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ABSTRACT. Leaf area index (LAI) is an important structural characteristic of forest ecosystems which
has been shown to be strongly related to forest mass and energy cycles and forest productivity. LAI
is more easily measured than forest productivity, and so a strong relationship between LAI and
productivity would be a valuable tool in forest management. While a linear relationship has been
observed between LA1 and forest productivity, most ofthese  data have been collected in needle-leaved
evergreen stands. The generality and consistency of the relationship between LAI and productivity has
not been as well established for deciduous forests.

Leaf area index (LAI) and aboveground net primary production (ANPP) were measured on 16 forest
stands in the southern Appalachian Mountains. These stands span a range of elevation, slope
position, temperature, and moisture regimes. LAI averaged 5.8 m2 me2 and ranged from 2.7 to 8.2.
ANPP averaged 9.2 Mg ha-l yrl and ranged from 5.2 to II.8 Mg ha-l yrl.

LAI and ANPP decreased significantly from cove to ridge sites, and ANPP decreases significantly
from low to high elevation (P c 0.05, linear regression slope). Elevation-related differences in ANPP
do not appearto  be due to changes in precipitation, leaf nitrogen content, or site N mineralization rates.

Linear ANPP-LAI equations fit to the data measured in this study were significant (P c 0.05). These
relationships were not significantly different (P> 0.1) from linear relationships based on data reported
in most other studies of ANPP and IAI in eastern deciduous forests of North America. However, the
slope of a linear regression model based ..on  North American eastern deciduous forests was
significantly different (P < 0.05) from one based on data collected in temperate deciduous forests for
the rest of the globe. The differences were slight over the range of observed data, however, and the
difference may be due to a narrower range of data for North American deciduous forests. For. Sci.
47(3):419-427.
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A BOVEGROUND NET PKIMARY PRODUCTION (ANPP)and
leaf area (LAI, one-sided m2 leaf per m2 ground
area) are common, related measures of forest site

productivity and structure. Studies in single-species, even-
age forests have shown that LA1 and ANPP covary  (Gholz et
al. 1994), and these results are supported by studies across a
broader range of species and growth forms (Fassnacht and
Gower 1997). There are many reasons for tight linkage

between ANPP and LAI. including an overall increase in
annual net  photosynthesis with higher leaf areas,  and interac-
tions between leaf area, productivity, and moisture and tem-
perature gradients (Leith 1975, p. 182-201, Gholz 1982,
Raich  and Nadelhoffer 1989, Rohrig  199 1,  Gholz et al. 1994,
Fassnacht and Gower 1997). While a linear relationship has
been observed between LA1  and forest  productivi ty,  most of
these data have been collected in needle-leaved evergreen
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stands (Gholz et al. 1994). The generality and consistency of
the relationship between LA1  and productivity has not been
established for deciduous forest types.

Strong, quantified ANPP-LA1  relationships in the south-
em Appalachian Mountains would facilitate estimates of
ANPP via measurements of LAI. Unfortunately, few studies
have reported quantitative relationships between LA1  and
ANPP in deciduous broad-leaved forests of eastern North
America. It is often easier, quicker, and less expensive to
measure LA1  than ANPP (Bolstad and Gower 1990, Gower
and Norman 199 I), and so equations relating ANPP to LA1
could be used to estimate ANPP. Previous work has shown
linear relationships between LA1  and ANPP (Hedman and
Binkley 1988, Fassnacht and Gower 1997); however, the
generality of the specific linear relationships has not been
establ ished.

Forest  s tructure and productivi ty are strongly influenced by
terrain position (ridge to cove) and elevation in the southern
Appalachians. Previous work in a subregion has identified
topography as a main determinant  of  productivi ty and forest  type
(Smalley 1984).  Si te  quali ty has been related to slope,  elevation,
and topographic position for some vegetation types in the
southern Appalachians (Carmean  1970, Meiners  et al. 1984,
McNab  1989, 1993). However, these relationships have most
often been developedusing some index of productivi ty (e.g. ,  s i te
index). Very few studies have measured forest productivity,
structure,  and quanti tat ive topographic indices at  the same si tes .

This article describes a study of the relationships among
terrain position, elevation, ANPP, and LA1  at I6 forest stands
in the southern Appalachian Mountains. Our specific objet-
tives were to (I) expand the number of eastern deciduous
forest sites for which ANPP and LA1  measurements have
been reported, (2) report quantitative relationships between
LAI, ANPP, elevation, and terrain position in the southern
Appalachian Mountains, and (3) determine if NPP to LAI
relat ionships in southern Appalachian deciduous forests  are
similar  to those for deciduous forests  in eastern North America
and the world.

Methods

Study Sites
Sixteen study sites were located within the boundaries of

the USDA Forest  Service Coweeta Hydrologic Laboratory in
western North Carolina, 35O3’N,  83O15’W  (Table I).  The
study area had moderate to steep slopes, well-developed
drainage patterns,  and many small  basins.  Soils  were derived
from the well-weathered remains of gneisses, sandstones,
and granites (Hatcher 1988).

Climate in the study area has been classified as moist,
warm temperate, with average January and July temperatures
of 3.3 and21.6OC at 650melevation  (Swift et al. 1988, p. 35-
55). Precipitation during the past 60 yr has averaged near
1800 mm annually at 700 m, and precipitation increases with

Table 1. Stand environmental characteristics and species composition. Columns do not necessarily sum to 100% due to rounding error.

