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ABSTRACT

Site-index models based on dominant height and age are commonly accepted measures of site productivity in
forest plantations. Therefore, reliable estimates of dominant height over time are critical, as they provide the
foundations for site productivity estimates used in growth and yield models. Forest site productivity depends on
the combination of many environmental factors, whereas tree height is only a general proxy indicator of these
factors interacting over time, and as such, subject to large errors. Hence, selection of appropriate environmental
variables along with field-based data is expected to result in more consistent estimates. Although previous
studies have incorporated climatic variables into site-index models, there is still a lack of understanding among
the forest research community with respect to the selection of suitable climatic variables. Models including
climatic water balance components such as water-deficit and excess-water are scarce. These components are
especially important to address the influence of drought on plant growth. The main objective of this study is to
evaluate the change in dominant height estimates of forest stands with respect to changes in water balance
components. High-resolution actual evapotranspiration (AET) and potential evapotranspiration (PET) were
combined to determine water excess/deficit of sites. These were incorporated into a loblolly pine polymorphic
site index model using a generalized algebraic difference approach and maximum likelihood calibration methods
that accounted for long-term uncertainty in the results. Our model further improves the precision in dominant
height estimates for loblolly pine in the southeast US.

1. Introduction

Since the mid-twentieth century, the US forest sector has witnessed
extraordinary increase in the pine plantation acreage, especially in the
South. In the 1950s, only about 900,000 ha of pine plantation existed in
the region, it has dramatically increased more than twenty times in just
50 years (Fox et al., 2004). Loblolly pine (Pinus taeda L.) is one of the
most important planted tree species in the South and covers more than
14 million hectares with a projected area of about 22 million hectares
by 2040 (Restrepo et al., 2019; Sabatia and Burkhart, 2014). This in-
crease resulted in an increase in growth and yield studies conducted for
loblolly pine in the region. The surge in growth modeling studies has
produced some commendable results regarding plantation, manage-
ment and silvicultural requirements of this popular tree species
(Borders et al., 2014, 2004; Harrison and Borders, 1996; Zhao et al.,
2019).

The height and diameter growth of a tree depend on the overall
productivity of the site, which, in turn, depends on several factors such
as climate, water, soil, topography and others. In forestry, the common
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and widely accepted indirect method of assessing site productivity is
site index (SI), which is based on the relationship between tree height
and their age at a given site. Although several geocentric site pro-
ductivity indicators based on climate, soil, or topography are ex-
tensively used in agricultural sector, it is not always considered prac-
tical in forestry because of high cost in data collection and higher
variability among forest sites. Therefore, the geocentric approach based
on one or more easily measured tree or stand variables gained popu-
larity in forestry (Skovsgaard and Vanclay, 2013). In the US context,
site index is generally calculated by averaging the total heights of
dominant and codominant trees in well-stocked, even-aged stands at a
specified index (base) age (e.g. 25 or 50 years) (Graves, 1907). The
universally accepted definition of dominant (top) height for de-
termining site index does not exist. For example, the number of domi-
nant trees are not important in the US definition, but in Europe, the 100
thickest trees per hectare or the 20% thickest trees in the stand are
generally used (Sharma et al., 2002).

A dominant height curve developed from the site index equation
gives the average dominant height of the stand over the ages of data
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Fig. 1. Map of study area showing the 18 Western Gulf Culture Density study installations with black dots across Arkansas, Louisiana, Mississippi and Texas.

utilized. This also assumes an average climatic condition during the
growth period. Curves developed for dominant height equations can be
either polymorphic or anamorphic and are commonly derived from
three different techniques: guide curve, parameter prediction and dif-
ferential equation methods (Clutter et al., 1983). Bailey and Clutter
(1974) proposed an algebraic difference approach (ADA) to derive
dominant height equations based on the differential equation principle.
This type of equation had only one site-specific parameter and the re-
sulting dominant height curves were anamorphic in nature. Cieszewski
and Bailey (2000) expanded the ADA and made it more flexible by
allowing more than one site-specific parameter in the model, keeping
the equation as base age invariant. Base-age invariant means the
models are not sensitive to the base-age selected and any formulation of
models lead to the same parameter estimates independent of the base-
age selected. Height curves produced this way can be either ana-
morphic or polymorphic in nature. Since its development, this ap-
proach, also known as the generalized algebraic difference approach
(GADA), has been extensively used to model dominant-height and age
of forest stands (Carvalho and Parresol, 2005; Diéguez-Aranda et al.,
2006; Ozcelik et al., 2019; Weiskittel et al., 2009).

