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ABSTRACT

Understanding the effects of environmental factors on stand growth is
important in optimizing forest management plans. This study investigated the
effects of soil and climate factors on the height growth (site index) of loblolly pine
(Pinus Taeda L.) using data collected from permanent plots established in
intensively-managed plantations across East Texas and Western Louisiana. The
Chapman-Richards model was selected as the base model to describe the
height-age relationships and important soil and climate variables were
incorporated into the models as model parameter coefficient adjustors. Our
results showed that the most important factors for predicting site index were
nitrogen content of B horizon for soil and precipitation in spring and fall. Three
models were developed, with one incorporating nitrogen of B horizon, one
incorporating spring and fall precipitation, and the last one incorporating both the
soil and climate variables. An increase in nitrogen content in B horizon and an
increase in spring precipitation increased the tree height, but an increase in fall
precipitation slowed tree height growth. The log-likelihood ratio tests showed that

all three models had significantly smaller AIC than the base model. Compared to



the base model, the three models also had larger model coefficient of
determination (R?), smaller root mean squared error, and bias. All three models
can be used to estimate site index of intensively-managed loblolly pine
plantations in the region, but data used in this study were not large, and,

therefore, caution should be taken in their application.

Key words: height-age relationship, site index, soil and climate, growth and yield

modeling, loblolly pine plantations.
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INTRODUCTION

Since industrial forest landowners in East Texas converted their non-
planted timber stands to loblolly (Pinus taeda L.) and slash (Pinus elliotti E.) pine
plantations, sizeable portions of the land are predominantly occupied by loblolly
pine. This is estimated to occupy approximately 80 percent of the converted
acreage (Clutter et al. 1983). To efficiently manage these plantations, developing
models that can predict accurate and reliable stand structure information is

indispensable.

To meet this need, the Arthur Temple College of Forestry at Stephen F.
Austin State University (SFASU) and some forest management companies
initiated the East Texas Pine Plantation Research Program (ETPPRP) in 1982
(Lenhart et al. 1985). This was to provide quantitative information for managing
loblolly and slash pine plantations. During the Phase | study (1982 to 2015), over
260 plots were established in extensively managed (sites-treated with shearing,
chopping, windrowing, and burning) loblolly and slash pine plantations across
east Texas. Given the substantial changes in silviculture from extensive to

intensive (e.g. sites receiving intermediate silvicultural treatments such as



thinning, prescribed burning, fertilizer, or mid-rotation competition control)
management beginning in the 1990s, a Phase Il was established with 135
permanent plots in intensively managed pine plantations across east Texas and

western Louisiana.

Site index (SI) is widely utilized to indirectly describe the growth potential
of forestlands and several equations have been used to predict Sl. Blackard
(1986), Lenhart et al. (1986), Kallus (1989), and Coble and Lee (2006 & 2010)
developed models that predicted Sl using data from Phase | study which are
extensively managed pine plantations. However, there is a dearth of models to
predict the Sl for intensively managed loblolly pine plantations. Priest et al.
(2016) developed loblolly pine site index for reclaimed mine lands that underwent
different soil replacement procedures. Recently, Trim et al. (2020) published a
new site index model for intensively managed loblolly pine plantations in the
region using data of ETPPRP Phase Il plots. All these models, while focused on
height-age relationships, did not account for environmental (e.g. soil and climate)
influences on height growth.

Biophysical factors are important drivers of forest plantations and changes
in these factors may influence plantations productivity (Sabatia & Burkhart,
2014). The relationships between biophysical factors and loblolly pine growth and
survival in east Texas have been investigated; Brown (1994) examined the

relationships between climatic variables (precipitation, temperature and number



of rain days) and loblolly pine growth and mortality and found height growth was
significantly affected by these variables. Beer (2009) analyzed the correlations
between soil variables and Sl for extensively managed loblolly pine and indicated
that percentage of clay in the top soil was best predictor of SI. Both Brown (1994)
and Beer (2009) focused on relationships between height growth and soil/climate
variables of extensively managed plantations, without incorporating climate
and/soil variables into SI models. Information regarding the effects of soil and
climate variables on loblolly height growth by incorporating soil and climate
variables into SI models for intensively managed loblolly pine plantations is
lacking. Many factors, both biotic and abiotic, may influence the growth of pine,
either positively or negatively. Therefore, incorporating climate and soil variables
into SI models may improve our understanding of how these factors affect height
growth and improve model efficiency.

In response, this study involved integrating selected abiotic factors,
including soil properties and climate variables, into SI models to study their
effects on height growth of pine plantations in east Texas and western Louisiana.
Climate and soil data from the ETPPRP Phase Il plots were used in the

prediction models.



OBJECTIVES

The objectives of this research were to:

1) Develop a new SI model that incorporates climate and soil variables into SI
models.

2) Investigate the relationships between tree height growth and climate and
soil variables

3) Compare texture class of the soils to those obtained from USDA Natural

Resource Conservation Services online database.



LITERATURE REVIEW

Overview

Loblolly pine is the most widely cultivated timber species in the Southern
United States and is considered an important commodity because of its value
(Schultz, 1997). Subjected to intensive breeding programs, it is widely planted for
both pulpwood and solid wood products.

In southern United States (US), a significant proportion of forestlands is
occupied by pine plantations. Forestlands were estimated to be about 214 million
acres and this includes about 24.7 million acres of pine plantations and 35 million
acre of naturally regenerated pine plantations (Zhao et al. 2016). Texas is a top
manufacturing state for wood-based industries estimated to have over 14.2
million acres of commercial timberland from a total of about 59.7 million acres of
forestlands (Joshi et al. 2014). The forest sector has been a valuable resource
since its earliest days, playing a key role by contributing to the state’s history and

to local economies. In east Texas, timberland occupies 23 percent of forestlands.



