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LEAF AREA INDEX (LAI) OF LOBLOLLY PINE AND

EMERGENT VEGETATION FOLLOWING A HARVEST

D. A. Sampson,  D. M. Amatya,  C. D. Blanton Lawson,  R. W. Skaggs

ABSTRACT. Forests provide goods and services to society and, often, refugia for plants and animals; forest managers utilize
silviculture to provide ecosystem services and to create habitat. On the Coastal Plain of North Carolina, forest management
objectives typically include wood fiber production but may also include the maintenance of environmental quality and,
sometimes, species diversity. Silvicultural prescriptions alter stand structure and development trajectories by influencing the
competitive interactions among plant species for site resources. Early site intervention may include nutrient additions and/or
vegetation control; in coastal loblolly pine (Pinus taeda L.) stands, herbaceous and arborescent species can dominate the site
leaf area index (LAI) for many years after a harvest (followed by planting). LAI is an important structural and functional
component of a forest stand. Many eco‐hydrologic and water quality models do not accurately account for LAI as the process
driver to evapotranspiration (ET), and thus they ignore the ecophysiological effects of LAI on site water balance and nutrient
loading. We measured LAI of emergent vegetation following a harvest, mechanical site preparation, and then pine planting
for a drained loblolly pine plantation in coastal North Carolina. For six years monthly, growing season estimates of LAI were
obtained using a LI‐COR LAI 2000 Plant Canopy Analyzer (PCA) for control (D1), thinned (D3), and harvested (D2)
watersheds. In this article, we present results from the D2 treatment. In D2, we “harvested” all emergent vegetation in 18
randomly placed 1 m2 clip plots for three growing seasons where we estimated LAI using species‐pooled estimates of specific
leaf area and total leaf dry mass (i.e., LAICLIP); PCA measurements were recorded prior to clipping (LAIPCA). We also
simulated loblolly pine seedling growth and development using the biogeochemical process model SECRETS‐3PG to examine
site differentiation in LAI. Four years post‐harvest maximum LAICLIP exceeded 8 m2 m‐2 (projected area basis). LAIPCA
underestimated LAICLIP; LAICLIP = 1.436 × LAIPCA (r2 = 0.53; p < 0.0001; n = 195). Corrected LAIPCA estimates exceeded
simulated pine LAI (LAISIM) for ~4.5 years post‐planting. Emergent vegetation dominated the site for nearly five years and
likely exerted a strong influence over site water balance and nutrient use during early stand development.

Keywords. Competition, Evapotranspiration, Hydrologic modeling, LAI, Plantation management, Weed control.

ollowing a harvest and mechanical site preparation,
invasive herbaceous and arborescent species com‐
pete with newly planted loblolly pine (Pinus taeda
L.) seedlings for available site resources (space, wa‐

ter, and nutrients) (e.g., Allen, 2001). Unchecked, these fast‐
growing species capture resources at the expense of the crop
tree, often resulting in significant loss in yield (Balandier et
al., 2006). In this case, early control (suppression) of emer‐
gent vegetation is needed to optimize volume and value pro‐
duction of planted loblolly pine (Jokela et al., 2000; Allen et
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al., 2005). Although much focus has been placed on quantify‐
ing the direct impacts of competing vegetation on planted
crop species (Miller et al., 1991; Pienaar and Shiver, 1993;
Bailey and Borders, 2001), few have quantified the leaf area
index (LAI) of competing species (Lautenschlager et al.,
2000; Thevathasan et al., 2000), and none, that we are aware,
have examined temporal variation in LAI of competing her‐
baceous species following a harvest and then planting. Dif‐
ferentiating LAI of competing vegetation from that of a crop
species enables us to examine shifts in growing space and site
dominance over time. It also enables an opportunity to more
accurately model the evapotranspiration (ET) dynamics of
the stand, and thus the often neglected water use by compet‐
ing vegetation (e.g., McCarthy et al., 1992; McCarthy and
Skaggs, 1992). This may be especially important for newly
established stands following a harvest, where emergent vege‐
tation may strongly impact the hydrologic budget by exerting
the dominant control over site ET (e.g., Swank et al., 2001).

Loblolly pine is a fast‐growing species that is well suited
to intensive site management, largely because of its plastic
and dynamic patterns in LAI; loblolly pine responds quickly
to drought by dropping pre‐senescent needles and, converse‐
ly, reacts quickly to improved soil nutritional conditions by
adding flushes to the current (most recent) foliage cohort.
North American loblolly pine retains, at most, three foliage
cohorts (Sampson et al., 2003) and thus can respond quickly
to silvicultural treatments such as vegetation suppression and
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nutrient amendments (Albaugh et al., 2004; Jokela et al.,
2004). Loblolly pine leaf area development, both annual and
the trajectory of LAI from seedlings to a site maximum, fol‐
lows a sigmoidal growth pattern (Adegbidi et al., 2002;
Sampson et al., 2003; Jokela et al., 2004). Thus, LAI peaks
every year, with maximum annual LAI generally occurring
in late September prior to annual needle senescence (Samp‐
son et al., 2003). Maximum stand LAI is achieved around
four to eight years following planting, depending on inherent
site fertility and/or nutritional amendments (Albaugh et al.,
2004; Sampson et al., 2008).

LAI is a dominant attribute of stand structure; LAI deter‐
mines canopy water interception and transpiration and there‐
fore is needed to estimate evapotranspiration (ET) in
eco‐hydrologic models (Jensen et al., 1990; McCarthy and
Skaggs, 1992; Arnold et al., 1998, Sun et al., 1998a, 2000;
Amatya and Skaggs, 2001; Zhang et al., 2002; Li, 2007; Dai
et al., 2010; Tian et al., 2009, Tian, 2011) and in water bal‐
ance studies (Sun et al., 2010; Tian et al., 2010; Amatya et al.,
2002; McCarthy et al., 1991; Amatya et al., 1996). Potential
evapotranspiration  (PET) models, such as the Penman‐
Monteith formulation (Monteith, 1965), are used to estimate
PET of crop and reference crop vegetation (Jensen et al.,
1990; Amatya et al., 1996; Amatya and Skaggs, 2008; Sun et
al., 2010; Dai et al., 2010). McCarthy et al. (1992) used an
empirical LAI function in a forest hydrologic model that was
based on DRAINMOD (Skaggs, 1978) to simulate canopy in‐
terception, transpiration, and soil evaporation. McCarthy and
Skaggs (1992) used the same LAI function to simulate the
long‐term water balance for the life cycle of a loblolly pine
stand in eastern North Carolina. Simulated canopy intercep‐
tion, and soil evaporation and transpiration combined ac‐
counted for roughly 4% and 20%, respectfully, of average
rainfall using an LAI of 1 m2 m‐2 one year following harvest
of a pine stand. However, Amatya et al. (2006), in a con‐
trolled watershed study, provided evidence to suggest that
nearly 40% of annual rainfall may have been lost to evapo‐
transpiration (ET) (obtained as the difference between rain‐
fall and drainage outflow, ignoring minor storage). We
postulate that the greater ET losses observed by Amatya et al.
(2006) may have been due to the effects of ET by emergent
vegetation in these wet pine flats that was not modeled by
McCarthy and Skaggs (1992). Obviously, accurate estimates
of site LAI are critical to modeling site water balance (Ama‐
tya et al., 1996, Amatya and Skaggs, 2001; Sun et al., 1998a,
1998b, 2010). Recently, Tian et al. (2010, 2012) developed
a new version of the DRAINMOD‐NII model (DRAINMOD‐
Forest) for predicting the fate of nitrogen (N) in managed
pine forests using a forest productivity submodel to estimate
LAI. However, DRAINMOD‐Forest does not yet account for
the LAI of the understory. As such, the model has been shown
to substantially underestimate peak LAI (Tian, 2011).

