered following the end of multi-year defoliations. Diameter growth of
codominant red and white oaks during 1987-1997 were similar to, or higher than, growth before 1957-
1967 (table 2). Following multi-year defoliations, diameter growth of red and white oaks recovered to
eighty percent of pre-defoliation levels within two years of defoliation episodes (Campbell and Garlo
1982), and full recovery was noted after 10 years (Campbell and Sloan 1977). Other studies have also
noted oak stands are capable of quickly recovering once defoliation severity and frequency have subsided
(Feicht and others 1993, Gansner and others 1983, Muzika and Liebhold 1999).

Stand basal area of oaks has increased steadily since 1927, except during the periods of multi-year
defoliations (Ward and others 1999). The decrease in basal area between 1957-1967 was evenly
distributed among lower canopy oaks and upper canopy white oaks. Basal area of upper canopy red oaks
increased slightly during this period. The longer term impacts of multi-year defoliations have been to
nearly eliminate lower canopy oaks (both red and white oaks) and to reduce the proportion of white oaks
relative to red oaks. Because mortality of upper canopy red oaks was less than that for to white oaks, and
because the diameter growth of surviving red oaks increased once defoliations ceased, total oak basal area
is now higher than before the period of multi-year defoliations.
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SURVIVAL OF STRIPED MAPLE FOLLOWING SPRING
PRESCRIBED FIRES IN PENNSYLVANIA

Patrick H. Brose, Gary W. Miller, and Kurt W. Gottschalk®

Abstract—Survival of striped maple (4cer pensylvanicum L.) was assessed after three spring
prescribed fires in Pennsylvania mixed oak (Quercus spp.) stands. Portions of two stands were
prescribe-burned in spring 2002 and the part of a third in spring 2004. Following the fires, each stand
was divided into burned and unburned units. Striped maple sapling counts were done one and three
growing seasons after the fires in both units of each stand to determine whether the fires had reduced
the density of stems. In all stands, fire initially reduced density of striped maple by 25 to 50 percent.
Delayed mortality pushed this rate to over 90 percent in two of the stands. These data suggest that
prescribed fire appears to be a viable means of controlling striped maple in mixed oak forests.

INTRODUCTION

There is growing appreciation and understanding of the important role periodic, low-intensity, surface
fires played in the historic dominance of mixed oak (Quercus spp.) forests throughout the eastern North
America, including the mid-Atlantic region (Abrams 1992, Brose and others 2001, Yaussy 2000). This
fire regime was largely the result of American Indian burning practices and, in conjunction with other
environmental factors, helped perpetuate mixed oak forests on a wide variety of soils, especially mesic
upland sites. The advent of effective fire control policies and practices ended the periodic surface fire
regime of the mid-Atlantic region, like they did in the Southeast and the Interior West. However, unlike
those other regions, the lack of fire did not translate into an increased loading of hazardous fuels that
contributed to catastrophic, stand-replacing wildfires. Rather, the cessation of periodic surface fires in the
mid-Atlantic region led to a new forest succession pathway; one in which fire-sensitive, shade-tolerant
shrubs and trees invade and eventually impede successful oak regeneration in mixed oak forests.

One beneficiary of the cessation of periodic surface fires is striped maple (Acer pensylvanicum L.).
Striped maple is a small- to medium-sized, shade tolerant tree found from Nova Scotia west to the Great
Lakes region and south along the Appalachian Mountains to North Carolina (Gabriel and Walters 1990).
Within that range, it generally occurs in northern hardwood forests and is most common on cool, moist
slopes. However, it is being found more frequently and abundantly in mixed oak forests, an environment
from which it was historically absent or sparse.

Striped maple is not a long-lived tree, about 40 years, but can subsist as a small seedling for another 40
years (Hibbs 1979). It is a rather prolific seeder and, in conjunction with its seedling banking strategy, can
develop high density populations in forests. When such populations develop, striped maple becomes a
serious silvicultural problem as it casts a dense shade on the forest floor that impedes oak seedling survival
and growth. In Pennsylvania, striped maple is considered the most troublesome woody interference that
precludes successful oak regeneration (Personal communication. 2005. Gary Rutherford, Silviculture
Section Chief, Pennsylvania Bureau of Forestry, P.O. Box 403, Rothrock Lane, Huntington, PA 16652).

Glyphosate-containing herbicides are often used to control striped maple when its density becomes an
obstacle to forest regeneration (Horsley and Bjorkbom 1983, Marquis and others 1992). However, there
are times and places when herbicide use is not possible so there is growing interest in using prescribed fire
as an alternative control method. Striped maple exhibits several attributes that suggest it is quite sensitive

! Patrick H. Brose, Research Forester, USDA Forest Service, Northeastern Research Station, Irvine, PA 16329; Gary W. Miller,
Research Forester, USDA Forest Service, Northeastern Research Station, Morgantown WV, 26505; and Kurt W. Gottschalk,
Project Leader, USDA Forest Service, Northeastern Research Station, Morgantown WYV, 26505.
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to fire. Striped maple bark is quite thin, regardless of stem diameter, its root collar (the location of
dormant buds) is relatively high in the litter layer, and its root system is small and shallow. Striped maple
leaves also emerge earlier in the spring than many other species. As a result, root carbohydrate reserves
are depleted earlier thus rendering striped maple susceptible to surface fires for a longer period of time.

Surprisingly, there is little published literature on the effects of fire on striped maple. Swan (1970)
compared burned and unburned northern hardwood stands in southern New York. He found unburned
sites to have five times more striped maple than those that had been burned. Unfortunately, fire behavior
was unknown and pre-fire striped maple density between stands was not documented. Conversely, Collins
and Carson (2003) reported that striped maple was a strong sprouter following prescribed fires in West
Virginia and actually benefited from them. Again, fire behavior was poorly described.

The objective of this study was to determine whether striped maple densities increased or decreased
following prescribed burning. Understanding this aspect of striped maple ecology will help foresters deal
more effectively with the species when it poses a regeneration obstacle.

METHODS

Study Sites

This study was conducted on three Pennsylvania State Forests (Bald Eagle, Clear Creek, and Moshannon)
between 2002 and 2005. The Bald Eagle State Forest is located in eastern Centre County in the Ridge

and Valley region of central Pennsylvania. The study site was a 10-acre stand situated at the bottom of

an 18-percent, north-facing slope. Elevation was approximately 1400 feet. Soil was a stony loam (Typic
Fragidult) formed from sandstone alluvium (Braker 1981). Consequently, it was moderately acidic, fertile,
and well drained. Severe gypsy moth (Lymantria dispar L.) defoliation had occurred there in the late
1980s and early 1990s, resulting in substantial overstory mortality and salvage logging occurred shortly
thereafter. The remaining overstory trees resembled a shelterwood stand and relative density, i.e., stocking,
was 50 percent as per SILVAH criteria (Marquis and others 1992). Common canopy species were chestnut
oak (Quercus prinus L.), northern red oak (Q. rubra L.), and red maple (4. rubrum L.). A dense sapling
layer of striped maple, sweet birch (Betula lenta L.), red maple, and witch-hazel (Hamamelis virginiana
L.) was present. The forest floor contained abundant late low blueberry (Vaccinum angustifolium Ait.),
black huckleberry (Gaylussacia baccata (Wang.) K. Koch.), mountain laurel (Kalmia latifolia L.), and
seedlings of several hardwood species, especially chestnut and northern red oak.

The Clear Creek State Forest is located in northern Jefferson County on the Allegheny Plateau region

of northwestern Pennsylvania. The study site was an 8-acre stand found at midslope of a 5-percent,
east-facing hill. Elevation was approximately 1800 feet. Soil was a loam (Typic Dystrochept) formed in
place by the weathering of sandstone and shale parent material (Zarichansky 1964). Consequently, it was
moderately acidic, fertile, and well drained. The stand had only experienced light gypsy moth defoliation
with little attendant overstory mortality (relative density was 100-percent). Dominant canopy species
included northern red oak, sugar maple (4. saccharum Marsh.), black cherry (Prunus serotina Ehrh.), and
yellow-poplar (Liriodendron tulipifera L.). The sapling layer was quite dense and consisted almost entirely
of striped maple with a few American beech (Fagus grandifolia Ehrh.). The regeneration layer was dense
with northern red oak seedlings because of a bumper acorn crop in fall 2001. Otherwise there were few
hardwood seedlings and some scattered pockets of hay-scented fern [ Dennstaedtia punctilobula (Michx.)
Moore] comprised the herbaceous community on the forest floor.

The Moshannon State Forest is located in northern Clearfield County in the Allegheny Mountians region
of north-central Pennsylvania. The study site was a 12-acre stand situated on an upperslope bench with a
northwest aspect and slope of 2 percent. Elevation was approximately 2100 feet. Soil was a loam (Typic
Fragiudult) formed in place by the weathering of sandstone and shale parent material (Hallowich 1988).
Consequently, it was moderately acidic, fertile, and moderately drained. The stand had experienced light
to moderate gypsy moth defoliation and mortality but relative density was nearly 100 percent. Dominant
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canopy species included northern red oak, sugar maple, black cherry, and yellow-poplar. The sapling
layer was quite dense and consisted almost entirely of striped maple with a few American beech. The
regeneration layer was dense with northern red oak seedlings due to a bumper acorn crop in fall 2001.
Otherwise there were few hardwood seedlings and some scattered pockets of hay-scented fern comprised
the herbaceous community on the forest floor.

The Prescribed Fires

The objective of all three fires was to remove the sapling layer that was competing with the oak
regeneration. Personnel of the Pennsylvania Bureau of Forestry conducted the prescribed burns on April
19, 2002 at Clear Creek State Forest, May 23, 2002 at Bald Eagle State Forest, and May 3, 2004 at
Moshannon State Forest. Fuel, weather, and fire behavior data are presented in table 1. Fires were lit by
hand with drip torches in a strip-headfire pattern commencing at the downwind or uphill side of each burn
unit. The Clear Creek fire barely burned as it had only compacted leaf litter as a fuel. Observed flame
lengths were only a few inches. Conversely, the Bald Eagle fire produced flame lengths of four to eight
feet because that site had an abundance of ericaceous shrubs for fuel. The Moshannon burn displayed
widely varying fire behavior. Some areas barely burned due to a paucity of fuel while other areas
produced enough heat to damage and kill overstory trees. Leaf expansion of the striped maples was as
follows; Clear Creek — swollen buds, Bald Eagle — fully expanded, Moshannon — half expanded.

Study Design and Sampling Procedures

Because the Bald Eagle and Clear Creek fires occurred with little advance notice to us, collecting pre-
burn data was not possible. However, approximately 50 percent of each stand was excluded from the fires,
thus providing a valid source of data for evaluating the effect of the fires on striped maple survival. Ten to
twelve 1/40 acre circular plots were systematically located in each burn and control unit to ensure uniform
coverage of the area. In these plots, all saplings (five feet tall to six inches dbh) were identified to species
and tallied as alive, i.e., not top-killed by the fires, dead, or sprouting. Inventories were conducted in fall
2002 and 2004 (one and three growing seasons post-burn) at the Bald Eagle and Clear Creek stands and in
spring 2005 (one growing season post-burn) at the Moshannon site.

Table 1—Environmental conditions and fire behavior at the time of the pre-
scribed fires

Fuel and weather data Bald Eagle Clear Creek Moshannon
Burn date May 23,2002  April 19,2002  May 3, 2004
Time of burn 13:00-15:00 11:00-12:00 14:00-15:00
Burn size (acres) 5 4 6

Aspect N E NW

Slope (percent) 18 5 2

Slope position Lower 1/3 Middle 1/3 Upper 1/3
Air temperature (F) 72-78 65-67 71-74

Rel. Humidity (percent) 23-27 35-40 42-48

Wind direction West West West

Wind speed (miles per hour) 1-3 1-2 2-5

Cloud cover (percent) 0 0 25

Fuel model 6 8 8

Fuel description Heath shrubs Compact litter  Litter, slash
Fuel moisture (percent) 10 15 16

Flame length (feet) 4-8 <0.5 0.5-3
Rate-of-spread (feet per minute)  3-6 1-2 1-4
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Statistical Analysis

A randomized complete block design was used to test for differences in the number of living, dead,

and sprouting striped maples between treatments. Each stand was considered a block to account for
differences in site quality, fire behavior, and degree of leaf expansion. Burned and unburned were the
treatments and the number of living, dead, and sprouting striped maples was the dependant variable.
Analysis of variance with the Student-Keuls mean separation test (SAS 2002) was used to determine
whether there were any differences in the number of living, dead, and sprouting striped maple between
treatments. Residuals were analyzed to ensure ANOVA assumptions were met and alpha was 0.05 for all
tests.

RESULTS

The mean density (stems per acre) of the striped maple understories varied among stands but was
reasonably equivalent between treatments within each stand (fig. 1). Moshannon had the most striped
maple, 1466, while Bald Eagle and Clear Creek had 700 and 913, respectively. Striped maple densities
were equal between the burned and unburned treatments at all sites. Bald Eagle had striped maple
densities of 709 and 691 stems per acre in the burned and unburned portions while Moshannon had 1400
and 1533 and Clear Creek had 871 and 754, respectively, for their burned and unburned portions.

There were clear differences between the burn and unburned treatments after the first post-burn growing
season (fig. 2). In the unburned treatment, virtually all the striped maple saplings were alive. Conversely,
the burn treatment, regardless of the study stand, always had more dead and sprouting striped maples and
fewer living ones than the unburned plots. Densities of dead, sprouting, and alive striped maple were 548,
331, and 46 stems per acre, respectively, in the burn treatment while the corresponding unburned densities
were 11 dead, 23 sprouting, and 961 alive. Striped maple density data were available for the third post-
burn growing season (2004) from the Bald Eagle and Clear Creek stands. Again, the burned portions had
more dead, sprouting, and alive striped maple saplings than the unburned portions.

1,800
B Burned
1,600 - 0 Ab
Unb d
nburne Ab

1,400 -
1,200 H

1,000 A
Aa

800 - Aa Aa Aa

600 -

Mean number per acre

400 -

200 A

Bald Eagle Clear Creek Moshannon

Study site

Figure 1—Mean number of striped maple saplings per acre at the three sites at the beginning of the
study. Columns with the same uppercase letter are not significantly different at the 0.05 level for that
stand. Columns with the same lowercase letter are not significantly different at the 0.05 level for that
treatment.
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Figure 2—Mean number of living, dead, and sprouting striped maple saplings by treatment and year.
Different uppercase letters within a column indicate significant differences at the 0.05 level. Different
lowercase letters indicate significant differences between treatments within the same year at the 0.05
level. The plus (+) and minus (-) superscripts in the Burn—YR3 column indicate a significant increase
and decrease, respectively, from the Burn—YR1 column.

Comparing the first- and third-year data, the mean number of dead striped maples in the burned portions
increased from 548 in 2002 to 717 saplings per acre in 2004 (fig. 2). This additional mortality appears to
have come from previously sprouted stems as those densities declined from 331 in 2002 to 172 in 2004.
The number of living striped maples in the burned units did not significantly decrease from 2002 to 2004
nor did any of the striped maple densities in the unburned portions change during that period.

DISCUSSION

One obstacle to using more prescribed fire in the mixed oak forests of the eastern states is the lack of
knowledge regarding fire effects on important competing hardwoods. Striped maple certainly falls under
that heading as evidenced by the contradictory results reported in the few fire studies that included the
species. This study helps clarify the picture, at least in term of spring fires.

Striped maple is extremely sensitive to spring fires, regardless of fireline intensity. Its paper-thin bark offers
little or no protection against fire as even the small flames at Clear Creek top-killed over 80 percent of the
saplings. The slightly more intense fire at Moshannon pushed the top-kill rate to over 93 percent and less
than 5 percent of the striped maple at Bald Eagle was not top-killed. In fact, striped maples surviving the fire
at Bald Eagle were only able to do so if they were growing in protected microsites that precluded burning.

Not only were striped maples easily top-killed, substantial numbers of rootstocks were also killed by fire.
Over 50 percent of the striped maples at Bald Eagle and Clear Creek failed to sprout the first year after the
fires. This was apparently due to the fires being able to scorch the root collars, thereby killing the dormant
basal buds. While this was not unexpected at Bald Eagle given its relatively high fireline intensity, it

was surprising at Clear Creek where the fire barely burned. In fact, after that fire all the striped maples
expanded their leaves as if there had been no fire. However within a few weeks, they began wilting in
large numbers. Apparently the fire was sufficient to girdle these saplings and prevent carbohydrate and
water flow through the cambial tissue. Given the sensitivity to fire displayed by striped maple in this study,
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it probably was not the major component of the understory when periodic surface fires occurred that it is
now in the absence of fire.

It is unclear why there was delayed mortality at Bald Eagle and Clear Creek. Both stands showed an increase
in the number of dead striped maples in the burn units from 2002 to 2004. The intervening two growing
seasons were exceptionally cool and wet leading to a major outbreak of anthracnose. This foliar pathogen
may have caused the additional mortality because many of the dead stems were sprouts close to the ground.
Armillaria mellea Vahl., a root pathogen, may also be the causal agent as this fungus is ubiquitous in eastern
forest soils and routinely attacks trees weakened by a stress. Whatever the mechanism was, between it and
the fires, over 80 percent of the striped maple saplings were dead within three years after the fires.