Most of these are loblolly pine plantations accounting for about 58 percent
of the timberland area in east Texas, with an average of 35.8 tons per acre.
Annual measurements and inventory prepared by the Texas A&M Forest Service
in partnership with the U.S Forest Service in this region shows an estimated
434.6 billion tons of biomass on timberland in east Texas (49 percent of this are
softwood species); with timberland averaging annual net-growth estimated at
14.98 million tons (87 percent of this are softwoods (Edgar and Zehnder 2015)).

Loblolly pine silviculture has improved substantially over the years. Prior to
1990, loblolly pine plantations in east Texas were generally managed
extensively, i.e. sites were treated with shearing, chopping, windrowing, and
burning, but usually no other treatments were applied (Colbert et al. 1990;
Albaugh et al. 1998; Jokela and Martin 2000). Growth and yield (G&Y) models
have been developed for extensively managed plantations in south US (Bennett
et al. 1959; Coile and Schumacher 1964; Bennett 1970; Burkhart 1971),
including east Texas (Lenhart, 1971). Starting in the 1990s, intensive
management activities such as thinning, prescribed burning, fertilization, planting
genetically improved seedlings, or mid-rotation competition control were widely
applied (Fox et al. 2007). These intensive management practices are expected to
enhance plantation productivity substantially. Therefore, growth and yield models
for intensively managed plantations should be developed to reflect changes in

silvicultural practices.



Site index (SI) is the most common metric used around the world to
measure the potential of forest site quality. It aids in evaluating the quality of
forest sites and helps determine optimal management options. Sl is defined as
the average height of dominant and co-dominant trees of a given species at a
base age. Being species and region dependent, SI must be developed by

individual species and region.

Methods for Site Index Model Development

The development of SI models started back in the early 1900s as
tendencies to device various techniques for estimating site quality of plantation
upsurge (Schnur 1937; Cooley 1958; Richards 1959; Chapman 1961; Carmean
1971). To develop a Sl model, typically, a suitable mathematic function
describing height-age relationships is selected, observed data are fit to the
function to estimate the function parameters, and the function paired with
parameter estimates (known as model) can be used to predict height growth (SI)
of a site. While the above procedure is often used, many techniques have been
proposed and applied to make the model flexible and accurate. Overall site index
curves can be grouped into two types: anamorphic and polymorphic (Clutter et al.

1983; Avery and Burkhart 2002).



Anamorphic Model Methods

The anamorphic model method utilizes single pairs of height-age
measurements collected from a larger number of sampling trees in temporary
plots or via stem analysis. An average curve (guide curve) is determined using
data based on the selected equation (function). The guide curve/equation is then
scaled up and down to determine the height-age curves for selected values of SI.
Thus, all the curves are parallel and proportional to each other. Various
mathematical functions have been used, but two sigmoid functions, the
Chapman-Richards (Richards 1959; Chapman 1961) and Von Bertalanffy (Von
Bertalanffy 1951) are commonly used (Clutter et al. 1983).

The Chapman-Richard (Richards 1959; Chapman 1961) growth function
was based on the first order ordinary differential equation. This can be expressed

as:
H = by[1— e~21®]"

where H is average height of dominant/codominant trees at age A (years), by, b,
and b, are regression coefficients.

Assuming plantation age equals index age (4;) and stand height equals site
index (S;), rearranging and solving for site index (S;) gives:

1— e—b1(A1)]b2

1— e_bl(A)

S,=H[



Lenhart et al. (1986) used the above Chapman-Richards equation to
describe and develop S| equations that produced anamorphic site curves for pine
plantations for the West Gulf Coastal region. Coble and Lee (2006) implemented
a generalized sigmoid growth function to develop site index curves for loblolly
pine plantations. Another site index model known for developing anamorphic site
curves is the Schumacher (1939) model which included logarithmic
transformation. Coile and Schumacher (1964) implemented this model in deriving
site index and anamorphic growth curves for loblolly pine plantations. This
method assumes that curves of height over age of different sites are the same,
which, however, is rarely true. Therefore, the anamorphic SI models may not

represent true forms of curves for different site indices (Kershaw et al. 2003).

Polymorphic Model Methods

Model forms with the polymorphic model method have the property that
the shape of the height-age curve or the curve shape within the same index level
varies with SI. Devan and Burkhart (1982) presented a method of developing
polymorphic site index curves. Most SI models can be further transposed using
different approaches in order to produce a polymorphic growth curve. Expansion
of Schumacher (1939) model using a Generalized Algebraic Difference Approach
(GADA) produces polymorphic height-age model. GADA is a generic technique

that allows more than one parameter to be site specific. This approach is used to



derive dynamic equations that are polymorphic, having variable asymptotes
(Cieszewki 2000). McDill and Amateis (1992) developed and produced
polymorphic site curves from a variant of Hossfeld function. Cieszewki (2001)
examined several GADA formulation from which he developed dynamic
equations and polymorphic Sl curves for Douglas-fir. Unlike the anamorphic
method, this method is more parsimonious and has an advantage because it can
be used to generate different shapes of curves for different site indexes thereby

making it more flexible.

Site Index Modeling Research for Loblolly Pine Plantations

Southern United States

Numerous S| models have been developed and used for predicting loblolly
pine plantations across the southern United States. These SI models were
developed using grow and yield data from different plantations, mostly
southeastern US that had different stand conditions and sampled with different
methods (Burkhart et al. 1981). Two mathematic functions, the Schumacher
(Schumacher 1939) and the Chapman-Richard function (Richards 1959;
Chapman 1961) have been widely used in developing SI curves for loblolly pine
in southern US (Coile and Schumacher, 1964; Clutter and Lenhart, 1968;

Lenhart, 1971; Smalley and Bower, 1971).