LAI is difficult to measure, but direct and indirect ap‐
proaches can often be used to estimate LAI. Direct estimates
can be obtained from destructive harvesting methods. For
herbaceous species (or low‐stature species in general), clip
plot techniques may be employed. This approach entails sub‐
sampling along random transects using a small sampling
frame, generally 1 m × 1 m. All plant materials within the
frame are clipped at the surface, field weighed, and then
bagged for transport to the lab. Indirect estimates of LAI can
be obtained using the LI‐COR LAI 2000 Plant Canopy Ana‐
lyzer (hereafter PCA). The PCA uses gap‐fraction theory in

conjunction with estimates of undercanopy photosyntheti‐
cally active radiation (PAR) from different view angles to es‐
timate LAI. Although the PCA provides instantaneous
estimates of LAI, many have demonstrated that the PCA gen‐
erally underestimates LAI (Frassnacht et al., 1994; Stenburg
et al., 1994; Sampson and Allen, 1995). Thus, local correc‐
tion factors are typically developed, using more direct ap‐
proaches, to correct for bias in PCA measurements.

Our objective was to quantify the LAI of emergent vegeta‐
tion following planting and establishment of loblolly pine on
the Coastal Plain of North Carolina. To accomplish this, we
used eight years of PCA measurements that were verified us‐
ing vegetation clip plot harvesting techniques. From this ap‐
proach, we examined leaf moisture content and specific leaf
mass (i.e., specific leaf area). We also simulated the LAI of
the establishing loblolly pine stand using the forest process
model SECRETS‐3PG (Sampson et al., 2006) to partition
LAI measurements between the emergent vegetation and the
developing loblolly pine stand. This approach was warranted
because no separate (empirical) estimates of pine LAI were
possible; without vegetation control, emergent vegetation
competes vigorously with planted loblolly pine on the Coast‐
al Plain of North Carolina such that the pine canopy does not
differentiate itself from competing vegetation until well after
canopy closure, which, in this case, could take five to eight
years or more.

METHODS
STUDY SITE

This study was conducted within a loblolly pine (Pinus
taeda L.) plantation owned and managed by Weyerhaeuser
Company in Carteret County, North Carolina (34° 48′ N, 76°
42′ W). The mean annual temperature is 17°C, and the mean
annual precipitation is 1460 mm. This research site consists
of three artificially drained experimental watersheds (D1,
D2, and D3), which are 24.72 ha, 23.62 ha, and 26.75 ha, re‐
spectively (fig. 1). The site is flat with a shallow water table
(McCarthy et al., 1991). Soils belong to the hydric series: De‐
loss fine sandy loam (fine‐loamy mixed thermic Typic Um‐
braquult). Each of the three experimental watersheds is
drained by four lateral ditches measuring 1.4 to 1.8 m deep
and 2.0 m wide at the surface and spaced 100 m apart (fig. 1).
Site details and experimental and monitoring methods are
more fully described by McCarthy et al. (1991) and Amatya
et al. (1996).

The three artificial watersheds were planted in 1974 at a
density of 2100 trees ha‐1 with trees spaced 1.74 m apart and
rows spaced 2.74 m apart (table 1). Watershed D1 has served
as the control treatment since 1988. In 2008, watershed D1
was a 34‐year‐old mature pine plantation that underwent pre‐
commercial  thinning in 1981 (thinned to 988 trees ha‐1) and
commercial thinning in the later part of the growing season
in 1988 (thinned to 370 trees ha‐1).

Watershed D2, also thinned in 1981, was harvested in July
1995. All stems larger than 8 cm (~3 in.) diameter at breast
height (DBH) were removed from the site, the remaining ma‐
terial being cut and left on‐site. Watershed D2 was planted in
February 1997 with seedlings 30 to 46 cm tall spaced 1.52 m
apart in rows spaced 3.66 m apart, for a density of 2100 seed‐
lings ha‐1. The survival rate for D2 was 93%; in 2008, this
plantation was 11 years old. Watershed D3 is currently a
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Figure 1. Location and study layout of three experimental watersheds on the Coastal Plain of North Carolina (Amatya et al., 2000).

Table 1. Detailed history of the management activities for the three
loblolly pine plantation watersheds examined in this study.

Year Event

1972 (July) Site clear‐cut.

1973 Site preparation and ditching.

1974 Trees planted (2100 trees ha‐1).

1980 Precommercial thinning (988 trees ha‐1).

1981 Aerial fertilization of urea (367 kg ha‐1).

1988 (February) Calibration I period; study begins.

1988 (October) Commercial thinning (from 988 to 370 trees ha‐1).

1989
(March‐April)

Ground fertilization (140 kg ha‐1 of di‐ammonium
phosphate and 435 kg ha‐1 of urea).

1990 (March) Calibration I period ends. Controlled drainage
study begins on D2.

1994 (December) Controlled drainage study ends.

1995 (February) Orifice weir study begins on D3.

1995 (July) D2 harvested. Harvest study begins on D2.

1996 (October) Site preparation and bedding on D2.

1997 (February) D2 replanted. Regeneration study begins for D2.

1999 Orifice weir study ends on D2.

2000 (February) Calibration II period begins.

2002 (June) D3 thinned by approximately 50% (185 trees ha‐1).

2002 (July) Effects of thinning study begins on D3.

2005
(September)

Aerial fertilization of D2 and D3 (115 kg ha‐1 and
27 kg ha‐1 of N and P, respectively in D2 and 172
kg ha‐1 and 41 kg ha‐1 in D3).

34‐year‐old pine plantation that received the same thinning
treatment in 1988 as watersheds D1 and D2.

PLOT AND SUBPLOT LAYOUT

Within each watershed, three permanent base plots were
established equidistant from one another along the long axis

of each rectangular watershed but centered along the short
axis perpendicular to the drainage ditches. A line perpendicu‐
lar to the lateral drainage ditches and passing through the cen‐
ter of each base plot was established as a base azimuth from
which random transects, for use in the vegetation sampling
and the LI‐COR measurements, could later be established.
On each sampling date, a random azimuth was obtained using
a random number table to create a sampling transect. Six sub‐
plots (three on each side of the base plot) were established
along each transect, equidistant from one another, using a
90�m long tape. The subplots were marked by colored flags
and dated to prevent repeated sampling of the same location;
if a current subplot intersected with a previously established
one, it was placed adjacent.