Site number
1 2 3 4 5 6 7 8 9 10 1 1 1 2 1 3 1 4 1 5 1 6

Eievation (rnj I.082 1,300 847 908 1,001 I.095 1.303 1.330 1.096 I.550 1.190 975 838 844 972 864
Terrain shape  (deg.) -4.5 13.1 -16.7 -7.6 6.8 -3.7 I 2.9 25.1 -1.5 16.6 10.6 2.1 -14.5 -5.8 6.1 0.0
Basal area (m’  ha-‘) 54.1 35.1 29.3 27.6 30.1 25.3 Al.3 23.3 28.7 24.6 37.6 36.7 39.6 32.3 35.8 30.2
Wood volume 857 552 572 473 448 345 499 319 417 330 620 626 636 500 476 432

(m' ha-')
LA1 (m* me’) 6.9 5.4 5.4 6.7 6.0 5.2 4.7 4.5 7.2 2.7 4.1 5.2 8.2 6.0 7.4 6.5
ANPP 11.8 9.8 9.6 9.8 9.2 8.1 8.1 7.5 8.3 5.2 8.4 11.2 11.6 9.8 9.3 9.8

(Mg ha-’ yr -‘)

Soecies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (p ercent of  plot total basal area)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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elevation (Swift et al. 1988, p. 35-55).  Temperature de-
creases with elevation. and there are predictable changes in
temperature related to terrain shape (Bolstad et al. l998a).

Because forest community composition may change
with landscape position (Whittaker 1956. Elliott and Hewitt
1997, Bolstad et al. 1998b, Elliot et al. 1999),  the study
area was stratified by terrain position (ridge, sideslope.
and cove) and elevation (low, < 1050 m. and high 21050
m). Sites were randomly located within each of the six
unique landform strata (two elevations by three terrain
positions). Sites were in uneven-aged mixed deciduous
hardwood stands without human disturbance since the
mid- 1920s. Sites were selected to be free of major natural
disturbance in the previous IO yr (no windthrow, treefalls,
or major canopy gaps), and all sites had relatively continu-
ous, closed canopies. As is common in the region, most
study stands contained substantial Q1lercu.s  prinus, Acer
rubrum,  or other Querczcs  components, with Catya and
Liriodendron tulipifera dominating in some instances.
Understory cover varied from near zero to near 7010, and
consisted of both herbaceous and woody taxa.  Rhododen-
dron spp.  were the most common woody understory taxa
at cove sites and Kalmia spp. were the most common on
ridge sites, with overlapping mixtures at intermediate
terrain positions.

Site locations were determined using a Global Positioning
System (GPS) receiver, applying methods developed in the
southern Appalachians to estimate location to within the
nearest 5 m (Deckert  and Bolstad 1996). Elevations were
determined both from the GPS readings and from intersect-
ing GPS locations with 1:24,000  scale-based digital eleva-
tion models.

Environmental Parameters
Previously collected data and models were used to esti-

mate environmental parameters at each site. Hourly data
from five climate stations were used to estimate plot average
temperatures, humidity, and insolation for the period 1986-
1995 (Bolstad et al. 1998a). Average precipitation was deter-
mined from station measurements and interpolation dia-
grams developed from a dense network of rainfall gauges
(Swift et al. 1988, p.-3,?<55).  An index of local terrain shape
was calculated based onthe  DEM for each GPS-determined
plot center, using an annular ring with a 75 m radius (McNab
1989). McNab’s  terrain shape index averages the slope to the
eight cardinal and subcardinal compass points, uphill slopes
negative and downhill slopes positive. Terrain shape values
varied between -25 (cove) to +25 (ridge) in the study area.

Field  and Laboratory Measurements
Allometry.-All  trees > 20 cm were measured on a

circular 0.1 ha plot at each site. Diameter at breast height
(dbh. 1.3 m) was measured using a steel diameter tape, and
height was measured with a hypsometer. All trees > 2.5 cm
dbh were measured on a randomly selected 0.0125 ha
subplot of the 0.1 ha plot. All trees > 20 cm had at least one
increment core to IO yr prior to the measurement date.
Two increment cores were extracted at right angles and
averaged on approximately 15% of the sampled trees. All

trees between 2.5 and 20 cm wert‘  cored on each  0.0 115 111
subplot. Ten-year growth was measured using a magnific~
and micrometer. Growth was subtracted from currcnl
diameter to estimate the diameter  IO yr earlier. Prcl imi-

nary estimates indicated height/diameter  rclationshiph  wel-c
quite strong at individual sites. so tree heights  corrcspond-
ing to 10 yr earlier were estimated by fitting site-specific
height/diameter equations with current data. and applyin;
these to previous diameters. Stem diameters and height\
were then used to calculate aboveground woody biomass
(stem, branch, and twig) for each tree currently and at  IO
yr  prior, using locally and regionally developed allometric
equations (Clark and Schoender  1985. Martin et al. 1998)
and site-specific wood density measurements. Mortality
within the past 10 yr was assessed, but sites lacked recenk
windthrow or standing dead trees.

Understory (plants < 5 m height, < 2.5 cm diameter)
woody production was determined by counting stems taller
than 50 cm in the 0.0125 ha subplot randomly selected from

each plot. Kalmia and Rhododendron accounted for more
than 90% of the understory woody stems. Mean per-stem
biomass growth rates for understory Kalmia and Rhododm-
dron reported by McGinty (1972) were multiplied by stem
number on each plot. These two species averaged less than
3% of production across all plots. Production from plants
< 50 cm tall was not measured, typically less than one-half of

1% of total  ANPP in closed-canopy forests  in the study area
(Monk et al. 1970, McGinty 1972).

Leaf Biomass and Leaf Area Measurements.-Five
4600 cm2 litter baskets were randomly located within each
plot. Litterfall was collected approximately monthly during
Fall 1995 and 1996 and twice during the rest of each year.