From this study, it appears that prescribed fire is another means to control striped maples when they
become a silvicultural obstacle. Fire can be used in lieu of herbicides when the latter is not feasible due to
policy constraints or site restrictions, i.e., too steep or rocky for equipment, striped maple is too tall, it’s

a drought year, etc. Or fire and herbicides can be used in tandem with fire initially removing some stems
and spot application of herbicide finishing the job.
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FUELS CONSUMPTION AND NITROGEN LOSS FOLLOWING
PRESCRIBED FIRE: A COMPARISON OF PRESCRIPTION TYPES
IN THE SOUTHERN APPALACHIANS

Barton D. Clinton and James M. Vose'

Abstract—Prescribed burning is frequently used as a tool for restoration of plant communities,
wildlife habitat improvement, and site preparation. We compared and contrasted the effects of
four burning prescriptions on forest floor and fine fuels consumption, and nitrogen loss. The
burning treatments included dry (DU) and mesic (MU) understory burns, stand replacement (SR)
burning, and fell and burn (FB) site preparation. On all sites, forest floor was sampled before and
immediately after burning. It was separated into woody fuels (< 7.5 cm in diameter), the Oi layer
(litter), and the Oa + Oe layer (fermentation plus humus), and dry weight and nitrogen content of
each component was determined. Tiles with heat-sensitive chalk and paint were used to estimate
flame intensity at 30 cm above the forest floor. Mean peak flame temperatures ranged from 700
°C for the FB treatment to 169 °C for the MU burn. Except in the FB treatment, which had a
substantial amount of woody mass on the forest floor as a result of felling overstory trees and
shrubs, the majority of pre-burn mass and nitrogen was contained in the humus layer. Following
burning, mass loss ranged from 88 Mg ha™' (90 percent wood, 10 percent litter, < 5 percent humus)
on the FB treatment to 5 Mg ha™' (5 percent wood, 55 percent litter, 40 percent humus) on the
MU burns. Nitrogen losses followed similar patterns — 292 kg ha! (70 percent from wood, 28
percent litter, <5 percent humus) on the FB to 30 kg ha! (65 percent from wood, 35 percent litter,
<5 percent humus) on the SR site. High-intensity ground fires may result in greater losses of site
nutrients, and this may have negative short- and long-term consequences.

INTRODUCTION

In many ecosystems, fire is used as a management tool to enhance and protect overall stand health and
productivity by reducing fuel loadings, thereby reducing the threat of catastrophic fire (Sanders and Van
Lear 1987, Van Lear and Waldrop 1989). Prescribed fire can also be used to reduce competition that
affects commercially desirable tree species and improve habitat for terrestrial wildlife (Cooper 1971). The
use of fire to accomplish these goals is considered an attractive alternative to mechanical techniques of
stand improvement, primarily because of reduced costs (Cooper 1971, Abercrombie and Sims 1986). The
continued (and expanded) use of prescribed fire in the southern Appalachians and elsewhere has raised
interest in its effects on ecosystem integrity. Scientists are especially interested in determining how fire
influences losses of key plant nutrients such as nitrogen (N). Although total N pools are frequently in
greater supply than is needed for plant growth, N is commonly a limiting nutrient to forest productivity
(Keeney 1980, Vitousek and others 1982) because most is in unavailable organic forms (Vose 2000). Total
ecosystem nitrogen may decrease in forested systems following fire (Neary and others 1984, Rapp 1990)
due to volatilization of nitrogen stored in coarse and fine fuels, or to increased leaching of released NO,
from the system, or to both of these causes (Knoepp and Swank 1993). In contrast, increases in total N
following burning can result from a combination of increased abundance of symbiotic and non-symbiotic
N-fixers. Similarly, N availability often increases due to increased N mineralization and decreased plant
uptake (DeBano 1991).

Nitrogen losses during and following prescribed fire in southern forests range from 20 kg ha™! for
low-intensity understory burns (Kodama and Van Lear 1980) to >400 kg ha™! for high-intensity site
preparation burns in heavy fuels (Vose and Swank 1993, Clinton and others 1996). The significance of

! Barton D. Clinton, Research Ecologist, and James M. Vose, Project Leader, USDA Forest Service, Southern Research Station,
Coweeta Hydrologic Laboratory, Otto, NC 28763.
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these losses depends on inherent site productivity and the magnitude and duration of changes in N pools
and cycling rates (Wells and Morris 1982, Vitousek and Matson 1985). In pine-hardwood ecosystems

in the southern Appalachians, Knoepp and Swank (1993) found that net soil N mineralization increased
immediately following cutting and burning and remained higher than that in control plots for about 2
years. Similarly, Dudley and Lajtha (1993) found N availability increased following prescribed fire in a
sandplain grassland and remained higher than pretreatment levels for 3 years. Increased N mineralization
rates can offset total N losses from fire; however, the degree to which N losses are ameliorated depends on
the magnitude and source (i.e., forest floor vs. wood) of N losses and subsequent N recovery. In southern
Appalachian hardwood ecosystems, forest floor losses are particularly important because release of N
from the forest floor provides approximately 50 percent of the total available N (Monk and Day 1988).
Our objective in this paper is to describe and compare variation in woody and fine fuels mass consumption
and N losses across a range of prescribed fire types.

METHODS

Study Site Descriptions

Sites represented in this comparison span 15 years of fire research under a variety of conditions and
objectives. To simplify the comparison we assigned each treatment to one of four categories: (1) fell

and burn (FB) site preparation, (2) stand replacement (SR) burning, (3) understory burning on dry sites
(DU), and (4) understory burning on moist sites (MU). The fell and burn site preparation treatment was
developed by Abercrombie and Sims (1986) for pine-hardwood ecosystems in the mountainous region of
South Carolina. As the treatment was originally conceived, merchantable products were to be removed and
all other vegetation felled in the spring after leaf-out; then a mid-summer burn would be used to consume
slash and sprouting vegetation. On our FB sites no products were removed and all vegetation was cut by
chainsaw during the summer of 1990. Cut vegetation cured for 44 to 90 days before burning, and sites
were burned in early fall with a hand-set fire that produced a high-intensity but low-severity fire (Ottmar
and Vihnanek 1991). Average fuel moisture (for all size classes) at the time of burning varied from 28
percent to 37 percent (Swift and others 1993, Vose and Swank 1993). The FB study sites were located on
the Wayah Ranger District of the Nantahala National Forest in western North Carolina (Clinton and others
1993, Elliott and Vose 1993, Knoepp and Swank 1993, Swift and others 1993, Vose and Swank 1993,
Clinton and others 1996, Elliott and others 2002). Pretreatment stand age was approximately 80 years
(Swift and others 1993), and average basal area and density (stems >10 cm in diameter at breast height
(d.b.h.)) were 14.8 m*ha! and 461 stems ha’!, respectively (Vose and Swank 1993). Sites were selected as
replicates and had similar pre-treatment vegetation structure, topographic position, aspect, and soil type
(Swift and others 1993).

The SR burn was located on the Wayah Ranger District of the Nantahala National Forest in western North
Carolina and was part of the Wine Spring Creek Ecosystem Management Project (Swank and others

1994, Vose and others 1999). The site consisted of an overstory in various stages of decline that ranged
from dead pines and heavy fuels on the upper slope positions to degraded (dead and dying) mixed pine-
hardwood overstory on the mid-slopes. The area was approximately 150 ha, had a southeast aspect, ranged
in elevation from 1000 to 1300 m (3,300 to 4,300 feet), and had slopes ranging from 35 to 60 percent.
Mean annual temperature is 10.4 °C (50 oF) and annual precipitation is approximately 1900 mm (75
inches). The stand replacement prescription fire was set in late April by helicopter using a combination of
heli-torch and ping-pong balls (potassium permanganate). See table 1 for additional site descriptions.

The DU study sites were located in north Georgia on the Cohutta and Tallulah Ranger Districts of the
Chattahoochee National Forest and in southeast Tennessee on the Ocoee Ranger District of the Cherokee
National Forest (see Hubbard and others 2004). These sites were part of the USDA Forest Service Large-
Scale Watershed Restoration Project. All sites had about 50 percent of the stand basal area in yellow pine,
consisting of one or more of pitch pine (Pinus rigida), Table Mountain pine (P pungens), Virginia pine (P
virginiana), loblolly pine (P, taeda), and shortleaf pine (P echinata). Sites were burned in the late winter
or early spring season with a mix of hand-set and helicopter-set ignitions.
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Table 1—Site descriptions for the four burn types. Helicopter-set burns were ignited by a
combination of heli-torch and ping-pong balls (potassium permanganate). Hand-set fires were
set with handheld drip torches. Temperature is mean peak flame temperature at 30 cm above
the forest floor. “Preburn woody fuels” is material on the forest floor

Burn Ignition Preburn Mean Temperature
type Timing type Elevation woody fuels  temperature range
m kg ha' ---------- C----------
FB (1) Late Hand 750 — 1000 183 717 712 276 — 800+
summer (2,460 — 3,280) (163,912) (1,314) (529 — 1,470+)
SR (1) Early Helo 1000 — 1300 15773 560 80 — 800+
spring (3,280 - 4,260) (14,073) (1,040) (176 — 1,470+)
DU (2) Late Helo/hand 350 - 900 15000 238 52 -700
winter (1,150 — 3,000) (13,383) (478) (126 — 1,292)
MU (3) Late Helo/hand 350 - 1200 3 400° 169 80 — 276
winter (1,150 —4,000) (3,033) (336) (176 — 529)

FB = fell and burn; SR = stand replacement; DU = dry understory; MU = mesic understory.

Values in parentheses under “Burn type” represent the number of studies included for each type.

Values in parentheses under “Elevation,” “Preburn Woody Fuels,” “Mean Temp,” and “Temperature Range” are
standard English equivalents in feet, Ibs ac™, and degrees Fahrenheit, respectively.

@Value is for woody fuels < 7.5 cm (3 inches) diameter.

The MU study sites were (1) a high-elevation site in western North Carolina on the Wayah Ranger
District of the Nantahala National Forest and (2) an approximately 300-ha south-facing watershed on the
Tallulah Ranger District of the Chattahoochee National Forest in northeast Georgia. The sites were mixed
hardwood with a small yellow pine component and scattered to continuous understory of Rhododendron
maximum and Kalmia latifolia. Aspects ranged from south-facing at the low-elevation site to east-facing
at the high-elevation site. A combination of hand-set and helicopter-set ignition was employed (table 1).

Forest Floor

On each site, 10 by 20 m plots were established to characterize vegetation and other processes associated
with studies examining a range of ecosystem responses that are not reported here. Forest floor mass was
measured for each site before and immediately after burning. Forest floor samples were collected from
four locations in each 10 by 20 m plot by cutting and removing all material in a randomly located square
(0.1 m?) sampling frame. Forest floor was separated into small woody material (<7.5 cm diameter), Oi
(litter), and Oe+Oa (fermentation and humus) layers. Pre- and post-burn coarse wood (>7.5 cm) mass
was quantified on each 10 by 20 m plot using pre and post diameters and estimates of specific weight

for the range of observed decay classes. Coarse wood amount was not estimated on the MU sites. Forest
floor samples were dried at 70 °C to a constant weight. Forest floor mass estimates were not ash free
corrected; however, care was taken during sampling to minimize mineral soil contamination. Each sample
was completely ground through a 1 mm mesh, homogenized, and subsampled for nutrient determination.
Percent N was determined using a Perkin-Elmer 2400 CHN elemental analyzer. Estimates of N pools for
each forest floor component were made by multiplying percent N times mass.

Fire Characterization
We used heat sensitive chalk and paint (Omega Engineering, Inc.) coated 10 cm by 20 cm tiles to
characterize the temperature of the burns. On the day before the burn, we suspended the temperature tiles
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30 cm above the forest floor co-located with forest floor subplots (four tiles per plot). Each tile could
detect 30 temperature thresholds ranging from 52 °C to 900 °C.

Data Summary and Analysis

Comparisons were made between prescription types for pre- and post-burn mass and N pools. Statistical
differences in pre- and post-burn N concentrations in wood, litter, and humus were evaluated for each site
at the 0.05 level with analysis of variance (PROC ANOVA, SAS Inst. 1994). Since most the data used

in this paper were derived from retrospective watershed scale studies, we have limited our analyses to
descriptive statistics and qualitative comparisons of fuels consumption and N losses. While this approach
limits the ability to make inferences about responses in other watersheds and burning treatments, the long-
term and integrative nature of watershed scale studies has long been recognized as a powerful approach
for understanding ecosystem responses to disturbance (Swank and Vose 1997).

RESULTS AND DISCUSSION

Pre-Burn Conditions

Total pre-burn mass was substantially greater (3- to 8-fold) on the FB compared with the SR, MU, and
DU burn sites, due primarily to the felled woody material (fig. 1a), and to a lesser extent the additional
leaf litter from felled material. Mass of woody fuels on SR sites was generally similar to that on DU
sites, but mass of woody fuels on the MU sites was considerably less. Forest floor mass, separated into
Oi (litter) and Oa + Oe (fermentation and humus), varied among study sites. Litter was greatest on the
FB sites and least on the MU sites, whereas humus amounts were greater on the DU sites and least on
the SR site (fig. 1a). The lower amount of litter humus on the MU sites is likely due in part to faster
decomposition rates on those more productive sites. In contrast, slower decomposition on the DU sites
most likely resulted in greater litter and humus accumulation. There were scattered live fuels on all sites
in the form of the evergreen shrubs mountain laurel (Kalmia latifolia), primarily on the driest sites,

and rosebay rhododendron (Rhododendron maximum) on the moist sites, as well as various deciduous
ericaceous species. Both evergreen shrub species are sclerophyllous, producing foliage high in waxy
compounds that increase flammability (Hough 1969). Under the right conditions, these species can act as
fuel ladders in these ecosystems (Waldrop and Brose 1999).

Pre-burn N concentrations in woody and fine fuels are shown in table 2. Typically, woody material has

a low N concentration relative to litter and humus but can represent a substantial pool of site N on sites
with heavy woody fuels (Harmon and others 1986, Vogt and others 1995). The highest N concentrations,
and typically the largest N pools, are typically in the humus layer. In southern Appalachian ecosystems, as
much as 50 percent of the total plant available N is provided by the forest floor, much of it by the humus
layer (Monk and Day 1988). On our study sites, the humus layer accounted for 40, 74, 76, and 86 percent
of total pre-burn N on the FB, SR, MU, and DU sites, respectively (fig. 1b). Although pre-burn humus N
concentrations were greater on the MU sites than on the DU sites, there was substantially more humus
mass on the DU sites contributing to the greater amount of total N in that layer.

Fire Characteristics

Fire intensity varied across burn types, with the greatest mean peak flame temperatures occurring on the
FB treatment (table 1). The range in flame temperatures varied considerably among burn types (table 1).
Heavy, dried fuels on the FB site contributed to a greater mean peak flame temperature. Variation in mean
peak flame temperature and maximum temperature may be explained by timing and ignition source. For
example, in the case of heli-torch or ping-pong balls, fire intensity increases with decreasing placement
density. That is, the wider apart the burn initiation points the more room the fire has to run before
encountering burned areas, which can result in more intense fires.

Fuels Consumption
Consumption of woody and fine fuels varied among burn treatments and was greatest on the FB treatment.
Total fuels consumption ranked FB>DU>SR>MU with the majority of consumption coming from the
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Figure 1—Pre-burn mass (A) and total nitrogen (B) by prescription and material type.
Values within each panel represent site totals. Values in parentheses are standard
English equivalents. Wood for mesic understory is fine woody fuels < 7.5 cm (3 inches)
in diameter only.
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Table 2—Nitrogen concentrations in percent for wood, litter,

and humus before and after burning by site®

Site Wood Litter Humus
---------------- percent - - - - ------------
FB
Pre N 0.25 n.a 0.89 n.a. 095 n.a
Post N 0.36 n.a 1.13 n.a. 1.00 n.a
SR
Pre N 0.542 (0.03) 0.972 (0.03) 1.482 (0.06)
Post N 0.502 (0.06) 1.10% (0.10) 1.562 (0.04)
MU
Pre N 0.452 (0.03) 0.772(0.02) 1.142(0.02)
Post N 0.512(0.02) 1.07* (0.03) 1.222(0.01)
DU
Pre N 0.402 (0.01) 0.762 (0.01) 1.102 (0.02)
Post N 0.382(0.02) 0.93% (0.02) 1.002 (0.02)

FB = fell and burn; SR = stand replacement; MU = moist understory burn;
DU = dry understory burn.

2Values in parentheses are standard errors.

bMeans within material type and site with the same superscript are not
significantly different at the 0.05 level

wood component on the FB and SR sites and from the litter component on the MU and DU sites. Wood
(almost 80 Mg ha') made up nearly 90 percent of the total mass lost on the FB sites, whereas <5 Mg ha'!
of wood was consumed on each of the other sites (fig. 2a). Of the total mass of 6 Mg ha™! consumed on
the SR site, almost 65 percent was woody material, whereas on the DU and MU sites approximately 20
percent and 10 percent, respectively, was woody material, although total mass loss was similar on those
three sites (fig. 2b). Differences in proportional consumption (i.e., wood vs. litter vs. humus) between the
SR, DU, and MU sites was primarily due to the amount of humus consumed. Very similar amounts of
humus were consumed on the FB, DU, and MU sites, while the SR site lost a smaller amount of humus.
All burns were characterized as having high intensity and low severity, which is essential for minimizing
humus consumption and the resulting loss of site nutrients. Although total pre-burn mass of wood was
very similar to total pre-burn mass of humus on the SR site, the quick burn resulted in minimal humus
consumption. Shorter fire residence times reduce the likelihood that significant losses of site nutrients will
occur through humus consumption.