Amateis and Burkhart (1985) used a separable differential equation to
develop loblolly pine site index curves, which were applicable on cutover site
prepared lands in both Coastal and Piedmont regions. Popham et al. (1979)
developed equations for loblolly pine on cutover sites in the Western Gulf region
from which he indicated that the growth potential of the site could be represented
more accurately with knowledge of older trees. The selection of suitable site
trees is important and tree ages closer to the base age will yield more accurate
estimates of the site index (Carmean 1975; Weiskittel et al. 2011b). Diéguez-
Aranda et al. (2006) developed flexible SI models from four dynamic site
equations. These site equations are base-age invariant, i.e. there is no alteration
in the predicted height regardless of change in the common age value. However,

none of these predictions was used specifically for the Western Gulf region.

More Sl curves were developed for other different tree species in this
region of the United States (Cooley 1958; Doolittle and Vimmerstedt 1960;
Bennett 1963; Kulow et al. 1966; Beck 1971; Carmean 1971, 1972, 1978;
Newberry and Pienaar 1978; Borders et al. 1984). Other site index curves can be
found at the National Register of Site Index Curves References

(https://esi.sc.egov.usda.gov/html/fsregref.ntm. Accessed 15 December 2019).
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East Texas

Growth and yield models were developed for old-field loblolly pine
plantations common in east Texas in early 1970s (Lenhart 1972). Lenhart et al.
(1986) developed the first growth and yield models for these plantations which
outlined a site index equation for loblolly and slash pine on non-old fields based
on the Richard’s growth function. Their predictions was used to estimate
productivity of the species at young age with minimal site preparation. Likewise,
Hacker and Bilan (1991) developed height prediction curves for loblolly pine
plantations conversions (natural pine stands to pine plantation). Their equation
was based on the Chapman-Richard’s function. Their results showed that
conversion of forest lands to pine plantations would increase productivity
potential. Priest et al. (2016) evaluated the site index for reclaimed mined land in
this region. They observed that there was no difference in the site index of the
plantation before and after the mining process. However, none of the
aforementioned research accounted for both climate and soil factors that could

also influence Sl estimation.

Coble and Lee (2006) used a generalized growth function called Schnute
growth function to develop site index curves for loblolly and slash pine in east
Texas. The Schnute growth function is based on two first-order differential

equations and combining the two together gives a second-order differential

11



equation that describes the acceleration of growth (Coble & Lee, 2006). The

Schnute growth function is expressed as;

1
1-— e_a(t_tl) E
1-— e_a(tl_ tl)

H == {Ylb + (Slb - Ylb)

where H is average height of the tallest 10 trees at time t, S is site index, Y1 is
average height of tallest 10 trees at time t1, ti is index age, a and b are constants.

Solving for S gives:

1
1— e—alt;- t1)}5

S = {Ylb + (H" - Y)

This model was fit to height-age data and produces Sl curves ranging from 40 to

90 ft at base age 25.

In comparison, the Coble and Lee (2006) study provided new Sl curves and
equations that were an improvement of Lenhart et al. (1986) because the
coefficient test proved significant and the height-age data used trees older than 25
years old. Trim et al. (2020) utilized the most recent data to analyze and compare
four different models to determine a better SI model for growth prediction in this

region.

However, all the site index modeling in this region focused on height and

stand age relationships as variables in the prediction models.
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Effect of Soil Factors on Tree Growth

Soils are complex organisms and the growth rates of trees are affected by
soil conditions and characteristics. Soil properties that can limit plant growth can
be either physical or chemical. Although soil properties vary with soil depth, the
physical properties usually determine the suitability of soil as a growth medium.

The physical properties indicate how water and nutrients are distributed
within the solil layers. This properties has a frame work of rock particles ranging
in different sizes and texture. The fine textured soil have small particle size and
tends to hold water and nutrients well. However, the coarse textures soils have
large particle size and do not have good water and nutrient retention capacity.
They are less compacted and tend to be well drained. However, a well
aggravated soil is good for tree growth (McClurkin 1953). The capacity of a soil to
hold water and mineral nutrient would depend on the physical structure of the
soil.

The chemical properties are important and encompasses the availability of
nutrient in the soil. They are also determined by the organic matter and humus
content in the soil. This property have effect on the microbial communities and
the biological processes occurring in the soils. These properties also play role as

the essential nutrients supplied to a tree.
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The mineral content having dominant occurrence affects nutrient release
in the soil and the extent to which these minerals are dominant affects the
nutrients in the soil. The bounding together of soil mineral and organic matter are
caused by organic molecules and fungi which forms soil aggregates.

Temperature, water and carbon to nitrogen percentage ratio were
important factors for tree growth (Levesque et al. 2015). Often, conditions that
limit growth during the growing season are due to soil moisture and soil aeration,
and both factors cannot be assessed directly in the field (Coile 1952; McClurkin
1953; Zachner 1958). Also, organic matter improves soil structure by increasing
the moisture and nutrient holding capacity of coarse-textured mineral soils (Willet
& Bilan, 1991). Although these silvicultural techniques have helped to improve
soil composition which supports growth rate, the soil properties are still widely
considered in site index models to forecast plantation growth patterns and yields.

Willett and Bilan (1991) analyzed the properties of four major soil series
and their relationships to height growth of loblolly pine plantation in east Texas.
The results indicated similar height growth responses across the soil series, but
the reasons for the similarity response differed by four soil series. Three of the
soil series indicated an increase in stand height due to an increase in moisture
availability. Meanwhile, the result from the fourth soil series showed increased
stand height was due to better permeability and aeration of the same soil-forming

condition of the surface and subsurface solil layers. The soil factors controlling
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height growth are not dependent on one property but a combination of the soll
properties including its structure, texture, porosity, etc.

Research has shown that productivity of pine plantations can be increased
by improving soil conditions via silvicultural activities. Fox et al. (2007) reported
the enhancement in the growth of pine trees as a result of an increase in soil
available nutrients after the application of fertilizers in pine plantation. Site
preparations such as thinning, mid-rotation, etc. have also yielded positive
outcomes in the quality of pine plantation (Bailey et al. 1982; Clutter et al. 1984).
Trim et al. (2020) reported increased in predicted height growth is due to the

intensive management regimes.