; Litter was sorted by tissue type (leaf, wood, reproductive),
’ and by species or closely related species groups. Leaves were

dried at 70°C for 48 hr and weighed. Leaf biomass per unit
area was estimated by summing leaf biomass within each
basket,  dividing by basket area,  and averaging across baskets.
Leaf area was determined for each taxa  using locally derived
specific leaf areas (SLA) for each species or species group.
SLA was determined on a subsample of leaves collected on
each plot. Leaves were soaked in water for 24 hr, and then
placed in a leaf press for li hr. Individual one-sided leaf area
was measured to the nearest  0.01 m using a CID-25 I leaf area
meter (CID Inc., Vancouver, WA). redried at 70°C.  and
weighed to the nearest 0.001 g. Tests indicated areas from
rehydrated leaves differed from fresh leaves by less than 2%.
and differences were unbiased. Stand leaf areas were calcu-
lated from specific leaf area and litter basket collections.

Stat is t ical  Analyses
ANPP over a 10 yr interval was calculated for each pIor  by

summing litterfall  biomass and estimated woody biomass
growth. Average litterfall biomass for 1995  and 1996 \V;IS
assumed representative of l i t terfall  for the entire 10 yr  period.
Temperature and precipitation for both the 2 yr and IO ye

periods were near long-term averages. Long-term subcanopy
light-transmission measurements (unreported)  indicate  leaf
area at nearby plots in the Coweeta Basin were  similar OVCI
the  2 yr measurement period to LAIs  over the  past  S  yr.



ANPP, LAI, and stand structural variables were re-
gressed against each other and against terrain shape, el-
evation, and estimated environmental parameters. Single-
variable linear regression and hyperbolic nonlinear re-
gression models were fit using SAS software, version 6.12
(SAS Institute 1996). Regression diagnostics were calcu-
lated, .including  R2, Cook’s D, and residual plots, and
model significance calculated based on appropriate sums
of squares. Models were considered significant (P < 0.05)
or weakly significant (P < 0.1) based on t-tests of regres-
sion slope or higher order parameters.

Results and Discussion

Stand Structure
Mean height and diameter changed with elevation and

terrain shape. Mean height decreased with elevation and from
cove to ridges (P < 0.05, linear regression between height and
elevation, terrain). Mean diameter decreased weakly  with
terrain shape (P < 0.1). but did not change with elevation.
Basal areas were similar across both elevation and terrain
(Table I), indicating more, smaller trees were found on ridge
sites relative to cove sites, but there were no trends in stem
density with elevation.

Species differences are not a likely cause of differences
between height or other measured stand variables. Species
composition was quite variable, and no trends were observed
on these plots (Table 1).  Two species, A. rubrum and Q.
pr-inus,  occurred at all sites. The most common species was
one of these two at 12 of 16 sites, with a high frequency of
occurrence at three of the remaining four sites. Quercus
rubra, Q. velutina, and Catya spp. were dominant at indi-
vidual sites, but were also common across a range of sites.

Leaf Area Index
LAI varied from 2.7 to 8.2 me2 rne2,  within the range

reported for other eastern deciduous forest  stands (Hutchison
et al. 1986, Hedman and Binkley 1988, Bolstad and Gower
1990, Vose et al. 1995, Fassnacht and Gower 1997, Sullivan
et al. 1996). LA1  decreased significantly with both elevation
a n d terrain shape (P < 0.01, Figures 1,  2).

;::;

3 __ LAI  =  10.3 - 0.00447 l Elevation

R* = 0.58

,

2 ,
’ :

800 1000 1200 1400 1600
Elevation (m)

Figure 1. Leaf area index MI)  vs. elevation for 16 deciduous
broad-leaved study stands in the southern Appalachians. Linear
regression was significant fP  c 0.01). 95% confidence limits
shown.

Reduced LA1 at ridge sites is not likely due to a higher
disturbance frequency or changes in species composition.
Higher disturbance frequency may reduce LA1 tempo-
rarily, until the canopy regrows to closed-canopy values.
However, we selected our sites to be free of recent distur-
bance, so this was unlikely to be a cause of cove to ridge
reductions in leaf area. Species composition may affect
LA1  because of interspecific differences in shade toler-
ance, but as noted earlier, we observed no clear patterns in
species composition.

Two other factors potentially related to LAI, water and
N availability, have been previously studied in the Coweeta
Basin. This previous work has indicated there are no
differences in N mineralization rates between ridge and
cove sites (Knoepp and Swank, 1997,1998),  although one
nearby study reported significant decreasing trends in N
mineralization from cove to ridge sites (Garten  et al.
1994). Leaf N concentrations show no trends from ridge to
cove in this and other studies in the study area (Mitchell et
al. 1999). Soil moisture has been shown to decline sub-
stantially from cove to ridge locations, especially at low
elevations during periods of dry weather (Helvey and
Patric  1988),  suggesting soil moisture may be one cause of
patterns in LAI.

Reduction in LA1  with elevation is more difficult to
interpret. While soil water and nutrient availability have
been shown to limit LA1 in other studies (Grier  and
Running 1977, Aber et al. 1982),  there is not strong
evidence that nutrients and soil N limit LA1 here. Precipi-
tation was higher, temperatures lower, evapotranspiration
lower, and N-mineralization rates were higher at higher
elevations relative to lower elevations in our study area
(swift  et al. 1988, p. 35-55,  Knoepp and Swank 1997).
Although we did not measure N-mineralization rates and
precipitation at our study sites, results reported by Swift et
al. (1988, p. 35-55) and Knoepp and Swank (1997) in-
volved plots coincident or adjacent to our study sites. The
results from previous studies strongly suggest precipita-
tion and N availability are not the main factors driving
elevation-related changes in LA1  at Coweeta.

21 .

-20 -15 -10 -5 0 5 1 0 1 5 20 25
C o v e Terrain Shape (Deg.) Ridge

Figure 2. Leaf area index (LAI)  vs. terrain shape for 16 deciduous
broad-leaved study stands in the southern Appalachians. Linear
regression was significant (P-z  O.O1),95%confidence  limits shown.



