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A B S T R A C T

Few efforts have been made to quantify the amount and variety of deadwood in frequently burned ecosystems,
particularly the longleaf pine (Pinus palustris Mill.) ecosystem of the southeastern United States. Moreover,
comparisons of coarse woody debris between old-growth and secondary longleaf pine forests are lacking despite
the widely recognized value of deadwood to biodiversity in many forest types. We measured standing and fallen
deadwood in three old-growth and four mature (100–125 years-old) secondary forests in two landscapes char-
acterized by either sandy or clayey soils within the historic range of P. palustris. Downed coarse woody debris
volume was variable at the old-growth locations, ranging from 2.51 ± 0.79 to 29.10 ± 14.55m3 per ha, which
includes perhaps the lowest values ever reported from any old-growth forest. Factors likely contributing to these
low volumes include frequent fire, the low basal area characteristic of this forest type, subtropical climatic
conditions of the southeastern Coastal Plain, and large termite populations. The high variability observed among
the three old-growth locations probably reflect interactions between fire and other disturbances (e.g., wind
damage). The old-growth location on sandy soils had significantly higher coarse woody debris volume and
deadwood variety (e.g., diameter increments, posture, tree genera and decay classes) than secondary forests
sampled nearby. Highly resinous heartwood is a significant indicator of old-growth conditions relative to sec-
ondary locations, appearing to accumulate as a persistent fraction of the deadwood pool over time.

1. Introduction

Because deadwood supports a large fraction of forest biodiversity
(Stokland et al., 2012; Ulyshen, 2018) and plays an important role in
carbon sequestration, there is great interest among forest ecologists in
better understanding how it varies in amount and variety (i.e., defined
by the number of wood species, postures, diameter classes, decay
classes, etc.) among forest types and management histories. Old-growth
remnants provide an opportunity to collect baseline information about
the characteristics of deadwood pools under relatively undisturbed
conditions (e.g., Spetich et al., 1999). Such information is critical to
understanding deadwood dynamics in a particular ecosystem and can
help develop general guidelines for restoration as well as silvicultural
recommendations for promoting valued old-growth features and asso-
ciated organisms (White and Lloyd, 1995; Bauhus et al., 2009). Input
and loss rates of deadwood vary greatly as influenced by a large number
of interacting factors. These include climatic conditions such as tem-
perature and humidity, site productivity, tree species composition,

stand density, insect activity and fire frequency (Cornwell et al., 2009).
The volume of downed deadwood typical of old-growth forests

varies widely among different regions and forest types, ranging
from>300m3 per ha in temperate rainforests that are characterized by
high productivity and low rates of decomposition (Spies et al., 1988;
Lindenmayer et al., 1999) to< 20m3 per ha in xeric conifer forests that
experience frequent fires (Robertson and Bowser, 1999). Forests
growing in cooler latitudes or elevations are generally thought to have
larger accumulations of wood than those that experience warmer con-
ditions due to differences in decay rates (Muller and Liu, 1991). Most
previous studies indicate that coarse woody debris volume increases
with forest age and that old-growth forests contain significantly more
downed and standing deadwood than secondary forests (Sturtevant
et al., 1997; Kirby et al., 1998; Robertson and Bowser, 1999; Siitonen
et al., 2000). There are exceptions to these patterns, however, with
published examples of mature secondary forests having comparable
amounts of deadwood as old-growth stands (Lindenmayer et al., 1999)
and large amounts of legacy wood in young stands growing on recently-
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harvested sites (Spies et al., 1988; Spetich et al., 1999).
A number of studies have quantified the amount of deadwood in the

forests of the southeastern United States. Reported coarse woody debris
volumes vary by forest type, ranging from<5m3 per ha in pine-
dominated forests to over 100m3 per ha in mixed hardwood forests
(McMinn and Hardt, 1996). Compared to western North America, there
are few old-growth forests remaining in the southeastern United States
(White and Lloyd, 1995; Landers and Boyer, 1999; Bragg, 2002; Varner
and Kush, 2004; Mitchell et al., 2009). Although a few studies have
characterized dead wood in particular old-growth remnants in the re-
gion (Muller and Liu, 1991), we are not aware of any efforts to speci-
fically compare the amount and variety of deadwood between old-
growth and regenerating forests in the southeastern United States. It
thus remains almost entirely unknown whether characteristics of the
deadwood pool can be used as indicators of old-growth conditions.
Although differences in the total amount of wood can be anticipated
from work done in other regions, the amount of specific substrates or
decay classes may be even more informative in some cases. This is
especially true for the pine-dominated forests of the region which are
known to slowly produce heartwood as they age (Demmon, 1936;
Conner et al., 1994; Schultz, 1997). Because heartwood is much more
resistant to decay than sapwood, the presence of large amounts of
heartwood on the forest floor may suggest a forest is both old and re-
latively undisturbed.

One of the most biodiverse and imperiled forest types in the
southeastern U.S. is the longleaf pine (Pinus palustris L.) ecosystem
(Kirkman et al., 2004). Longleaf pine historically dominated the
Atlantic and Gulf Coastal Plains of the southeastern United States and
extended into the Piedmont and mountains of Alabama in Georgia
(Stambaugh et al., 2017) where it was maintained by frequent fires
initiated by lightning strikes and later by Native Americans. These
forests are commonly referred to as savannas as they are characterized
by low basal area (∼12–35m2/ha when undisturbed) of widely-spaced
longleaf pine in the overstory and extremely diverse herbaceous plant
communities (Platt et al., 1988b; Platt and Rathbun, 1993 ; Varner and
Kush, 2004). The longleaf pine ecosystem has been lost over much of its
former range, being replaced by other land uses, including the planting
of other pine species, or lost as a consequence of fire suppression.
Today, longleaf pine covers only about 776,000 ha (∼2% of its historic
range) with 5100 ha of remaining old-growth forests (∼0.01% of its
historic range) (Means, 1996; Varner and Kush, 2004; Mitchell et al.,
2009). Longleaf pine ecosystems have been intensively studied with
respect to their plant communities (Platt et al., 1988a; Provencher
et al., 2001; Hiers et al., 2007; Kirkman et al., 2013) and their value to
endangered vertebrates such as the red-cockaded woodpecker
(Engstrom et al., 1984; Walters et al., 2002; Rudolph et al., 2007;
Mitchell et al., 2009; Steen et al., 2013). Despite recent efforts to in-
ventory and restore old-growth forests in the region (Means, 1996;
Landers and Boyer, 1999; Varner and Kush, 2004; Johnson et al., 2018),

few efforts have been made to characterize deadwood in this ecosystem.
Although a number of studies have quantified the number of snags
present in longleaf pine forests (Landers and Boyer, 1999; Blanc and
Walters, 2008a; Blanc and Walters, 2008b; Mitchell et al., 2009), there
is very little published information about the amount of fallen dead-
wood on the forest floor. This absence of information may be a re-
flection of CWD being a perceived as an uncommon feature of the forest
floor in the longleaf pine ecosystem (Landers and Boyer, 1999). Indeed,
in one of the few studies to investigate this question, Hanula et al.
(2012) reported a mean CWD volume of only 2.09 ± 0.59m3 per ha
from even-aged ∼90 year-old longleaf pine stands with some history of
salvage logging in Florida. Major mortality events from fire and hur-
ricanes are common to the region (Glitzenstein et al., 1995; Pederson
et al., 2008; Grissino-Mayer et al., 2010), however, and can be expected
to result in occasional large inputs of deadwood. Moreover, the pre-
valence of highly resinous heart pine in older forests (Mitchell et al.,
2006; Rother et al., 2018) create the potential for different patterns of
CWD accumulation in old-growth vs. secondary forests.