DOMINANT SPECIES PRESENT
We did not record the relative or absolute distributions of

plant species present at the start of the study or, for that mat‐
ter, throughout the duration of the study. However, we did
note the dominant species present at the start of the study and
during data collection (table 2).

VEGETATION CLIP PLOT PROTOCOLS
FIELD PROCEDURES

Emergent vegetation was destructively sampled during
the first week of each month on the day without rain starting
in May 1996 over a three‐year period for watershed D2. On
each sampling date, for each subplot, a 1 m × 1 m × 0.075�m
wooden open‐ended frame was placed on the ground parallel
to the transect and centered using the established flags. Five
to six LI‐COR LAI 2000 plant canopy analyzer (PCA) LAI
measurements were then taken (more fully discussed below).
Following the PCA measurements, the average height of all
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Table 2. Species present at the study site at the time
of study installation and during data collection.

Common Name Scientific Name

American beautyberry Callicarpa americana
Blue stem Andropogon gerardii

Bracken fern Pteridium aquilinum
Broom sedge Andropogon spp.

Devil's walkingstick Aralia spinosa
Dogfennel Eupatorium capillifolium (Lam.) Small
Fox grape Vitis labrusca

Large galberry Ilex coriacea (Pursh) Chapm.
Netted chainfern Woodwardia areolata (L.) T. Moore

Panicum Panicum repens
Poison ivy Toxicodendron radicans
Pokeweed Phytolacca americana
Red maple Acer rubrum

Redbay Persea borbonia
Sedge Carex spp.

Shrubby blackberry Rubus fruticosus L.
Smooth sumac Rhus glabra

Sweetgum Liquidambar styraciflua
Virginia creeper Parthenocissus quinquefolia

plant species was recorded using a 3 m tape measure (or, in
some cases, a metric ruler). For the vegetation sampling, a
189 L (50 gal) plastic bag was weighed using a field spring
balance. From the interior of each subplot, all vegetation was
clipped (including any pine if it fell within the sampling
frame) at the soil surface, placed within the plastic bag, and
mixed. The bag was then weighed again using the field spring
balance, recorded, and labeled with respect to the plot and
subplot identifiers. Two subsamples, each approximately one
handful in size, were removed from the well mixed bag and
placed into separate zip‐lock plastic bags (either 5 cm × 5 cm
or 7 cm × 7 cm) and labeled with the date, time, plot number,
and subplot number. One sample was then marked “dry bio‐
mass” while the other was marked “specific leaf area” (SLA)
for future laboratory analysis. Approximately 10 g of dry ice
was added to each subsample bag to prevent the leaves from
wilting prior to placement in a plastic 30 L cooler for return
to the lab for further analyses. Leaf biomass from the six sub‐
plots was pooled and assumed representative of the plot.

LABORATORY PROCEDURES
In the lab, leaf cut‐outs representative of the major species

(i.e., bracken fern, dogfennel, shrubby blackberry, panicum,
pokeweed, Virginia creeper, red maple, and redbay; table 2)
collected from the site were made, at the start of the study, us‐
ing thin cardstock. The area of each cutout was determined
using perimeter‐area calculations to be used for calibration
procedures. In the morning following each sampling date,
10�to 15 green leaves were removed from the “specific leaf
area” subsample for each plot for determination of SLA.
These leaves were individually placed on the surface of a LI‐
COR 3000 electronic photometer (camera) to determine pro‐
jected leaf area. Each leaf was then weighed and recorded,
oven dried at 65°C for 24 h, and then reweighed to obtain leaf
dry biomass (g). The plot‐average SLA (measured as cm2

mg‐1; reported as cm2 g‐1) was estimated as the average SLA
for all leaf subsamples.

The subsample labeled “dry biomass” was weighed, oven
dried at 65°C for 24 h, and then reweighed to obtain an esti‐
mate of the wet weight to dry weight ratio. This ratio estimate

was used to convert the field‐weighed plot samples to a dry
weight basis. The clip plot estimate of leaf area index
(LAICLIP) was then obtained by multiplying the species‐
average estimate of SLA and the total leaf dry biomass esti‐
mate for each of three plots for each watershed.

LI‐COR LAI 2000 ESTIMATES AND CORRECTIONS

We used a LI‐COR LAI 2000 Plant Canopy Analyzer
(PCA) to estimate the vegetation area index (hereafter con‐
sidered an estimate of the LAI) on each of the 18 randomly
assigned 1 m2 subplots, for each watershed, from May to Oc‐
tober on three to four week intervals over three growing sea‐
sons (1996 to 1998). Point estimates were averaged over the
six subplots to obtain a plot‐average estimate. This resulted
in three separate estimates of projected LAI (LAIPCA) for
each watershed. A separate sensor unit located at a microme‐
teorological  station collected simultaneous above‐canopy
readings. The PCA was calibrated at the start of each sam‐
pling date as defined in the user manual. On sunny days, PCA
samples were collected early in the morning for each subplot
for each watershed. On diffuse sky days, estimates were taken
prior to vegetation clipping (for watershed D2).

The LAIPCA estimates were continued for an additional
six years (until 2004) beyond the clip plot vegetation sam‐
pling. This enabled us to create LAI estimates following sil‐
vicultural treatments for young and mature loblolly pine
stands.

SIMULATED LAI
We used the forest process model SECRETS‐3PG (Samp‐

son et al., 2006) to simulate loblolly pine LAI (LAISIM) for
watershed D2. Because the LAIPCA estimates inherently in‐
cluded the LAI of the developing pine stand, the difference
between LAIPCA and LAISIM would enable us to differentiate
between the LAI of emergent vegetation (grasses, forbs, and
shrubs) and that of the planted loblolly pine.

The SECRETS‐3PG hybrid model combines the process
model SECRETS (Sampson and Ceulemans, 2000) and the
process‐based model Physiological Principles for Predicting
Growth (3‐PG) (Landsberg and Waring, 1997). The SE‐
CRETS model is a biogeochemical process model that simu‐
lates carbon and water pools and fluxes. The 3‐PG model is
a simplified forest growth model written to simulate biomet‐
rically accurate stand‐level properties that are useful to for‐
esters. These include LAI, stem volume, and quadratic mean
diameter of a stand, to name a few. The SECRETS‐3PG hy‐
brid model uses the biomass allocation algorithms from 3‐PG
and the associated physiological process equations and the
daily carbon outputs from SECRETS to partition carbon, and
thus biomass, on a monthly basis. The model has previously
demonstrated close correspondence between measured and
simulated estimates of loblolly pine LAI (Sampson et al.,
2006). See Sampson et al. (2006) for more details.