Incorporating Soil Factors into Sl

The soil properties that are most important for prediction are those that
determine the amount of growing space for tree roots (Coile 1952; Carmean
1975), one of which is the depth of the surface soil. The depth of surface soil
supports the root extensions of which the tree root is the significant pathway for
water consumption. The roots extend in the soil to collect volumes of water so
therefore good surface soil depth would allow for better water intake by the root.
Likewise, soil water plays a key role in forest productivity because accessibility of
oxygen and water to the roots is via the soil, however, the ability for soil to store

water depends mostly on the soil physical properties (Beer 2009).
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Several studies have attempted to relate SI to measured soil properties
(Carmean 1975; Fontes et al. 2003). Beer (2009) used a regression model to
examine the site index of loblolly pine in East Texas with edaphic conditions
which included precipitation and available water capacity of the soil. His work
denoted how seasonal rainfall and soil texture had significant effects on the
height growth of pine. Subedi and Fox (2016) used two regression modeling
approaches (ordinary and partial least square regression) to predict loblolly pine
plantation SI from soil properties. The second approach produced a more
accurate result that explained the multicollinearity causing erroneous exclusion of
predictors with high significance.

However, difficulty in analyzing forest ecosystems with respect to site
guality has been reported because of the complex relationship in the interaction
among environmental factors (Landsberg et al. 2003; Dye et al. 2004). Bassett
(1964) observed the significant effect of soil moisture availability on the diameter
growth of loblolly pine and indicated that there was increase in the diameter of
tree due to a high percent (above 65%) of moisture content. However, diameter
growth ceased when the moisture content was below that level. Beer (2009)
observed similar results for site index prediction for loblolly pine in East Texas,
but he also indicated that soil texture gave better Sl prediction compared to

available water capacity.
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Effects of climate factors on tree growth

Climate changes has dramatic effects on the growing nature of trees
which may be due to unpredicted changes in one or two weather conditions.
Coile (1935) reported that higher than average rainfall positively influenced the
radial growth of loblolly pine while increased temperature had a negative effect.
Similar findings were obtained in studies on loblolly pine in East Texas (Aguilar
1979; Chang and Aguilar 1980). Changes in climate conditions such as duration
of the growing season, precipitation, and temperature variation influences the
diameter, height, and other growth features of plantation trees (Weiskittel et al.
2011a, b; Burkhart and Tome, 2012; Sharma et al. 2015). Likewise constant
seasonal changes occurring and weather conditions are bound to vary annually.
These conditions include but not limited to rainfall, humidity, temperature,
atmospheric water vapor in precipitation. Regular and moderate rainfall is vital for
tree growth meanwhile excessive or shortage in the amount and period of rainfall
can have a detrimental effect on the nature of trees’ growth. Higher rainfall is
typically attributed to over-saturated water vapor in the atmosphere from
evaporation, and temperature increase tends to increase water evaporation
which then causes an increase in precipitation. Total annual precipitation in the
southern US increased at an average of 11.1% per century (CCD 2008). Brown

(1994) indicated temperature, precipitation and the number of rain days had
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significant effects on loblolly pine growth rate. Zhou et al. (2019) study for
Mongolian pine showed height growth was directly proportional to mean
temperature increase and precipitation but a decline with increasing precipitation.
Meanwhile, a study in the Northern Rocky Mountains of Idaho and Montana, US
(Hankin et al. 2019) reported the decline in the growth rate of some tree species
as a result of increased temperature in regenerated forests. Therefore, tree
height growth estimating is sensitive to changes in climate conditions. In
response to this, there is a need to improve the knowledge of the climate
relationships and its effect on the height growth of trees by incorporating climate

variables in site index models.

Incorporating Climate Factors into Sli

In forest management, it is vital to consider incorporating climate variables
into SI models to describe climate relationship with tree growth. Brown (1994)
examined the statistical relationship between site index and different climate
variables using analysis of covariance. In his study, different climate factors
(temperature, precipitation, the total number of rain days) were integrated as
variables in the regression analysis. All the temperature parameters were found
to be highly significant except for the average summer temperature range.
Monserud et al. (2008) showed how their linear regression model was used to

predict the potential change in the lodge pole pine site index under climate
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change in Alberta. Sharma et al. (2015) developed models for stand height and
S| equations that incorporated climate variables for jack pine and black spruce
plantations. They considered two (2) climate scenarios that resulted in the
reduction of heights for both species as compared with those under a no climate
change scenario. Amateis et al. (2006) incorporated a surrogate of climate into a
S| model using a regression equation. Latitude and longitude included as
predictor variables increased the precision of the regression equation, resulting in
considerable improvement in prediction accuracy.

Sabatia and Burkhart (2014) examined the site index of loblolly pine from
biophysical variables using data from the natural range plantations across the
Southern United States. Considering both intensively managed (IMP) and non-
intensive managed (Non-IMP) plantations, they used Random Forest and factor
analysis approaches to identify the important independent variables. These
variables were fitted using parametric nonlinear regression and Random Forest
models, with the latter exhibiting better fit and prediction statistics than the
former. The important variables were annual precipitations, soil depth, soil
available water capacity, growing season days index, and elevation for Non-IMP,
while for IMP were summer precipitation, elevation, late summer precipitation,
and summer maximum temperature. There was an increase in the number of

variables important for Non-IMP compared to the number of variables for IMP. All
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these results showed the changes in site indexes indicated that biophysical
factors play a role in forest productivity.