The purpose of this study was to characterize the amount and
variety of deadwood in three of the largest remnant old-growth longleaf
pine forests and neighboring secondary pine forests in two regions
within the historic range of longleaf pine. We also consider the role
frequent fire plays in affecting these patterns and present our findings
within the context of other investigated forest types. Because most
previous research on coarse woody debris has been conducted in boreal
or temperate forests that rarely experience fire, this study offers a re-
latively unique perspective on deadwood dynamics in forested ecosys-
tems.

2. Methods

2.1. Locations and design

This study was conducted in seven forests within the historic range
of longleaf pine (Pinus palustris Mill.) on the coastal plain of the
southeastern United States, including three large old-growth remnants
(Table 1). Our locations were divided between Eglin Air Force Base
(AFB) on the western end of the Florida panhandle (Okaloosa and Santa
Rosa counties) and the Red Hills region surrounding Thomasville
Georgia. While the Eglin AFB locations are characterized by xeric sandy
soil (typic Quartzipsamments of the Lakeland series) with a mean depth
to water table of 2m (Overing et al., 1995), the Red Hills region is
characterized by clayey soils (ultisols) of the Tifton Uplands. Based on
records from neighboring towns (Thomasville, Georgia and Niceville,
Florida), the Red Hills and Eglin AFB have mean annual temperatures of
19.6 and 18.7 C and mean annual rainfall of 134.9 and 180.2 cm, re-
spectively (usclimatedata.com, accessed 26 April 2018). Site pro-
ductivity within the Red Hills region is substantially greater than Eglin
AFB due to differences in soil quality (Means, 1996; Craul et al., 2005).

Table 1
Study location information.

Region Location Coordinates Age Stand size (ha)a % basal area pineb Forest age (years)c Fire frequency (return interval, years)d

Eglin AFB Patterson
Natural Area

30.487154–86.741373 Old-growth 375–2031e 99.5 400+ 2

E-24 30.540883–86.875927 Secondary ∼650 93.6 125 2.5
F-22 30.596333–86.706026 Secondary ∼500 100 125 2

Red Hills Wade Tract 30.758367–83.999040 Old-growth 83 99.0 350+ 2
Tall Timbers 30.651599–84.226949 Secondary ∼150 75.7 125 1.5
Greenwood Secondary 30.836033–84.018704 Secondary ∼250 95.4 100 2
Greenwood Big Woods 30.844923–84.017743 Old-growth 200 94.4 300+ 2

a Old-growth stand sizes were taken from Varner and Kush (2004).
b Based on data collected in this study.
c Approximate age of the living trees.
d Based on the ten year period from 2008 to 2017.
e The extent of the old-growth forest at Patterson Natural Area remains uncertain.
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Eglin AFB and the Redhills are two of the most significant regions
with respect to supporting old-growth longleaf pine remnants. Eglin
alone supports at least 3650 ha which represents> 70% of the re-
maining old-growth forest area (Varner and Kush, 2004). We sampled
in one of the largest old-growth tracts on the property, Patterson Nat-
ural Area, as well as two mature (∼125 yrs-old) secondary sites (E-24
and F-22) (Table 1). Within the Red Hills region, we sampled two old-
growth (The Wade Tract and Greenwood Big Woods) and two mature
(100–125 yrs-old) secondary locations (Table 1). One Red Hills sec-
ondary forest was at Tall Timbers Research Station (Leon County,
Florida), and the other was a site near the Big Woods owned by
Greenwood Plantation. All seven locations except the stand at Tall
Timbers were dominated by longleaf pine. At Tall Timbers, which was
farmed through the late 19th Century, the overstory is characterized by
loblolly (P. taeda L.) and shortleaf (P. echinata Mill.) pine. Eglin AFB
location F22 was treated with herbicide for red-cockaded woodpecker
management in 2008. The Greenwood Big Woods location experienced
scattered wind damage in January 2017, several months before data
were collected for this study.

All seven locations are managed using frequent prescribed fire, with
return intervals ranging from 1.5 to 2.5 years (Table 1). All locations
were burned in 2017, the same year our measurements were taken, and
all but two locations (E-24 and F-22) were sampled following the burn.
Due to access restrictions, both E-24 and F-22 were sampled prior to
scheduled prescribed burns in 2017; thus, sampling at those locations
took place 2 years since the last burn. We do not expect this to affect our
general conclusions given the small amounts of wood present at both of
those locations and the frequency at which all locations experience fire.
All plots at each location were measured either before or after the burn
so there were no inconsistencies among plots within a location.

To make our deadwood measurements, an approximately linear
700m transect of eight sampling plots was established at each location,
with a distance of 100m between plots. All plots were at least 50m
from any forest boundary. Transects were directed parallel to tertiary
forest roads at all locations. Plot positions were established from a
random starting point to initiate each 700m transect, and were not
influenced by any prior knowledge or expectations about deadwood
abundance or distribution.

2.2. Measurements

Measurements of living tree basal area, downed coarse woody
debris and standing dead snags were made within the eight 0.1 ha
circular plots along each 700-m plot transect from March-July 2017. To
calculate the basal area of living trees, we measured the diameter (dbh)
of all stems ≥10 cm. We defined CWD as any downed wood that
measures ≥10 cm in width at any point along its length. For each piece
of CWD, we measured the diameter at each end and the length. We also
measured the thickness of flattened pieces. When a piece of CWD in-
tersected the boundary of a plot, we measured the diameter at the
boundary and excluded all material extending beyond the boundary
from consideration. At the Greenwood Big Woods (old-growth) loca-
tion, some salvage from individual dead pines is a common practice,
and four trees within our plots had missing sections harvested from the
main bole. Because the bottom-most section and crown remained on
location, it was possible to correct for missing wood volume. When
possible, we recorded the tree genus to which each piece of CWD be-
longed. We also assigned each piece of CWD to one of seven decay
classes as outlined in Table 2 and shown in Fig. 1. This classification
system recognizes that sapwood in southern pines generally decom-
poses soon after death whereas heartwood decays at a reduced rate as
has been shown for other tree species (Schowalter et al., 1998). Unlike
previous studies, we distinguish between wood with some highly de-
composed sapwood remaining (decay class 5) from wood that consists
entirely of heartwood (decay class 6). Working in Colorado Pinus pon-
derosa forests, Robertson and Bowser (1999) referred to similar

heartwood remains as “skeleton wood” and encouraged future re-
searchers to separate this kind of wood into a separate decay class. To
further understand potential differences in old-growth and secondary
forests, we also distinguish between apparently solid heartwood and
obviously decomposing heartwood, assigning the latter to decay class 7.