Daily climate data were necessary to run the model. The
daily meteorological data include: shortwave radiation,
minimum and maximum ambient air temperature, minimum
and maximum relative humidity, and precipitation. Soil tem‐
perature was estimated from air temperature and day of year.
Hourly photosynthetically active radiation (PAR) was calcu‐
lated from daily shortwave radiation assuming that hourly
PAR is normally distributed over the daylight period. We ob‐
tained climate data up to August 2005 from a weather station
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located in the middle of watershed D2. This station recorded
continuous data on air temperature, relative humidity, solar
and net radiation, wind speed, and soil temperature on a half‐
hourly basis. Data after August 2005 were obtained from a
nearby weather station located in Vanceboro, North Carolina.

Model parameterization for seedling to maturity simula‐
tions requires only three parameters: (1) mean seedling
weight and height at the time of planting, (2) planting density,
and (3) seedling survival rate after one year. These data were
made available to us from Weyerhaeuser Company (Cliff Ty‐
son, personal communication, 2006). We used empirical esti‐
mates of stand quadratic mean diameter to compare with
simulated estimates for model validation.

STATISTICAL ANALYSES

We used general linear models (PROC GLM) (SAS, 1999)
to test for significance of month, year, and month × year in‐
teraction on leaf moisture content and on specific leaf area.
All tests were evaluated at the 0.05 probability level.

We also used SAS (SAS, 1999) to examine the relation‐
ship between the direct (LAICLIP) and indirect (LAIPCA) esti‐
mates of LAI. Based on previous work (Sampson and Allen,
1995), it was thought that the PCA measurements, as a direct
comparison, would be lower than the clip plot estimates of
LAI and, further, that the relationship would be curvilinear.
However, our earlier work never considered the potential ef‐
fects of emergent vegetation LAI (i.e., herbaceous and arbo‐
rescent broad‐leaved species) on the PCA estimates. Thus,
for these analyses, we examined linear and curvilinear re‐
gression procedures; we used simple linear regression (gen‐
eral linear models in SAS) (no intercept option) and a
first‐degree inverse polynomial (Sit and Poulin‐Costello,
1994). We used three criteria, in descending order of impor‐
tance, to converge on an appropriate model: (1) regression re‐
siduals, (2) F tests, and (3) coefficient of determination
values. In this case, the PCA measurements were used as the
independent variable in the model, with the dependent vari‐
able being the vegetation clip plot estimates of LAI. The re‐
sulting regression equation was used to correct for bias in the
PCA estimates of LAI.

RESULTS AND DISCUSSION
Leaf moisture content varied temporally, ranging from a

low of 58% in October 1997 to a high of 72.5% in July of the
same year (table 3). Measurement year (p < 0.7418) and
month (p < 0.2047) were not statistically significant, but the
month × year interaction was (p < 0.0001). In general, leaf

Table 3. Mean (and one standard error of the mean)
leaf moisture content (percent) over a three‐year

period for clipped plots in watershed D2.

Month

Year

1996 1997 1998

April NA[a] NA 65.37 (1.14)
May NA 68.53 (1.24) 69.93 (1.35)
June 63.80 (1.37) 67.50 (0.97) 63.40 (0.91)
July 72.45 (0.62) 69.49 (1.36) 66.14 (0.91)

August 64.00 (0.83) 69.56 (1.09) 66.57 (0.75)
September NA 63.00 (1.01) NA

October 58.31 (1.21) 59.82 (0.95) 66.43 (0.51)
[a] NA = not applicable (data not available).

Table 4. Mean (and one standard error of the mean) specific
leaf area (cm2 g‐1) for clipped plots in watershed D2.

Month

Year

1996 1997 1998

April NA[a] NA 162.41 (7.88)
May 120.38 (10.51) 162.25 (5.3) 166.30 (5.20)
June 126.85 (6.32) 150.29 (7.51) 154.07 (8.17)
July 123.52 (5.85) 157.07 (5.52) 126.32 (3.55)

August 138.78 (4.12) 163.65 (6.04) 152.42 (7.28)
September NA 135.93 (3.84) NA

October 118.27 (4.47) 112.89 (4.82) 152.11 (7.25)
[a] NA = not applicable (data not available).

moisture content decreased over the course of the year, al‐
though exceptions to this trend could be observed. Our esti‐
mates were similar to, or moderately lower than, those found
by Meziane and Shipley (1999) for 22 herbaceous species.

Specific leaf area (SLA; cm2 g‐1) ranged considerably
over the three years of vegetation clip plot analyses. Average
SLA varied from a low of 112 cm2 g‐1 in October 1997 to a
high of about 166 cm2 g‐1 in May of the following year
(table�4).  No clear trend in mean SLA could be discerned, al‐
though SLA was generally lowest in autumn of each year (ex‐
cept for 1998). Measurement year, month, and the year ×
month interaction were all significant (p < 0.0001) factors in
the linear models analysis. Our estimates of SLA were at the
lower end of those found by Hunt and Cornelissen (1997) for
herbaceous species but well within the range found by Wood‐
ward (1983).

LAICLIP ranged from zero to almost 11 m2 m‐2 (project
area basis) over the three‐year sampling period (fig. 2). Cor‐
responding LAIPCA estimates ranged from zero to almost 6
m2 m‐2. Simple linear regression indicated that the PCA un‐
derestimated LAICLIP by about 44% on average (r2 = 0.53, p
< 0.0001, N = 193). Residual analyses of the linear and first‐
degree inverse polynomial regressions demonstrated that
simple linear regression was sufficient to describe the rela‐
tionship between the two methods; the first‐degree inverse
polynomial did not improve the prediction capability (r2 =
0.53, p < 0.0001, N = 193), and the residuals from that model
did not demonstrate improvement over the linear regression

PCA LAI Measurement (m2 m-2)

0 3 6 9 12

0

3

6

9

12

1 : 1

r2 = 0.53;
p < 0.0001;
n = 193

y = 1.436 * PCA

C
lip

 P
lo

t 
L

A
I 

E
st

im
at

e 
(m

2  
m

‐2
)

Figure 2. Relationship between vegetation clip plot estimates of LAI
(m2�m‐2 projected area basis) and LAI estimated using the LI‐COR LAI
2000 plant canopy analyzer (PCA) post‐harvest for watershed D2, Car‐
teret County, North Carolina. Vegetation sampling and PCA measure‐
ments were taken monthly, beginning in 1996, for three growing seasons
following the 1995 harvest.
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Figure 3. Regression residuals for the relationship between vegetation clip
plot estimates of LAI (m2 m‐2 projected area basis) and LAI estimated us‐
ing the LI‐COR LAI 2000 plant canopy analyzer (PCA) post‐harvest for
watershed D2, Carteret County, North Carolina. Simple linear (open
triangles) and first‐degree inverse polynomial (filled circles) regression
models were examined.

residuals (fig. 3). These data suggest that the relationship be‐
tween the PCA estimates of LAI and those obtained from the
vegetation clip plots was linear.