Other statistical models for predicting climate change effects on the height
growth of loblolly pine in the southeastern US were reported. Farjat et al. (2015)
used an approach (multiple linear regression models) in model selection and
parameter estimation for predicting height growth of loblolly pine, while
considering only climatic effect on the models. Their studies considered future
climate scenarios having decreased precipitation and increased minimum and
maximum temperatures. The results indicated increased height growth of loblolly
pine relative to current climate condition in their environment, whereas a change
in the location of the seed source to a colder northern region brought about the
decline in height growth. On the other hand, seed sources from plantations in the
northern region were switched and tested in the model to evaluate their
height/growth performance on a region with a lower maximum and minimum
temperature. It showed a decline in growth rate compared to the seed source
from the later region meaning that seed sources perform better under their
natural habitat.

In this respect, more investigation is needed to simultaneously incorporate
environmental factors into SI models to observe their influence on the growth
rates of intensively managed pine plantations in the West Gulf Coastal Plain

region.
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METHODS

Data used for this project includes height/growth data, soil variables data

from the ETPPRP phase Il plots (Figure 1) and climate data.

Between 2004 and 2017, the ETPPRP installed 135 Phase Il permanent
plots in intensively managed loblolly pine plantations. These plantations plots
span across 14 contiguous counties in East Texas and 5 parishes in Western
Louisiana across East Texas and West Louisiana with geographic location (UTM
NAD 83 Zone 15) GPS coordinates (Figure 1). Of this, 126 plots were actively
measured and 9 had been compromised. Each plot is approximately 100ft by
100ft (approximately 0.23acres). A three-year measurement cycle has been
implemented since the inception of the program. (Coble D. W., The east texas

pine plantation research project: accomplishments as of fall 2015, 2015)
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Figure 1. Spatial distribution of ETPPRP Phase Il (135 plots) in East Texas and
Western Louisiana.
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Growth Data

The planted loblolly pine trees were permanently tagged and measured
when the plots were installed, and measured every three years thereafter for
diameter at breast height (DBH, nearest 0.1 inches), height (HT; nearest 1.0
foot), live crown length (nearest 1.0 foot), tree damaged/defect, and stand
conditions. Individual tree data were first examined, outliers removed and then
summarized to obtain plot dominant/codominant tree HT (ft), plot mean DBH (in),
number of trees per acre (Tree ac?), and basal area ft? per acre (BA ac™?).
Plantation age (years) was determined as the time between the current
measurement date and the plantation establishment date derived from stand
records. At plot establishment, stand ages ranged between 2 to 22 years old, and
stand density ranged between 139 and 838 trees ac. On average, each plot
was measured 5 times (cycles), ranging from 2 to 11 times. Dominant height (ft)
was determined by averaging the total height of dominant and co-dominant trees
that were free of damage (Avery & Burkhart 1983). More details of summary
statistics of the plots including stand age, mean HT, Tree ac™?, and BA ft?ac* are
provided in Table 1. In this study, a non-overlapped cycle-paired data set by plot,

with a total of 469 observations, was formed and used.
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Table 1. Observed stand characteristics for loblolly pine plantations ETPPRP
Phase Il plots.

Variable SD Mean Minimum Maximum
Age 3.94 8.12 2.00 22.00

HT 13.70 32.02 1.31 76.91
TPA 123.45 504.14 139.39 858.13
BAPA 44.33 75.03 1.20 184.30

NOTE: Age=plantation age (yrs.), HT=height of dominant and codominant trees
(ft), TPA=trees per acre (ac!), BAPA=basal area per acre (ft?ac'), SD=standard

deviation.

Soil Data

Measured Data

During the collection of soil samples, only 119 plots were accessible and
measured. At each plot, five sample points (located at four corners and the
middle of the plot) were selected. Soil samples from the A and the first B horizon
were collected using a bucket auger and transported in labeled soil samples
bags. Each of the 5 samples per plot were composited by horizon divided into
two parts (for chemical and physical analysis). A total of 476 samples were

analyzed.

24



Chemical Properties Test

The soil chemical properties were measured in the Soil, Plant, and Water
Analysis Laboratory at Stephen F Austin State University. The chemical
properties that were analyzed included ammonium, total carbon content, and
total nitrogen content for both A and B soil horizons. This was done because the
growth rate response of loblolly pine has occurred with fertilizer additions of

nitrogen, and ammonium is one form of nitrogen fixation (Beer, 2009).

All soil samples were air-dried and analyzed using a Leco CN628
instrument for total Carbon/Nitrogen content by way of combustion. The
detectors in this instrument analyze the gases and processed by Leco’s software

package. All the values were calculated and recorded.

Subsamples of the air-dried samples were mixed with an appropriate
amount of buffer solution and reagents. This mixture stood for an estimated time
depending on the temperature to allow color development, the absorbance was
then read in the spectrometer. All samples were stirred before the Colorimetric

determination for ammonium, outlined in procedures (Baethgen & Alley, 1989).

The analyzed soil chemical properties are summarized as:
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Table 2. Summary of analyzed chemical properties of ETPPRP Phase Il plots
soil samples.

Variable Mean SD Minimum Maximum
ANH 4.43 2.83 0.19 17.02
BNH 3.65 3.57 0.16 29.10
ACG 1.64 0.65 0.56 3.94
BCG 0.91 0.30 0.48 2.39
ANG 0.17 0.04 0.08 0.29
BNG 0.14 0.02 0.09 0.24

NOTE: ANH= Ammonium content in A horizon (ppm), BNH= Ammonium content
in B horizon (ppm), ACG= Carbon content in A horizon (%), BCG= Carbon
content in B horizon (%), ANG= Nitrogen content in A horizon (%), BNG=

Nitrogen content in B horizon (%).

Physical Properties (texture) Test

In the laboratory, soil samples from all plots were oven-dried at 105°C to
constant weight. To reduce the coherence of particles, the samples were ground.
All dried soil samples were tested using the Bouyoucos hydrometer method. The
resulting outcomes, expressed in percent sand, silt, and clay, were used in
determining the individual textural classes for both horizon A and B from all plots
samples. The soil texture classifications were defined through the fraction of

each of the soil separates (percentages of sand, silt and clay) and aided with the
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use of soil texture triangle. Complete details of the physical properties test are

outlined in Appendix 1.