We also recorded the diameter, height and decay class for all
standing deadwood present within the plots, limited to stems ≥10 cm
(Table 3). Stems less than or equal to 2m tall were classified as stumps
while stems exceeding this height were classified as snags. The basal
diameter of snags was measured at 1.5m whereas the diameter of
stumps was measured at a position estimated to represent the average
diameter along the length of the stump. As with downed wood, we
distinguish between snags or stumps that were obviously still decom-
posing (decay classes 1–4) and those that were dried from sun exposure
or charred by fire (decay class 5). Although only heartwood remained
on many snags or stumps assigned to decay class 5, many were still to
some degree covered with extremely dry and hardened sapwood.

2.3. Analysis

We calculated the volume of each downed CWD piece based on the
equation for the volume of a truncated cone: V= π h/3
(r12+ r1r2+ r22) where r1 and r2 are the radii of the two ends and h is
the height or length. When pieces were flattened, volume was calcu-
lated by multiplying the average diameter of the two ends by the length
and width of the piece. We summed the total volume of CWD measured
in each plot and also calculated this for each decay class. We also cal-
culated the total basal area of living trees (m2/ha) as well as measured
the basal area of snags per plot and the number of snags and stumps per
plot. Although we did not take measurements to allow for an accurate
estimate of downed wood mass per plot, this was roughly estimated
using the density values for longleaf pine (660.0 kg/m3) and oak
(704.8 kg/m3) provided by (Prichard et al., 2006).

Similar to Hekkala et al. (2016), we calculated deadwood variety
per plot by counting the number of deadwood types based on posture
(downed or standing), tree genus, decay class and diameter class.
Diameter classes were based on 10-cm increments (e.g., > 10 cm and
≤20 cm;>20 cm and ≤30 cm; etc.) according to basal diameter
measurements. Snags, but not stumps, were included in the calculation
of variety.

We analyzed plots from the two regions separately. ANOVA fol-
lowed by Tukey’s studentized range test was used to compare tree basal
area, CWD volume, deadwood variety and stump number among lo-
cations. To satisfy normality assumptions, CWD volume was log(x+ 1)-
transformed while the square-root transformation was applied to wood
variety and stump number prior to analysis. Snag basal area and snag
number were compared among locations for each region separately
using the Kruskal-Wallis test. Non-transformed data are presented in all
figures and tables.

To assess how the composition of the downed woody debris pool
differed among plots from old-growth and secondary forests, we per-
formed nonmetric multidimensional scaling (NMS) using PC-ORD
(McCune and Mefford, 2011). Only downed woody debris was used in
this analysis because we did not measure snag volumes. Downed woody
debris categories were based on decay class, wood species and diameter
as described above for the calculation of deadwood variety. All downed
wood categories recorded from fewer than three plots were excluded
from analysis as were all plots for which there were no data. The final
matrix consisted of 23 categories and 51 plots. No plots were outliers
based on outlier analysis, i.e., no plot within the distance matrix was
more than two standard deviations from the mean. NMS was performed
using Bray-Curtis distance measurements on 250 runs each of real and
randomized data.

To determine which categories of downed wood are most strongly
associated with old-growth conditions, indicator species analysis (ISA)
was also performed in PC-ORD, using the same dataset described for
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NMS analysis. Indicator values (IV) were calculated based on the fol-
lowing equation: IVij =Aij× Bij× 100 where Aij is the mean abun-
dance of category i in the sites of group j compared to all groups and Bij

is the relative frequency of occurrence of category i in the sites of group
j (Dufrêne and Legendre, 1997). Indicator values range from 0 (no in-
dication) to 100 (perfect indication) and give an indication of how
abundant a particular category is in one group compared to other

groups as well as the constancy of that species within a group. Sig-
nificance was determined by a Monte Carlo randomization test with
4999 permutations.

Table 2
Decay class designations for downed coarse woody debris.

Characteristic DC 1 DC 2 DC 3 DC 4 DC 5 DC 6 DC 7

Shape Round Round Round Round to oval Oval Round (heartwood
only)

Oval (heartwood only)

Bark Present, intact Present, loose Trace to
absent

Trace to absent Absent Absent Absent

Sapwood Recently dead,
original color

Mostly intact,
partly soft in
places

Partly soft Crushes under foot but not
powdery (termite damage
severe)

Crushes in hand,
powdery

Absent Absent

Heartwood (if
present)

Not visible Not visible Not visible Not visible or beginning to
become visible

Visible in places Heartwood only, not
decomposing

Heartwood only,
decomposing

Fig. 1. Examples of decay classes 1 (a), 2 (b), 3 (c), 4 (d), 6 (e) and 7 (f-g) from Greenwood Big Woods (a), the Wade Tract (b and c) and Patterson Natural Area (d-g).
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3. Results

3.1. Stand composition and basal area

The basal area of living trees was low at all locations, ranging from
about 5.3m2 per ha on the Patterson Natural Area to 14.2 m2 per ha on
the Wade Tract. Pine accounted for over 90% of the total basal area at
all locations except for Tall Timbers where pine made up just 75.7% of
the total basal area, with large oak trees accounting for the remainder
(Table 1). Longleaf pine was by far the most abundant pine species at all
locations except for Tall Timbers where loblolly pine dominated. The
second most frequent and abundant tree genus was Quercus which was
absent from just one of the seven locations. The Greenwood Big Woods
plots had the highest tree diversity, with small numbers of Liquidambar
styraciflua L. and Magnolia virginiana L. being present along an
ephemeral stream margin in one plot.