ANPP
MeasuredANPPvaluesaveraged9.2Mg-’  ha-t  yr(Table l),

within the range reported for eastern deciduous forest types
(Monk et al. 1970, Botkin et al. 1972, Whittaker et al. 1974,
Day and Monk 1977, Crow 1978, Fownes 1985, Hedman and
Binkley 1988, Host et al. 1988, Chapman and Gower 1991,
Fassnacht and Gower 1997). Mean ANPP measured here
was slightly higher than the 8.4 Mg-t  ha-’  yr reported by
Day and Monk (1977). and near the average of 10 to 12
Mg-*  ha-’ yr for well-stocked, mesic  southern Appalachian
forests reported by Whittaker  (1966).

Our average ANPP estimates were notably lower than the
mean 15.7 Mg-t  ha-*  yr reported by Hedman and Binkley
(1988) for Piedmont forests in North Carolina. Hedman and
Binkley (1988) reported very high ANPP when compared to
deciduous forests worldwide. ANPP values greater than 15
Mg-t  ha-’  yr are rare in deciduous forests, as Rorhig  (1988)
reported. ANPP was below 14.4 Mg-t  ha-’  yr for approxi-
mately 90% of temperate deciduous forests in a worldwide
survey.

Our range of productivities was substantially lower than
the range reported by Whittaker in southern Appalachian
forests (1966). Our lowest productivity (5.2 Mg-’  ha-t  yr)
was similar to the  6 to 7 Mg-’  ha-t  yr reported for higher
elevation deciduous sites (Whittaker, 1966). However, our
most productive site accumulated 11.7 Mg-’  ha-t  yr, and
cove sites averaged 10.5 Mg-t  ha-t yr. This was less than
one-half the 24.1 Mg-’  ha-’  yr for the  most productive site
reported by Whittaker (1966). He noted high productivities
occurred in “unstable” stands,  fully stocked with  young, fast-
growing trees. He estimated “typical” ANPP at 10 to 12 Mg-
* ha-’  yr for cove forests. This  is near the upper range of
production reported by Fassnacht and Gower (1997),  and
Fownes (1985).

ANPP decreased as elevation increased, from an aver-
age of 10.2 Mg-*  ha-’  yr at 900 m to 6.8 Mg-’  ha-t  yr
above 1300 m. This relationship was highly significant (P
< 0.01, Figure 3), and may have been caused by multiple
factors. Prior studies have shown strong global trends of
decreasing ANPP with decreasing mean annual tempera-

11 .-

10 --

9 --

8 --

7 -.

6 . .

5 -.

\ \ \
ANPP = 14.8 - 0.0053 * Elevation ).
R*  = 0.61

800
i

1000 1200 1400 1600

Elevation (m)
10 11 12 13

Mean Annual Temperature (oC)
Figure 3. Relationship between ANPP and elevation for 16 Figure 4. Relationship between ANPP and mean annual air
deciduous broad-leaved study stands. All stands were without temperature. Air temperature was derived from a network of five
significant disturbance for at least the previous 70 yr. Linear temperature stations located adjacent to the study sites, across
regression (solid line) was significant (P-C 0.01),95%  confidence the full elevation range. Linear regression was significant (P .c
limits shown. 0.01). 95% confidence limits shown.

tures (Leith 1975, p. 182-201). The pattern in ANPP may
have been caused by both shorter growing seasons and
lower temperatures during the growing season. However,
the reduction in ANPP observed in this study was more
than proportional to the decrease in growing season length.
ANPP was reduced by over 30% across our elevation
gradient, while the growing season decreased approxi-
mately 15% from low to high elevation. Mean growing
season temperature also decreased with elevation, and
ANPP increased significantly with mean annual tempera-
ture (Figure 4).

Soil N availability has been shown to strongly influence
ANPP (Aber and Melillo 1991, p. 161-169).  Low N avail-
ability often results in reduced leaf N content, and maximum
photosynthetic rates are typically lower at lower leaf N
concentrations (Ellsworth and Reich 1992). However, previ-
ous studies at and near these sites are mixed. Studies at
locations intermixed with our sites show nitrogen mineraliza-
tion rates were similar  across most  elevations,  and highest  for
northern hardwood forest types, typically found at higher
elevations in the southern Appalachians (Knoepp and Swank
1997, 1998). However, studies approximately 60 km west
with similar forest types reported strong decreases in N
mineralization and N availabil i ty from coves to r idges (Garten
et al., 1994). Further studies are warranted to resolve these
contradictory observat ions.

There was no relationship between ANPP and precipita-
tion (linear regression, P > 0.1). Precipitation increased from
low to high elevation over the study area (Swift et al. 1988,
p. 35-55),  and temperature decreased from low to high
elevation.. Thus, temperature and precipitation trends were
confounded across the broad elevation gradient  of  this  s tudy.

ANPP decreased significantly (P < 0.05) from cove sites
to ridge sites (Figure 5). Previous work at these and nearby
sites  indicate  lower soi l  moisture  is  common at  ridgetop sites
(Helvey et al. 1972, Yeakley et al. 1994), and this may bethe
cause of lower ridgetop  ANPP. While most regions in the
Southern Appalachian Mountains receive adequate summer
rainfall, dry conditions late in the growing season regularly

ANPP = -5.1 + 1.17 l MAT
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ANPP = 9.3 - 0.078 * TS
R2-0.33

-20 -15 -10 -5 0 5 10 15 20 25

cove Terrain Shape (Deg.) Ridge

Figure 5. ANPP vs. terrain shape (McNab 1989) for 16 deciduous
broadleaved study stands in the southern Appalachians. Concave
(cove) sites have low terrain shape values, convex (ridge) sites
have higher terrain shape values. The slope of the regression line
was significant tf < 0.01),95%  confidence limits shown.

occur on ridge locations, most frequently at lower elevations.
Dry ridge soils are common by mid-August in many years
and occur earlier in the season during periodic droughts. One
significant drought was observed in the 10 yr prior to our
measurements. Higher drought-caused mortality rates have
been documented on ridge and upper, south-facing sites
(Smith 1991, Ciinton  et al. 1993). Reduced soil moisture,
even in nondrought years, may have led to significant reduc-
tions in ANPP on these sites.