Online Soil Data

Soil survey map data were retrieved from Web soil survey online source
(Soil Survey Staff, USDA Natural Resources Conservation Service, United States
Department of Agriculture, 2018). The soil data included were soil depth (to the
2-m USDA observation maximum); the name of soil series, soil available water
storage capacity for the depth 0 — 150cm; particle percent clay, silt, sand, organic
matter content, and soil textural classification. In the data system, soil properties
data are associated with soil horizons, which are associated with a soil map unit

(soil series).

Climate Data

Climate data for the ETPPRP phase Il plots were obtained from the Oak
Ridge National Laboratory Distributed Archive Center (Thornton, et al., Daymet:
Monthly Climate Summaries on a 1-km Grid for North America, Version 3, 2016),
known as DAYMET data. These annual climatology summaries are derived from
the much larger data set of daily weather parameters, which are produced on a
1km by 1km grid surface over North America. The data set covers the period

from January 1%, 1980, to December 31%t, 2017. The data set obtained was
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transformed via spatial interpolation to create spatially and continuous climate
data. This process converts irregularly spaced point data into a regularly shaped
grid. The data collected were daily precipitation, minimum, mean, and maximum
temperature. The temperature and precipitation used for this study ranged from
January 1%t, 2000, to December 31%t, 2017. NB: This time range is not dependent
on the time of plots/plantation establishment but the period is chosen to reflect
considerable climate change over time. The climate variables retrieved were
processed seasonally for winter, spring, summer, fall, and yearly average values.
Winter denoted “A” was defined as the season starting from the first day of
December through the last day of February. Spring denoted “B” was defined from
the first day of March to the last day of May. Summer denoted “C” was defined as
the season starting on the first day of June through the last day of August. Fall
denoted “D” season was defined from the first day of September through the last
day of November and annually denoted “Y”. Description of climate variables
(Appendix 2) used was expressed as:

e Mean winter precipitation (mApct, mm day): Average daily precipitation

between Dec to Feb for year 2000 - 2017
e Mean winter maximum temperature (mAtmax, °C): Average daily maximum
temperatures between Dec to Feb for year 2000 - 2017
e Mean winter minimum temperature (mAtmin, °C): Average daily minimum

temperatures between Dec to Feb for year 2000 - 2017
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Mean winter mean temperature (mAtmean, °C): Average daily mean
temperatures between Dec to Feb for year 2000 - 2017

Mean spring precipitation (mBpct, mm day): Average daily precipitation
between Mar to May for year 2000 — 2017

Mean spring maximum temperature (mBtmax, °C): Average daily maximum
temperatures between Mar to May for year 2000 — 2017.

Mean spring minimum temperature (mBtmin, °C): Average daily minimum
temperatures between Mar to May for year 2000 - 2017

Mean spring mean temperature (mBtmean, °C): Average daily mean
temperatures between Mar to May for year 2000 - 2017

Mean summer precipitation (mCpct, mm day'): Average daily precipitation
between Jun to Aug for year 2000 - 2017

Mean summer maximum temperature (mCtmax, °C): Average daily
maximum temperatures between Jun to Aug for year 2000 - 2017

Mean summer minimum temperature (mCtmin, °C): Average daily minimum
temperatures between Jun to Aug for year 2000 - 2017

Mean summer mean temperature (mCtmean, °C): Average daily mean
temperatures between Jun to Aug for year 2000 - 2017

Mean fall precipitation (mDpct, mm day!) Average daily precipitation

between Sept to Nov for year 2000 — 2017

29



e Mean fall maximum temperature (mDtmax, °C): Average daily maximum
temperatures between Sept to Nov for year 2000 - 2017

e Mean fall minimum temperature (mDtmin, °C): Average daily minimum
temperatures between Sept to Nov for year 2000 - 2017

e Mean fall mean temperature (mDtmean, °C): Average daily mean
temperatures between Sept to Nov for year 2000 - 2017

e Mean Annual precipitation (mYpct, mm day): Average of daily precipitation
over the year 2000 - 2017

e Mean Annual maximum temperature (mYtmax, °C): Average of daily
maximum temperature over year 2000 - 2017

e Mean Annual minimum temperature (mYtmin, °C): Average of daily
minimum temperature over year 2000 - 2017

e Mean Annual average temperature (mYtmean, °C): Average of daily mean

temperature over year 2000 - 2017

Model Development

Analysis of the height growth of pine was accomplished using a regression
model. A base model selected from an algebraic equation method derived by
Chapman-Richards’s function (Coble & Lee, 2006; Lenhart et al. 1986) was used

as the base model:
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H = 60[1 _ 6—61(1“— to)]ez (1)

Where H is the average height of dominant and codominant trees at time t, and

to is time at initial; 6,5, 6; and 8, are respectively growth rate parameters.

An anamorphic Sl curve can then be developed (Clutter et al. 1983)
specifying Sl in terms of a mathematical function. Defining an index age with S
as average heights of dominant and co-dominant trees, the Chapman-Richard

growth function from Eqgn. (1) can be expressed as:
8
SI = 80[1 — e_el(tl_ to)] 2 )
where §; is Sl in feet at index age t; and the other parameters are defined as
previously.

From equation (2), making 6, subject of formula we have;

8, = S [1 _ e~ 81(ti- to)]_62 (3)

then substituting 8, into equation (1), and rearranging to solve for S|, we have

1— e_el(tl) 62
] (4)

1— e~ 810

SIZH[

31



Equation (4) represents a family of anamorphic Sl curves described by
Chapman-Richards’s growth function (Lenhart et al. 1986; Coble and Lee, 2006).
To estimate the growth coefficients 8; and 8,, initial values were selected based
on previous publications (Lenhart et al. 1986; Coble and Lee, 2006). Consecutive
iterations were processed with the resulting parameter estimates used as the
initial parameter values in subsequent iteration procedures. The estimated
coefficients were determined when the iteration processes attained convergence

criterion. The coefficient parameters (8,; and 8,,) for each plot were determined

using similar procedures.