3.2. Standing deadwood

Snags, defined here as standing dead trees at least 2 m tall, were rare
at most locations, with plots having one or less on average at six of the
seven locations (ranging from 1.25 to 10 per ha) (Fig. 2). Patterson
Natural Area had the greatest number of snags, with an average of 4.75
per plot (47.5 per ha). The abundance of snags at Patterson Natural
Area was largely driven by a single plot that contained 25 (18 of which
were Quercus laevis Walt.), resulting in high variability among plots at
this location (Fig. 2). We found the number and basal area of snags to
differ significantly among Red Hills locations, with the highest number
reported from the Greenwood Big Woods. Despite Patterson Natural
Area having the highest mean values among the three Eglin AFB loca-
tions for both snag number and snag basal area, there were no sig-
nificant differences among them due to high inter-plot variability
(Fig. 2). Pinus snags accounted for the majority of the snag basal area at
the seven locations and were the only snags represented at locations
F22, Greenwood Secondary, Greenwood Big Woods and Tall Timbers
(not including snags that could not be identified to genus). Quercus
made up 8.2–46.5% of the snag basal area at the other three locations,
being most prevalent at the Patterson Natural Area.

Stumps were more common than snags, with the number per plot
ranging from ∼1–5 (11.2–52.5 per ha). Among the Eglin AFB locations,
there were significantly more stumps in Patterson Natural Area than in
F-22 but there were no differences between E-24 and the other two
locations. There were no significant differences in stump number
among the Red Hills locations.

3.3. Downed coarse woody debris

Deadwood volume varied greatly among the plots, ranging from 0-
2.1 m3 (i.e., 0–21m3 per ha) at Eglin AFB and from 0 to 12.7m3 (i.e.,
0–127m3 per ha) in the Red Hills. At Eglin AFB, Patterson Natural Area
had significantly greater wood volume than the two secondary forest
locations. There were no significant differences among locations in the
Red Hills, by contrast, although the Wade Tract and Greenwood Big
Woods had, on average, several times less and more wood volume than
the other locations, respectively (Fig. 2). The lack of significance among

the Red Hills locations underscores the high degree of variability ob-
served among plots at each location. This was especially dramatic at the
Greenwood Big Woods location where wood volume per plot ranged
from 1.1 to 12.7m3, with the highest value being nearly three times
greater than the second-highest value.

The three old-growth forests sampled in this study differed greatly
in coarse woody debris volume. The Wade Tract had by far the lowest
volume on average (2.51 ± 0.79m3 per ha), followed by Patterson
Natural Area (10.59 ± 2.50m3 per ha). Greenwood Big Woods had the
highest CWD volume, averaging 29.10 ± 14.55m3 per ha. Because we
wanted our results from old-growth locations to reflect “undisturbed”
amounts of wood as closely as possible, the wood volumes measured in
four of the Greenwood Big Woods plots include estimated volumes of
five sections of fallen trees that had been removed from the location.
Without this correction, the volume of wood on the ground when our
measurements were taken was 17.9 ± 7.3m3 per ha.

Wood assigned to decay classes 6 or 7 (i.e., classes consisting en-
tirely of heartwood) dominated the coarse woody debris pools on Eglin
AFB, making up between 74.8 and 88.2% of wood volume at the three
locations (Table 4). These decay classes were also abundant, though less
dominant, in the Red Hills, ranging from 13.3 to 54.2% of total wood
volume at those locations (Table 4). Decay classes 1 and 2, by contrast,
were entirely absent at the Eglin AFB locations and made up between
27.6 and 52.0% of wood volume in the Red Hills (Table 4).

Our rough estimates of downed wood mass varied from
0.5 ± 0.1Mg/ha at F22 to 19.3 ± 9.6Mg/ha at the Greenwood Big
Woods, which are comparable to the values reported for pitch pine
forests in North Carolina (McMinn and Hardt, 1996). Eglin values are as
follows: E24: 0.9 ± 0.5; F22: 0.5 ± 0.1; and Patterson Natural Area:
7.1 ± 1.7. Red Hills values are: Greenwood Big Woods: 19.3 ± 9.6;
Greenwood Secondary: 6.9 ± 3.5; Tall Timbers: 7.4 ± 3.9; the Wade
Tract: 1.7 ± 0.5.

3.4. Deadwood variety

Deadwood variety, representing the variety of downed and standing
deadwood based on species, diameter increments and decay classes,
varied greatly among locations. At Eglin AFB, deadwood variety was
significantly greater on average at the Patterson Natural Area than at
the other two locations (Fig. 2). There were no differences in deadwood
variety among the Red Hills locations but the values for the Wade Tract
were the lowest while those for Greenwood Big Woods were highest.

3.5. Deadwood composition

Nonmetric multidimensional scaling yielded a two-dimensional so-
lution with a final stress of 18.2. Axes 1 and 2 explained 32.5 and 19.4%
of the variation, respectively. There is considerable overlap in the
spaces occupied by the old-growth and secondary plots in the ordina-
tion (Fig. 3). Total heartwood volume was negatively correlated with
axis 1 (r= -0.5). Based on indicator species analysis, nine of the 23
downed wood categories assessed were significantly associated with
old-growth forests and none was an indicator of secondary forests. Two
of the old-growth indicator categories were pine belonging to decay
class 4 (≤10 cm (IV=27.8, P=0.04) and 10–20 cm (IV=40.3,

Table 3
Decay class designations for standing deadwood.

Characteristic DC 1 DC 2 DC 3 DC 4 DC 5

Twigs < 3 cm Present Absent Absent Absent Absent
Bark Present Loose and/or partly

absent
Trace to absent Trace to absent Absent

Sapwood Intact Intact but soft in
places

Present and soft but not ready to
fall apart

Present but soft and ready to
fall apart

Usually absent. If present, then sunbaked and
extremely hard

Heartwood (if present) Not visible Not visible Not visible Often visible in places Visible, extremely hard
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P=0.02)), three were pine belonging to decay class 6 (≤10 cm
(IV= 79.2, P= 0.0008); 20–30 cm (IV=48.7, P=0.003) and
30–40 cm (IV=20.2, P= 0.04)), two were pine belonging to decay
class 7 (≤10 cm (IV= 21.4, P= 0.03) and 10–20 cm (IV= 30.3,
P=0.004)), one was oak belonging to decay class 3 (10–20 cm
(IV= 21.9, P=0.01)) and one was oak belonging to decay class 4

(10–20 cm (IV= 28.5, P=0.01)).

4. Discussion

The wood volumes reported in this study for old-growth longleaf
pine forests are among the lowest values ever reported from old-growth
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Fig. 2. Mean ± SE (n=8) living basal area,
snag basal area, downed CWD volume, number
of snags, deadwood variety and number of
stumps at each of the seven locations
(Abbreviations are as follows:
PATT=Patterson Natural Area; TT=Tall
Timbers; GWS=Greenwood Secondary;
GWBW=Greenwood Big Woods and
WT=Wade Tract). For each region (Eglin AFB
and Red Hills), bars with different letters above
them are significantly different based on
Tukey’s studentized range test. For the graphs
showing snag basal area and number of snags,
asterisks are used to indicate when there were
significant differences among locations within a
particular region according to the Kruskal-
Wallis test. Shaded and empty bars represent
secondary and old-growth locations, respec-
tively.