From previous work (Sampson and Allen, 1995) and pub‐
lished literature (Gower and Norman, 1991), we were fairly
certain that the PCA would underestimate LAICLIP. However,
we were surprised when the analyses supported a linear rela‐
tionship between the PCA estimates and LAICLIP. The PCA
has been demonstrated to underestimate LAI, but the rela‐
tionship is often curvilinear when compared to direct ap‐
proaches (destructive sampling, litter trap methods, etc.)
(Smith et al., 1993; Fassnacht et al., 1994; Stenberg et al.,
1994; Sampson and Allen, 1995). However, a downward bias
in the LAI estimates from the PCA is most often associated
with pine or hardwood forests; underestimation of LAI by the
PCA has been attributed to self‐shading and foliage clump‐
ing, or to the influence of stems and branches on the PCA esti‐
mate (i.e., vegetation area index) (e.g., Smolander and
Stenberg, 1996).

Welles and Coehen (1996) and Bréda (2003) reviewed the
performance of various ground‐based approaches to indirect‐
ly estimate LAI. Welles and Coehen (1996) examined the
performance of the PCA in relation to five alternate, indirect
methods to estimate LAI for forest, shrub, and row crop spe‐
cies. Although favorable and unfavorable results were re‐
ported, no reference to herbaceous species was found.
Similarly, Bréda (2003) did not discuss the performance of
the PCA for herbaceous and arborescent species. We were
unable to find studies comparable to ours for appropriate
comparisons.

Stand measurements of dominant height (m) and diameter
at breast height (DBH, m) began in 2005 for watershed D2.
We compared the dormant (end‐of‐year) season estimates of
quadratic mean diameter (Dq) from the empirical data to the
simulated estimates for similar dates (fig. 4). We observed a
favorable correspondence between measured and simulated
Dq over the measurement period. However, simulated Dq for
years 10 and 11 following harvest underpredicted the empiri‐
cal estimates; the step increase in measured Dq in year 10 may
be attributed to changes in stand density that were not well
represented in the modeling analyses. Regardless, the 3‐PG
model is considered biometrically accurate (Landsberg and
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Figure 4. Relationship between empirical (filled squares) and simulated
(solid line) estimates of quadratic mean diameter (Dq) for a Coastal Plain
Loblolly pine stand for watershed D2, Carteret County, North Carolina.
Error bars denote two standard deviations of the mean.

Waring, 1997); these first principal equations are based on
the strong biometric coupling between diameter and individ‐
ual tree LAI (accurate representation of one suggests accu‐
rate representation of the other). Accordingly, we are
reasonably confident in our LAISIM (e.g., Sampson et al.,
2006).

We applied the correction factor from the clip plot regres‐
sion to eight years of post‐harvest LAIPCA measurements.
These estimates then represented herbaceous and arbores‐
cent vegetation in addition to LAI of the planted loblolly
pine. Projected LAI increased from about 2 m2 m‐2 at the start
of the study to a maximum of about 8 m2 m‐2 by the seventh
year (fig. 5a). Decreased site LAI for 1996 and, consequently,
reduced maximum LAI for 1997 could be attributed to the de‐
structive effects on LAI by Hurricane Fran that came ashore
in September 1996. Annual fluctuations in LAI were appar-

(a)

(b)

Figure 5. (a) Corrected estimates of LAI (m2 m‐2 projected area basis)
from the LI‐COR LAI 2000 plant canopy analyzer (PCA) for pine and
emergent vegetation, and (b) simulated LAI for loblolly pine (Pinus taeda
L.) seedlings using the SECRETS‐3PG model (Sampson et al., 2006) (filled
squares) and the difference between the corrected PCA estimates of LAI
and that simulated (open squares).
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ent and corresponded to the yearly leaf‐on and leaf‐off of ar‐
borescent hardwoods, but also to the annual, biannual, and
perennial species present on the site (fig. 5a). The pattern also
reflects the seasonal and developmental changes in pine LAI
over the same period simulated using the SECRETS‐3PG
model.

Model estimates of LAISIM enabled us to differentiate be‐
tween pine LAI and that of competing vegetation (fig. 5b). In
this case, these data suggest that pine did not dominate the
site, as evaluated using LAI as the metric, until well into the
fourth year after planting (i.e., the pine was planted in 1997).
By the sixth year, simulated LAI was very high but almost
comparable to that found by Samuelson et al. (2004) for
similar‐aged fertilized stands and to that found by Sword Say‐
er et al. (2004) for slightly older fertilized stands that exhib‐
ited similar diameters. Although our simulated estimates of
quadratic mean diameter were similar to those measured, the
high estimates of LAI for the age and diameter simulated sug‐
gests that we may have slightly overestimated the projected
LAI for pine in this stand.

In a 15‐year regional study, Miller et al. (2003) examined
species dominance for three treatments for loblolly pine
plantations: no control, vegetation control of herbaceous spe‐
cies, and control of herbaceous and woody plants. Herba‐
ceous cover, expressed as a percentage, was roughly 80% of
total canopy cover for up to seven years post‐planting. Not
until age 15 in their study did pine coverage represent 70%
or more of the total canopy cover across three levels of hard‐
wood dominance. Of course, estimates of LAI and that of
canopy cover (on a percentage basis) provide different infor‐
mation. Whether one versus the other best addresses the com‐
petitive status of a species warrants further attention (and a
more rigorous protocol).

Of course, emergent vegetation would have a strong effect
on site water balance. McCarthy and Skaggs (1992) simu‐
lated ET for pre‐ and post‐harvest loblolly pine stands on the
Coastal Plain of North Carolina. Using an annual maximum
LAI trajectory of 1 m2 m‐2 post‐harvest to roughly 6 m2 m‐2

at peak stand LAI, their ET estimates were approximately
11% lower in the first year following the harvest than that es‐
timated from a water balance analysis based on 1996 data
from an artificially drained experimental watershed har‐
vested in 1995 (i.e., Amatya et al., 2006). In their study Ama‐
tya et al. (2006) estimated ET as the difference between
rainfall and drainage outflow. Underestimation of ET in the
hydrologic simulations may thus be due to unaccounted‐for
ET by emergent vegetation observed on the site but not mod‐
eled by McCarthy and Skaggs (1992). Tian (2011) used
DRAINMOD‐Forest to estimate site water balance for the
same site as Amatya et al. (2006). We suspect that annual out‐
flow of the harvested watershed may have been overpre‐
dicted by Tian (2011) because of unaccounted‐for ET losses
from understory LAI, especially in relatively dry years. The
physically based LAI module in DRAINMOD‐Forest pre‐
dicted only 7% lower ET than that estimated from a water
balance approach by McCarthy et al. (1992) for a planted
pine stand in a dry year (1997) 1.5 years following harvest.
Our results demonstrate that post‐harvest emergent vegeta‐
tion, when unchecked, can represent a dominate fraction of
stand LAI early in rotation and, subsequently, competes vig‐
orously with planted loblolly pine for growing space and, un‐
doubtedly, site resources (e.g., nutrients and water) well into
the sixth year post‐planting.