Researchers have previously attempted to incorporate climatic and
biophysical variables into site index equations (Monserud et al., 2006;
Sabatia and Burkhart, 2014; Wang et al., 2004). However, such models
have hardly been used by industrial foresters or implemented in growth
and yield simulators commonly used in the South East US (Peay, 2019).
A possible reason for that is a practice of incorporating all possible
climatic variables in a model, which will not only compromise in model
bias but also increase the model complexity. On the other hand, a more
parsimonious model will grant unbiasedness at the cost of generality.

Loblolly pine growth is affected by several environmental factors
and water availability is one of the important factors among them
(Lambers et al., 2008; Landsberg et al., 2003). Continuous availability
of water to the plants sustains the photosynthesis process, which plays a

vital role in energy production, plant growth and wood formation.
During droughts, because of stress, plants close stomata to offset water
loss from water deficit (Gonzalez-Benecke et al., 2010). This causes
slower growth and impacts important plant metabolisms. The clima-
tological water balance in hydrology consists of an interesting re-
lationship between soil water holding capacity, precipitation, actual
evapotranspiration (AET) and potential evapotranspiration (PET)
(Thornthwaite et al., 1957). Water deficit (WD) occurs when the eva-
potranspiration from the ground surface and plants is higher than
precipitation in the given period, it is calculated as the difference be-
tween PET and AET. Excess water (EW) occurs when the amount of
precipitation is higher than that of evapotranspiration; it is the surplus
water that was not absorbed by the soil when soil moisture is at field
capacity. The available water (AW) is the water that is available to use
by the plants for their photosynthetic and other activities. Several im-
portant climatic and biophysiological factors such as precipitation,
solar radiation, soil properties, plant water use capacity and others are
used to calculate these water balance variables. Therefore, we believe
that incorporating water balance variables in the dominant height/site
index models can provide a better prediction of site productivity. The
main objectives of this study were to evaluate the change in dominant
height estimates of forest stands with respect to change in water bal-
ance components and to develop base-age invariant polymorphic site
index and dominant height models that can directly incorporate these
climatic variables and improve precision in dominant height estimates
in the southeast US.

2. Materials and methods
2.1. Study area

Data utilized in this study came from the Western Gulf Culture
Density study (WGCDS) managed by the Plantation Management
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Western Gulf Culture Density study soil groups based on drainage class and depth to subsurface restrictive layer.

WGCDS Soil Group Drainage Class

Depth to Subsurface Restrictive Layer (m)

Moderately well to well
Moderately well to well

o0 w>

Poorly to somewhat poorly
Poorly to somewhat poorly

< 0.508
< 0.508
< 0.508
< 0.508

Research Cooperative at the University of Georgia. Installations ex-
amining planting density, cultural treatment intensity, and thinning of
loblolly pine were established at 18 locations in Arkansas, Louisiana,
Texas, and Mississippi during the 2000/2001, 2001/2002, and 2002/
2003 dormant seasons (Fig. 1). Each installation consisted 16 plots, of
which six plots included thinning as a treatment. For this study, only
data from the 10 unthinned plots per installation were taken into
consideration. These 10 plots represent a unique combination of five
planting densities (494, 1112, 1730, 2347, and 2965 trees per hectare
TPH) x two silvicultural intensities (intensive and maximum). Treat-
ment plot size ranges from 0.09 to 0.22 ha.