ANPP to LAI Relationships
ANPP and LA1 were significantly related in our study

(P c 0.01, ?=0.62,  Figure 6). The observed linear ANPP
vs. LA1 relationship was not significantly different (P > ;
0.1) from that reported by Fassnacht and Gower (1997) for l

deciduous broadleaf stands across a range of site qualities
in Wisconsin, suggesting some generality in the ANPP-
LA1 relationships across diverse deciduous forest types.
Variation in site quality reported by Fassnacht and Gower
(1997) was due primarily to differences in water holding
capacity in glacially derived soils, and related differences

jPP  ,d~~~k~~~, = -5.9 + 3.5 *  lAI

1988 1 0

L r-0.01, r*=0.59
L-” 1 5

Q All others pooled, ANPP=  -3.6’+  0.94y.Al
o.- . p < 0.05. r* = 0.38

\
0 12 3 4 5 6 7 8 910

LAI
Figure 6. ANPP vs. LAI for this study and for other reported
eastern deciduous forest stands. The pooled eastern deciduous
study regression was significant (P < 0.011,  and significantly
different from Hedman and Binkley (1966).

in soil properties. Site quality in our study was related to
elevation and terrain position. Despite the differences in
environmental conditions between these two studies, we
observed strong evidence for a common ANPP-LA1 rela-
tionship among eastern deciduous forests.

The ANPP-LA1 linear regression based on data from this
study was not  s ignif icantly different  from a regression using
a pooled set of ANPP-LA1 measurement from a number of
studies in North America (Figure 6). These “other” studies
each reported ANPP and LA1  for one to a few mature,
relatively undisturbed eastern deciduous forest stands
(Whittaker 1966, Johnson and Risser 1974, Whittaker et al.
1974, Crow 1978, Whittaker et al. 1979, Monk and Day
1988). Although the relationship between ANPP and LA1
was more variable for the pooled data for North America, it
shows a similar trend of increasing ANPP with increasing
LAI. The linear relationship for these other studies was not
significantly different from that based on Fassnacht and
Gower (1997) or this study. Data from this study and those
studies listed above were pooled to fit a single ANPP-LA1
relationship:

AIVPP  = 3.6 + 0.94 * L.AI, (P-cO.01,  r* = 0.37)

We note two data points in the pooled data set that
contribute significantly to the variation observed in this
general eastern deciduous forest ANPP-LAI  relationship.
Both points  were well  above the regression l ine for the pooled
data (Figure 6). These points are based on measurements
reported by Whittaker (1966) and Johnson and Risser (1974).
Neither point  was an outl ier  according to Cook’s-D and other
outlier tests (Draper and Smith 1981, p.  170-171),  but re-
moval of these two points reduced the mean-squared error by
more than 23% and increased the adjusted ? from 0.38 to
0.49. However, neither the slope nor intercept of the regres-
sion line were significantly changed (P > 0.05) when these
two points were omitted, and results are reported with these
points  inc luded.

The linear regression for the data reported in Hedman and
Binkley (1988) was significantly different (P < 0.05) from
regressions based on all ,other  North American eastern de-
ciduous forest data sources (Figure 6). These differences
were maintained with al l  combinations of  the three other data
sets, e.g., combining Fassnacht and Gower (1997) with the
current study only, with the pooled studies only, or combin-
ing all three. Regressions were significantly different from
the Hedman and Binkley (1988) line (P < 0.05) in all cases.
The Hedman and Binkley (1988) data resulted in a higher,
steeper regression line across the range of LA1  values ob-
served. Their observed LA1 ranged from 4.5 to 7.4,  within the
range observed in other studies.  However,  their ANPP values
range from 9.3 to 25 Mg-’  ha-*  yr,  higher than those reported
for most other mature eastern deciduous forest stands.

The ANPP-LA1 relationship found for pooled eastern
deciduous forest data was also significantly different (P <
0.05) from a linearrelationship based on a global compilation
of temperate deciduous forest ANPP-LA1 measurements
(Figure 7). The global dataset  combined measurements of
ANPP and LA1  reported for deciduous forests outside of
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Figure 7. ANPP vs. LAI for the pooled eastern deciduous forest
studies and for a global set of studies. The regression line for the
eastern deciduous forest data (ANPP = 3.2 + 1.1 * LAI, 3 = 0.39)
differed significantly fP c 0.05)  from the regression line for the
global data set (ANPP = 0.17 + 1.6 * LAI, ? = 0.59).

eastern North America (M6ller  et al. 1954, Ovington and
Madgewick 1959, Tadaki et al. 1969, Hughes 1971, Sato
1974, Hytteborn 1975, Persson 1975, Kakubari 1977,
Kawahara 1979, Lossaint and Rapp 1978, Reichle 1981, p.
103-155,  Decei 1991). A majority of these data were from
Europe and Japan. LAI values ranged from 1.1 to 8.0,
corresponding to a range of ANPP between 1.0 and 15.2. The
linear regression based on the global dataset  ha4 a higher
slope and lower intercept than the line for eastern deciduous
forests, although the lines intersected near the middle of the
range of measured values. The difference in these lines,
although statistically significant, was small over the range
where most data were observed. However, the difference
may be large near the outer ranges of observed LAI talues.