Table 4
Mean ± SE (n=8) CWD volume by decay class (DC) and location. Percentages for each location are given in parentheses. Abbreviations are as follows:
PATT=Patterson Natural Area; TT=Tall Timbers; GWS=Greenwood Secondary; GWBW=Greenwood Big Woods and WT=Wade Tract.

Eglin AFB Red Hills

DC E24 F22 PATT TT GWS GWBW WT

1 0 ± 0
(0)

0 ± 0
(0)

0 ± 0
(0)

5.27 ± 5.27
(47.08)

0.02 ± 0.02
(0.23)

1.19 ± 1.16
(4.09)

0 ± 0
(0)

2 0 ± 0
(0)

0 ± 0
(0)

0 ± 0
(0)

0.55 ± 0.40
(4.89)

2.81 ± 2.04
(27.37)

9.38 ± 6.81
(32.22)

0.91 ± 0.52
(36.11)

3 0.27 ± 0.26
(19.3)

0 ± 0
(0)

0.79 ± 0.60
(7.43)

0.03 ± 0.03
(0.31)

0.02 ± 0.02 (0.15) 9.19 ± 7.50 (31.59) 0.20 ± 0.20
(8.06)

4 0.01 ± 0.01
(0.85)

0.09 ± 0.09
(11.77)

1.35 ± 0.57
(12.78)

3.73 ± 3.70
(33.28)

2.82 ± 2.73
(27.49)

1.40 ± 0.72
(4.79)

0.04 ± 0.03
(1.61)

5 0.07 ± 0.05
(5.06)

0 ± 0
(0)

0.15 ± 0.07
(1.42)

0.13 ± 0.13
(1.13)

0 ± 0
(0.01)

2.01 ± 1.92
(6.92)

0 ± 0
(0)

6 0.97 ± 0.62
(69.52)

0.66 ± 0.22
(88.23)

7.01 ± 2.10
(66.2)

1.49 ± 0.46
(13.31)

4.605 ± 2.82
(44.75)

5.87 ± 2.18
(20.18)

1.36 ± 0.63
(54.23)

7 0.07 ± 0.07
(5.28)

0 ± 0
(0)

1.29 ± 0.39
(12.16)

0 ± 0
(0)

0 ± 0
(0)

0.06 ± 0.06
(0.21)

0 ± 0
(0)

Total 1.39 ± 0.69 0.75 ± 0.20 10.59 ± 2.50 11.20 ± 5.92 10.28 ± 5.25 29.10 ± 14.55 2.51 ± 0.79
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forests (Lachat and Müller, 2018), ranging from 2.51 ± 0.79 to
29.10 ± 14.55m3 per ha. To our knowledge, the only previous study
in old-growth forests to yield similar values was that of Robertson and
Bowser (1999) who reported volumes of< 20m3 per ha from fre-
quently burned conifer forests in the western United States. The low
volumes reported in this study can be attributed in part to the low basal
areas characteristic of longleaf pine forests and the high variability
observed among plots reflects the fine scale at which this material is
added to the ecosystem via individual tree mortality events (Palik and
Pederson, 1996). Several additional factors also likely contributed to
these patterns, however.

First, the high frequency at which forests in our study area are
burned (i.e., every 1.5–2.5 years) likely contributed to both the low
wood volumes and highly variable distribution of CWD observed in this
study. Pine forests growing on the coastal plain of the southeastern US
historically experienced some of the most frequent burns in North
America, occurring about every 1–3 years (Guyette et al., 2012;
Stambaugh et al., 2017). Although casual observations suggest that
some wood is completely consumed by these fires, including even re-
cently fallen trees, this question has not received much attention in the
region. In one of the only studies to experimentally test this in longleaf
pine, Hanula et al (2012) reported no differences in coarse woody
debris volume among stands subjected to different burn frequencies
(burned every 1, 2 or 4 years or left unburned) in Florida. The low
intensity of these frequent burns may explain this lack of effect. Studies
from other forest types have reported large reductions in woody fuels
following prescribed fire, however, especially in xeric regions that ex-
perience more intense fires (Sackett, 1980; Randall-Parker and Miller,
2002; Fulé and Covington, 2006). Nonetheless, the xeric Patterson
Natural Area old-growth location (Eglin AFB) had higher accumulations
of CWD than paired secondary locations, suggesting fire is not simply a
coarse filter for volumes (Agee, 2002) but that the quality of CWD
substrate (i.e., the presence of fire-resistant heartwood remnants) in
old-growth locations interacts with fire.

Termites may also contribute to the low wood volumes present in
longleaf pine forests of the southeastern United States. Research from
Mississippi found that termites consume about 20% of wood volume
(Ulyshen et al., 2014) and significantly accelerate wood decay rates
(Ulyshen, 2014; Stoklosa et al., 2016). During the course of data col-
lection, termites or signs of their activity were consistently observed in
all logs that still possessed sapwood. Termite activity was also

commonly observed on heartwood although this appeared to be largely
limited to the soil-wood interface. Carpenter ants (Camponotus spp.)
were also commonly observed under pieces of heartwood and appar-
ently contribute to the comminution of this material.

The subtropical climate of our study area may have also contributed
to the relatively low wood volumes measured in this study by favoring
the activities of wood-decomposing microbes, including fungi. The
sandy soil of Eglin AFB is likely to result in more xeric conditions
compared to other soil conditions in the southeastern U.S., however
(Craul et al., 2005). This could in part explain why Patterson Natural
Area, the old-growth Eglin AFB location, had accumulated larger vo-
lumes of heartwood than the old-growth Red Hills locations despite the
fact that the Eglin AFB locations generally had less wood overall. There
are also large differences in the density of vegetation growing on the
Eglin AFB vs. Red Hills locations, with a much sparser coverage char-
acterizing the Eglin AFB locations sampled in this study (Means, 1996).
The thicker layer of vegetation in the Red Hills may maintain a mi-
croclimate of more humid conditions around and under downed woody
debris, thus promoting the decomposition of this material.

The differences in wood volume among old-growth longleaf pine
forests measured in this study are extreme. The Greenwood Big Woods
had over eleven times more wood than the Wade Tract, for example,
despite the fact that these two old-growth locations are separated by
just a few kilometers and have similar site histories. This variability
probably reflects the patchiness of disturbance, with recent wind dis-
turbance contributing to the much higher values reported at
Greenwood. The Wade Tract also has been managed with more fires
during the seasonally dry months of May-June, which could have led to
more CWD consumption by fire. Despite having a recent fire regime
similar to that of the Wade Tract, however, Patterson Natural Area had
consistently higher volumes. This suggests that seasonality of fire may
have little influence on wood qualities although it should be noted that
a high percentage of wood volume at Patterson Natural Area consisted
of heartwood which resists ignition. In addition to the large differences
in wood volume among locations, we also detected a high degree of
variability among plots at each location (Fig. 2) and this is consistent
with observations in other forest types (Muller and Liu, 1991).