Nitrogen Losses

The greatest loss N during burning occurred on the FB site. Before burning, the amounts of N in woody
material and humus on that site were roughly equal. However, most of the mass loss came from the woody
component, and, although N concentrations were low, total N losses were great (fig. 3a). Similarly, most
of the N loss on the SR site came from the woody component, although the total amount lost was an order
of magnitude less. More importantly, the majority of the N lost from the MU and DU sites (50 and 65
percent, respectively) came from the humus layer. Even though more mass was lost from the litter layer
on those sites, higher N concentrations in the humus layer resulted in a greater proportion of total site N
lost from that layer (figs. 3a, 3b). Total amounts were low relative to the extreme condition found on the
FB site but the loss of N from the humus layer can have immediate and long-term consequences for site
productivity.
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Implications for Management

Fire managers cannot control fire weather but they can control ignition timing and type, and consequently
fire intensity. Under all site conditions, the longer a prescribed fire persists in one place the more intense
the fire and the more likely there will be significant consumption of the humus layer. Minimizing
consumption of the humus layer has important implications for long-term site productivity, as this layer is
typically the largest reservoir of available site nutrients in these ecosystems. This is particularly important
during the post-burn recovery period when young woody and herbaceous seedlings are becoming re-
established (Clinton and Vose 2000). Although the short-term loss of site nutrients, particularly nitrogen,
is inevitable during burning, prescribed burning can enhance overall site quality and productivity over
the long-term by stimulating nitrogen cycling processes. The significance of N losses and time required
for recovery and enhancement of N cycling processes varies considerably by ecosystem type and the
severity and intensity of the prescribed fire. For example, when total site N pools are small, as was the
case on the MU sites, any loss of N — and especially any loss from the humus layer — can represent a
substantial fraction of the pre-burn total and increase the risk of negative impacts. Burning under such
conditions requires careful planning in order to not compromise near-term site recovery or long-term site
productivity.
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INITIAL EFFECTS OF PRESCRIBED BURNING AND THINNING ON PLANT
COMMUNITIES IN THE SOUTHEAST MISSOURI OZARKS

E.R. McMurry, Rose-Marie Muzika, E.F. Loewenstein, K.W. Grabner, and G.W. Hartman'

Abstract—A study examining the effectiveness of prescribed fire and thinning as fuel reduction
tools was initiated in the southeast Missouri Ozarks in 2001. Vegetation plots were established
throughout 12 stands in each of 3 replicate blocks to monitor the effects of fire, thinning, and

a combination of fire and thinning on the overstory, understory, and ground flora communities.
The study was stratified across north facing slopes, south facing slopes, and ridge tops to discern
the influence of topographic position on the treatments and on the resulting vegetation. Prior

to treatment, overstory communities in all topographic positions were dominated by black oak
(Quercus velutina Lam.) and white oak (Q. alba L.), and had relatively low diversity and evenness.
Understory woody vegetation was dominated by red maple (Acer rubrum L.) on northern slopes,
white oak (Q. alba L.) on ridges, and sassafras (Sassafras albidum [Nutt.] Nees) on southern
slopes. Immediate and marked changes in the vegetative structure and species composition
resulted from the initial burn, thinning, and combined treatments. Burning caused shifts in
dominance by physiognomic group, with forbs, grasses, and sedges increasing, while woody tree,
vine, and shrub species decreased. Thinning did not significantly affect physiognomic composition
in the first year following treatment, and thinned plots were very similar to controls. Topographic
position appeared to have more influence on ground flora composition than treatment in the first
two years of the study. Continued monitoring may provide insight into the viability of using
prescribed fire and thinning for ecosystem restoration in addition to fuel reduction.

INTRODUCTION

The Ozark Highlands region of southeast Missouri is an area of densely forested and rugged terrain.
While pre-settlement forest conditions in the topographically variable Ozarks probably ranged from
openings to completely closed canopies (Nigh 1992), many researchers believe the forests of the Ozark
Highlands were predominantly open-canopy shortleaf pine (Pinus echinata Mill.) and oak (Quercus sp.)
maintained by frequent low-intensity surface fires (Bielmann and Brenner 1951, Ladd 1991, Nelson
1997). Reconstructions of fire frequency in the upper Current River watershed, in the Ozark Highlands,
indicated a mean fire interval (MFI) of 15.8 years for the period 1581-1700, 8.9 for 1700-1820, and 3.7
for 1820-1940 (Guyette and Dey 1997). After the establishment of national forests in the area and the
enforcement of fire suppression policies, the MFI for Missouri is estimated to be 715 years (Westin 1992).
While wildfires still occur in the Ozarks, the average area burned by each fire has been reduced at least 90
percent.

The history of logging in the Ozarks is similar to that seen elsewhere in the Central Hardwoods region.
Much of the Ozarks was completely cutover in the late 19" century (Cunningham and Hauser 1989). The
second-growth forests regenerated primarily from stump sprouting and are dominated by oak and hickory
species. As a result, the shortleaf pine and oak-pine forest types in the Missouri Ozarks have been reduced
from an estimated 6.6 million acres (Liming 1946) to approximately 400,000 acres (Cunningham and
Hauser 1989). Consequently, fuels in the understory shifted from primarily pine litter and woody debris

to hardwood litter and woody debris. Furthermore, litter accumulations and dense canopies have led to
conditions unfavorable for the regeneration of oak and shortleaf pine (Stambaugh 2001).
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65211; E.F. Loewenstein, Assistant Professor of Silviculture, Auburn University, School of Forestry and Wildlife Sciences, Auburn,
AL 36849; K.W. Grabner, Ecologist, U.S. Geological Survey, Northern Prairie Wildlife Research Center, Columbia, MO 65211;
and G.W. Hartman, Fire Ecologist, Missouri Department of Conservation, Resource Science Division, Columbia, MO 65201.
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As the land becomes increasingly populated and fragmented and fuels accumulate, the risk of a
devastating fire event increases exponentially (Guyette and others 2002). Though the Ozarks have a long
history of periodic low-intensity surface fires, the accumulation of fuels over the past several decades
reduces the predictability of fire behavior in these forests. Thus, there is a pressing need for information
on potential fuel reduction methods for these forests, and a need for ecological evaluation of such
methods to ensure long-term sustainability of the ecosystem. In 2001 a study was initiated in the Missouri
Ozarks to investigate the potential of prescribed burning for fuel reduction in thinned and unthinned oak-
hickory forests. The specific objective of the work presented here was to document initial effects of these
treatments on the resident plant communities.

Study Area

The study area is located in the Black River Hills Oak-Pine Woodland/Forest Hills land type association
(LTA) of the Current River Hills subsection of the Ozark Highlands section (Nigh and others 2000). The
Black River Oak-Pine Woodland/Forest Hills LTA is characterized by hilly topography with steep slopes
and occupies much of the Black River basin. Soils are mainly cherty, low-base soils associated with
Roubidoux and Gasconade geologic formations (Nigh and Schroeder 2002). Two of the three study blocks
are located in Clearwater Conservation Area, while another is located in Dickens Valley Conservation
Area. Both areas are near Ellington, MO and managed by the Missouri Department of Conservation.

METHODS

Study Design and Site Selection

The study uses a split-plot experimental design. The variables include fire (2 levels), thinning (2 levels),
and topographic position (3 types). The combinations of prescribed fire/thinning, prescribed fire/no
thinning, no fire/thinning, and no fire/no thinning (control) were repeated across three topographic
positions (protected backslope, ridge top, and exposed backslope) to form one study block. Control
treatments were randomly located either on the east or west side of the block such that the prescribed fire
treatment could be applied to the six burned plots as a single unit.

The study block design was replicated at three sites located within the Black River Hills LTA, with each
block (replicate) containing 12 treatment plots. Stands were selected to represent mature, upland oak-
hickory forests of the Missouri Ozarks. Stands chosen met the criteria of having a stand age of at least 50
years, an overstory dominated by oaks and hickories, and no evidence of fire or other major disturbance
within the past 30 years. Three blocks of stands that met all of the criteria were identified, hereafter
designated as Blocks 1, 2 and 3.

Fuel Reduction Treatments

Thinning operations were conducted using a mark-leave method during the growing season prior to the
first burn. Stocking was reduced to ~40 square feet per acre (~3.7 m?ha). Preference for leave-trees
was given to the most vigorous individuals of more fire tolerant species such as white oak, post oak (Q.
stellata Wangenh.), and shortleaf pine. Non-commercial trees were felled by hand, and all slash was left
on-site and broken down with chainsaws.

Prescribed burns were conducted by the Missouri Department of Conservation utilizing the ring fire
method. The burns were conducted in spring 2003 before full leaf-out had occurred. One plot (Block 3,
Ridge, Burn) that was to be treated with prescribed fire was not burned in 2003 due to time and weather
constraints, and was dropped from first-year analyses. Flame lengths did not vary greatly between burn-
only and burn-thin treatments except where slash piles occurred. Flame lengths varied from 0.5 to 1
foot in backing fires and 1 to 4 feet in head fires. At slash piles, flame lengths ranged from 5 to 40 feet,
averaging between 10 and 15 feet (Kolaks and others 2004).

Vegetation Sampling
Permanent vegetation subplots were installed during the summer of 2001. Pre-treatment sampling was
conducted May-August, 2001, and post-treatment sampling was conducted May-July, 2003. The size,
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shape, and configuration of each stand required a modified transect method for sampling three types of
subplots: woody regeneration, overstory, and ground flora.

Woody regeneration subplots—Within each plot, 15 circular woody regeneration subplots (0.001 ha)
were randomly located along a transect. Three of these subplots also serve as a plot center for 0.1 ha
overstory subplots. In addition, five regeneration subplots were randomly placed within each 0.1 ha
overstory subplot, for a total of 30 woody regeneration subplots per plot. All live woody stems <4 cm dbh
rooted within these subplots were identified to species and tallied by 30 cm height classes. For multiple-
stemmed woody species, each stem was tallied and height measured on only the tallest stem.

Overstory subplots—Within each 0.1 ha subplot, all live overstory trees greater than 4 cm dbh were
identified to species, dbh measured, tagged, numbered, and location recorded. In post-treatment years,
these tagged trees were assigned codes indicating mortality, root suckering, fire damage, and crown
position characteristics.

Ground flora subplots—For the sampling of ground flora, one 1 m? quadrat was located in association
with each of the 15 woody regeneration subplots established along the plot transect. Within each 0.1 ha
overstory subplot, five additional 1 m? quadrats were also randomly located. Within each quadrat, all live
herbaceous plants and woody regeneration (<4 cm dbh) rooted within the quadrat frame were identified
to species and cover was estimated to the nearest 1 percent. Site characteristics were collected at each
quadrat by measuring percent slope, aspect, and crown cover (densitometer reading), and estimating
percentages of bare soil, leaf litter coverage, exposed rock, and downed dead woody material.

Statistical analyses—An ANOVA model was developed to include the three replicate sites, three aspect
classes, and four levels of treatment. Using SAS, PROC GLM and PROC MIXED were used to test for
differences between pre- and post-treatment plant community characteristics such as species richness
(number of species per 30 m?), diversity, and evenness. ANOVA was also used to analyze treatment effects
on the proportional cover by physiognomic group, using an angular transformation to improve normality
and homogeneity of variance (Beers and others 1966):

y =sin! (Vx) (1)

Importance values (relative frequency + relative abundance) of individual species were used to examine
which species increased or decreased greater than 10 percent following treatment, and also to determine
new and missing species following treatment.

Diversity was calculated using the Shannon diversity index (Shannon and Weaver 1949, Magurran 1988):

St
H'==Y p,log, p, )

i=l

Evenness was calculated using Pielou’s formula (Pielou 1975):

H  H
H' log, S 3)

max

RESULTS

Overstory

Stand structure—Prior to treatment all study plots were fully stocked stands dominated by oak and
hickory species. Across all plots, pre-treatment trees per acre (TPA) ranged from 241.6 to 485.8, with a
mean of 357.4. Basal area (BA) ranged from 79.5 square foot per acre to 146.2 square foot per acre (7.4
to 13.7 m*ha), with a mean of 107.4 square foot per acre (10.0). Stands were on average 95 percent fully
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stocked with a range in stocking of 71.5 to 129.2 percent. In general, protected backslopes had the highest
values for all three stand structure characteristics.

Thinning removed an average of 101.8 trees per acre and 57.7 square foot per acre BA, while stocking
decreased an average of 59.1 percent. Burn-thin plots exhibited the greatest decreases in all three stand
characteristics, followed by thin-only plots and burn-only plots. Although TPA, BA, and percent stocking
decreased following treatment, burn-only plots were more similar to control plots following treatment
than thin or burn-thin plots (table 1).

Species composition—Both before and after treatment, the composition of the overstory across all plots
was dominated by the same species in terms of number of individuals: hickory sp. (Carya sp.), flowering
dogwood (Cornus florida L.), white oak, black oak, and black gum (Nyssa sylvatica Marshall). In terms
of relative BA, differences after treatment reflected the effect of thinning: shortleaf pine, scarlet oak (Q.
coccinea Muenchh.), and post oak all had greater proportional abundance following thinning.

On protected slopes, hickory, dogwood, and black gum, represented much less of the proportional basal
area following all treatments (when compared to pre-treatment levels), while scarlet oak, black oak, and
white oak increased in mean relative basal area. On ridges and exposed slopes, similar patterns occurred,
but with greater post oak and shortleaf pine presence in the post-treatment composition. The effect of
thinning and/or burning on overstory species composition in the first year was primarily the reduction of
small diameter dogwoods, black gums, and hickories.

Ground Flora

Species richness—Pre-treatment plot richness ranged from 20 to 91, with a mean of 36.5 species across
all plots. Following treatment, mean plot richness was 36.8 and ranged from 20 to 87 species. The overall
ANOVA model was not significant, and no significant differences in richness due to the main effects of
treatment were found (table 2). Most of the variability in richness was due to differences among replicate
blocks. Tests of the differences between least square means (LSMeans) indicated a significantly higher
richness on exposed slopes than protected slopes following treatment (P=0.0437).

Table 1—Mean trees per acre (TPA), basal area (BA), and percent stocking by site, aspect, and
treatment

Percent change

Site, aspect, Pre-treatment 2001 Post-treatment 2003 between years
andtreatment  TPA BA Stocking  TPA BA Stocking TPA  BA  Stocking
ft?/ac percent ft?/ac percent ftt/ac  percent
Site 1 341 105 92 187 77 65 -45 -26 -29
Site 2 380 109 99 174 70 61 -54 -36 -38
Site 3 351 108 95 208 78 67 -41 -27 -29
Protected 3674 1104 96.8 184.1 76.2 64.4 -50 -31 -33
Ridge 348.9 105.8 941 188.3 75.8 65.1 -46 -28 -31
Exposed 356.1 105.9 94.2 196.2 73.6 63.9 -45 -31 -32
Control 350.6 107.3 94.7 329.0 107.9 94.4 -6 1 -0
Burn 333.2 94.3 84.7 246.9 89.3 77.5 -26 -5 -9
Harvest 338.3 1123 97.3 94.7 54.0 44.9 -72 -52 -54
Harvest-burn ~ 370.7  105.1 941 60.0 39.7 32.5 -84 -62 -65

Proceedings of the 15th Central Hardwood Forest Conference e-GTR—SRS-101



Table 2—Results of analysis of variance tests conducted for post-treatment ground flora plant community characteristics, including
analysis of difference scores (post-treatment minus pre-treatment)

P-value
Aspect x
Aspect x Aspect  Harvest harvest Site x
Post-treatment Overall Site Aspect Harvest  harvest Burn x burn X burn X burn aspect Significant differences®*
Richness (n = 34) 0.1053  0.0268 0.0462 None
Abundance
(n=35) <.0001 0.0001 <.0001 0.0001 ab ac ad af ag ah aj ak al bc be
bg bi ce ch ci cj cl de di ef eg
eh ej ek el fi gh gi gj gl hi ij ik il
Diversity (n = 34) 0.0028 0.0049 0.0008 0.0146 0.0107 ab ad ae af ag ah ai aj ak al bc
cd ce cf cg ch cicj ck cl
Evenness
(n=35) 0.0259 0.0284 0.0024  0.0253 ab ad ae af ag ah ai aj ak al bc
cdcgchcicleljkl
Differences
Richness (n=35) 0.3352 0.0129 cj
Abundance
(n=235) 0.0007 0.0439 0.0248 0.003 0.0002 0.0002 ab ac ad af ag ah aj ak al be bg
bi bj bk ce cg ch ci ¢j ck de di
ef eg eh egj ek el fi gi hi ij ik il
Diversity (n = 35) 0.1114 0.0024 ab ad al bc be bi bj bk cd cl de
dg didjdk el glil jl kl
Evenness
(n=35) 0.1206 0.0074 ab ad al bc be bg bi bj bk cl di dj

a All letter combinations imply a significant difference between aspect and treatment combinations as follows: a = protected, control; b = protected, burn; ¢ = protected, thin;
d = protected burn-thin; e = ridge, control; f = ridge, burn; g = ridge, thin; h = ridge, burn-thin; i = exposed, control; j = exposed, burn; k = exposed, thin; | = exposed, burn-thin.
bl etters in bold indicate significance at the 0.01 level, all others significant at the 0.05 level.