Our extreme observed LAI values were 2.7 and 8.2. The
difference between predicted ANPPs  using the global and
eastern deciduous regressions at the midpoint of this LA1

1range was 0.13 Mt ha-  yr-*.  The differences in predicted
ANPP were 1.7 Mt ha-‘yi’  at an LA1 of 2.7, and 1.0 Mt
ha-lyre1  at an LA1 of 8.2. These differences correspond to a
27% underprediction when the global relationship was used
near the lower end of observed LAIs in the eastern deciduous
forest biome, and’  an,?%  overprediction when the global
relationship was used at the upper end of observed eastern
deciduous forest LA1  values.

We noted a significant (P < 0.05) non-zero intercept for
the eastern deciduous forest ANPP-LA1  model, and non-
significant intercept (P  < 0.05) for the global linear model.
We expected a zero intercept for the ANPP-LA1 relationship
in deciduous broadleaf forests. Zero leaf biomass indicates
zero leaf area and zero production, and thus one might argue
the model should be constrained to pass through the origin.

Taken together, the global data set provides strong evi-
dence for a significant ANPP-LA1 relationship that passes
through the origin, and no evidence that this relationship is
nonlinear. However, there are slight differences between
local and global models, indicating the global relationship
may be different from local or regional relationships between
LAI and  ANPP. Differences in the relationships may be due

to “sampling errors” in the literature-derived dataset.  or in
our eastern deciduous forest data set with few low LA1
samples. Tests with an expanded dataset  that includes low
ANPP-LA1 values sampled in eastern North America are

warranted.

Conclusions

LA1  averaged 5.8 and ANPP averaged 9.2 Mg ha-’ yr-’  in
our southern Applachian forest sites, similar to values re-
ported for other eastern deciduous forest  si tes.  LA1  decreased
from cove to ridge sites. ANPP varied with LA1  and both
decreased with elevation. ANPP was not strongly related to
precipitation differences along the elevation gradient at our
study si tes.  While our observed productivity and LAI values
were similar to those reported elsewhere for eastern decidu-
ous forest stands, we did not observe LA1  to be strongly
related to previously reported local variation in soil nitrogen
availability or trends in leaf nitrogen content.

ANPP-LA1 relationships were significant for the data in
this  s tudy and when pooled with most  other  s tudies  in  eastern
deciduous forests. The quantitative linear relationship be-
tween LA1  and ANPP appeared the same in this  s tudy as one
developed from deciduous forest  stands across eastern North
America. These results suggest a general quantitative rela-
tionship between LAI and ANPP across the eastern decidu-
ous forest biome. Finally, we noted small but significant
differences between the ANPP-LAI relationship observed in
deciduous forests of North America and the ANPP-LA1
relationship based on a global combination of ANPP-LA1
data.  We note that  more ANPP-LAI measurements should be
made in ihe eastern deciduous forest biome, particularly at
sites with low LAI and ANPP, if a more exact characteriza-
tion of the ANPP-LA1 relationship is to be established.

Literature Cited
ABER,  J.D., ANL)  J.M. Mmuo.  1991. Terrestrial ecosystems. Saunders Col-

lege Publishing, Philadelphia. 428 p.

Aauc,  J.D., J. PASTOR, AND J.M. MELIL~O.  1982. Changes in foresr canopy
structure along a site quality gradient in southern Wisconsin. Am. Mid.
Natnr. 108:25&265.

Bo~sfk~,  P.V., AND S.T. GOWER.  1990. Estimation of leaf area index in
fourteen southern Wisconsin forest stands using a portable radiometer.
Tree Physiol. 7:115-124.

BOL.YTAD,  P.V., W.T. SWANK, AND J.  VOSE.  I998b.  Predicting Southern
Applachian overstory vegetation with digitat  terrain data. Landsc.  Ecol.
13:271-283.

BOL.S~AD,  P.V., L. Sm.  F. COLLINS, AND J. REGNIERE.  1998a.  Measured and
predicted air temperatures at basin to regional scales in the Southern
Appalachian Mountains. Agric.  For. Met. 91:167-176.

B~TKIN,  D.B.,  J.F. JANAK,  AND J.R. WALLIS.  1972. Some ecological conse-
quences of a computer model of forest growth. J. Ecol. 60:849-873.

CARMEAN.  W.H. 1970. Site quality for eastern hardwoods. 01 The silviculrure
of oaks and associated species. USDA For. Serv. Res. Pap. NE-144

C H A P M A N ,  J . W . ,  ,u+~  S . T .  Gourd.  1 9 9 1 .  A b o v e g r o u n d  p r o d u c t i o n  a n d c a n o p y
dynamics in sugar maple and red oak trees in southwestern Wisconsin.
Can. J.  For. Res. 12:1533-1543.

CLARK, A. III, AND S.G. SCHOENDEK.  1985. Weight. volume. and physical
properties of major hardwood species in the southern Appalachian
Mountains. USDA For. Serv. Res. Pap. SE-253.63 p.



CM-TON.  B . ,  L . R .  B O R I N G ,  A N D  W .  T .  S W A N K .  1993.  Charac t e r i s t i c s  o f  canopy
gaps and drought influences in oak forests of the Coweeta Basin. F~ology
74:1551-1558.

CROW. T.R. 1978. Biomass and production in three contiguous forests in
northern Wisconsin. Ecology 59:265-273.

Day.  F.P., AND CD. MONK. 1977. Net primary production and phenology  on
a southern Appalachian watershed. Am. J. Bot. 64: I I 17-l  125.

DECEI.  L. 1991. Biomass of high productivity trees and young beech stands
(Fa~ussylvnricu  L.). P. 125-128  in Kyoto Biomass Studies. Sch. of For.
and Natur. Resour..  Univ. of Maine, Orono.