The base model (equation 4) did not account for variation among plots
(site), thus in the next step random plot to plot variation was further incorporated

into the model (4). Equation (4) was expressed in three different forms as:

1— e—(61+u1)(t1) 62
Sy = - 5)
1— e—(61+u1)(®)
B 1- e_el(tl) 62+u2
S;=H 1 o610 (6)
1— e—(B1+uq)(tg) 62 +u2
Sp=H 1— e~ (B1+u)(®) 0
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where u; and u, were random effects for 8, and 8, respectively, and other
parameters remained the same as previous. It was defined that u, and u, was
normally distributed and independent (NID), i.e. u;~NID (0, 2), and u,~NID (O,
d2). Effects of u; and u, were evaluated based on their p-values (a=0.05) and by
comparing each (models 5, 6, and 7) with model 4. The models with significant

effects were kept, and the best model was selected for further analysis.

Model 4 was first applied to each plot data to predict model parameters.
Preliminary correlation analyses among plot parameter estimates with soil and
climate variables were done to identify key soil and climate variables. The
variables that indicated relatively strong correlations with parameter estimates
were identified as potential soil and climate variables. To model their effect by
incorporating the selected soil and climate variables, the growth parameters in

model 4 were expressed in terms of soil and climate variables with to time as:
B, = [(B4 + i) + 61;Cyj + B1x Sy * ¢ or,

81 = [(Ba + uy;) * t + 81;Cy1; + B81xSi

and,

B, = [(By + uzy) + 85;Csj + B2 Sax]

where 8, and 8, are the global estimates for 6; and 6, respectively, u;; and u,;

are the random plot effect for 8; and 6,, C;; and C;; are the ji" selected climate
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variables, S;; and S, are the k™ selected soil variables, and 8, ;, 84,8, and 8

are the plot by plot model coefficients.

The selected soil and climate variables were incorporated into the best
model of the models 5-7. For example if model 7 was selected, then soil and

climate variables would be incorporated into model 4 the following ways:

S, = H| ~[(61+14)+61 S peJ(e0)] B2 TU20) +2kSak
o e
! 1—e —[(B1+uq7)+61S1k]*(®) +
or,
S y = e [(B1+uy )ty +615Sq] (B2+u2i)+62kS2k s
= e
I 1— e~ [(B1+uqg)*t+615S k]
and,
(B2+U2)+6,Cy;
S H|= o[ (Brrug )8y jCyjl<(e)] 2T 2R
= + e
! 1 e_[(61+u1i)+61jc1j](t)
or,
B,+Uyi)+685iCoi
S 1- e_[(81+u1i)*t1+61jclj] ( 2 Zl) 2j~2)
- + e
1 1— e—[(61+u1i)*t+6’1jclj]

for soil and climate.
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where e random error.

All model fittings were carried out using a non-linear mixed approach
(PROC NLMIXED of SAS version 9.4). PROC NLMIXED uses a method of

maximum likelihood to fit nonlinear mixed models with fixed and random effects.

Model Evaluation

Model fitness was evaluated by calculating model bias, Root Mean Square
Error (RMSE) and the coefficient of determination R? using the following

equations:

Mean Bias :%Z?=1(Zi - Zi),

Y (Zi— Z;)?

RMSE =
n—p
and
r2= 1 — i=1(Zi=Z1)? — 1. SSres
1£1(Zi=2))? SStot

where Z;, Z; andZ; are the it" observed height, mean of observed height and the

model predicted height, respectively, n is the number of observations and p is the
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number of estimated parameters in the equation, SSres is the residual sum of
squares and SStot is the total sum of squares. Note that the model accuracy was
evaluated by the model bias and model precision. Both RMSE and R? often show
model precision; with smaller RMSE or larger R? indicating higher precision. R?
shows the proportion of variance for a dependent variable being explained by the

model (Steel and Torrie, 1960).

The Akaike Information Criterion (AIC) value was used to compare the
pool of models, with the lowest ranking AIC model selected as best the best fit.
AIC estimates the amount of information lost by a model during iteration
processes. Log-likelihood ratio test was used to test statistical significance

between two nested models, e.g. the base model and resulting model.
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RESULTS

Soil Properties

Soil composition and properties (chemical and physical) varied greatly by
plot (Appendix 1). As expected, the depth and thickness of B horizons were
greater than those of A horizons across all plots. The depth of A horizons ranged
from O inch to about 30 inches while the depth of B horizon ranged from 6 inches
to greater than 35 inches. The chemical properties that were tested for in both A
and B horizons included, total percentage available carbon and nitrogen and
parts per million (ppm) ammonium. Our results indicated that, unlike the
respective horizon thicknesses, most chemical tested results of horizon A had
higher values that outcomes of horizon B. The result from the soil physical
analysis indicated that for A horizon, about 34% of the plots had a texture of
sandy loam, 39% had a texture of loamy sand, and 5% had a texture of sandy
clay loam, and the corresponding values for B horizon were about 37%, 16% and

12% respectively (Table 3).
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Table 3. Summary of soil texture classification of ETPPRP Phase Il plots
samples in percentages

Textural class A horizon (%) B horizon (%)
Sandy loam 34 38
Loamy sand 39 16
Sandy clay loam 5 12
Loam 2 6
Sand 5 3
Clay 0 6
Clay loam 1 2
Sandy clay 2 5
Unidentified 12 12

NOTE: Unidentified texture class are samples of ETPPRP Phase Il inaccessible
plots.