All nine of the downed wood categories that were significant in-
dicators of old-growth conditions in this study belonged to advanced
decay classes, with five of them consisting of heartwood (decay classes
6 or 7). These findings suggest that of all the deadwood characteristics
examined in this study, heartwood in the CWD pool is most indicative
of old-growth conditions. In addition to entire logs and associated
branches (Fig. 1e), much of this heartwood material consisted of small
fire-hardened pieces that appear to be extremely persistent. Because
heartwood, once charred, appears to be largely resistant to ignition as
well as to termites, the major mechanism by which this material is lost
from these ecosystems remains uncertain. Although the age of these
persistent heartwood remnants is not known, Rother et al. (2018) found
heartwood stump material in longleaf pine forests to be exceptionally
recalcitrant, persisting for nearly a century. Heartwood with visible
signs of decomposition, assigned decay class 7, was absent from four of
the locations (three of which were secondary) and rare at the other
three. Heart rot occurs in the centers of even living trees, however, and
was likely present within much of the heartwood occurring within our
sampling plots (Varner and Kush, 2004). Despite being an indicator of
old-growth forests, heartwood made up a substantial fraction of the
downed woody debris volume at all of our locations. It is important to
note that the secondary forests sampled in this study all exceeded a
century in age, however. With the exception of legacy heartwood from
previous stands, young longleaf pine forests can be expected to lack
heartwood until mature trees begin to die.

5. Conclusions and future directions

It is widely recognized that deadwood accumulates as forests age

Fig. 3. NMS ordination showing differences in downed woody debris compo-
sition among plots. Solid and dashed lines denote areas occupied by old-growth
and secondary sites, respectively. Abbreviations for locations are as follows:
PATT=Patterson Natural Area; TT=Tall Timbers; GWS=Greenwood
Secondary; GWBW=Greenwood Big Woods and WT=Wade Tract. Vector
shows relationship between the axes and total heartwood volume.
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and large amounts of downed and standing wood are old-growth at-
tributes in many forest types. While our results from Eglin AFB are
generally consistent with these patterns, those from the Red Hills are
less so. The volume of wood measured on the Wade Tract, one of the
best remaining examples of undisturbed old-growth longleaf pine in
North America, was only a fraction of the volumes measured at the
Greenwood Big Woods location and the two secondary forests. It is clear
from these findings that forest age is just one of many factors con-
tributing to the amount and variety of deadwood in longleaf forests. A
suite of other factors, including soil conditions, fire history and recent
wind damage interact to create highly variable and dynamic CWD
pools. While our findings suggest that total wood volume may not be as
reliable an indicator of old-growth conditions as it is in other forest
types, the volume of heartwood does appear to characterize old-growth
conditions with an accumulation of this material over time. Future
studies conducted at other locations and involving more sampling plots
per location (to reduce inter-site variation) would help clarify these
patterns.

Studies addressing the biodiversity associated with woody debris in
longleaf pine forests would also be of great interest. Work from other
forest types suggests that roughly 20–30% of insect diversity is de-
pendent on dying or deadwood, for example, and some species are
known to be strongly associated with old-growth forests. To our
knowledge, no effort has been made to explore this question in longleaf
pine forests (but see Folkerts et al. (1993) for an overview of arthropods
associated with this ecosystem). Forests with a history of frequent fires
are also known to support a number of pyrophilic species and this too
may be the case in the longleaf pine ecosystem.

Acknowledgments

We thank the Wade family for permission to sample at the Wade
Tract and Greenwood Plantation and Jim Cox and Paul Massey for fa-
cilitating access to these properties. We are also grateful to Brett
Williams and David Grimm for facilitating our work at Eglin Air Force
Base and to two anonymous reviewers for commenting on an early draft
of the manuscript. This project was funded by the USDA Forest Service,
Southern Research Station.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.foreco.2018.07.017.

References

Agee, J.K., 2002. Fire as a coarse filter for snags and logs. In: USDA Forest Service, PSW-
GTR-181, Albany, California, pp. 359–368.

Bauhus, J., Puettmann, K., Messier, C., 2009. Silviculture for old-growth attributes. Forest
Ecol. Manage. 258, 525–537.

Blanc, L.A., Walters, J.R., 2008b. Cavity excavation and enlargement as mechanisms for
indirect interactions in an avian community. Ecology 89, 506–514.

Blanc, L.A., Walters, J.R., 2008a. Cavity-nest webs in a longleaf pine ecosystem. Condor
110, 80–92.

Bragg, D.C., 2002. Reference conditions for old-growth pine forests in the upper west gulf
coastal plain. J. Torrey Bot. Soc. 129, 261–288.

Conner, R.N., Rudolph, D.C., Saenz, D., Schaefer, R.R., 1994. Heartwood, sapwood, and
fungal decay associated with red-cockaded woodpecker cavity trees. J. Wildlife
Manage. 58, 728–734.

Cornwell, W.K., Cornelissen, J.H.C., Allison, S.D., Bauhus, J., Eggleton, P., Preston, C.M.,
Scarff, F.A., Weedon, J.T., Wirth, C., Zanne, A.E., 2009. Plant traits and wood fates
across the globe: rotted, burned, or consumed? Glob. Change Biol. 15, 2431–2449.

Craul, P.J., Kush, J.S., Boyer, W.D., 2005. Longleaf pine site zones. General Technical
Report SRS-89. USDA Forest Service, Southern Research Station, Asheville, NC.

Demmon, E., 1936. Rate of formation of heartwood in southern pines. J. Forest. 34,
775–776.

Dufrêne, M., Legendre, P., 1997. Species assemblages and indicator species: The need for
a flexible asymmetrical approach. Ecol. Monogr. 67, 345–366.

Engstrom, R.T., Crawford, R.L., Baker, W.W., 1984. Breeding bird populations in relation
to changing forest structure following fire exclusion: a 15-year study. Wilson Bull. 96,
437–450.

Folkerts, G.W., Deyrup, M.A., Sisson, D.C., 1993. Arthropods associated with xeric
longleaf pine habitats in the southeastern United States: a brief overview. Proc. Tall
Timbers Fire Ecol. Conf. 18, 159–191.

Fulé, P.Z., Covington, W.W., 2006. Fire-regime disruption and pine-oak forest structure in
the Sierra Madre Occidental, Durango. Mexico. Restor. Ecol. 2, 261–272.