¢Only significant sources of type Ill SS in the model are indicated.
d4Significant differences based on tests of least square means for effect aspect x harvest x burn Pr>|t| for HO: LSMean(i) = LSMean(j).
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Diversity and evenness—Prior to treatment, diversity values ranged from 2.0 to 3.5 (mean = 2.5). Pre-
treatment diversity differed significantly by block and aspect. While not significantly different from each
other, ridges and exposed slopes tended to have higher mean diversity than protected slopes. Following
treatment, diversity values ranged from 2.1 to 3.5 (mean = 2.6. Significant variability in diversity existed
due primarily to the effects of burning (P=0.0008) and aspect (P=0.0049) (table 2). Mean diversity was
highest on burn-thin plots, followed by burn plots, thin plots, and controls. Mean diversity scores on
protected control and protected thin plots were significantly lower than those of all other aspect and
treatment combinations.

LSMeans tests of differences showed significantly greater increases in diversity on protected plots versus
ridge plots (P=0.0280). The highest increases in diversity occurred on burn-thin plots in all landscape
positions, followed by burned plots, controls, and thinned plots.

Evenness (J”) differed significantly before treatment among the three aspect classes. Mean evenness on
protected plots was significantly lower than on ridge (P=0.0308) and exposed (P=0.0244) plots prior to
treatment. A comparison of the LSMeans also indicated that exposed plots with a burn-thin prescription
had significantly lower evenness prior to treatment than exposed control plots (P=0.0109) and exposed
burn-only plots (P=0.0145).

Following treatment, burned plots had significantly higher mean evenness than unburned plots
(P=0.0024). Mean evenness on burn-thin plots was significantly higher than those on control (P=0.0015)
and thin (P=0.0029) plots. Mean evenness increased across all aspects, with evenness increasing more
substantially on protected slopes. Mean evenness increased the most on burn-thin plots, followed by burn-
only, thin-only, and controls. Only thin and burn-thin plots were significantly different than controls in
mean evenness following treatment.

Species responses—The burn-only and burn-thin treatments tended to increase the abundance of Carex
sp. and Panicum sp.; both genera increased by at least 10 percent in mean importance value on all aspects
with these treatments, though their overall relative abundance remained small. Desmodium, the most
ubiquitous herbaceous genera prior to treatment, was generally reduced by burning, with the exception of
ridge burn plots. Scarlet oak seedlings were eliminated entirely following treatment on burn plots on all
landscape positions, and on burn-thin plots in protected positions.

In the post-treatment sample, three species occurred despite being absent prior to treatment: Ambrosia
artemisifolia (ragweed), Erechtites hieracium (fireweed) and Phytolacca americana (pokeweed). All are
weedy annual forbs commonly found in Missouri on recently disturbed sites, and were found only on
treated plots in this study. There were no annual forbs found in the pre-treatment sample.

In general, burning affected the cover and frequency of woody species in the ground flora layer more than
herbaceous species, increasing sassafras and sumac species while decreasing scarlet oak, American hazel
(Corylus americana Walt.), Carolina buckthorn (Rhamnus caroliniana Walt.), white oak, eastern redbud
(Cercis canadensis L.), flowering dogwood, black gum, red maple, black oak, bush honeysuckle (Lonicera
flava Sims.), Virginia creeper (Parthenocissus quinquefolia L.), persimmon (Diospyros virginiana L.), and
Vaccinium sp. These species responded similarly to both the burn-only and burn-thin treatments. Thin-
only plots exhibited increases in woody species such as black gum, Vaccinium sp., Vitis sp., flowering
dogwood, and Virginia creeper, and decreased cover and frequency of sassafras, red maple, black oak,
white oak, and persimmon.

Compositional changes—Ground flora species were grouped physiognomically: perennial native forbs
(including herbaceous vines and ferns), annual native forbs, graminoids (grasses and sedges), legumes,
woody tree species, woody vines, and shrubs. Proportional abundance of each physiognomic group
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was examined for each aspect and treatment through mean relative cover, and LSMeans tests revealed
statistical differences between pre- and post-treatment ground flora physiognomic composition.

Regenerating tree species decreased in burn-only plots in all landscape positions, and woody vines,
graminoids, perennial forbs, and annual forbs increased following treatment. Shrub abundance decreased
substantially on ridges, decreased slightly on exposed slopes, and increased slightly on protected slopes.
Legumes increased substantially on ridges (fig. 1), decreased slightly on exposed slopes (fig. 2), and
remained stable on protected slopes (fig. 3).

Slight decreases in abundance of regenerating tree species, very slight decreases in shrubs, and slight
increases in woody vines occurred in thin-only plots in all landscape positions exhibited. In general,
physiognomic composition did not shift as dramatically in thin-only plots following treatment as burned
plots, and thinned plots were more similar to controls than to other treatments.

Burn-thin plots in all landscape positions showed decreased proportional abundance of regenerating tree
species and legumes, and increased abundance of graminoids, perennial forbs, and annual forbs following
treatment. Woody vines increased substantially on exposed slopes, increased slightly on protected slopes,
and decreased slightly on ridges. Shrubs increased slightly on protected slopes, decreased on exposed
slopes, and remained stable on ridges.

SUMMARY AND CONCLUSIONS

All fuel reduction treatments significantly reduced ground flora abundance on every landscape position.
Landscape position did seem to mitigate some of the effects of treatment, as ridges were generally less
affected by the treatments than both protected and exposed slopes. Thinning consistently impacted the
ground flora layer less than the burn and burn-thin treatments in terms of species composition. Annual
forbs such as fireweed and pokeweed were prolific on burn-only and burn-thin plots across all aspects.
Diversity increased more on protected slopes with these treatments than on any other aspect-treatment
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Figure 1—Differences in mean relative cover (post-pre) of herbaceous physiognomic groups on ridges, by
treatment.
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Figure 2—Differences in mean relative cover (post-pre) of herbaceous physiognomic groups on exposed
slopes, by treatment.
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Figure 3—Differences in mean relative cover (post-pre) of herbaceous physiognomic groups on protected
slopes, by treatment.
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combination. Legumes increased the most on burn-only plots, while they decreased the most on burn-
thin plots. It is important to note that these findings may be very short-lived, and may capture only the
immediate response to these treatments.

The study is scheduled to continue until at least 2007, and a second prescribed burn and vegetation
sampling was conducted in 2005. Monitoring of the herbaceous plots will continue, and vegetation
data will continue to be linked with fire behavior and fuel loading data as the plots continue to change
following treatments. In addition, woody regeneration and overstory plots will provide information on
overstory mortality and regenerative capacity following these treatments.

Implications for findings thus far suggest there is a substantial interaction among all treatment types with
topographic position. Careful consideration of treatments, particularly those utilizing prescribed fire, must
consider topographic position.
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EFFECTS OF LANDSCAPE POSITION AND SEASON OF BURN ON FIRE
TEMPERATURE IN SOUTHERN OHIO’S MIXED OAK FORESTS

Doug J. Schwemlein and Roger A. Williams'

Abstract—The use of fire to maintain and restore oak (Quercus spp.) ecosystems is becoming
an increasingly accepted silvicultural tool; however, specific management recommendations have
been slow to develop as past studies have shown mixed results. By examining fire temperature in
response to landscape position and season of burn, we attempted to offer increased insight into
the use of prescribed fire to effectively regenerate oak. Prescribed burns were performed in 2004
in two oak forests that encompassed 96 and 170 ha. One forest was burned late-March and the
other was burned early-November. Eight areas that represented the four aspects and two slope
positions (upper and lower) were marked out within each forest and replicated. Fire temperature
was measured using temperature-sensitive paint applied to aluminum tags (pyrometer) at three
different heights above the forest floor. Six pyrometers were placed in each area, providing a
total of 192 sets of temperature/height data. Pre-burn fuel conditions were characterized around
each temperature gauge. Temperature readings as indicated by temperature-sensitive paint were
recorded immediately after each burn. Fall burns were significantly hotter than spring burns at
all aspects and slope positions. This same trend was recorded at the different height readings,
indicating longer flame lengths during the fall burn. This paper discusses how fire reacts to
landscape position and season of burn, and how these factors may be used to more successfully
implement prescribed fire for oak management objectives.

INTRODUCTION

Over the past fifty years many stands once dominated by oak have been slowly replaced by more
mesophytic species, especially red maple (Acer rubrum) (Heiligmann and Norland 1985, Lorimer 1993).
These declining oak-dominated, second-growth forests of today are believed to have originated after
years of widespread, high intensity fires swept through old-growth logging slash. However, the historical
disturbance regime also consisted of more frequent, low intensity fire (Brose and others 2001), ignited
naturally by lighting, but mainly by indigenous peoples and early settlers (Kimmerer and Lake 2001). It
seems inevitable that without replicating this historical fire regime, oaks will continue to decline because
of the increasing difficulty in regenerating the genus (Clark 1993).

In recent years the use of prescribed fire as a means to maintain or restore oak forests has gained
attention as studies have indicated the potential effectiveness of this management tool (Arthur and others
1998, Brose and others 1999). The ubiquitous nature of oak regeneration failure throughout its eastern
range requires that an equally universal management technique must be developed and implemented if
forest managers are to maintain and restore oak forests. Although it seems clear that fire can increase
oak regeneration success, the analysis of more specific data about fire will increase its effectiveness

as a management tool. For instance, if higher fire intensity, of which temperature is large part, is more
effective in promoting oak regeneration, then detailed knowledge about fire temperature variability across
a multitude of landscape positions would be very useful. The objective of this study was to examine how
fire temperature is affected by landscape position, aspect, and season of burn. These results are the first
phase of a continuing study that will evaluate the differential sprouting response of oak and red maple
following fire.

' Doug J. Schwemlein, Forestry Graduate Student, and Roger A. Williams, Associate Professor of Forest Ecosystem Analysis and
Management, The Ohio State University, School of Natural Resources, Columbus, OH 43210-1085.
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SITE DESCRIPTION

The two study sites are located 24 km apart in the unglaciated hill country of southern Ohio. The regional
topography is characterized by deeply dissected terrain of the Allegheny Plateau, which creates a gradient
of moisture regimes and subsequent microclimates across the landscape. Forest composition and structure
consist primarily of mixed-oak, sawtimber size stands. Both sites are located within Ohio state forests
with similar geologic, topographic, and climatic characteristics, and accordingly, very similar vegetation.

The spring burn site is a 96 ha tract located in Richland Furnace State Forest (39°10°N, 82°36’W), in
Jackson County, Ohio. Soils consist mainly of deep, well drained to moderately well drained silt loams of
the Rigley-Rarden-Clymer association, formed in colluvium and residuum from sandstone and shale. The
climate of Jackson County is characterized by mean annual precipitation of 105.36 cm and a mean annual
temperature of 11°C. Average daily maximum and minimum temperatures in January are 4.3°C and -
5.7°C respectively, and average daily maximum and minimum temperatures in July are 30°C and 15.5°C
respectively (United States Department of Agriculture 1985).

The fall burn site is a 170 ha tract located in Tar Hollow State Forest (39°22°N, 82°45°W), in Ross
County, Ohio. Soils in this area are deep to very deep, moderately well drained to well drained soils

of Cruze-Shelocta-Brownville association, derived from shale, siltstone, and sandstone. The climate

of Ross County is characterized by mean annual precipitation of 98.50 cm with a fairly even annual
distribution. The mean annual temperature is 11.6°C, with January average daily maximum and minimum
temperatures being 3.7°C and -7.7°C respectively, and July average daily maximum and minimum
temperatures being 30°C and 16.8°C respectively (United States Department of Agriculture 2003).

SAMPLE DESIGN

This study was the first phase of a continuing study that will evaluate the differential sprouting response
of oak and red maple following fire. Because the overall objective was to evaluate the response of
individual sample trees to fire, the experimental design consisted accordingly of individual observations
surrounding those sample trees.

Prior to the burns at each site, two areas were identified that represent northeast (NE) (360°-90°),
southeast (SE) (90°-180°), southwest (SW) (180°-270°), and northwest (NW) (270°-360°) aspects. In
addition, two areas were chosen at each aspect that represent slope position: upper and lower. These
landscape positions were defined with the upper slope being the upper 33 percent of the slope and lower
slope being the lower 33 percent of the slope. The two sample areas in each aspect and slope position
were placed in different locations within each site for replication. This provided for the following sample
design:

(2 areas) X (4 aspects) X (2 slope positions) X (2 sites) = 32 areas

Fire temperature measurement was achieved by placing six pyrometers throughout each area. With six
temperature gauges at 32 areas, the following sample size was achieved:

N = (6 pyrometers) X (32 areas) = 192

Each pyrometer then became the center of a circular 0.005 hectare plot for purposes of characterizing
fuel. This characterization was performed by placing fuel into fuel-type categories defined as: (1) coarse
woody debris being small to large logs, (2) fine woody debris being twig, branch and bark material, (3)
woody vegetation, and (4) herbaceous vegetation. The percent coverage of each of these fuel types on
each plot was determined by ocular estimation and recorded. The litter depth was defined as the depth to
mineral soil, and was measured at the base of each pyrometer.

The temperature gauges consisted of three aluminum tags painted with temperature-sensitive paint
(Tempilaq®), and attached to a metal pin that was then inserted into the ground (Blankenship and Arthur
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1999, Boerner and others 2000, Cole and others 1992). The three aluminum tags were attached to each
pin at 0 cm, 20 cm, and 40 cm above the ground. On each tag, 10 temperature-sensitive paints were
applied, each with a different melting point from 79°C to 538°C, as a means to record the fire temperature
at different heights. The aluminum tags were then covered with aluminum foil to protect the paint from
moisture, ash, and charring damage. Soon after the burns were completed, the aluminum tags were
collected, and the temperature indicated by the melted paint was recorded.

Fire Implementation

The Ohio Division of Forestry conducted both the spring and fall burns with the dual intention of
reducing fuel, in accordance with the national fire plan, and to promote oak regeneration. Both burn
areas were fully enclosed by either roads or bulldozed fire lines. Ignition consisted of first backfiring a
buffer or blackline of approximately 30 m around the perimeter of the burn area. The interior of the burn
compartment was then lit using both manual and aerial internal ignitions.

The spring burn in Richland Furnace State Forest was conducted at approximately 10:00 a.m. on March
26, 2004. Weather conditions were partly cloudy with a relative humidity and air temperature of 46
percent and 21°C respectively, and southwesterly winds of 14.5 km per hour. The fall burn at Tar Hollow
State Forest was implemented at approximately 10:00 a.m. on November 10, 2004. Weather conditions
were partly cloudy with a relative humidity and air temperature of 35 percent and 16°C respectively,

and southwesterly winds of 7.9 km per hour. Fuel moisture levels were not measured prior to the fires;
however both sites had recently received light precipitation.

RESULTS

The prescribed fires burned both sites almost completely, leaving only small patches of each area
unburned. However, due to these unburned areas several samples were discarded, reducing the spring burn
sample size from 96 to 92, and the fall burn sample size from 96 to 90.

Fuel characterization yielded fairly homogeneous pre-burn fuel levels between the spring and fall sites
(table 1). Litter depths across sites did not differ significantly, with a spring site depth of 4.5202 cm and
a fall site depth of 4.5159 cm. Similarly, little difference was measured in the fuel-type categories across
the two sites with coarse, woody and herbaceous fuels not differing significantly; however, a significant
difference was found between mean fine woody debris percentages, with a spring site mean of 9.7917
percent cover and a fall site mean of 12.604 percent cover.

The pyrometers indicated a significantly higher temperature in the fall burn than in the spring (table 2).
The average total temperature, which consisted of all samples combined, was 117°C for the spring burn
and 167°C for fall burn. This difference between burns was similar when temperatures were examined at

Table 1—Mean fuel characteristics of two forest sites in
southern Ohio used in this study

Burn season (site)

Fuel characteristics Spring Fall

Litter depth (cm) 452 a 452 a
Coarse woody debris cover (percent) 8.23 a 9.48 a
Fine woody debris cover (percent) 9.79 a 12.60 b
Woody vegetation (percent) 25.26 a 23.65a
Herbaceous vegetation (percent) 13.81a 12.53 a

Means followed by the same small case letter are not significantly different
across sites (Duncan’s MRT, p = 0.05).
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Table 2—Mean fire temperatures by burning season of two
forest sites in southern Ohio used in this study

Burn season (site)

Temperature/location N Spring N Fall
°C °C
Average total temperature 92 117 a a0 167 b
Average temperature at 0 cm 92 176 a 90 233 b
Average temperature at 20 cm 92 107 a 90 166 b
Average temperature at 40 cm 92 68 a 90 101 b

N = sample size.
Means followed by the same small case letter are not significantly different
across sites (Duncan’s MRT, p = 0.05).

the three temperature height locations. Mean ground level temperatures for spring versus fall burns were
176°C and 233°C, mean temperatures at 20 cm were 107°C and 166°C, and mean temperatures at 40 cm
were 68°C and 101°C respectively. The significantly higher temperatures recorded at 40 cm during the fall
burn indicate that fall burn flame heights were greater. These higher flame heights were also confirmed

by observing higher scorch heights on surrounding trees. Fire temperature and height were found to have
a negative relationship at both the spring and fall burn sites, with ground level temperatures being the
highest and the 40 cm temperatures being the lowest.