Data from 176 plots out of 180 potential unthinned plots were used
in this research; four plots were excluded due to excessive mortality.
The study represented major soil types prevalent in the Western Gulf
region of the United States; these soil groups were based on drainage
class and depth to a subsurface restrictive layer (Table 1). All sites had
previously been forested, thus sites were mechanically site prepared
according to the soil group and planted with loblolly pine. Each site was
planted with the best open-pollinated family for that location as de-
termined by the industrial cooperators. Each planting spot was double
planted to ensure good survival, with one of the seedlings cut at ground
line in the fall following planting as needed to leave one seedling per
planting spot. Plots were fertilized according to the two levels of cul-
tural intensities, intensive and maximum (Kane et al., 2011). In addi-
tion, insecticide was applied for tip moth (Rhyacionia frustrana) control
in the first and second growing seasons.

2.2. Field measurements

All trees were measured for diameter at breast height (dbh) at each
measurement while total height (HT) was measured for all trees only up
to age 6. After that, total heights were measured on all trees for the
plots with 494 TPH, every other tree for the 1112 TPH and every third
tree for the higher planting densities. After the 8th growing season,
height to the base of the live crown was measured on all trees that were
measured for total height. Only field measured trees were used in
dominant height modeling in this research. Following standard
Plantation Management Research Cooperative’s guidelines, the domi-
nant and co-dominant trees were classified as live, non-defective trees,
with dbh greater than average dbh of all trees on the plot at each age.
This practice has also been adopted in other studies in the region
(Gallagher et al., 2019; Sabatia and Burkhart, 2014; Sharma et al.,
2002; Wang et al., 2020). Individual tree, outside bark cubic meter
volume was calculated by modifying Pienaar et al. (1987) cubic feet
volume equation. The sum of all individual tree volumes in a plot was
then divided by area of the plot to get per hectare volume in the stand.
The age range of the loblolly pine stands for this study was from 2 to
18 years. More details on all field measurement is presented in
Gallagher et al. (2019).

2.3. Water balance data

The DAYMET climatic information from Oak Ridge National
Laboratory was used to obtain monthly minimum and maximum tem-
perature, precipitation and solar radiation data. This data consists of a
1 km? grids with extrapolation of daily weather data from various

weather stations in the US. The data was processed to obtain average
annual values for 2000 to 2018. The extent of all raster datasets was
fixed with a common projection system. After that, these data were
masked for our study area of the Western Gulf region. The potential
evapotranspiration was then calculated using Hargreaves and Samani
(1982) temperature-based equation as it is considered as a one of
standard PET calculation methods:

Erc = 0.0023 % Ry * (T + 17.8) % Tp>°

where

R4 = mean radiation (millimeters/day), which is a function of the
latitude

Tz = temperature difference = mean daily maximum temperature —
mean daily minimum temperature (Celsius)

T = mean air temperature (Celsius)

When the amount of precipitation was lower than the evapo-
transpiration, the water deficit value was calculated by subtracting
precipitation by potential evapotranspiration. Likewise, when the
amount of precipitation was higher than the potential evapotranspira-
tion, the excess water value was calculated by subtracting potential
evapotranspiration from precipitation.

n
WD = )} [PET, > R;](PET, — R)

i=1

n
EW = Y [PET; < R;](R; — PET))

i=1

where, WD and EW are already explained above, PET is the potential
evapotranspiration and R is the rainfall or precipitation. The raster
layers of final water balance dataset which were incorporated in the
dominant height models are presented in Fig. 2.