Anecdotal evidence from other studies provides support
for our findings. Sun et al. (2010) studied ET rates from clear‐
felled/planted  and mid‐rotation pine stands in eastern North
Carolina. They did not measure LAI of the emergent vegeta‐
tion at their site, which was planted in 2004 two years after
a harvest, but they reported a dense weedy ground cover, with
annual plants and shrubs reaching a height of 2.5 m by the end
of their study period (2007) when the pine trees were just
three years old. Gholz and Clark (2002) reported that LAI
could increase dramatically up to 3.0 m2 m‐2 within the first
few years following a harvest of pine flatwoods that were
similar to the stands examined in our study. In another study
Sun et al. (1998b) assumed that 60% of the total maximum
LAI for a 5‐year‐old pine forest could be attributed to volun‐
teer vegetation in their long‐term modeling of the hydrologic
response in stand development following harvest of a pine
flatwood site in northern Florida. Our results on LAI of emer‐
gent vegetation and on young pine, although somewhat limit‐
ed, may be useful for estimating the post‐harvest ET
contributed by emerging vegetation until the planted pine
trees catch up with increased ET rates.

Notwithstanding, there are several protocol assumptions
that may have influenced our LAI results. First, we did not
rigorously record the species of our clip plots. We recognize
that temporal changes in species composition likely occurred
between the start of the study and our last clip plot field cam‐
paign. Thus, species changes over time could have in‐
fluenced our PCA correction factor. We therefore examined
the parameter estimates in the regression between
“measured” LAI and the PCA estimates for each year. When
evaluated separately, the slope parameter estimates were not
significantly different among years (table 5); however, the in‐
tercept parameters were significantly different. We suggest
that the combined model was likely appropriate. Second, the
PCA sensor height was maintained at a similar height
throughout the study. Changes in height of the species found
in the clip plots over time could influence our PCA estimate
of LAI and likely lead to a reduced estimate of LAI overtime
for the clipped plots. Finally, species composition of the
emergent vegetation would influence our PCA estimates and
the quantity of light reaching the soil surface. It appears that
even low‐stature plants exhibit differential underestimation
in LAI by the PCA (e.g., Wells and Norman, 1991).

The species composition and changes in the species rich‐
ness over time influence the amount of light reaching the for‐
est floor by determining canopy light extinction. Coefficients
of light extinction (k) vary by species (e.g., Aubin et al., 2000;
Bréda, 2003), which results in species differences in the pho‐
ton flux density (PPFD) absorbed. It has been demonstrated
that broad‐leafed plants have, in general, greater k values
(greater efficiency in light capture) than narrow‐leaved
(needled) plants (Bréda, 2003). In addition, taller species can

Table 5. Slope and intercept estimates for 1996 through 1998 in the
regression between direct (clip plot techniques) and indirect

(LI‐COR LAI‐2000 Plant Canopy Analyzer) estimates
of LAI (m2 m‐2; projected) for watershed D2.

Parameter
Estimate

Year

1996 (N = 94) 1997 (N = 35) 1998 (N = 61)

Intercept 0.933 0.3376 ‐0.432
Standard error 0.30488 0.2750 0.6209

Slope 1.269 1.26 1.427
Standard error 0.1406 0.2248 0.1830
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generally intercept greater incident PPFD than subordinate
species, but subordinate species have greater efficiency in
capturing PPFD due to a greater leaf area ratio (the ratio of
leaf area to aboveground biomass) (Tadaki and Werger,
1995). Consequently, the species composition and the associ‐
ated structure of the vertical leaf profile would strongly influ‐
ence light interception above the forest floor, thereby
influencing the radiation load at the soil surface and, thus,
soil evaporation (and species‐combined transpiration).

CONCLUSIONS
We compared direct and indirect estimates of LAI for

emergent vegetation in a post‐harvest loblolly pine planta‐
tion in eastern North Carolina that underwent mechanical site
preparation prior to replanting with loblolly pine seedlings.
We also simulated LAI of loblolly pine using a biometrically
accurate biogeochemical forest process model to examine
site differentiation in LAI during early stand development.
Estimates of LAI from the LI‐COR LAI‐2000 plant canopy
analyzer (PCA) consistently underestimated those obtained
from clip plot techniques. A simple linear correction factor
was found. Based on the correction, the PCA underestimated
LAI by approximately 44% (when no intercept was speci‐
fied).

LAI differences between simulated LAI and that esti‐
mated using the PCA for emergent vegetation suggest that the
pine did not dominate the stand LAI until four to five years
post‐planting. Moreover, our results demonstrate that post‐
harvest emergent vegetation, when unchecked, competes rig‐
orously with planted loblolly pine for growing space and,
undoubtedly, site resources well into the fourth to seventh
year after planting.

ACKNOWLEDGEMENTS

We thank Mr. Cliff Tyson for his expertise and assistance
with field work and plant species identification, two anony‐
mous reviewers of an earlier draft of the manuscript, and the
three reviews that we received on the final draft. This study
was funded by the National Council for Air and Stream Im‐
provement (NCASI), Inc., and supported by Weyerhaeuser
Company.

REFERENCES
Adegbidi, H. G., E. J. Jokela, N. B. Comerford, and N. F. Barros.

2002. Biomass development for intensively managed loblolly
pine plantations growing on Spodosols in the southeastern USA.
Forest Ecol. Mgmt. 167(1‐3): 91‐102.

Albaugh, T. J., H. L. Allen, P. M. Dougherty, and K. H. Johnsen.
2004. Long‐term growth responses of loblolly pine to optimal
nutrient and water resource availability. Forest Ecol. Mgmt.
192(1): 3‐19.

Allen, H. L. 2001. Silvicultural treatments to enhance productivity.
In The Forests Handbook, Vol. II: 129‐139. J. Evans, ed.
Oxford, U.K.: Blackwell Science.

Allen, H. L., T. R. Fox, and R. G. Campbell. 2005. What is ahead
for intensive plantation silviculture in the south? Southern J.
Appl. Forestry 29(2): 62‐69.

Amatya, D. M., and R. W. Skaggs. 2001. Hydrologic modeling of
pine plantations on poorly drained soils. Forest Sci. 47(1):
103‐114.

Amatya, D. M., and R. W. Skaggs. 2008. Effects of thinning on
hydrology and water quality of a drained pine forest in coastal
North Carolina. In Proc. Conf. 21st Century Watershed
Technology: Improving Water Quality and Environment. St.
Joseph, Mich.: ASABE.