The fall burn also resulted in higher temperatures when measurements were further evaluated by aspect,
height, and burn season (table 3). For each temperature location: total average temperature, average
temperatures at 0 cm, average temperature at 20 cm, and average temperature at 40 cm, the NE and NW
aspects were slightly higher for the fall burn than for the spring burn; however SE and SW aspects were
all significantly higher for the fall burn. In addition to burning hotter, the fall burn had a more variable
temperature range than the spring burn, with average total spring temperatures ranging from 89°C to
141°C, a difference of only 52°C, while average total fall temperatures ranged from 96°C to 207°C, a
difference of 111°C. For both burns the SE aspects achieved the highest temperatures for all temperature
locations, except for the 20 cm location during the fall burn where the SW aspect temperatures were
highest. SW aspects showed the second highest temperatures across both sites, NW aspects were the third
highest, and NE aspects indicated the lowest temperatures.

Fire temperatures were higher on upper slope positions for both spring and fall burns (table 4). Spring
burn values across all temperature height locations were higher on upper slope positions than lower slope
positions, with the average total temperature ranging from 103°C on lower slopes to 132°C on upper
slopes, a difference of 29°C; however only the difference at the 0 cm temperature location was found to be
significant. Fall burn values across all temperature locations were significantly higher on upper slopes than
lower slopes, with the average total temperature ranging from 103°C on lower slopes to 199°C on upper
slopes, a difference of 96°C. Temperature differences between season of burn were higher across both
slope positions and all temperature locations for the fall burn. Upper slope positions for the fall burn were
significantly higher than upper slope positions for the spring burn across all temperature locations. Lower
slope position temperatures were higher for the fall burn, with the exception of the 20 cm temperature
location, but these differences were not significant.

Mean temperature values grouped according to slope position and aspect show significantly higher fall
burn temperatures (table 5). The mean temperatures also duplicate the positive relationship between
slope elevation and temperature, as in table 4. Upper slopes with SE and SW aspects achieved the highest
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Table 3—Mean fire temperatures by burning season and aspect of two forest
sites in southern Ohio used in this study

Burn season (site)

Temperature/location Aspect N Spring N Fall
°C °C
Average total temperature NE 29 89 aA 22 96 aA
SE 29 141 bA 22 207 aB
SW 11 124 abA 24 203 aB
NW 21 120 abA 25 155 bA
Average temperature at 0 cm NE 29 156 aA 21 165 aA
SE 29 207 aA 22 278 bB
SW 11 169 aA 24 257 bB
NW 21 165 aA 25 227 bB
Average temperature at 20 cm NE 29 77 aA 21 95 aA
SE 29 125 aA 22 198 bB
SW 11 125 aA 24 207 bB
NW 21 113 aA 25 158 bA
Average temperature at 40 cm NE 29 35 aA 21 29 aA
SE 29 89 aA 22 145 bB
SwW 11 79 aA 24 144 bB
NW 21 80 aA 25 81 cA

N = sample size.

Means followed by the same small case letter are not significantly different across aspects;
means followed by the same uppercase letter are not significantly different between burn
seasons (Duncan’s MRT, p = 0.05).

temperatures for both spring and fall burns, while lower slopes with NW and NE aspects experienced
lowest temperatures.

MANAGEMENT IMPLICATIONS AND CONCLUSIONS

Fire intensity has been shown to be one of the key factors in encouraging competitive oak regeneration
(Arthur and others 1998, Brose and others 1999), with oak regeneration success often displaying

a positive relationship with fire intensity. Because landscape position, season of burn and fuel
characteristics can determine fire intensity, more knowledge about these interactions could help to fine-
tune the use of prescribed fire as a management tool.

Other studies have suggested that spring burns are most effective in achieving medium to high intensity
burns (Brose and others 1999), due to the occurrence of more days with favorable weather conditions
such as high temperature, low humidity, and sunshine. Our findings at Richland Furnace and Tar Hollow,
however, showed that higher fire intensity was reached during the fall burn. With weather conditions, fuel
quantities, and site characteristics being similar between the spring and fall burns studied here, the more
intense fall burn can perhaps be explained by the superior quality of leaf litter in the fall burn. Leaves had
freshly fallen prior to the November fire, whereas by spring much of the fall litter would be expected to
degrade somewhat. However, contrary to expectations, the results showed nearly identical litter depths at
the two sites, suggesting that leaf litter quality rather than leaf litter quantity influenced fire temperature.
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Table 4—Mean fire temperatures by burning season and slope position of two
forest sites in southern Ohio used in this study

Slope Burn season (site)

Temperature/location position N Spring N Fall

°C °C
Average total temperature Upper 43 132 aA 46 199 aB
Lower 47 103 aA 46 103 bA
Average temperature at 0 cm Upper 43 198 aA 46 198 aB
Lower 47 156 bA 46 156 bA
Average temperature at 20 cm Upper 43 119 aA 46 119 aB
Lower 47 96 aA 46 96 bB
Average temperature at 40 cm Upper 43 79 aA 46 79 aB
Lower 47 58 aA 46 58 bA

N = sample size.

Means followed by the same small case letter are not significantly different across slope
positions; means followed by the same uppercase letter are not significantly different
between burn seasons (Duncan’s MRT, p = 0.05).

Fall burns may also be preferable to spring burns for oak regeneration due to differences in post-burn
nutrient utilization by trees. The historical forest conditions in which oak remained dominant are thought
to have been nitrogen limiting, and through chronic atmospheric deposition, species with higher nitrogen
requirements can now outcompete oak (Boerner and Brinkman 2003). These competitors are likely to
receive a surge of recycled nutrients after a spring burn to facilitate vigorous sprouting. However, after

a fall burn, many of these nutrients would be lost to leaching and runoff while the trees are dormant.
Boerner and Brinkman also state that when mean fire temperatures exceed 200°C, direct volatilization of
nitrogen becomes significant, which would also help to favor oak because of its adaptation to poorer site
conditions. This volatilization would have been greater during the fall burn where temperatures frequently
reached or exceeded 200°C, while during the spring burn 200°C was rarely reached.

Our results also clearly show that fire intensity is directly related to slope position and aspect.
Measurements on the upper slopes of both spring and fall sites displayed higher temperatures than

on lower slopes. Measurements on SE and SW aspects showed significantly higher temperatures than
on NW and NE slopes across both sites. This relationship between aspect and fire temperature has
important management implications if achieving moderate to high intensity fire is the goal. Because oak
regeneration success, or oak competition failure, has been shown to increase with fire intensity (Arthur
and others 1998, Brose and others 1999), then it may only be practical to maintain or restore oak on

the SE and SW aspects where fire intensity will be high enough to have the desired effect. On NW and
NE aspects where fire intensity is likely to be low, repeated burns or alternative silvicultural treatments
may be necessary to promote oak. Historically, oak may have been able to dominate these productive,
mesic sites due to a more frequent and intense fire regime which, due to safety precautions, today’s forest
managers are unable to duplicate with prescribed fire.
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Table 5—Mean fire temperatures grouped according to slope position and aspect by
burning season for two forest sites in southern Ohio used in this study

Slope Burn season (site)
Temperature/location position Aspect N Spring N Fall
oC oC
Average total temperature Upper NE 16 91 aA 13 135 aA
SE 13 175 aB 9 223 bB
SW 3 115 aAB 13 229 bB
NW 11 146 aAB 11 219 bB
Lower NE 13 87 aA 8 33 aA
SE 16 112 aA 13 196 bB
SW 8 128 aA 11 172 aB
NW 10 91 aA 14 105 aC
Average temperature at 0 cm Upper NE 16 184 aA 13 219 aA
SE 13 228 aA 9 297 bB
SW 3 186 aA 13 290 bB
NW 11 187 aA 11 290 bB
Lower NE 13 121 aA 8 78 aA
SE 16 191 aA 13 264 bB
SW 8 163 aA 11 218 aB
NW 10 142 aA 14 177 aB
Average temperature at 20 cm Upper NE 16 72 aA 13 130 aA
SE 13 166 aB 9 217 aB
SW 3 79 aA 13 228 bB
NW 11 144 aAB 11 226 bB
Lower NE 13 84 aA 8 40 aA
SE 16 92 aA 13 184 bB
SW 8 142 aA 11 183 aB
NW 10 79 aA 14 105 aA
Average temperature at 40 cm Upper NE 16 18 aA 13 58 aA
SE 13 132 aB 9 155 aB
SW 3 79 aB 13 169 aB
NW 11 107 aAB 11 141 aB
Lower NE 13 56 aA 8 0
SE 16 54 aA 13 138 bB
SW 8 79 aA 11 114 aB
NW 10 33 aA 14 50 aA

N = sample size.

Means followed by the same small case letter are not significantly different across aspects within slope
positions; means followed by the same uppercase letter are not significantly different between burn seasons

(Duncan’s MRT, p = 0.05).
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FOREST FUELS AND LANDSCAPE-LEVEL FIRE RISK ASSESSMENT
OF THE OZARK HIGHLANDS, MISSOURI

Michael C. Stambaugh, Richard P. Guyette, and Daniel C. Dey"'

Abstract—In this paper we describe a fire risk assessment of the Ozark Highlands. Fire risk is
rated using information on ignition potential and fuel hazard. Fuel loading, a component of the fire
hazard module, is weakly predicted (1> = 0.19) by site- and landscape-level attributes. Fuel loading
does not significantly differ between Ozark ecological landtypes. Drought and exposure are related
to fuel moisture content. Drought is particularly important to the Ozark fire regime and fire risk as
it is related to both ignitions and fuels.

INTRODUCTION

In recent decades much attention has centered on the occurrence of wildfires and the concomitant changes
in vegetation, climate, and human population. Despite over 15,000 fires occurring annually in the Central
Hardwoods Region (National Fire Occurrence Database 2001), little work has been done to assess fire
risk. The high number of fire events and relatively low level of concern supports the widely recognized
fact that the region’s fire risk is much lower than that of western states. Although unrealized, extreme
drought conditions enhance the potential for high fire risk in the Central Hardwoods.

The importance of fire risk information lies in understanding its spatial and temporal variability,
knowledge that can be used for a variety of purposes. Managers can prioritize areas for fuel reduction
treatment and integrate fire risk into regional fire plans. Community and rural fire district managers can
use fire risk information to improve protection and response to fires (Winter and Fried 2001). Forest
harvesting schedules can be planned and optimized to reduce fuel hazard (Englin and others 2000).

OZARK FIRE REGIME

For over 400 years the fire regime of the Ozark Highlands has been influenced by humans (Guyette and
Dey 2000, Guyette and Spetich 2003). The historic frequency of burning was largely a result of changing
human population and culture (Guyette and others 2002). Today, human ignitions represent over 98
percent of the total ignitions (1980-2003; Missouri Department of Conservation fire data) and their
number is highly correlated to drought. Arson is the largest cause of human ignitions. Year to year changes
in number of acres burned are correlated (r = .61) between state lands and the Mark Twain National

Forest suggesting a larger scale influence on fire occurrence (data: Westin 1992, National Fire Occurrence
Database 2001, USFS Missouri fire records unpublished data). Previous studies have characterized the
dynamics of surface fires and vegetation in the Ozarks (Jenkins 1997, Batek and others 1999, Kolaks
2004, Nigh 2004). Mean fire size in the Ozark Highlands is about 31 acres and 54,502 acres burn annually
on average (1939-2003: Missouri Department of Conservation data, Westin 1992). Before European
settlement, 250,000 acre fires were estimated to have occurred at least once per century in the Current
River watershed (Guyette and Kabrick 2002)-an area that represents about 8 percent of the Missouri
Ozark Highlands. Even larger fires occurred during extreme drought years [e.g., 1780 (Guyette and others
2002)]. Due primarily to fire suppression, average annual fire size in Missouri has decreased exponentially
from about 100 acres to 15 acres during the period 1939 to 2001.

FIRE RISK MODEL
A fire risk model is being developed from current and historic fire records to provide information for
fire preparedness and prevention (USDA and others 2002). Fire risk is defined as the probability of a fire

! Michael C. Stambaugh, Senior Research Specialist, University of Missouri-Columbia, Department of Forestry, Columbia, MO
65211; Richard P. Guyette, Associate Professor, University of Missouri-Columbia, Columbia, MO 65211; and Daniel C. Dey,
Research Forester, USDA Forest Service, North Central Research Station, Columbia, MO 65211.
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of a specified severity happening during a given period, in a given area (Preisler and others 2004). Fire
risk assessments provide a means for quantifying fire risk and prioritizing fire management activities on
multiple spatial scales (Haight and others 2004). Multiple approaches have been taken to assess fire risk
including theory-based functions (Prestemon and others 2002), analysis of satellite imagery (Maselli
and others 2003), and landscape simulation models (Shang and others 2004). For the Ozarks, a large set
of landscape-level data makes possible an index modeling approach for fire risk assessment. Fire risk
indices are used to classify a landscape into incremental levels (e.g., low to high). The model is based on
two modules: ignition potential and fuel hazard (fig. 1). Ignition potential is rated using data on human
population, topographic roughness, roads, and suppression potential. Similarly, fuel hazard is estimated
from data on fuel loading, fuel moisture, vegetation, precipitation, land-use, and multiple topographic

Ignition hazard
Fuel fragmentation
Population density

Topographic roughness
Suppression potential

Fuel hazard
Fuel loading / moisture
Vegetation / land use

Topography

Precipitation

Fire
occurrence
probability

Historic fires
Fire records

Figure 1—(Top) The Ozark Highlands section of Missouri with 16 ecological subsections. Subsection
names are given in table 1. Small circles are locations of fuel loading plots (n = 1030). (Bottom)

Conceptual model showing integration of fuel loading and moisture data into the fuel hazard module of the

fire risk assessment model.
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features. In our model, fuel loading is based on a region-wide collection of fuels data, which is unlike
many models that do not include empirical fuel loading data.

In this paper, we describe results of the Ozark Highland region-wide fuel measurements. Fuel data and
relationships will be used in the development of the fuel hazard module for the assessment of fire risk.
The objective of this paper is to describe the regional fuel variability and discuss its relevance and use in
fire risk assessment.

METHODS

Fuel Loading

Utilizing ESRI® ArcGIS™ v 9.1 (Environmental Systems Research Institute 2005), ecological subsections
(Nigh and Schroeder 2002) were identified within the Ozark Highlands section of Missouri (fig. 1). One
hundred fifty-nine fuel transect locations were randomly placed within 17 subsections. The number of
transects per subsection was weighted by subsection area. Transect locations were moved to the nearest
forested public property ownership within the same subsection. Ownerships included state conservation
areas, national forest lands, and state and county parks. Transects consisted of multiple fuel loading plots
using methods described by Brown (1974) with modification. Transects were randomly located within
forested areas. Transect bearings were randomly chosen from a predetermined bearing range that ensured
crossing landforms and that varied in location, topography, and vegetation. Three to ten fuel plots were
sampled per transect depending on forested area and landform. A total of 1,030 fuel loading plots were
sampled across the region, and their locations were recorded by a GPS and entered into a GIS. Data were
collected from July 2004 through June 2005, a period of highly variable drought conditions.

Fuels were tallied and measured in four size classes (0.0-0.25 inch (1-hour), 0.26-1.0 inch (10-hour),
1.01-3.0 inch (100-hour), and > 3 inch (1000-hour)). No differentiation was made between solid and rotten
1000-hour fuels. Fuel loading constants, specific gravities, and squared average-quadratic-mean diameters
are unavailable for most tree species in the Central Hardwoods Region. Thus, constants for fuel calculations
were derived from several sources (Brown 1974, Adams and Owens 2001) including field measurements
of fuels. At each plot we collected data on species composition, elevation, slope, aspect, slope shape and
position, basal area, percent ground cover (leaves, needles, herbaceous plants, bare soil), estimate of down
dead wood, number of snags > 3 inches dbh, small diameter stem density, moisture content of 1000-hour
fuel, and evidence of past fire. Moisture content of 1000-hour fuels was measured with a Protimeter® hand-
held moisture meter on stems at least 3 inches in diameter and 1 foot above the forest floor. Additional

GIS data were spatially joined to the plot data. These data included elevation, precipitation, topographic
roughness (Guyette and Dey 2000), land-use, vegetation, and geographic coordinates (decimal degrees,
UTM, Zone 15N). Spatial trends in litter loading were examined using ArcGIS™.

Fuel loading data were summarized by ecological subsection and tested for normality using the Shapiro-
Wilk test (SAS/STAT 2002). Fuel loading data were modeled for the purpose of predicting region-wide
fuel variation. Combinations of fuel variables were developed from the original litter and time-lag class
fuel data, and a model was constructed describing fuel variation using multiple regression. We chose the
simplest model whose relevance could be verified both statistically and biologically.