2.4. Modeling approach

Four commonly used forms of dominant height equations with three
parameters were used as base models in this study: the Schumacher
function (Schumacher, 1939), Chapman-Richards function (Chapman,
1961; Richards, 1959), Lundqvist-Korf function (Lundqvist, 1957) and
Hossfeld IV function (Cieszewski, 2003), respectively. The Schumacher
function is widely used in growth and yield studies throughout the
world. Several authors have successfully modified this function into
ADA and GADA type site index models. The Chapman-Richards func-
tion, also known as the Bertalanffy-Richards growth model, is another
popular exponential type function, which is frequently used in site-
index modeling (Chapman, 1961; Diéguez-Aranda et al., 2006;
Richards, 1959). The Lundqvist-Korf function is a generalization of
Schumacher function and is considered very suitable for height mod-
eling and preferred by foresters from central European countries
(Lundqvist, 1957). The Hossfeld IV is another commonly used site index
model, which has a fractional type function (Cieszewski, 2003). All four
models used in this study had three parameters, among which two
parameters were set as site-specific parameters during GADA formula-
tion. These four base growth functions for dominant height estimation
are presented as models 1 to 4 and labeled M1, M2, M3 and M4,
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Fig. 2. Map showing water deficit (WD), excess water (EW) and available water (AW) in millimeters for Western Gulf region using 1 km? grid.

respectively.
Schumacher function: HD = exp(a + bA") (M1)
Chapman-Richards function: HD = a{l — exp (bA)}¢ (M2)
Lundgvist-Korf function: HD = aexp (i)
AC (M3)
a

Hossfeld IV function: HD = ——

1+ bA™ (M4)

where HD is the dominant height of the even-aged forest stand at age A,
and q, b and c are the parameters to be estimated.

2.4.1. Dominant height projection

The base age invariant site index models were first conceptualized
by Bailey and Clutter (1974), which was later termed as the algebraic
difference approach or ADA models. Cieszewski and Bailey (2000) ex-
tended the ADA model into a more generalized form by allowing more
than one site specific parameter to the base model, making it more
dynamic and termed GADA. In GADA models, any number of para-
meters can be considered as site-specific parameters with the in-
troduction of an unobserved site index usually referred to as un-
observable site variable . This variable  is presumed as a function of
the factors associated with forest sites and affects the tree height growth
(Krumland and Eng, 2005). During the initial phase of modeling, the
exact value and form of  is unknown; it is only used during the later
stages of model development. Therefore, its value is predicted si-
multaneously with the global parameters. The GADA formulations of
our four base models along with the site-specific parameters are pre-
sented in Table 2. All four models had two site-specific parameters in
order to account for the variability among the sites.

2.4.2. Model fitting and validation

The five-fold cross validation approach of model fitting and vali-
dation was used in this study. This approach involves randomly di-
viding the set of observations into K groups or folds (5 groups in our

Table 2

case), of approximately equal size. The first group of the data is con-
sidered as a validation data set, and the remaining folds i.e. (K-1) are
used for model fitting. The parameter estimates for the dominant height
models were obtained from the fit data, and later those estimates were
used to predict the dominant height growth for the validation data set.

The four site index models were compared based on five model
fitting and validation statistics, Akaike information criterion (AIC) and
root mean square error (RMSE) as fitting statistics and mean difference
(MD) between observed and predicted dominant heights, mean abso-
lute difference (MAD), and fit index (FI) as five-fold cross validation
statistics.

AIC = —2loglik + 2k .
. M 3)
N W ()]
proqo S Gim B2

s (5)

where, k is the number of parameters in the model, Y; is the observed
dominant height, ¥; is the predicted dominant height and ¥; is the mean
value of Y.

2.4.3. Incorporation of water balance variables in the model

In order to incorporate relevant climatic water balance variables in
our best model from GADA procedure, the LASSO (least absolute
shrinkage and selection operator) regression approach was used. LASSO
is a type of penalized regression (Tibshirani, 2011, 1996), which has
gained interests in recent years among statistics and machine learning

Table showing the formulation of GADA models for all four base models. Note that each model has two site-specific parameters.