Glitzenstein, J.S., Platt, W.J., Streng, D.R., 1995. Effects of fire regime and habitat on tree
dynamics in North Florida longleaf pine savannas. Ecol. Monogr. 65, 441–476.

Grissino-Mayer, H.D., Miller, D.L., Mora, C.I., 2010. Dendrotempestology and the isotopic
record of tropical cyclones in tree rings of the southeastern United States. In, Tree
Rings and Natural Hazards. Springer, pp. 291–303.

Guyette, R.P., Stambaugh, M.C., Dey, D.C., Muzika, R.-M., 2012. Predicting fire frequency
with chemistry and climate. Ecosystems 15, 322–335.

Hanula, J.L., Ulyshen, M.D., Wade, D.D., 2012. Impacts of prescribed fire frequency on
coarse woody debris volume, decomposition and termite activity in the longleaf pine
flatwoods of Florida. Forests 3, 317–331.

Hekkala, A.-M., Ahtikoski, A., Päätalo, M.-L., Tarvainen, O., Siipilehto, J., Tolvanen, A.,
2016. Restoring volume, diversity and continuity of deadwood in boreal forests.
Biodivers. Conserv. 25, 1107–1132.

Hiers, J.K., O'Brien, J.J., Will, R.E., Mitchell, R.J., 2007. Forest floor depth mediates
understory vigor in xeric Pinus palustris ecosystems. Ecol. Appl. 17, 806–814.

Johnson, E.D., Spector, T., Hiers, J.K., Pearson, D., Varner, J.M., Bente, J., 2018. Defining
old-growth stand characteristics in fragmented natural landscapes: A case study of
old-growth pine in Florida (USA) state parks. Nat. Area J. 38, 88–98.

Kirby, K.J., Reid, C.M., Thomas, R.C., Goldsmith, F.B., 1998. Preliminary estimates of
fallen dead wood and standing dead trees in managed and unmanaged forests in
Britain. J. Appl. Ecol. 35, 148–155.

Kirkman, L.K., Coffey, K.L., Mitchell, R.J., Moser, E.B., 2004. Ground cover recovery
patterns and life-history traits: implications for restoration obstacles and opportu-
nities in a species-rich savanna. J. Ecol. 92, 409–421.

Kirkman, L.K., Barnett, A., Williams, B.W., Hiers, J.K., Pokswinski, S.M., Mitchell, R.J.,
2013. A dynamic reference model: a framework for assessing biodiversity restoration
goals in a fire-dependent ecosystem. Ecol. Appl. 23, 1574–1587.

Lachat, T., Müller, J., 2018. Saproxylic Insects: Diversity, Ecology and Conservation. In:
Ulyshen, M.D. (Ed.), Saproxylic Insects: Diversity, Ecology and Conservation.
Springer.

Landers, J.L., Boyer, W.D., 1999. An old-growth definition for upland longleaf and south
Florida slash pine forests, woodlands, and savannahs. General Technical Report SRS-
29. U.S. Department of Agriculture, Forest Service, Southern Research Station,
Asheville, N.C. 15 pp.

Lindenmayer, D.B., Incoll, R.D., Cunningham, R.B., Donnelly, C.F., 1999. Attributes of
logs on the floor of Australian Mountain Ash (Eucalyptus regnans) forests of different
ages. Forest Ecol. Manage. 123, 195–203.

McCune, B., Mefford, M.J., 2011. PC-ORD. Multivariate analysis of ecological data.
Version 6. MjM Software, Gleneden Beach, Oregon, USA.

McMinn, J.W., Hardt, R.A., 1996. Accumulations of coarse woody debris in southern
forests. In: McMinn, J.W., Crossley Jr., D.A. (Eds.), Biodiversity and Coarse Woody
Debris in Southern Forests. USDA Forest Service, Southern Research Station. General
Technical Report SE-94, pp. 1–9.

Means, D.B., 1996. Longleaf pine forest, going, going. In: Davis, M.B. (Ed.), Eastern old-
growth forests: Prospects for rediscovery and recovery. Island Press, Washington,
D.C., pp. 210–229.

Mitchell, R., Engstrom, T., Sharitz, R.R., DeSteven, D., Hiers, K., Cooper, R., Kirkman,
L.K., 2009. Old forests and endangered woodpeckers: old-growth in the southern
Coastal Plain. Nat. Area. J. 29, 301–310.

Mitchell, R.J., Hiers, J.K., O'Brien, J.J., Jack, S.B., Engstrom, R.T., 2006. Silviculture that
sustains: the nexus between silviculture, frequent prescribed fire, and conservation of
biodiversity in longleaf pine forests of the southeastern United States. Can. J. For.
Res. 36, 2724–2736.

Muller, R.N., Liu, Y., 1991. Coarse woody debris in an old-growth deciduous forest on the
Cumberland Plateau, southeastern Kentucky. Can. J. For. Res. 21, 1567–1572.

Overing, J.D., Weeks, H.H., Wilson, J.P., Sullivan, J., Ford, R.D., 1995. Soil Survey of
Okaloosa County, Florida. USDA Natural Resource Conservation Service,
Washington, DC.

Palik, B.J., Pederson, N., 1996. Overstory mortality and canopy disturbance in longleaf
pine ecosystems. Can. J. For. Res. 26, 2035–2047.

Pederson III, N., J.M.V., Palik, B.J.,, 2008. Canopy disturbance and tree recruitment over
two centuries in a managed longleaf pine landscape. Forest Ecol. Manage. 254,
85–95.

Platt, W.J., Rathbun, S.L., 1993. Dynamics of an old-growth longleaf pine population.
Proc. Tall Timbers Fire Ecol. Conf. 18, 275–297.

Platt, W.J., Evans, G.W., Rathbun, S.L., 1988b. The population dynamics of a long-lived
conifer (Pinus palustris). Am. Nat. 131, 491–525.

Platt, W.J., Evans, G.W., Davis, M.M., 1988a. Effects of fire season on flowering of forbs
and shrubs in longleaf pine forests. Oecologia 76, 353–363.

Prichard, S., Ottmar, R., Anderson, G., 2006. In: Consume 3.0 user’s guide Pacific
Wildland Fire Sciences Laboratory. Pacific Northwest Research Station, USDA Forest
Service, Seattle, pp. 231.

Provencher, L., Herring, B.J., Gordon, D.R., Rodgers, H.L., Tanner, G.W., Hardesty, J.L.,
Brennan, L.A., Litt, A.R., 2001. Longleaf pine and oak responses to hardwood re-
duction techniques in fire-suppressed sandhills in northwest Florida. Forest Ecol.
Manage. 148, 63–77.