Litter and Moisture

In mixed hardwood forests of the Ozark Highlands, much of the energy released during fires results
from combustion of litter (i.e. leaves, needles, twigs,) and 1-hour fuels (Kolaks 2004). For this reason,
emphasis is placed on the litter layer for the purpose of evaluating risk and understanding landscape
variation in litter loading. We measured litter depth (cm) at 3 points at each fuel loading plot (n = 3,090).
In a separate experiment we measured litter loading using randomly placed 0.5 m? clip plots located

in the Current River Hills (Guyette and others 2003, 112 plots) and Outer Ozark Border subsections

(51 plots). Litter collection was completed within a two day period so that sampling time and date had
minimal effect on moisture content. Litter was placed in sealed plastic bags, weighed at field moisture
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content, and then dried at 60° C until weight became constant. Percent moisture content was calculated

by dividing the weight of water in the litter by the oven-dried weight of the litter and then multiplying by
100. Repeated collections (September 2004, March 2005, June 2005) were made at clip plots located in
the Outer Ozark Border for the purpose of understanding within year temporal changes in loading and
moisture. Regression analysis was used to develop equations that relate litter loading and moisture content
to landscape variables. Both litter and 1000-hour fuel moisture contents were correlated against monthly
divisional Palmer Drought Severity Index data (Palmer 1965, National Climate Data Center 1994). As
drought conditions increase, it is hypothesized that the differentiation in litter moisture by solar exposure
is lessened.

RESULTS AND DISCUSSION

Fuel Loading

Total fuel loading averaged 4.5 tons per acre and ranged from 0.1 to 70.3 for all Ozark plots (table 1).
Mean 1-hour and mean 10-hour fuel loading were similar among all Ozark subsections. Trend analysis
indicated a small decrease in 1-hour and 10-hour fuel loading along a north to south Ozark gradient, and
geographic location was a significant variable in predicting total fuel loading (see below). None of the
fuel time-lag classes were normally distributed (p <0.0001) (figs. 2 and 3). High variability existed in
1000-hour fuel loading with the majority of plots having no 1000-hour fuels and 51 plots having over 15
tons per acre. The majority of plots with high 1000-hour fuel loading (>15 tons per acre) had usual levels
of tree mortality; however, many of the highest loadings (e.g., > 50 tons per acre) resulted from forest
management activities and windthrow disturbance. Fuel loadings between time-lag classes are correlated
because larger fuels are typically connected to and provide smaller fuels.

Multiple regression analysis of landscape variables on plot fuel loading resulted in a four variable model
(r*=0.19, p <0.0001, all variables and intercept significant, p <0.0001):

FUEL = -417.33 + (1.76°10°)"tri + 0.08"¢lev + 0.07"ba - (5.48°10"?)geo

where
FUEL = litter depth (cm)[log(tons of 1-hour fuel]+log(tons of 10-hour fuel)+log(tons of 100-hour fuel)
tri = an index of topographic roughness (Guyette and Dey 2000)
elev = elevation in m
ba = basal area
geo = (-1" y UTM coordinate)’(x UTM coordinate)

Although significant, the fuel model explains a low percentage of fuel variation, suggesting that little
regional variability in fuel loading exists. In a separate study within the Current River Hills subsection no
significant differences were found in fuel loading between forest types (Personal communication. 2005.
Keith Grabner, Community Ecologist, USGS Columbia Environmental Research Station, 4200 New
Haven Rd., Columbia, MO 65201). Model variables, spatial fuel loading trends, and fuel statistics support
that both large- and small-scale factors influence fuel variation within the Ozark Highlands.

Litter and Moisture

Decomposition causes total forest litter depth to decrease between litter fall events. However, our
measurements of litter loading showed erratic changes in litter depths between the three collection dates
likely due to the high spatial variability in litter within small extents (e.g., 3 m) and the movement of
litter by wind (e.g., leaves). Fifty-nine percent of the plots decreased in litter loading from September
2004 (pre-leaf fall) to March 2005 (post-leaf fall) and 61 percent increased from March 2005 to June
2005. Maximum litter loading occurred when basal area was approximately 150 square feet per acre and
decreased as basal areas deviated both above and below this stand density.
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Table 1—Summary of fuel loading for Missouri Ozark Highlands ecological subsections

Fuel
Subsection transects, Fuel loading (tons per acre)
Ozark ecological subsections code (plots) 1 hour 10 hours 100 hours 1,000 hours Total
mean  s.d. range mean s.d. range mean  s.d. range mean  s.d. range  mean s.d. range

Springfield Plain 0z1 19 (115) 0.1 0.1 0-06 03 0.1 0-07 11 1.2 0-8.8 2.9 6.2 0-36.9 44 64 01-36.8
Elk River Hills 0z3 2 (14) 0.1 0.1 0-04 03 01 01-05 15 0.7 04-28 4.5 51 0-15.6 64 57 1.1-18.8
White River Hills 0z4 17 (112) 0.1 0.1 0-04 03 0.2 0-10 1.2 1.0 0-49 2.3 47 0-254 40 51 0.2-31.0
Central Plateau 0z5 26 (158) 0.1 0.1 0-03 02 0.2 0-13 11 0.8 0-6.2 3.5 72 0-512 50 74 01-534
Osage River Hills 0z6 14 (94) 0.1 0.1 0-04 02 0.2 0-15 11 1.2 0-8.8 7.6 8.0 0-68.9 37 83 0.1-703
Gasconade River Hills oz7 11 (68) 0.1 0.1 0-04 0.2 0.1 0-06 08 0.8 0-4.2 3.1 58 0-26.0 42 56 0.1-271
Meramec River Hills 0z8 8 (53) 0.1 0.1 0-03 03 0.1 0-05 1.1 1.0 0-6.2 4.0 6.5 0-30.8 54 65 03-326
Current River Hills 0z9 15 (112) 0.1 0.1 0-04 0.2 0.1 0-15 13 0.9 0-6.2 4.1 6.1 0-293 58 6.6 03-31.8
St. Francious Knobs and Basins 0z10 6 (37) 0.1 0.1 0-0.2 0.3 0.2 0-04 09 0.6 0-29 1.7 29 0-127 28 3.2 0.1-15.9
Prairie Ozark Border 0oz11 5(31) 0.1 0.1 0-04 03 0.2 0-1.1 0.8 0.6 0-22 25 6.7 0-36.5 38 6.8 02-38.0
Outer Ozark Border 0z12 16 (106) 0.1 0.1 0-04 0.2 0.2 0-09 1.1 0.7 0-33 43 82 0-449 58 84 0.1-471
Inner Ozark Border 0z13 11 (73) 0.1 0.1 0-03 03 0.1 0-09 07 0.7 0-4.0 1.8 36 0-244 29 40 01-287
Black River Ozark Border 0z14 7 (46) 0.1 0.1 0-03 0.2 0.1 0-05 08 0.6 0-3.0 2.1 41 0-236 32 43 01-249
Missouri River Alluvial Plain 0z15 1(5) 02 0.1 01-03 03 0.1 0-04 16 07 07-26 151 134 0-364 171 135 1.1-376
Mississippi River Alluvial Plain 0z16 1(6) 0.1 0.04 01-02 0.2 0.1 0-03 05 0.4 0-1.1 1.0 22 0-59 1.8 21 0.3-6.5

All (Ozark Highlands Section) 0.1 0.1 0-0.6 0.3 0.2 0-15 1.0 0.9 0-8.8 3.1 6.5 0-68.9 45 6.7 0-70.3

Source: Nigh and Schroeder (2002).

s.d. = standard deviation.
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1-hour 0.11 tons/acre 1-hour 0.14 tons/acre 1-hour 0.16 tons/acre
10-hour 0.19 tons/acre 10-hour 0.31 tons/acre 10-hour 0.06 tons/acre
100-hour 1.80 tons/acre 100-hour 6.20 tons/acre 100-hour 1.48 tons/acre
1,000-hour 0.0 tons/acre 1,000-hour 4.40 tons/acre 1,000-hour 28.50 tons/acre

Figure 2—Three examples of fuel loading illustrating the physical variability of the four time-lag fuel classes.
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Figure 3—Histograms of the four fuel time-lag classes. Scales of x- and y-axes differ between graphs.
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Percent moisture content (PMC) of litter was a function of solar exposure. Differences in PMC were
greatest when conditions were slightly wet (PDSI = 1.0 - 1.99). The equation describing PMC of litter
during incipient wet (0.5 - 0.99) conditions is:

PMC =632 -18.4" (exposure)(r* = 0.43,p < 0.01)

where
exposure = COS(3.1415/180"(180-aspect))+1.

During wetter conditions no relationship existed between PMC and solar exposure, and during drier
conditions the differentiation in PMC is lessened (fig. 4). During mild droughts (PDSI = -1.95) PMC:s,
regardless of exposure (i.e., aspect), became nearly equal or “undifferentiated dry”. This is similarly true
during extreme wet conditions when PMCs are “undifferentiated wet” by exposure. Assessment of the
equation’s predictive ability in modeling the spatial patterns in PMC during various PDSI conditions
would be valuable, however requires additional collections during wet and dry extremes.

Drought has been an important component of the Ozark fire regime for centuries, even during the recent
period (1940 to present) of fire suppression. Drought influences multiple components of the Ozark fire
regime including the number of acres burned, average fire size, fire severity (percent trees scarred), and
number of arson fires (Guyette and others, in press). Understanding the effects of drought on ignition
potential and fuel hazard would be valuable, particularly for the assessment of fire risk.

Both fire hazard and ignition potential can be better understood from the conditions of litter. For hazard,
litter is the key fuel type facilitating surface fire propagation. Even during rare crown fire events, fires
are initiated from surface fires that burn litter. Likewise, litter is likely the primary material for initial
ignitions regardless of fire cause. As drought increases, the area for potential ignitions is increased
because more area of the landscape contains dry fuels. During droughts (PDSI < 0) moisture contents of
1000-hour fuels were at levels below the common fuel moisture prescription range (e.g., 17-20 percent)
(fig. 5) which indicates conditions of increased fire danger.
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Figure 4—The relationship between percent moisture
content of litter and solar exposure index for three
Palmer Drought Severity Index (PDSI) values. Solar
exposure variable is significant in all models (p < 0.05).
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CONCLUSIONS
Information about fire regimes in deciduous forests is needed in order to adequately assess fire risk.
Although wildfires rarely threaten lives and homes in the Ozarks and Central Hardwoods region, the
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Figure 5—The relationship between 1,000-hour fuel moisture
and Palmer Drought Severity Indices. Data were collected
throughout the Missouri Ozark Highlands during the period
July 2004 to July 2005.

potential exists and is increased during droughts. During drought and dry weather, “undifferentiated dry”
litter and low moisture content of 1000-hour fuels increase fuel hazard and ignition potential. Forests of
greatest fuel loading are those of high elevation, greatest basal area, and highest topographic roughness
that occur in the southeast portion of the Ozark Highlands region.
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THE IMPACT OF THINNING AND FERTILIZATION TREATMENTS ON SUGAR
CONCENTRATION, VOLUME, AND TOTAL SUGAR OF SILVER MAPLE SAP

M.L. Crum, J.J. Zaczek, J.E. Preece, S.G. Baer, and J.K. Buchheit'

Abstract—This study examined the influence of thinning and fertilization on sap sugar
concentration (SSC) and sap volume of silver maple (Acer saccharinum L.) in southern Illinois.
The two study sites were originally planted in 1990 as a biomass production study and contain
12 provenances, and four clones from each provenance. Data was collected in 2001, 2002, and
2003. In 2001 thinning treatments were applied at Thunderstorm Road and in 2002 fertilization
treatments were applied at Chautauqua Bottoms. Differences in SSC (both sites), sap volume,
and total sugar (SSC*sap volume) (Thunderstorm Road only), were found among clones within
provenances using a nested analysis of variance. Main effects of thinning and fertilization
positively influenced sap characteristics. The significant positive effect of thinning on sap
characteristics was most pronounced in sap volume production which was more than doubled
compared to unthinned controls. Thinning effects became insignificant after two years.

INTRODUCTION

The season for maple syrup production is in the winter when temperatures oscillate above and below

the freezing point, inducing sap flow (Heiligmann and others 1996b). Production of maple syrup starts
with the selection of healthy and vigorous maple trees of at least 25cm to 30cm in diameter at breast
height (dbh) to tap. There are thirteen native North American maple species, of which sugar maple (4cer
saccharum Marsh.) and black maple (4. nigrum Michx.) are the preferred species utilized for maple
syrup production. Red maple (4. rubrum L.) is also utilized for maple syrup production and on occasion,
especially in Canada, silver maple (4. saccharinum L.) which tends to have lower sap sugar concentration
(SSC) and a shorter collection season has been used (Heiligmann and Winch 1996).

Sugar maple is the dominant tree species used in maple syrup production because of its relative
abundance, and its ability to produce large quantities of sap with high (averaging 2 to 2.5 percent) SSC
(Larsson and Jaciw 1967). Sugar maple does not tolerate extreme wet or dry sites (Heiligmann and Winch
1996) and tends to be relatively slow growing. It takes approximately 40 to 60 years for a sugar maple to
reach a tappable size, whereas a silver maple can grow to a tappable size in 10 to 20 years (Heiligmann
and Winch 1996).

Silver maple, unlike sugar maple, can be readily clonally propagated (Preece and others 1991) which is
an advantageous attribute to multiply desirable genotypes. Additionally, silver maple thrive in riparian
conditions, stream banks, flood prone areas, and can also be found in dry upland areas. Silver maple is
among the fastest growing eastern hardwood tree species (Gabriel 1990). A study done by Kriebel (1989)
indicated that SSC among sugar maple grafted clones was relatively consistent over the years. Therefore,
potential to select for silver maple trees with desirable sap characteristics may exist. In a previous study,
silver maple trees produced a mean SSC of 1.71 percent that was within the expected range reported in
other regions (Crum and others 2004). Silver maple SSC has been shown to be positively related to total
sap volume and basal area. In addition, silver maple SSC has been shown to be consistent from year-to-
year (Keeley 2000). Selecting silver maple trees with desirable SSC may include relatively high total sap
volume production. This could allow landowners to choose vigorous, fast-growing maple genotypes, with
high SSC and volume outputs for their own use.

' M.L. Crum, Graduate Assistant, and J.J. Zaczek, Associate Professor, Southern Illinois University, Department of Forestry,
Carbondale, IL 62901; J.E. Preece, Professor, Southern Illinois University, Plant, Soil and Agricultural Systems, Carbondale, IL
62901; S.G. Baer, Assistant Professor, Southern Illinois University, Department of Plant Biology, Carbondale, IL 62901; and J.K.
Buchheit, Graduate Assistant, Southern Illinois University, Department of Forestry, Carbondale, IL 62901.
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There is a paucity of information about the impact of cultural practices on sap production from silver
maple trees. Cultural practices such as thinning can be useful in improving productivity (Heligmann
and others 1996a). Past fertilization research on sugar maple trees has shown both positive and negative
effects (Heligmann and others 1996a). This current research sought to determine if sap characteristics
(SSC, sap volume, and total sugar) of silver maple trees growing on an upland site and a bottomland site
were influenced by cultural practices of thinning and fertilization.

METHODS

Study Area

Chautauqua Bottoms and Thunderstorm Road are the two sites used in this study. Chautauqua Bottoms
is a lowland site located directly south of Chautauqua road 1.6 km (1 mile) west of Southern Illinois
University Carbondale (SIUC). It is bordered by 15 to 20 m of grassland and is within 25 m of a creek.
It sits in a relatively low flat area that is prone to spring flooding events. The soil composition is Belknap
silt loam, a poorly drained soil. The Thunderstorm Road site, an upland area, is located adjacent to
Thunderstorm Road, 2.4 km (1.5 miles) southwest of SIUC. The soil composition is a gently sloping
Hosmer silt loam, a moderately well-drained soil.

In 1990, silver maple trees were planted and treated as part of a biomass production study replicated at
each site. Thirteen provenances of silver maple from seed sources across the native range were propagated
by tissue culture and established in a randomized complete block design on each site (fig. 1). Four clones
from each provenance were planted on 1.5 by 1.5 m spacing in three-tree clonal plots randomly arranged
in four rows within each of 10 blocks. Each site was established with two border rows of silver maple
trees surrounding the plantation to minimize a potential edge effect.

In 1993, half the trees, 5 northern blocks at each site were harvested and allowed to coppice. In 1995, all
ten blocks at both sites were harvested and the stumps were left to coppice. At Chautauqua Bottoms, the
trees remained untouched from that time, until utilized for this study in 2001. At Thunderstorm Road in
1996, one year after coppicing, ramets within three-tree clonal plots were randomly chosen to be either
thinned to one stem, two stems, or left unthinned for another study. This site was then left untouched until
the onset of this study.

Field Procedures

Thinning treatments were applied to the planting at Thunderstorm Road after the 2001 sap collection but
before the 2002 growing season to determine if there was an effect on sap sugar concentration and sap
volume of tapped silver maple. In two randomly chosen experimental blocks, one tree of the three-tree
clonal plots, typically the tree with least total dbh or vigor was removed, leaving a maximum of two trees
per plot. Additionally, any remaining multi-stemmed trees were thinned to either one (usually the largest
stem) or two stems. Double-stemmed trees were left in cases where the attachment of the largest coppiced
stem to the stump appeared to be somewhat incomplete and potentially prone to breaking. Trees in two
other blocks were left unthinned as a control.