Base Models

Site-specific Parameters

GADA Model Forms

Schumacher: a=b+x
HD = exp(a + bA®) b=0by+ by

Chapman-Richards: a = exp(x)
HD = afl — exp(bA)}* c=by + by

Korf: a = exp(y)

HD = aexp(%) b=bix
Hossfeld IV: a=b+x
HD = 1 b= by/x

HD = exp (b1 + xy + (b2 + b3xy) Aba)

HD = exp(xy) * (1 — exp (by A)b2+b3/x0)

b
HD = exz)(xwexp(%)

b1+
HD = —1"%0
1+boyy A°3
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communities in the wake of the high dimensional nature of current data
sets (Zhao and Yu, 2006). In the context of linear and generalized linear
models, it is currently one of the most popular methods of model se-
lection (Nardi and Rinaldo, 2011). Penalized regression methods at-
tempt to achieve two fundamental goals of regression, predicting ac-
curately and selecting the relevant variables, simultaneously. LASSO
has two major advantages over classical variable selection methods
such as subset selection, and forward or backward selection. First, it
performs continuous selection of the variables, which makes it more
stable than other procedures. Second, it is more computationally fea-
sible for larger data sets like those in this study.

The three major variables associated with water balance compo-
nents excess water, water deficit and available water, along with tree
age were used as response variables in the LASSO procedures. As four
non-linear models were used in this study, we needed to linearize the
best GADA model to run LASSO and incorporate climatic variables. The
“glmnet” R language package was used for the LASSO computation
(Friedman et al., 2010).

3. Results

This paper utilized data from Western Gulf culture density study
managed by the University of Georgia. A total of 176 intensively
managed unthinned loblolly pine stands were considered for our ana-
lysis. Table 3 contains the summary statistics for stand level variables
for both fitting and validation datasets that were randomly divided by
the five-fold cross validation process. The fitting datasets had an
average dominant height of 9.5 m, stand density of 1155 TPH, basal
area of 13.6 m? per hectare, and volume of 52.6 m® per hectare.
Likewise, the validation dataset had an average dominant height of
9.7 m dominant height, stand density of 1049 trees per hectare, basal
area of 13.2 m? per hectare, and volume of 52.5 m°®. The observed
dominant heights at each measurement age for both datasets are pre-
sented in Fig. 3.

3.1. Model performance and selection

Four dominant height models to measure the site productivity of
loblolly pine in the Western Gulf region were fitted using base-age in-
variant dynamic equations. Parameterization of all four models were
carried out employing the maximum likelihood estimation framework
to find optimal values for each parameter. The parameter estimates and
their standard errors for the global parameters in all four models along
with the fit and validation statistics are presented in Table 4. Para-
meters for each model were estimated from fit datasets while the va-
lidation statistics were calculated from validation datasets. In terms of
fit statistics, the RMSE values for all models were lower around 1 m; the
lowest value was for model M3, the Lundqvist-Korf model. The AIC
value of M2 Chapman-Richards model was lowest among all four. The

Table 3
Summary statistics of stand characteristics for fitting and validation datasets
from all unthinned plots of the WGCD study.

Dataset N Variable Mean Minimum Maximum SD

Fitting 1342 Stand Age (years) 7.8 2 18 4.5
Dominant height (m) 9.5 1.7 25.8 5.4
Volume (m®/ha) 52.6  0.02 530.8 59.5
Stand density (trees/ 1155 74 2990 763
ha)
Basal Area (m?/ha) 13.6  0.003 78 11.04

Validation 336 Stand Age (years) 8.02 2 18 4.4
Dominant height (m) 9.7 1.6 23.9 5.2
Volume (m®/ha) 52.5 0.01 424.6 63.5

Stand density (trees/ 1049
ha)
Basal Area (ft?/ha) 13.2  0.02 65.2 11.2

124 2965 679
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lower value of AIC in Chapman-Richards model might be the result of
higher number of parameters in the model than the Lundqvist-Korf.