DECKER-~.  C.J.,  AND P.V. BOLSTAD.  1996. Forest canopy, terrain and distance
effects on Global Positioning System point accuracy. Photogram. Eng.
Remote Sens. 62:3 17-32  1.

DR A P E R .  N . R . .  A N D  H .  S M I T H .  1 9 8 1 .  A p p l i e d  r e g r e s s i o n  a n a l y s i s ,  E d .  2 .  W i l e y .
New York. 709 p.

ELLIOTT, K.J., AND D. Hrwrrr.  1997. Forest species diversity in upper eleva-
tion hardwood forests in the southern Appalachian  Mountains. Castanea
62( 1):32-42.

ELLIOTT,  K.J., J.M. VOX, W.T. SWANK. AND P.V. BOLSTAD.  1999. Long-term
patterns in vegetation-site relationships in a southern Appalachian forest.
J. Torr.  Bot. Sot.  126:32&334.

ELLSWORM,  D.S. AND P.B. REICH . 1992. Leaf mass per area. nitrogen content
and photosynthetic carhon  gain inAcersacchanrm  seedlings in conuast-
ing forest light environments. Funct. Ecol.  6:423-435.

FASSNACKT,  KS., AND S.T. GOWER.  1997. Interrelationships  among the edaphic
and stand characteristics, leaf area index, and aboveground net primary
production of upland ecosystems in north central Wisconsin. Can. J. For.
Res. 27: IO%-1067.

FOWNES,  J. H. 1985. Water use and primary production of Wisconsin hard-
wood forests. Ph.D. Diss., Univ. of Wisconsin-Madison, WI.

FREDERICK . KD., AND R.A. SEDJO. 1991. America’s renewable resources:
Historical trends and current challenges. Resources For the Future,
Washington. DC. 296 p.

GARTEN,  C.T., M.A. HUTTON.  AND C.A. THOMS. 1994. Topographic variation .
of soil nitrogen dynamics at Walker Branch Watershed. Tennessee. For. ;
Sci. 40:497-512.

GRIER,  C.C., AND S.W. RUNNING. 1977. Leaf area of mature northwestern
coniferous forests: Relation to site water balance. Ecology 58893899.

GHOLZ,  H.L. 1982. Environmental limits on aboveground net primary produc-
tion, leaf area, and biomass in vegetation zones of the Pacific Northwest.
Ecology 63469-481.

GHOLZ, H.L., S. LINDER.  AND R.E. MCM~IRTRIE  (EDS.).  1994. Environmental
constraints on the structure and productivity of pine forest ecosystems: A
comparative analysis. @ol.  Bull. No. 43, Munksgaard, Denmark. 198 p.

GOXVER, S.T.. AND J. NORMA>  1991. Rapid estimation of leaf area index in
conifer and broad-leaf plantations. Ecology 72: 1896-1900.

HAIXZHER,  R.D.,  JR. 1988. Bedrock geology and regional geologic setting of
Coweeta Hydrologic Laboratory in the Eastern Blue Ridge. P.74-89  in
Forest hydrology and ecology at Coweeta, Swank, W.T., and D.A.
Crossley. Jr. (eds.). Springer-Verlag. Berlin.

HEDMAN. C.W., AND D. BINKLEY.  1988. Canopy profiles of some Piedmont
hardwood forests. Can. J. For. Res. 18: lG9&1093.

HELVEY. J.D.. J.D. HEWI.E~T,  AND J-E. DOUGLASS. 1972. Predicting soil
moisture in the southern Appalachians. Soil Sci. Sot.  Am. Proc.
36:954-9.59.

HELVEY.  J.D., AND J.H. PAIRIC.  1988. Research on interception losses and soil
moisture relationships. P. 126-138  in Forest hydrology and ecology at
Coweeta. Swank, W.T., and D.A. Crossley. Jr. (eds.). Springer-Verlag,
Berlin.

HOST,  G., D. Luscw. AND D. CLELAND.  1988. Variation in overstory  biomass
among glacial landforms  and ecological land units in northwestern Lower
Michigan. Can. J. For. Sci. 18:  659-668.

HUGHES. M.K. 1971. Tree biocontent.  net production. and litterfall in a
deciduous woodland. Oikos 22:62-73.

HYTTEBORN,  H. 1975. Deciduous woodland at Andersby. eastern Swe-
den. Above-ground tree and shrub production. Acta  Phytogeogr.
Suet.  6 I : J-96.

JOHNSON, F.L., AND P.G. RISSER.  1974. Biomass, annual net primary produc-
tion, and dynamics of six meral  elements in a post oak- blackjack oak
forest. Ecology 55: 12461258.

KABUKARI,  Y. 1977. Beech forests in the Naeba Mountains. Distribution of
primaryproductivityalongthealtitudinaJgradient.  P. 201-2126tPrimaty
productivity in Japanese forests, Shidei, T., and T. Kira (eds.).  JiBP
Synthesis Vol. 16, University of Tokyo Press.

KAWAHARA,  T., Y. TADAKI,  I. TAKEUCHI.  A. STO,  K. HIGUCHI,  AND K. KAMO.
1979. Productivity and cycling of organic matter in natural Faguscrennro
and two planted Chamaecyparisobfuso  forests. Jap. J. Ecol. 29:387-395.

KN O E P P .  J . D . ,  A N D  W . T .  SW A N K .  1997 .  Fo re s t  managemen t  e f f ec t s  on  su r f ace
soil carbon and nitrogen, Soil Sci. Sot. Am. J. 61:928-935.

KN O E P P ,  J . D . ,  A N D  W . T .  SW A N K .  1998.  Ra t e s  o f  n i t rogen  mine ra l i za t i onac ros s
andelevation  andvegetation gradient in thesouthem Appalachians. Plant
Soil 204:235-241.

LANDSBERG , J.J. 1986. Physiological ecology of forest production. Academic
Press, London. 198 p.