Trees at Chautauqua Bottoms were utilized to examine the effect of fertilization on sap sugar
concentration of tapped silver maple. Fertilizer was applied, to three randomly chosen blocks at
Chautauqua Bottoms after the 2002 tapping season in late spring before leaf out. For each of the four rows
of trees, 13.95 kg per 88 m2 (31 pounds per 978 square feet) of 12:12:12 (N:P,0,:K O) fertilizer was
applied using a drop spreader. In blocks 2, 3, and 5, fertilizer was applied between the first and second
row and between the third and fourth rows of each block. In this way, trees received fertilizer along one
side only of the row that they were in. Trees in two other blocks (blocks 1 and 4) were left as non-fertilized
controls. The five blocks used in the fertilizer study at Chautauqua Bottoms were all similarly thinned
following the 2001 collection season in the spring prior to leaf-out. This was done to reduce competition
and severe stress of the closely-spaced trees but not to test thinning as a cultural treatment. The least
vigorous tree out of each three-tree clonal plot was removed. Additionally, multi-stemmed ramets were
thinned to either one or two of the largest stems.
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Figure 1—Delineation of the natural range (Gabriel, 1990; Keeley 2000) of silver maple, with general locations of
provenances marked. Plantation locations in Illinois are marked by a star.

Trees were tapped as described below at both sites to collect silver maple sap in the winters of 2001,
2002 and 2003. At both sites, one tree, without any major defect or damage usually possessing the largest
diameter stem at breast height, was selected to be tapped from each one of the clonal plots within the
blocks used in this study.

Tapping procedures differed by site. At Thunderstorm Road upland there was one tap installed per tree.
Tapping of the trees was done using a cordless power drill with a 7.9 mm in diameter drill bit. Holes were
drilled 3.8 cm deep with a slight upward slope. Tree Saver food grade nylon spiles, (Sugar Bush Supplies
Co. Mason, MI) were then hammered into the holes using a rubber mallet. These spiles have a smaller
diameter of 7.9 mm and allow the tree to heal-over tapholes more quickly than more traditionally-sized
spiles with diameters of 11.1 mm (Perkins 1999).

At Chautauqua Bottoms there was also one tap installed per tree. However, the more traditional 11.1 mm
drill bit size was used to accommodate spiles as used in previous studies (Keeley 2000). These spiles were
made from Fisher brand 1.5 ml micro-centrifuge tubes that were cut in half and hammered into the tree. A
small piece of tubing was used to facilitate sap sample collections for SSC described below.

Sap volume (ml) was not collected at the Chautauqua Bottoms lowland site because of the relatively
small-sized and multi-stemmed trees. Sap volume was collected at Thunderstorm Road upland site by
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running polyethylene tubing from the spile end to 19 liter plastic food-grade buckets or 3.8 L (1 gallon)
plastic jugs. Collection containers were decided on based on the sap volume production expectation for
each tree. Throughout the collection season, from mid-January to early March, buckets and jugs were
periodically checked for sap volume production when the temperatures were conducive for sap flow.

Each year from 2001 to 2003, approximately 190 trees at Thunderstorm Road and 240 at Chautauqua
Bottoms were tapped. The 2001 collection period started on January 22 and went to February 12. At

both sites there were four SSC collections and eight sap volume collections at Thunderstorm Road. In
2002, the collection season was from January 18 to March 27 with four SSC collections and four sap
volume collections at Thunderstorm Road and three SSC collections at Chautauqua Bottoms. The 2003
collection season was from February 3 to March 5 and at both sites there were four SSC collections and
at Thunderstorm Road only one sap volume collection because of sap leaking around many of the spiles
early in the season resulting in inaccurate measurements. Consequently trees were re-tapped in mid-
season and only one volume collection was performed in 2003. This study was designed to test for sap
parameter differences among cultural treatments over a major portion of the sap production seasons over
each of 3 years. The study was not intended to cover the entire sap production season of each year and
therefore may underestimate total sap volume. Sap volume (ml) was determined from the 3.8 L jugs by
was pouring the contents into a graduated cylinder and the volume was recorded to the nearest 1.0 ml, sap
volume in buckets was determined by measuring sap depth to the nearest 0.1 cm using a ruler. The bucket
depth to volume conversion was determined by calibrating the buckets with known volumes of water and
measuring depth, producing a linear regression equation (y=0.0017x, p<0.0001, R2=0.99).

Laboratory Procedures

SSC samples were collected from each tree directly from the tubing with 1.5 ml polypropylene
microcentrifuge tubes (Fisher Scientific Pittsburg, PA) while sap was actively flowing. The sap samples
were brought back to the lab, refrigerated (1.1° C to 4.4° C), and analyzed within 48 hours using a
temperature compensated hand-held refractometer (Fisher Scientific Pittsburgh, PA). The refractometer
was initially calibrated and periodically recalibrated to 0.0 degrees Brix using distilled water. Sap

sugar concentration was determined by placing a drop of sap from sample tubes onto the lens of the
refractometer, exposing it to fluorescent light, and reading the scale to the nearest tenth of a degree. The
lens was cleaned between each sample.

Data Analysis

Because there was only 33 percent survival of provenance 13 from central Ontario, it was omitted from
data analysis at both sites. Additionally, at Chautauqua Bottoms, one clone from provenance 12 from
south-central Ontario and 2 clones from provenance 20, central Kansas were omitted from analyses
because of low survival. A logarithmic transformation of the SSC data was performed to normalize the
data. Mean SSC and total sap volume for each tree over each tapping season was used as sample values in
the analyses of variances.

To test for a thinning effect at Thunderstorm Road, a nested analysis of variance was used to determine

if sap parameters of SSC, sap volume, and total sugar (in grams, computed as a product of SSC and sap
volume) differed between trees receiving the thinning treatments testing for the main effects of thinning,
provenance, clone, and a thinned*provenance interaction at the alpha=0.05 level. To test for a fertilization
effect at Chautauqua Bottoms, a nested analysis of variance was used to determine if SSC differed among
trees receiving the fertilization treatments testing for the main effects of fertilization, provenance, clone,
and a fertilization*provenance interaction at the alpha=0.05 level. Testing for sap characteristic differences
among provenance and clones was not the focus of this study. However, these effects were included in the
statistical model to account for variance when testing for fertilization and thinning effects.
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RESULTS

Thunderstorm Road

Thinning—SSC did not differ in 2001, the season before thinning (table 1) for those trees in blocks
slated to be thinned and blocks that would be left unthinned (p=0.1047). In 2002, one growing season
after the thinning treatment, trees in thinned blocks had greater SSC (p=0.0465), averaging 4 percent
more then those in unthinned blocks. However, in 2003, two seasons after treatment, differences in
SSC between thinned and unthinned blocks were no longer apparent (p=0.1470). For each year, there
were significant differences in SSC among provenances and among clones but there were no significant
provenance*thinning interactions.

Sap volume did not differ in 2001 prior to thinning (table 1) between trees in blocks that would be
thinned and those in blocks that would be left unthinned (p=0.4122). The sap volume of the thinned
blocks, one growing season after treatment in 2002 was greater (p<<0.0001), averaging nearly 2.4 times
that of the mean sap volume of the unthinned blocks. By 2003, there were no longer differences in

sap volume between thinned and unthinned blocks. As was the case for SSC, each year there were
significant differences in sap volume among provenances and among clones but there were no significant
provenance*thinning interactions.

Total sugar did not differ (p=0.6098) in 2001 between trees in blocks that would be thinned and trees in
blocks that would be left unthinned (table 1). In 2002, after treatment, trees in thinned blocks had more
than double (p<0.0001) the total sugar compared to trees in unthinned blocks. In 2003, total sugar did not
differ between trees in thinned blocks and unthinned blocks (p=0.1944). Each year there were significant
differences in total sugar among clones and there were no significant provenance*thinning interactions.
There were differences in total sugar among provenances for 2001 and 2002 but not for 2003.

Chautauqua Bottoms

Fertilization—SSC was 1.47 percent (2001) and 1.41 percent (2002), prior to fertilization treatment.
This SSC was lower (p=0.0078 and p=0.0056, respectively) in blocks randomly chosen to be fertilized
than in the control blocks which had a SSC of 1.52 percent (2001) and 1.47 percent (2002). In 2003,
after treatment, mean SSC for fertilized trees (1.59 percent) was somewhat higher than for unfertilized
trees (1.53 percent) but the difference was not statistically significant (p=0.1672). Each year there were

Table 1—Mean sap sugar concentration, sap volume, and total sugar between
thinned and unthinned blocks prior to treatment in 2001, and after treatment in
2002, and 2003 for silver maple at Thunderstorm Road

Sap Significant Thinned Unthinned
characteristics Year effect treatment treatment
SSC 2001 (Pretreatment) ns 1.50 1.58
(percent) 2002 (Posttreatment) * 1.41 1.36
2003 (Posttreatment) ns 1.57 1.53
Sap volume 2001 (Pretreatment) ns 1016 1155
(ml) 2002 (Posttreatment) * 2687 1138
2003 (Posttreatment) ns 551 390
Total sugar 2001 (Pretreatment) ns 17.56 20.79
(9) 2002 (Posttreatment) * 42.51 18.75
2003 (Posttreatment) ns 10.22 7.01

SSC = Sap sugar concentration; ns = Not significant; * = Significant at the alpha = 0.05 level.
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significant differences in SSC among provenances and among clones but there were no significant
provenance*fertilization interactions.

DISCUSSION

Thinning

In 2001, prior to the thinning treatments at Thunderstorm Road, SSC in blocks designated to be thinned
(1.50 percent) and not thinned controls (1.58 percent) was not significantly different. From 2001 to 2002,
plantation-wide mean SSC dropped 11 percent, which may have been related to year-to-year fluctuations
in environmental conditions. Year-to-year variation in SSC was noted in several studies (Taylor 1956,
Kriebel 1960, Marvin and others 1967). In 2002, after treatment, thinned blocks had significantly greater
SSC than unthinned blocks. Stone and Christenson, (1974) found that thinning significantly increased
growth by 73 percent among young sugar maple when compared to unthinned sugar maple stands.
Thinning can be used to remove unhealthy or undesirable trees, allowing more resources to be available
for the remaining trees (Heiligmann and others 1996a).

The significant benefit of thinning on sap characteristics was short-term, being present for only for one
year after treatment. A benefit in the following year was not detected perhaps because of the shortened
tapping season from leaking taps and subsequent retapping. However, even after thinning, trees in this
planting were closely spaced with narrow crowns which rapidly filled in canopy gaps. Perhaps a more
intensive thinning which would free-up more space and resources would have longer lasting effects on
residual trees. The design and management history of this plantation was not conducive for maximizing
maple syrup production.

Fertilization

Chautauqua Bottoms was used to test for the impact of fertilizer on sap performance. Fertilization of
sugar maple has been shown to increase foliar concentrations of N, P, Ca, and Mg, as well as increasing
radial growth from 45 percent to 90 percent (Moore and others 2000). In contrast, fertilizer had no
positive effect on growth of young sugar maple (Stone and Christenson 1974). In the current study,
fertilization tended to increase SSC of trees in blocks that had been performing poorly to levels similar to
trees in blocks that had been exhibiting greater SSC.

The temperature fluctuations in Southern Illinois were conducive to maple sap flow in the winter maple
syrup production season. Differences found among clones and provenances indicate that selection for
superior trees should not only occur at the provenance level but also at the clonal level for increased gains
in desirable characteristics such as SSC, sap volume, and total sugar (Keeley 2000, Zaczek and others
2003, Crum 2005). Silver maple provenances and clones showed fertilization and thinning treatments had
a positive but short-term impact on SSC. Thinning also positively influenced sap volume and total sugar
of the residual trees.

Compared to sugar maple, silver maple may have greater potential for use in new plantings because of its
fast growth and ease in vegetative propagation. Considerable variability in silver maple sap characteristics
among cultural treatments, clones, and provenances suggest that gains in maple syrup production in the
region could be achieved through selection and stand management.

Additional research on native silver and sugar maple trees over time would be necessary to better
document performance potential under different management regimes on specific sites. More
investigations into the effects of cultural practices on sap sugar parameters over longer amounts of time,

as well as on larger, more mature maple trees of both species is warranted. Also, further research would be
necessary on the performances of provenances and clones when used in new plantings on a variety of sites.
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ALTERNATIVE SILVICULTURAL PRACTICES IN APPALACHIAN FOREST
ECOSYSTEMS: IMPLICATIONS FOR SPECIES DIVERSITY, ECOSYSTEM
RESILIENCE, AND COMMERCIAL TIMBER PRODUCTION

Thomas R. Fox, Carola A. Haas, David W. Smith, David L. Loftis,
Shepard M. Zedaker, Robert H. Jones, and A.L. Hammett'

Abstract—Increasing demands for timber and non-timber forest products often conflict with
demands to maintain biodiversity and ecosystem processes. To examine tradeoffs between these
goals, we implemented six alternative management systems using a stand-level, replicated
experiment. The treatments included four silvicultural regeneration methods designed to sustain
timber production, one commercial harvest without regard for future stand values, and a no
harvest control. Our goal was to determine effects of management alternatives on multiple system
components, including biodiversity, medicinal plants, timber production, terrestrial amphibians,
soil disturbance, invasive exotic plants, soil and leaf litter invertebrates, leaf litter decomposition
rates and nutrient flux. Plant species richness increased with increasing canopy disturbance,
through colonization both by shade-intolerant native species and by exotic species. We detected
several species of medicinal plants. Oak regeneration depended more on site quality than
treatment. Terrestrial salamander populations declined precipitously on all treatments subjected to
canopy disturbance. Although initial soil loss was reduced by using treatments that retained higher
levels of basal area in the stand, over a complete rotation, the effects of repeated entries are likely
to cause greater soil loss than a clearcut and greater impacts on salamanders.

INTRODUCTION

The Silviculture and Biodiversity in Southern Appalachian Forests study was designed to address

the conflict between increasing pressures to harvest commodities and pressures to restrict harvests in
order to achieve recreation and conservation goals. This conflict may be seen in local efforts to prevent
clearcutting on National Forests. We hoped to be able to provide reliable information about the costs and
benefits of different management strategies for both commodity and non-commodity components of the
forest.

We approached this study with three points in mind: (1) Managers need to know the costs and

benefits of each management practice in relation to alternatives. (2) Randomly assigned experimental
manipulations are needed to differentiate between real effects and artifacts of site peculiarities. Although
chronosequence studies can contribute valuable information, the confounding relationships that exist
between site conditions and management techniques severely limit the inferences that can be drawn. (3)
Although short-term trends can be informative, these initial responses may or may not reflect longer-term
trends. We designed this study to extend over a complete rotation (80-100 years). In this paper, of course,
we are limited to reporting only preliminary results.

Our major objective was to compare the short- and long-term effects of alternate forest management
techniques. A key benchmark of success was long-term maintenance of oak dominance. Oak stands have
high timber value, high value for many game and non-game species of wildlife, and were common in

! Thomas R. Fox, Associate Professor, Virginia Polytechnic Institute and State University, Department of Forestry, Blacksburg,
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much of the immediate pre-European settlement forests in the central and southern Appalachians. For
this reason, the alternatives we chose to study include only those that have been used successfully or are
currently being promoted as techniques for oak regeneration.

METHODS

We established 5 replications in the George Washington and Jefferson National Forest, in Virginia, and
2 on MeadWestvaco Corporation’s Wildlife and Ecosystem Research Forest in West Virginia. Harvests
occurred between 1994 and 1998 with all harvesting treatments implemented at approximately the same
time at each location. Six treatments 2 ha in size were included in each installation: (See Wender 2000,
Hood 2001, and Knapp and others 2003 for details of prescriptions.)

1. Control: no silvicultural activity within the stand

2. Group selection system: two or three groups, each from 0.1-0.25 ha, were made in each area. All stems
in the group cut were felled. Additionally, a timber stand improvement cut that removed poor quality
trees from the lower crown classes was implemented in the areas between harvest groups.

3. Shelterwood system: 11-14 m*ha of main canopy basal area was retained following the initial cut.

4. Commercial clearcut: 5-10 m?/ha of basal area was retained during the harvest. The residual stand was
typically unmerchantable poletimber or sawtimber cull trees.

5. Leave-tree system: 25-50 trees/ha (approximately 5 m? of BA/ha) were left to remain throughout the
rotation, thus creating a two-aged structure. Residual trees were selected based on good form, dominant
or codominant crown position, and species desirability (oaks and other commercial species).

6. Silvicultural clearcut: removal of all stems >5 cm DBH, creating an even-aged structure. Non-
merchantable stems were felled and left on the ground.