Regarding validation statistics, the mean difference between ob-
served and predicted values was lowest in model M3, the Lundqvist-
Korf model. Similarly, the mean absolute difference was lowest for M3.
All models were able to explain more than 90 percent of the variation in
height predictions. Among them, the highest fit index value of 0.981
(~98%) was for model M3, Lundqvist-Korf model. However, models
M1 and M4 also performed well. The Chapman-Richards model had the
poorest fit with highest RMSE, mean differences and the lowest fit index
values. Models M1, and M4 performed consistently well in validation
statistics. However, model M1 had higher AIC values than other
models. Likewise, model M4 had comparatively larger error and bias
(mean difference) than M3. Therefore, based on the fit and validation
statistics, model M3 was selected to be the best model. This model also
had the lowest number of parameters among evaluated models. Despite
its selection as the best model based on validation statistics, model M3
was further compared with other three models in terms of the dis-
tribution of residuals.

Evaluation of residuals for all models showed that models M1 and
M4 exhibited some degree of bias and heteroscedasticity (Fig. 4). The
Chapman-Richards M2 model clearly demonstrated higher levels of bias
and non-constant variance of the residuals with increasing height. The
residuals of model M3 were symmetrically distributed and clustered
around zero. Model M3 outperformed other models based on residual
plot analysis.

After examination of residuals, the prediction capabilities of all four
models were evaluated. Guide curves for site index value of 25 m at
base age 25 years and planting density of 1730 trees per hectare with
intensive culture were constructed to examine extrapolative behavior of
all four models through age 35 (Fig. 5). Models M1 and M4 showed
similar prediction of dominant heights up to base age 25 years. After
that, M4 underpredicted dominant height compared to other models.
The Chapman-Richards model (M2) performed well in terms of pre-
diction through age 25. However, model M3 visually performed better
than other models in terms of prediction capability.

The predicted dominant height curves for three site index values (SI
20, 25, 30 m) at base age 25 years were constructed for all models
(Fig. 6). These curves were overlaid on the entire observed dominant
height datasets. The site index plots revealed that model M3 adequately
represented observed values while predicting dominant heights with
less bias. Models M1 and M4 overpredicted dominant heights at
younger ages on sites with higher site indices. Models M1, M2 and M4
were compared against model M3 as the model for comparison based
on M3 having the best fit statistics (Fig. 7). The comparison plot for a
site index value of 25 m at base age 25 years showed that prediction
line from model M2 was closer to M3 through base age. Based on va-
lidation statistics as well as graphical analysis, model M3, the Lundg-
vist-Korf dominant height function was selected as the best model for
the given dataset in the Western Gulf region of the United States. The
final model proposed for dominant height prediction and site index
based on entire dataset is given as:

—1.031 * x,
HD = eXp(xo)eXp(W)
where y, = ln(fﬁ))n
10.323

The model including the base age ¢, (i.e. 25 year in our case) and
site index Hy at base age is give as:

In(Hp)

HD(t, to, Ho) = exp| ——— o7 | * exp

0323
Lo

—1.031 % In(H,)

—1.031
1 + [8'323



A. Koirala, et al.

Fit data

25 -

20

Dominant height (m)
o
1

Age (years)

Forest Ecology and Management 479 (2021) 118610

Validation data
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Fig. 3. Dominant height growth trajectories for fitting and validation datasets. Each line represents a plot from the field measurements.

3.2. Model with climatic variables

As model M3, the Lundqvist-Korf model, was regarded as the best
model for dominant height prediction for our dataset, we incorporated
climatic water balance variables in the model. The LASSO variable se-
lection procedure was utilized to select among three water balance
variables, water deficit (WD), excess water (EW) and available water
(AW). This procedure was developed specifically for linear models,
therefore, the Lundqvist-Korf model, in its non-linear form, needed to
be linearized. The linearization process of the Lundqvist-Korf model in
order to incorporate climatic variables follows:

H= Boexp(%),where H is dominant height and A is age taking
natural logarithm (In) on both sides, inspired by Bailey and Clutter
(1974),

1 m
In(H) = In(B,) + /31(;)
taking derivative with respect to age,
1 m+1
B ml=
b (A)

taking natural logarithm (In) on both sides again:

dH
1n(%ﬁ) =In(—B,m) + (m + l)ln(%)

1dH _
HdA

Table 4

The derivative term % can be approximated by using the mid points

of the difference equation, i.e. dH ~ H, — H;; H = M, where H, and

H;, are heights at age 2 (A4,) and age 1 (A4)); and dA = A, — Aj;
A= Ay +A1.