LE~TH.  H. 1975. Modeling the primary productivity of the world. P. 182-201
in Primary productivity of the biosphere, Leith, H.. and R.H. Whittaker
(eds.). Springer-Vedag,  New York

LCXSSA~NT,  P., AND M. RAPP. 1978. La Foret M&iiterranCene  de ch&nes  verts
(Quercus ilex L.). P. 129-185 in “Problemes  d’E%.zologie”  Structure et
Fonctionnement  des Ecosyst&mes Terrestres,”  Lamotte.  M.. and F.
Bourli&e (eds.). Masson,  Paris.

MAR~N,J.G.,B.D.K~~E~T~x,T.L.S~~AEF~, D.L.K~MBLER,ANDS.G.MCN~~~Y.
1998. Aboveground biomass and nitrogen allocation of ten deciduous
Southern Appalachian tree species. Can. J. For. Res. 28: 1648-1659.

McGmr~,  D.T. 1972. The ecological role of Kalmia larifolio  L. and Rhodo-
dendron marimum  L. in the hardwood forests of Coweeta. M.S. Thesis,
Univ. of Georgia, Athens. 192 p.

MCNAB,  W.H. 1989. Terrain shape index: Quantifying effect of minor
landforms  on tree height. For. Sci. 35:91-104.

MCNAB,  W.H. 1993. A topographic index toquantify the effect of mesoscale
landform  on site productivity. Can. J. For. Res. 23: 1100-1107.

MEINERS,  T.M., D.WM.  SMIM,  T.L. SHARIK.  AND D.E. BECK. 1984. Soil and
plant water stress in an Appalachian oak forest in relation to topography
and stand age. Plant Soil 80:171-179.

MITCHELL, K.A.. P.V. BOLXAD,  AND J .M. VOSE. 1999. Interspecific and
environmental variation in foliar  dark respiration among eighteen south-
eastern deciduous tree species. Tree Physiol. 19871-878.

MOLI.ER,  C.M.. D. M~JLLER. AND I. NIELSEN. 1954. Graphic presentation
of dry matter production of European Beech. Forst. ForsVaes.
Danm. 21:327-335.

MONK, CD.. G. CHILD, AND  S. NICHOLSON.  1970. Biomass, litter and leaf
surface area estimates of an oak-hickory forest. Oikos 21:138-141.

OVINGTON,  J.D., AND H.A.1  MADGWICK.  1959. The growth and composition of
natural stands ofbirch.  I. Dry matter production. Plant Soil  10:271-283.

PERSSON,  H. 1975. Deciduous woodland at Andersby, eastern Sweden:
Above-ground tree and shrub production. Acta  Phytogeogr. Suet.
62:1-71.

RAICH,  J.W., AND KJ.  NADELHOFFER.  1989. Belowground carbon allocation in
forest ecosystems: Global trends. Ecology 70: 1346  1354.

REFZHIX,  D.E. 198 1. Dynamic properties of forest ecosystems. Cambridge
University Press, London. 581  p.

RORHIG,E.  1991. BiomassandProductivity.  P. 165-174 in  Ecosystemsof  the
World: Temperate deciduous forests, R8hrig.  E.. and B. Ulrich (eds.).
Elsevier,  Amsterdam.

426 Forest Science 47(3)  2001



SAS INSTFTWE.  1996. SAS Language Guide. SAS Institute. Gary.  North
Carolina. 556 p.

Snxo.  T. 1974. Materials for studies of growth in forest stands: Primary
production relations in a natural forest of Be/rc/cr  r,lu.ri,fr~,~l,ic~irr,ln  in
Hokkaido. Bull. Tokyo Univ. For. 66:  109-I 17.

SMALLEY. G.W. 1984. Classitication  and evaluation of forest sites in the
Cumberland Mountains. USDA For. Serv. Gen. Tech. Rep. SO-50.84 p.

Smith. R.N. 1991. Species composition. stand structure. and woody detrital
dynamics associated with pine monality  in the southern Appalachians.
MS.  Thesis, University of Georgia. Athens, 163 p.

Sut.t.rvaN.  N-S.,  P.V. BOI.STAO.  END J. Vow.  1996.  Ecophysioiogy of twelve
forest tree species in the southern Appalachian Mountains. Tree Physiol.
16:397406.

Swrn,  L.W.. JR.. G.B. CUNNINGHAM. ASD  J. E.  Dotic~.~ss.  1988. Clima-
tology and hydrology. P. 35-55 111  Forest hydrology and ecology at
Coweeta. Swank. W.T.. and D.A. Crossley.  Jr. (eds.).  Springer-
Verlag.  Berlin. 469 p.

TUCHMAN.  S.J.. AND  C.M. MIXTON.  1986. Soil tcmpcmtul-e r<;ililc  tn  ,s
forested Appalachian watershed. Can. J. For. Rc\. 16:62-$-h!‘)

WHII-~AKER.  R.H. 1956.  Vegetation of the Great Smoky Mwnr~inr.  F.c[,I.
Monogr.  26: I-80.

WHITTAKER.R.H.  1966. Forestdimcnsion<andproduction  in theGlr:trSn~c%v
Mountains. Ecology 47: I O3- I 2 I

WHIT~AKER.  R.H.. F.H. BORMANN. G.E. LII(EX ANO  T.G. SIC-C.~.~.  1971,The
Hubbard Brook ecosystem study: Forest biomass and production. Ecol.
Monogr. 44:233-2X

YEAKLEY. J.A.. W.T. SWANK. L.W. Swn.  G.;M.  H~KLHER~;I-K.  tw H.H.
SHUCART.  1994. Soil moisture gradients and control\ on a wuthern
Appalachian hillslope from drought through recharge. Hyd. Earth  Sys.
Sci. 23 I-39.