Quantitative data on overstory, midstory, and understory vegetations were collected from permanently
marked plots arrayed in a nested design of 24 x 24 m tree, 6 x 6 m shrub, and 1 x 1 m herbaceous plots. In
each treatment, 3 sets of nested plots were established. A 24 m x 24 m “tree plot” was established where
height and diameter of all trees was measured. The tree plot was divided into sixteen 6 m x 6 m “shrub
plots”. Three of the shrub plots were randomly selected and height of all woody vegetation less than 1.3
m tall was measured. The shrub plots were then divided into 1 m x 1 m “herbaceous plots”. Nine of the
herbaceous plots were randomly selected and inventoried for all vascular plants. Vascular plant species
were also inventoried in each 2 ha treatment plot using complete walk-throughs twice per growing season.
Pretreatment data was collected for one year prior to treatment at each site. Post treatment data was
collected at 1 year and five years following harvest.

We sampled actively foraging salamanders using night-time area-constrained searches (Harpole and Haas
1999) only during or after rain events (Feder and Londos 1984). We established a grid of nine 2 x 15 m
transects per treatment plot and sampled a subset of these per plot per year.

RESULTS

Species richness of woody and herbaceous plants 1-year post-treatment was higher in plots with canopy
disturbance (Wender 2000). Considering individual species, there was almost no loss of herbaceous plant
species in response to harvest (Wender 2000, Hood 2001). Increases in exotic species richness were
dramatic on harvested sites, averaging more than 10 new species per treatment plot. (Preharvest levels
averaged less than 1 per plot.) Some of these were introduced through the seed mixes used to revegetate
skid trails. The increase in exotics varied significantly among our sites, suggesting that landscape context
may play a large role in the probability of a site being invaded.
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To test the effects of harvesting on understory plant community structure, we analyzed plant community
dissimilarity using Jaccard’s distance. We expected the naturally patchy plant community to become more
homogenous or uniform after harvest, leading to a post-harvest decline in Jaccard’s distance. We found
both positive and negative slopes, depending on the harvest treatment applied, suggesting that the different
treatments may have very different effects on community structure, some increasing and some decreasing
homogeneity.

Although our sites are relatively dry, unsuitable to some medicinal plants such as ginseng (Panax
quinquefolius L.), we identified 30 species of plants known to be used for medicinal purposes. Several of
the medicinal plants appeared to respond positively to harvest in the short-term, but at least one species
showed a more than 40 percent decline in cover 1-year post-treatment (unpublished data).

The effects of harvesting on oak regeneration were compared among sites and among treatments. Oak
regeneration dominance (relative density of dominant and codominant oak regeneration) varied by site,
but did not vary by silvicultural treatment; all treatments resulted in relatively low numbers (Lorber
2003). Advanced oak regeneration was not abundant at any of the sites prior to harvest. Oak regeneration
dominance four years after harvest varied by site, with successful regeneration of oak only on the lowest
quality site (SI 60). In contrast, on the intermediate and higher quality sites (SI 70-80), oak has not
regenerated successfully and is being replaced by other species such as black cherry (Prunus serotina
Ehrhart.), yellow-poplar (Liriodendron tulipifera L.), and cucumber magnolia (Magnolia acuminata

L.). Oaks will likely make up a smaller proportion of the trees in the future stands compared to the

parent stands. The biggest losses in oak importance occurred on the intermediate and high quality sites.
Therefore, the silvicultural treatments used here were not enough to overcome the site specific limitations
to successful oak regeneration. Multiple linear regression analysis was used to identify the factors
controlling oak regeneration at a smaller scale. The most important variables were those that described the
oak stump sprouting potential, the understory and overstory oak component in the pre-harvest stand, post-
harvest light and soil nitrogen levels.

In the period 1-4 years post-treatment, none of the harvest treatments differed significantly from the
silvicultural clearcut in the relative abundance of salamanders (Harpole and Haas 1999, Knapp and
others 2003). Even though only approximately 20 percent of the canopy in the group selection harvest
was disturbed, salamander abundance on these plots declined to less than 50 percent of the preharvest
population (Knapp and others 2003).

Although 1-year post-treatment clearcuts showed the highest level of estimated soil loss, projected over a
100-year rotation the group selection harvest showed the highest level. Over the rotation, group selection
was projected to increase erosion 108 percent over the control while a clearcut would increase erosion
only 38 percent (Hood and others 2002).

DISCUSSION

When land managers consider eliminating clearcutting, they should evaluate the costs and benefits of
alternative management practices. Although there has been concern that clearcutting harms understory
plant and animal communities (e.g., Ash 1988, Duffy and Meier 1992; Petranka and others 1993,

1994), our short-term evidence does not show an advantage of other regeneration techniques. We found
almost no loss of herbaceous plant diversity in any of the treatments. However, if local plant extinctions
were to occur, we might expect these during the period of low light penetration that occurs 4-20 years
after harvest, rather than in the first year post-harvest. Our data support previous studies showing that
salamander populations decline drastically following clearcuts. However, the same response was found on
all treatments subjected to canopy removal, so there is no advantage to switching to alternate techniques.

We also found little evidence that regeneration techniques that retain some canopy reduce soil loss over
the long run compared to clearcuts, because most of the erosion originates from roads and skid trails.
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USLE estimates of soil erosion in each treatment indicate that erosion rates decline rapidly vegetation
grows following disturbance. However, because of the multiple entries and increased number of skid
trails required in the group selection system, projections over a 100-year rotation indicate that the group
selection treatment showed the highest soil loss, and the shelterwood was no different from the clearcut.

Our preliminary results suggest that there may be some effects of harvest treatment on herbaceous plant
community structure and resilience and we hope to be able to study this further. We will also need to
collect more intensive data in order to compare the effects of harvest treatments on plants used in the
medicinal plant trade.

Because oak dominance often declines following clearcutting, alternative regeneration systems are
frequently recommended to regenerate these intermediate shade tolerant species. However, we found

that the different regeneration treatments had little effect on oak regeneration. Site quality determined
whether oaks would persist or be replaced by other species. Without substantial amounts of oak advanced
regeneration prior to harvest, oak dominance will likely decrease following harvest on all but the lowest
quality sites.

Considerations of uneven- and some even-aged regeneration methods often fail to account for the multiple
stand entries required by these methods (e.g. group selection and shelterwood). The disturbance created
by harvesting does cause declines in populations of salamanders and some medicinal plants and results

in soil loss. Repeating these disturbances frequently, or spreading them across a larger portion of the
landscape, may actually result in detrimental effects much greater than those of a clearcut. In conclusion,
we hope our work will illustrate how the choice of management techniques results in different tradeoffs in
the short and long terms and how the effects will vary based on initial site characteristics.
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FOREST CERTIFICATION AND NONINDUSTRIAL PRIVATE FOREST
LANDOWNERS: WHO WILL CONSIDER CERTIFYING AND WHY?

David C. Mercker and Donald G. Hodges'

Abstract—As forest certification has grown as a tool to foster sustainable forest management,
questions have arisen about the potential and suitability of forest certification for nonindustrial
private forest (NIPF) ownerships (Lindstrdm and others 1999, Newsome and others 2003,
Rosenberger and Huff 2001, and Vlosky, 2000). This ownership category is particularly important
in the central hardwood region where it comprises the majority of the forest land and contributes
the greater part of the region’s annual hardwood removal. Little is known of whom among this
diverse and sizable group will adopt forest certification on their lands, and why. NIPF owners

in western Tennessee were surveyed to evaluate their awareness, acceptance, and perceived
benefits of forest certification. Only 2.9 percent of the owners were familiar or very familiar

with forest certification. Even so, over eight in ten indicated a willingness to consider it. The

type of landowner who would most likely consider certifying their forest can be profiled. These
landowners were typically well educated, new at forest ownership, and had received information or
advice about their forest land. They would certify for both monetary and non-monetary reasons.

INTRODUCTION

Most consumers are vaguely familiar with the concept of an objective third party certifying products

to assure a high standard, or consistency, in product quality. The certification label that is affixed to
electrical appliances by the Underwriters Laboratory, thereby assuring that appliances meet or exceed
standards of quality and safety, is an example (Maser and Smith 2001). Certification has evolved in a
number of industrial sectors including automobiles, chemicals, footwear, apparel, and fisheries (Sasser
2001). Forest certification is a relatively new development and deals not with the product, but with the
practice of forestry, growth of the product, harvesting of the product, and ecological impacts associated
with harvesting of the product (Klingberg 2003). Forest certification is gaining widespread attention by a
variety of stakeholders including environmentalist, policy makers, professional foresters, social activists,
loggers, and the general public (Mater 1999, Viana and others 1996).

The situation for forest certification in the United States is somewhat unique when compared to the
global picture because such a large percentage of the total forest area in the U.S. is under nonindustrial
private forest (NIPF) ownership. NIPF forests have traditionally filled an important position in U.S. wood
production, a role that has become even more crucial with the decline in timber harvesting on public
lands. However, the understanding of certification among this ownership class in the United States is low
(Lindstrom and others 1999).

Many of the major retail outlets of wood and paper products have announced policies that recognize

and give preference to certified wood products (Rana and others 2003). Some companies, in order to
satisfy the minimum content guidelines required for paper and other wood products, are requiring greater
percentage of certified wood in their inventory (American Tree Farm System 2005). These policies are

in turn changing the wood procurement policies of the solidwood and pulpwood processing facilities.

As a result of these concerns, stakeholders are beginning to debate the necessity of implementing forest
certification on NIPFs. This ownership group is particularly important in Tennessee, where it comprises
79 percent of the state’s 14.4 million acres. Moreover, these forests contribute more than 84 percent of the
state’s annual hardwood removal volume (Schweitzer 2000). In time, market forces could require large-
scale certification, and the needs and preferences of NIPF landowners must be taken into consideration
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to ensure their participation. A viable certification system cannot be shaped without this knowledge
(Lindstrom and others 1999).

The project reported in this paper was designed to assess awareness, acceptance, and perceived benefits
regarding forest certification of NIPF landowners in west Tennessee, and to develop a profile of who
would consider certifying, and why. The information is important if viable certification programs are to be
developed and implemented for this ownership category.

STUDY AREA

This study focuses on West Tennessee and includes 9 counties within the 18 county Forest Inventory and
Analysis West Tennessee Region. The 9 counties were selected as they represent 70 percent of the total
forest area in the region (Schweitzer 2000). Because compiling and mailing to landowner populations

is costly, three counties were randomly selected from the list of nine for survey purposes (Carroll,

Hardeman, and Weakley counties). The three counties include 564,300 acres of total forest land
(223,369 ha).

METHODS

Mail surveys were utilized for data collection to allow for coverage of large geographical area in a cost
effective manner. The original database of landowners was obtained from the Tennessee State Division of
Property Assessment. Only landowners controlling 40 acres or more of forest land were surveyed. A 50
percent random sample was drawn from the landowner list for the three counties. Duplicate names, trusts,
businesses, partnerships, and saw and pulp mill ownerships were removed. After these reductions, the
final mail sample became 1,153.

The survey instrument provided questions about owners and ownership characteristics. A draft version
of the survey questionnaire was developed and pre-tested with two separate audiences. First, the
questionnaire was sent to professional foresters for comment. Next, the survey was provided to NIPF
landowners who were active in their County Forestry Association (outside the study counties). These
individuals were asked to complete the survey, and to make suggested improvements for simplification or
clarification. The questionnaire was refined based on feedback received.

In August 2004, postcards were mailed to the 1,153 landowners notifying them of the project and the
intent of the research. Questionnaires and cover letters were mailed two weeks later. Landowners were
assured that the information would be kept confidential. A reminder postcard was mailed, followed by

a second questionnaire to the non-respondents. Another reminder postcard was mailed. The Dillman
tailored design method was followed as closely as possible (Dillman 2000). The respondents were given
the opportunity to receive a summary of the results for participating in the study. One hundred and three
of the questionnaires were determined ineligible, bringing the eligible target population to 1,050. The
final response rate was 50.7 percent. Telephone surveys were conducted to test for non-response bias.
Using the Wilcoxon rank sum two sample test, none of the variables for the non-respondents showed a
significant difference (o = 0.05) between the respondents. Overall, these results reduced the concern for
non-response bias.

DATA ANALYSIS

The survey consisted of 22 questions having a total of 78 response variables. After reading a definition
of forest certification, participants were asked a binary (yes/no) question of their willingness to consider
certification. This became the prominent dependent variable from which the demographic and attitudinal
variables were examined. Chi-square tests were used to examine relationships between variables when
data were ordinal scale and Spearman’s correlation when data were interval. Results were reported as
significant when p <.05.
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RESULTS AND DISCUSSION

A series of questions with categorical responses were given to investigate landowner’s familiarity with:
(1) certification, (2) trustworthiness of objective third-party certifiers, (3) expected benefits of certifying,
and (4) reasons for certifying. Only 2.9 percent of the respondents indicated they were familiar or very
familiar with forest certification and 80.0 percent were not at all familiar. Familiarity with certification
was not significantly related to willingness to consider certification.

Landowners were asked to read the following definition of forest certification and answer the questions
that followed:

“Forest certification means that forests are managed in a sustainable manner and that trees are
harvested with environmentally sound practices. These management practices are certified by
objective third parties. Landowner participation is voluntary.”

Participants were asked to indicate their level of trust for five groups as “potential third party certifiers”
(table 1). Landowners were most trusting of the state division of forestry, followed by consulting foresters,
and were least trusting of environmental organizations.

Four major certification systems are the most active in the United States: Green Tag, Sustainable Forestry
Initiative (SFI), American Tree Farm System (ATF), and Forest Stewardship Council (FSC). Landowners
showed very little familiarity with any of these systems. The percent of respondents indicating either
“familiar or very familiar” was: Green Tag (1.6), SFI (3.8), ATF (3.2), and FSC (2.8). Familiarity with any
of the certification systems was not significantly related with willingness to consider certification.

To assess the perceived benefits of certification, a series of statements related to what certification could
accomplish were given. All participants (including those that would not consider certification) were

asked to indicate their level of agreement or disagreement with each perceived benefit (table 2). Seven

of ten believed that certification would improve forest management; six of ten felt that it would both
increase their profits from tree farming and that it would satisfy consumers that their wood purchases
were supporting good forestry. Less than half of the respondents felt that certification would: lessen the
need for forestry regulation, give recognition for the good forestry that they were already practicing, or be
necessary for U.S. timber growers to complete in the international market.

When the perceived benefits of certification were linked with only those landowners who would consider
certification, a highly significant relationship existed between all variables. In other words, landowners

Table 1—Rating of trustworthiness of objective third party
forest certifiers by NIPF landowners

Third party certifier Mean? Mean?
State division of forestry 4.03 412
Consulting foresters 3.54 3.62
Landowner associations 3.21 3.34
Forest Industry 2.70 2.77
Environmental organizations 2.31 2.38

NIPF = nonindustrial private forest.

@ Among all respondents (1 = not trustworthy; 5 = very trustworthy).

5 Among respondents willing to consider certification (1 = not trustworthy; 5
= very trustworthy).
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with willingness to consider certification felt strongly that certification would accomplish all of the
potential benefits (P<.0001).

Landowners were asked whether or not they would consider certification, and 81.2 percent indicated

that they “would.” Those indicating affirmative were then asked the importance of six different reasons
(both monetary and non-monetary) for why they would consider certification. The top three reasons
landowners chose for certifying their forest were: (1) if it made their forest more healthy, (2) if it
improved wildlife habitat, or (3) if it saved money by reducing the likelihood of future regulation. Ninety-
two percent indicated that improving forest health was either important or very important, 84.8 percent
stated improving wildlife habitat, and 84.0 percent claimed reducing regulation for the same. The lowest
response was 62.8 percent, whereby participants thought that gaining access to additional markets was an
important or very important reason (table 3).

Table 2—Perceived benefits of forest certification among all NIPF landowners

Respondents indicating

Perceived benefits “agree or strongly agree”
percent

Certification will improve forest management 69.8
Certification will increase my profits in tree farming 61.0
Certification will satisfy consumers that their wood

purchases are supporting good forestry 59.6
Certification will lessen the need for forestry regulation 42.9
Certification will give me recognition for the good

forestry that | am already practicing 48.1

Certification will be necessary for U.S. timber growers
to compete in the international market 33.0

NIPF = nonindustrial private forest.

Table 3—Reasons why landowners would consider certifying their forest land

Respondents indicating Overall
Utility category Reason for certifying “agree or strongly agree” rank
percent
Nonmonetary If it helped protect the environment 81.2 4
If it improved wildlife habitat 84.8 2
If it made my forest more healthy 92.0 1
Monetary If my wood products could be sold
for a higher price 75.9 5
If it gained me access to additional
wood markets not normally available 62.8 6
If it saved me money by reducing
the likelihood of future regulation 84.0 3
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Neither age of the landowners, nor the size of forest ownership, were significantly related to willingness
to consider certification. However, more highly educated landowners (y*= 25.95, P<.0001), new owners
(x*=74.74, P=.0036), and those who had received information or advice about their forest land (y*= 14.34,
P<.0002) were more likely to consider certification.

Among the variables significantly related to a landowner’s willingness to consider certification, tenure (the
variable that classifies them as “new” to land ownership), and advice (the variable indicating they have
received forestry advice or information) are perhaps the most prominent. Unlike the other variables that
are significantly related to willingness to consider certification, these two variables can be captured from
tax assessor records and professional foresters’ lists. Doing so would allow targeting educational programs
to landowners with characteristics favorable toward certification. With 16 percent of the forest properties
anticipated to change ownership in the next 15 years, an increase in the number of new owners is likely.
This suggests that forest certification among NIPF owners has the potential to be expanded.
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