Amatya, D. M., R. W. Skaggs, and J. D. Gregory. 1996. Effects of
controlled drainage on the hydrology of a drained pine
plantation in the North Carolina coastal plains. J. Hydrol.
181(1‐4): 211‐232.

Amatya, D. M., J. D. Gregory, and R. W. Skaggs. 2000. Effects of
controlled drainage on storm event hydrology in a loblolly pine
plantation. J. American Water Resources Assoc. 36(1): 175‐190.

Amatya, D. M., G. M. Chescheir, R. W. Skaggs, and G. P.
Fernandez. 2002. Hydrology of poorly drained coastal
watersheds in eastern North Carolina. ASAE Paper No. 022034.
St. Joseph, Mich.: ASAE.

Amatya, D. M., R. W. Skaggs, C. D. Blanton, and J. W. Gilliam.
2006. Hydrologic and water quality effects of harvesting and
regeneration of a drained pine forest. In Proc Intl. Conf. on
Hydrology and Management of Forested Wetlands. St. Joseph,
Mich.: ASABE.

Arnold, J. G., R. Srinivasan, R. S. Muttiah, and J. R. Williams.
1998. Large‐area hydrological modeling and assessment: Part I.
Model development. J. American Water Resources Assoc. 34(1):
73‐89.

Aubin, I., M. Beaudet, and C. Messier. 2000. Light extinction
coefficients specific to the understory vegetation of the southern
boreal forest, Quebec. Canadian J. Forest Res. 30(1): 168‐177.

Bailey, R. L., and B. E. Borders. 2001. Loblolly pine: Pushing the
limits of growth. Southern J. Appl. Forestry 25(2): 69‐74.

Balandier, P., C. Collet, J. H. Miller, P. E. Reynolds, and S. M.
Zedaker. 2006. Designing forest vegetation management
strategies based on the mechanism and dynamics of crop tree
competition by neighboring vegetation. Forestry 79(1): 1‐25.

Bréda, N. J. J. 2003. Ground‐based measurements of leaf area
index: A review of methods, instruments, and current
controversies. J. Exp. Botany 54(392): 2403‐2417.

Dai, Z., C. Li, C. Trettin, G. Sun, D. Amatya, and H. Li. 2010.
Bi‐criteria evaluation of MIKE SHE model for a forested
watershed on South Carolina coastal plain. Hydrol. Earth Syst.
Sci. Discuss. 7(1): 179‐219.

Fassnacht, K. S., S. T. Gower, J. M. Norman, and R. E. McMurtrie.
1994. A comparison of optical and direct methods for estimating
foliage surface area index in forests. Agric. Forest Meteorol.
71(1‐2): 183‐207.

Gholz, H. L., and K. L. Clark. 2002. Energy exchange across a
chronosequence of slash pine forests in Florida. Agric. Forest
Meteorol. 112(2): 87‐102.

Gower, S. T., and J. M. Norman. 1991. Rapid estimation of leaf area
index in conifer and broad‐leaf plantations. Ecology 72(5):
1896‐1900.

Hunt, R., and J. H. C. Cornelissen. 1997. Components of relative
growth rate and their interrelations in 59 temperate plant species.
New Phytologist 135(3): 395‐417.

Jensen, M. E., R. D. Burman, and R. G. Allen. 1990.
Evapotranspiration and Irrigation Water Requirements. ASCE
Manual and Report on Engineering Practice No. 70. Reston, Va.:
ASCE.

Jokela, E. J., D. S. Wilson, and J. E. Allen. 2000. Early growth
responses of slash and loblolly pine following fertilization and
herbaceous weed control treatments at establishment. Southern
J. Appl. Forestry 24(1): 23‐30.

Jokela, E., P. M. Doughety, and T. A. Martin. 2004. Production
dynamics of intensively managed loblolly pine stands in the
southern United States: A synthesis of seven long‐term
experiments. Forest Ecol. Mgmt. 192(1): 117‐130.

Landsberg, J. J., and R. H. Waring. 1997. A generalized model of
forest productivity using simplified concepts of radiation use



2065Vol. 54(6): 2057-2066

efficiency, carbon balance, and partitioning. Forest Ecol. Mgmt.
95(3): 209‐228.

Lautenschlager, R. A., F. Bell, F. Wayne, P. E. Reynolds, A. M.
Gordon, J. A. Winters, D. A. Gresch, D. A. Buckley, and J. A.
Simpson. 2000. Microclimate changes following alternative
conifer release treatments continued through three post‐treatment
growing seasons. J. Sustain. Forestry 10(3‐4): 267‐275.

Li, C. 2007. Quantifying greenhouse gas emissions from soils:
Scientific basis and modeling approach. Soil Sci. Plant Nutr.
53(4): 344‐352.

McCarthy, E. J., and R. W. Skaggs. 1992. Simulation and
evaluation of water management systems for a pine plantation
watershed. Southern J. Appl. Forestry 16(1): 48‐56.

McCarthy. E. J., R. W. Skaggs, and P. Farnum. 1991. Experimental
determination of the hydrologic components of a drained forest
watershed. Trans. ASAE 34(5): 2031‐2039.

McCarthy, E. J., J. W. Flewelling, and R. W. Skaggs. 1992.
Hydrologic model for drained forested watershed. J. Irrig. and
Drain. Eng. 118(2): 242‐255.

Meziane, D., and B. Shipley. 1999. Interacting determinants of
specific leaf area in 22 herbaceous species: Effects of irradiance
and nutrient availability. Plant Cell Environ. 22(5): 447‐459.

Miller, J. H., B. R. Zutter, S. M. Zedaker, M. B. Edwards, J. D.
Haywood, and R. A. Newbold. 1991. A regional study on the
influence of woody and herbaceous competition on early
loblolly pine growth. Southern J. Appl. Forestry 15(4): 169‐179.

Miller, J. H., B. R. Zutter, R. A. Newbold, M. B. Edwards, and S.
M. Zedaker. 2003. Stand dynamics and plant associates of
loblolly pine plantations to midrotation after early intensive
vegetation management: A southeastern United States regional
study. Southern J. Appl. Forestry 27(4): 221‐236.

Monteith, J. L. 1965. Evaporation and environment. In Proc. 19th
Symp. Society for Experimental Biology, 205‐233. New York,
N.Y.: Cambridge University Press.

Pienaar, L. V., and B. D. Shiver. 1993. Early results from an
old‐field loblolly pine spacing study in the Georgia Piedmont
with competition control. Southern J. Appl. Forestry 17(4):
193‐196.

Sampson, D. A., and H. L. Allen. 1995. Direct and indirect
estimates of leaf area index (LAI) for lodgepole and loblolly
pine stands. Trees 9(3): 119‐122.

Sampson, D. A., and R. Ceulemans. 2000. SECRETS: Simulated
carbon fluxes from a mixed coniferous/deciduous Belgian forest.
In Forest Ecosystem Modelling, Upscaling, and Remote
Sensing, 95‐108. R. Ceulemans, F. Veroustraete, V. Gond, and J.
Van Rensbergen, eds. The Hague, The Netherlands: SPB
Academic Publishing.