Randall-Parker, T., Miller, R., 2002. Effects of prescribed fire in ponderosa pine on key
wildlife habitat components: Preliminary results and a method for monitoring. USDA
Forest Service Gen. Tech. Rep. PSW-GTR-181.

Robertson, P.A., Bowser, Y.H., 1999. Coarse woody debris in mature Pinus ponderosa
stands in Colorado. J. Torrey Bot. Soc. 126, 255–267.

M.D. Ulyshen et al. Forest Ecology and Management 429 (2018) 124–132

131

https://doi.org/10.1016/j.foreco.2018.07.017
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0010
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0010
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0015
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0015
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0020
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0020
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0025
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0025
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0030
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0030
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0030
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0035
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0035
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0035
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0045
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0045
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0050
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0050
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0055
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0055
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0055
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0060
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0060
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0060
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0065
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0065
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0070
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0070
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0075
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0075
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0075
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0080
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0080
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0085
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0085
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0085
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0090
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0090
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0090
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0095
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0095
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0100
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0100
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0100
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0105
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0105
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0105
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0110
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0110
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0110
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0115
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0115
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0115
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0120
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0120
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0120
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0130
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0130
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0130
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0145
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0145
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0145
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0150
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0150
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0150
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0155
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0155
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0155
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0155
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0160
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0160
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0165
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0165
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0165
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0170
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0170
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0175
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0175
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0175
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0180
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0180
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0185
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0185
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0190
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0190
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0195
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0195
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0195
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0200
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0200
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0200
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0200
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0210
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0210


Rother, M.T., Huffman, J.M., Harley, G.L., Platt, W.J., Jones, N., Robertson, K.M., Orzell,
S.L., 2018. Cambial phenology informs tree-ring analysis of fire seasonality in coastal
plain pine savannas. Fire Ecol. 14, 164–185.

Rudolph, D.C., Conner, R.N., Schaefer, R.R., Koerth, N.E., 2007. Red-cockaded wood-
pecker foraging behavior. Wilson J. Ornithol. 119, 170–180.

Sackett, S.S., 1980. Reducing natural ponderosa pine fuels using prescribed fire: Two case
studies. In, USDA Forest Service Rocky Mountain Forest and Range Experiment
Station. Research Note RM-392, Fort Colins, Colorado, p. 6.

Schowalter, T.D., Zhang, Y.L., Sabin, T.E., 1998. Decomposition and nutrient dynamics of
oak (Quercus spp.) logs after five years of decomposition. Ecography 21, 3–10.

Schultz, R.P., 1997. Loblolly pine: The ecology and culture of loblolly pine (Pinus taeda L.
). USDA Forest Service Agricultural Handbook 713.

Siitonen, J., Martikainen, P., Punttila, P., Rauh, J., 2000. Coarse woody debris and stand
characteristics in mature managed and old-growth boreal mesic forests in southern
Finland. Forest Ecol. Manag. 128, 211–225.

Spetich, M.A., Shifley, S.R., Parker, G.R., 1999. Regional distribution and dynamics of
coarse woody debris in midwestern old-growth forests. Forest Sci. 45, 302–313.

Spies, T.A., Franklin, J.F., Thomas, T.B., 1988. Coarse woody debris in douglas-fir forests
of western Oregon and Washington. Ecology 69, 1689–1702.

Stambaugh, M.C., Varner, J.M., Jackson, S.T., 2017. Biogeography: an interweave of
climate, fire, and humans. In: Kirkman, K., Jack, S.B. (Eds.), Ecological restoration
and management of longleaf pine forests. CRC Press, pp. 17–38.

Steen, D.A., Conner, L.M., Smith, L.L., Provencher, L., Hiers, J.K., Pokswinski, S., Helms,
B.S., Guyer, C., 2013. Bird assemblage response to restoration of fire-suppressed

longleaf pine sandhills. Ecol. Appl. 23, 134–147.
Stokland, J.N., Siitonen, J., Jonsson, B.G., 2012. Biodiversity in dead wood. Cambridge

University Press, Cambridge.
Stoklosa, A.M., Ulyshen, M.D., Fan, Z., Varner, M., Seibold, S., Müller, J., 2016. Effects of

mesh bag enclosure and termites on fine woody debris decomposition in a subtropical
forest. Basic Appl. Ecol. 17, 463–470.

Sturtevant, B.R., Bissonette, J.A., Long, J.N., Roberts, D.W., 1997. Coarse woody debris as
a function of age, stand structure, and disturbance in boreal Newfoundland. Ecol.
Appl. 7, 702–712.

Ulyshen, M.D., 2014. Interacting effects of insects and flooding on wood decomposition.
PLoS One 9, e101867.

Ulyshen, M.D. (Ed.), 2018. Saproxylic insects: Diversity, Ecology and Conservation.
Springer, Cham, Switzerland.

Ulyshen, M.D., Wagner, T.L., Mulrooney, J.E., 2014. Contrasting effects of insect exclu-
sion on wood loss in a temperate forest. Ecosphere 5, article 47.

Varner, J.M., Kush, J.S., 2004. Remnant old-growth longleaf pine (Pinus palustris Mill.)
savannas and forests of the southeastern USA Status and threats. Nat. Area J. 24 (2),
141–149.

Walters, J.R., Daniels, S.J., Carter, J.H., Doerr, P.D., 2002. Defining quality of red-
cockaded woodpecker foraging habitat based on habitat use and fitness. J. Wildlife
Manage. 66, 1064–1082.

White, D.L., Lloyd, F.T., 1995. Defining old-growth: implications for management. In:
Edwards, M.B. (Ed.), Proceedings of the 8th biennial southern silvicultural research
conference. USDA Forest Service General Technical Report SRS-1, pp. 51–62.

M.D. Ulyshen et al. Forest Ecology and Management 429 (2018) 124–132

132

http://refhub.elsevier.com/S0378-1127(18)30933-2/h0215
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0215
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0215
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0220
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0220
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0230
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0230
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0240
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0240
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0240
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0245
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0245
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0250
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0250
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0255
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0255
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0255
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0260
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0260
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0260
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0265
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0265
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0270
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0270
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0270
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0275
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0275
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0275
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0280
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0280
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0285
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0285
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0295
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0295
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0295
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0300
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0300
http://refhub.elsevier.com/S0378-1127(18)30933-2/h0300

	A comparison of coarse woody debris volume and variety between old-growth and secondary longleaf pine forests in the southeastern United States
	Introduction
	Methods
	Locations and design
	Measurements
	Analysis

	Results
	Stand composition and basal area
	Standing deadwood
	Downed coarse woody debris
	Deadwood variety
	Deadwood composition

	Discussion
	Conclusions and future directions
	Acknowledgments
	Supplementary material
	References