2
Now, replacing these values into the previous equation:

ol —2_(HB-H)_ o —2
H,+ HH\ A — A hTh A + A

where y =In(—-gm) and y =m + 1

The value of m can be easily calculated using the presented coeffi-
cient (y). Hence, the final linearized version of Lundqvist-Korf equa-
tion, including water balance variables is given as:

In(H) = by + byIn(WD) + bIn(EW) + bsln(AW) + m(i)
A (M5)
where WD = water deficit, EW = excess water, AW = available water,
and A" = Age™
The linearized Lundqvist-Korf model (M5) was then evaluated for
variable selection with the LASSO procedure. Water deficit and avail-
able water were selected as defining predictors of site productivity in
the Western Gulf region by this process. Water deficit negatively im-
pacted site productivity with a higher impact on the further western
portion of the region near east Texas. Available water, on the other
hand, had a positive impact on productivity. The dominant height
projection from the new equation (M5) had lower AIC and RMSE values

Parameter estimates from the entire dataset, and their corresponding goodness-of-fit statistics from the fivefold evaluation for GADA models.

Model Parameter Estimate Std. Error Fit statistics Five-fold validation statistics
RMSE AIC MD MAD FI

M1 b0 —3.809 0.006 0.902 -1607.7 0.051 0.506 0.977
bl —1194.9 0.043
b2 142.2 0.005
b3 —0.389 0.002

M2 bo —0.003 0.089 1.317 —2346.4 —0.309 0.847 0.935
bl -1.41 0.023
b2 15.176 1.001

M3 bo —1.031 0.033 0.783 —2290.9 0.025 0.497 0.981
bl 0.323 0.117

M4 b0 38.099 2.305 0.818 -1243.4 —0.047 0.578 0.979
bl 19.167 1.914

b2 —1.295 0.077
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Fig. 4. Plot of residuals against predicted dominant height (m) for four site index GADA models. The color dots indicate each measurement plot from the study. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Guide curves constructed from all four dominant height models overlaid
with the observed dominant heights for the entire WGCD loblolly pine plan-
tation dataset.

for the fitting dataset compared to the best GADA model (i.e. M3).
Model M5 had a slightly higher MD value than M3, but it had a lower
MAD value. The fit index value for M5 was very similar to that of M3
(Table 5). The site index map created from spatial regression using
model M5 showed that the Western Gulf region had site index (or
productivity) value up to 22 m (Fig. 8). In other words, some parts of
the Western Gulf region, especially on the eastern side near the Mis-
sissippi river had the highest predicted loblolly pine productivity. The

western side of the region had relatively lower productivity for loblolly
pine height growth. Overall, based on site index map (Fig. 8) and the
water deficit map (Fig. 3), we concluded that the areas with higher
water deficit had lower site index values for loblolly pine.

4. Discussion

The main objective of this study was to develop a suitable site index
model to predict dominant height growth (or site productivity) of lo-
blolly pine plantations in the Western Gulf region by incorporating
water balance variables into a traditional site index modeling frame-
work to aid forest land managers. Site index is considered as a reliable
proxy for the site productivity and many silvicultural and economic
decisions pertaining to plantation forestry are based on site index va-
lues. Site index determination is also regarded as one of the first steps in
whole stand growth and yield modeling process. Loblolly pine is the
most important planted tree species in the US South in terms of planting
acreage, growing stock, harvesting intensity and economic impact
(Oswalt et al., 2019). Researchers in the past have used various site
index model forms to predict dominant height of loblolly pine stands in
the US South based solely on tree measurement data (Amateis and
Burkhart, 1985; Cao, 1993; Cao et al., 1997; Diéguez-Aranda et al.,
2006; McDill and Amateis, 1992). Recently, site index models com-
bining both tree measurement data and biophysical information have
also been applied to loblolly pine plantations (Sabatia and Burkhart,
2014; Subedi and Fox, 2016). This study modeled site index in two
separate modeling steps. In the first step, similar to traditional site
index modeling, only tree measurements data were fitted on four base-
age invariant dynamic models. In these cases, we assumed that the
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Table 5
Fitting and validation statistics for two forms of the Lundqvist-Korf model (M3
and M5).