Sampson, D. A., I. E. Janssens, and R. Ceulemans. 2001. Simulated
soil CO2 efflux and net ecosystem exchange in a 70‐year‐old
Belgian Scots pine stand using the process model SECRETS.
Ann. Forest Sci. 58(1): 31‐ 46.

Sampson, D. A., T. J. Albaugh, K. H. Johnsen, H. L. Allen, and S. J.
Zarnoch. 2003. Monthly leaf area index from point‐in‐time
measurements and needle phenology for Pinus taeda. Canadian
J. Forest Res. 33(12): 2477‐2490.

Sampson, D. A., R. H. Waring, C. A. Maier, C. M. Gough, M. J.
Ducey, and K. H. Johnsen. 2006. Fertilization effects on forest
carbon storage and exchange and net primary production: A new
hybrid process model for stand management. Forest Ecol. Mgmt.
221(1‐3): 91‐109.

Sampson, D. A., R. H. Wynne, and J. R. Seiler. 2008. Edaphic and
climatic effects on forest stand development, net primary
production, and net ecosystem productivity simulated for
Coastal Plain loblolly pine in Virginia. J. Geophys. Res. 113:
G01003, doi:101029/2006JG000270.

Samuelson, L. J., K. Johnsen, and T. Stokes. 2004. Production,
allocation, and stemwood growth efficiency of Pinus taeda L.
stands in response to six years of intensive management. Forest
Ecol. Mgmt. 192(1): 59‐70.

SAS. 1999. SAS/STAT User's Guide. Version 8. Cary, N.C.: SAS
Institute, Inc.

Sit, V., and M. Poulin‐Costello. 1994. Catalog of Curves for Curve
Fitting. Biometrics Information Handbook Series, No. 4.
Victoria, British Columbia, Canada: Province of British
Columbia, Ministry of Forests.

Skaggs, R. W. 1978. A water management model for shallow water
table soils. Report No. 134. Raleigh, N.C.: North Carolina State
University, Water Resources Research Institute.

Smith, N. J., J. M. Chen, and T. A. Black. 1993. Effects of clumping
on estimates of stand leaf area index using the LI‐COR
LAI‐2000. Canadian J. Forest Res. 23(9): 1940‐1943.

Smolander, H., and P. Stenberg. 1996. Response of LAI‐2000
estimates to changes in plant surface area index in a Scots pine
stand. Tree Physiol. 16(3): 345‐349.

Stenberg, P., S. Linder, H. Smolander, and J. Flower‐Ellis. 1994.
Performance of the LAI‐2000 plant canopy analyzer in
estimating leaf area index of some Scots pine stands. Tree
Physiol. 14(7‐9): 981‐995.

Sun, G., H. Riekerk, and N. B. Comerford. 1998a. Modeling the
forest hydrology of wetland‐upland ecosystems in Florida. J.
American Water Resour. Assoc. 34(4): 827‐841.

Sun, G., H. Riekerk, and N. B. Comerford. 1998b. Modeling the
hydrologic impacts of forest harvesting on Florida flatwoods. J.
American Water Resour. Assoc. 34(4): 843‐854.

Sun, G., D. M. Amatya, S. G. McNulty, R. W. Skaggs, and J. H.
Hughes. 2000. Climate change impacts of the hydrology and
productivity of a pine plantation. J. American Water Resour.
Assoc. 36(2): 367‐374.

Sun, G., A. Noormets, M. Gavazzi, S. G. McNulty, J. Chen, J.‐C.
Domec, J. King, D. M. Amatya, and R. W. Skaggs. 2010.
Energy and water balances of two contrasting loblolly pine
plantations on the lower coastal plain of North Carolina, USA.
Forest Ecol. Mgmt. 259(7): 1299‐1310.

Swank, W. T., J. M. Vose, and K. J. Elliott. 2001. Long‐term
hydrologic and water quality responses following clearcutting of
mixed hardwoods on a southern Appalachian catchment. Forest
Ecol. Mgmt. 143(1‐3): 163‐178.

Sword Sayer, M. A., J. C. G. Goelz, J. L. Chambers, Z. Tang, T. J.
Dean, J. D. Haywood, and D. J. Leduc. 2004. Long‐term trends
in loblolly pine productivity and stand characteristics in response
to thinning and fertilization in the West Gulf region. Forest Ecol.
Mgmt. 192(1): 71‐96.

Tadaki, H., and M. Werger. 1995. Canopy structure and photon flux
partitioning among species in a herbaceous plant community.
Ecology 76(2): 466‐474.

Thevathasan, N. V., P. E. Reynolds, R. Kuessner, and W. F. Bel.
2000. Effects of controlled weed densities and soil types on soil
nitrate accumulation, spruce growth, and weed growth. Forest
Ecol. Mgmt. 133(1‐2): 135‐144.

Tian, S. 2011. Development and field‐testing of the DRAINMOD‐
Forest model for predicting water, soil carbon, and nitrogen
dynamics and plant growth in drained forests. PhD diss. Raleigh,
N.C.: North Carolina State University, Department of Biological
and Agricultural Engineering.

Tian, S., M. A. Youssef, R. W. Skaggs, D. M. Amatya, and, L. T.
Nigm. 2009. Development and application of the forestry
version of DRAINMOD‐NII model. ASABE Paper No. 097129.
St. Joseph, Mich.: ASABE.

Tian, S., M. Youssef, R. W. Skaggs, D. M. Amatya, and G. M.
Chescheir. 2010. Field evaluations of a forestry version of
DRAINMOD‐NII model. In Proc. ASABE 9th Intl. Drainage
Symposium (IDS). St. Joseph, Mich.: ASABE.

Tian, S., M. A. Youssef, R. W. Skaggs, D. M. Amatya, and G. M.
Chescheir. 2012. Modeling water, carbon, and nitrogen
dynamics for two drained pine plantations under intensive
management practices. Forest Ecol. and Mgmt. 264 (2012):
20‐36.



2066 TRANSACTIONS OF THE ASABE

Wells, J. M., and S. Cohen. 1996. Canopy structure measurement by
gap fraction analysis using commercial instrumentation. J. Exp.
Botany 47(302): 1335‐1342.

Wells, J. M., and J. M. Norman. 1991. Instrument for indirect
measurement of canopy architecture. Agron. J. 83(1): 818‐825.

Woodward, F. I. 1983. The significance of interspecific differences
in specific leaf area to the growth of selected herbaceous species
from different altitudes. New Phytologist 95(2): 313‐323.

Zhang, Y., C. Li, C. C. Trettin, H. Li, and G. Sun. 2002. An
integrated model of soil, hydrology, and vegetation for carbon
dynamics in wetland ecosystems. Global Biogeochem. Cycles
16(4): 1061‐1077, doi:10.1029/2001GB001838.