Model RMSE AIC MD MAD FI
M3 0.783 —2290.9 0.025 0.497 0.981
M5 0.615 —2457.2 0.141 0.288 0.980

variability related to sites could be addressed by unobservable site-
specific parameters in the models. The second step involved

incorporating climatic variables in the best model selected from first
step. Using this approach, either of the model (with or without climatic
variables) can be used to predict dominant heights depending on data
availability for the region.

In this study the Lundqvist-Korf model derived using the GADA
method outperformed other candidate models. This result differs from
other studies carried out in the western part of our study region (i.e.
east Texas) (Coble and Lee, 2010; Trim et al., 2019). Though it should
be noted that neither of these studies had considered the Lundqvist-Korf
model for evaluation. Trim et al. (2019) found that the Chapman-Ri-
chards and McDill-Amateis models were the best models for their study
area. Our results also confirmed the lowest AIC value for the Chapman-
Richards model. However, it was outperformed by the Lundqvist-Korf
model in terms of validation statistics, residual analysis and prediction.
The fit index for all models were greater than 93%, which implies the
high predictive capabilities of all models investigated. Like previous
studies, both Lundqvist-Korf and Chapman-Richards GADA models
performed better in height prediction before the base age 25 (Fig. 5).
With the use of advance modeling techniques such as Bayesian methods
and machine learning, Lundqvist-Korf and Chapman-Richards models
could be further investigated in future.

Site index assessment based solely on tree measurement data has
always been a concern for silviculturalists and forest ecologists.
Accurate assessments of site index can only be achieved by under-
standing complex interaction between soil properties, climate, silvi-
cultural treatment, and tree physiology. Early studies in the 1960s and
70s had attempted to develop soil property based site index for several
tree species in the South. Nevertheless, foresters recognized the huge
variability associated with soil properties even over small areas.
Inclusion of climatic variables in site index models has gained popu-
larity with readily available climatic data from weather stations and
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national databases. This study used water balance components as cli-
matic variables in dominant height and site index modeling. These
variables are based on daily temperature, precipitation and solar ra-
diation information. The inclusion of these variables into the height
growth models allowed more accurate estimates of loblolly pine
dominant heights in the Western Gulf. Water deficit was the defining
climatic variable for dominant height growth and had a negative impact
on the height growth estimates. Lower precipitation typical in the
Western Gulf region increased water deficit and drought level, which in
turn impacts the site productivity. Our results showed that areas closer
to the Mississippi river basin had comparatively higher site index va-
lues, matching the understanding that areas near the Mississippi basin
are more fertile.

5. Conclusion

This study indicated two forms of the Lundqvist-Korf model as the
best dominant height models for loblolly pine plantations in the
Western Gulf region. The modified Lundqvist-Korf model with GADA
formulation was considered the best model for predicting dominant
height growth out of field measurement data. The results indicated that
the performance of the Lundqvist-Korf model to predict dominant
height can be further improved through a reparameterization that in-
cludes a simplified indicator of water stress, the water deficit. The in-
clusion of this variable resulted in similar estimates as the empirical
Lundqvist-Korf model without climatic variable. This implies that the
statistical and biological properties of the model were not compromised
during the process. However, model with climatic variable performed
better in terms of fit and validation statistics than the one without
climatic variable. Forest managers have the flexibility to use either of
the models based on their data availability. A dominant height model
and its corresponding site index estimator that includes a landscape
level auxiliary variable is a step forward for loblolly pine site pro-
ductivity modeling in the Western Gulf region of the US South. The
variable selection methodology used in this study provides a new way
to evaluate the appropriateness of adding auxiliary information into a
model, provided it can be linearized.
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