The texture class from the result of soil analysis were compared to those
from online data sources. While most plots displayed the same texture classes
between the laboratory analysis and online data (Appendix 3) - inconsistences
were identified in some plots (203, 205, 218, 221, 227, 240, 248, 256, 258, 265,
277, 295, 300 and 317). There were more inconsistences in the B horizons as

compared to the A horizon.
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Model Development

Base Model

The growth data were fitted into the function (Eqn 4) and resulted in the

final parameter estimates of 6,=0.05813 and 6,=1.0738. The model was:

1.0738

[8]

1— —0.05813(t7)
1— ¢—0.05813(t) ]

SI=H[

Both parameters were significantly different from zero (Table 4). The
model had a residual variance of 9.13 ft?, R? of 0.94, BIAS of 0.03 ft, and RMSE
of 3.02 ft. The model predicted the height well at both low and high ends of the
data range but minimized those of the middle range (Figure 2). Model residual
indicate that the model assumption of independence was violated to somewhat
level (Figure 4) but assumptions of normality and equal variance were

acceptable.
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Table 4. Parameter estimates and confidence limits for base model (equation 4).

Parameter Estimates

Parameter Estimate Standard tValue Pr>|t| 95% Confidence

Error Limits
8, 0.058 0.006 10.21 <.0001 0.047 0.069
8, 1.074 0.027 39.52 <.0001 1.021 1.127
s2e 9.134 0.596 15.31 <.0001 7.962 10.307
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Predicted H2 vs H2
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Figure 2. Plot of total height against predicted height of trees using the base
model [8].
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Predicted vs Residual
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Figure 3. Plot of residuals against predicted total tree height from the base model

[8].
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The model was compared to the previous model by Lenhart et al. (1986),
which was developed using the same mathematical function (Eq. 4) but they
used data collected from extensively-managed loblolly pine plantations in the
region. Using our base model and the Lenhart et al. (1986) model which had 8,
of 0.08005 and 6, of 1.02857, we estimated total height values for pine plantation
between 1 — 5 years for 5 site index classes (Table 5). We demonstrated
predicted of total height values against plantation ages using anamorphic site
curves (Figure 4). Our model predicted a larger HT than Lenhart et al. (1986) at a
given age, reflecting the enhanced growth from extensively to intensive-managed

plantations.
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Table 5. Average height(in ft) comparison of ten tallest trees by Sl for ages 1 — 5 years of loblolly pine between

Lenhartet al. (1986) and base model (equation 4).

Plantation Site index(ft)
Species
age (yn 40 50 60 70 80| 40 50 60 70 80
Lenhartet al. (1986) Base model
1 0.80 1.00 120 140 160 | 240 3.04 365 426 486
2 230 280 340 400 450 | 573 7.16 859 10.02 11.46
Loblolly
3 410 510 6.20 720 8.20 | 740 930 11.17 13.03 14.89
4 6.20 7.70 9.20 10.80 1230 | 9.80 12.30 14.75 17.20 19.70
5 8.30 104 1250 14.60 16.60 | 12.13 15.16 18.19 21.23 24.26
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Figure 4. Comparison between Lenhartet al. model (1986) and base
model [8] using anamorphic site index curves.
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Model Accounting for Plot to Plot Variation

The base model did not accountfor the variation from plot to plot. In this

step, we incorporated plot to plot variation into the model by adding random

effects into the model where u, and u, were the random coefficients of 6, and 6,

to reflect the plot to plot variation.

Data were fitted to equations (5) and (6) and results were summarized in

Table 6. All model parameter estimates were significantly differentfrom zero (0).

The resulting residual variance from equation (5) was 9.13ft? and that of equation

(6) was slightly smaller, 8.47ft2.

Table 6. Itemized parameter estimates for equations (5) and (6).

Parameter Estimates

Model Parameter Estimate Standar tValue 95% Confidence
d Error Limits

Equation 8, 0.058 0.006 10.21 0.047 0.069

[5] 6, 1.074 0.027 3952 1.020 1.128

Equation 8, 0.063 0.006 10.38 0.051 0.075

6] 8, 1.102 0.031 3505 1.039 1.164
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We compared models (Equation 5) and (Equation 6) to the base model

[8]. The log-likelihood ratio test showed that plot-to-plot variation in 6, (U;) was

negligible butwas significantfor 8, (U,) (Table 7).

Data were also fitted into model (Equation 7) which integrated both

random effect coefficients into the base model concurrently. However, this

incorporation, although resulted in lower BIAS and RMSE than the base model ,

did not achieved a significantimprovementover the base model based on the

likelihood ratio test (Table 7) and even obtained a larger AIC than equation (6).

Table 7. Goodness of fitcomparison amongst equation (5), (6) and (7) and base

model [8].
Model R? Bias (ftfy RMSE AIC Log-likelihood ratio test
(f) p-value with base model
Base [8] 0.94 0.03 3.02 2374.4
Equation (5) 0.94 0.05 3.02 2376.4 1.00
Equation (6) 0.95 0.00 2.82 2372.2 0.04
Equation (7) 0.95 0.00 2.82 2376.2 0.25
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Our results indicated Model (Equation 6) fitted the data best having a

better goodness of fit. Model (Equation 6) was expressed as;

1 g—0.06259(¢y) M09 U2
Vo Hl ] [9]

1— e—0.06259(t)

Figures 5 and 6 showed model residual and assumptions were violated to
somewhatlevel. Compared to the base model, incorporating plot-to-plot variation

in the 8, improved model assumptions and predictions slightly. Thus, model [9]

was used as the model for incorporating soil and climate variables.
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Figure 5. Plot of residuals against predicted total tree heightfrom model [9].
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Figure 6. Plot of observed heightagainstpredicted heightof trees from model [9].
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Incorporating Soil/Climate Variables into Model

Incorporating key soil factors into the model

To find soil factors that had relatively more impacts on the model

parameters, we first estimated the base model (equation 4) parameters (8, and

8,) by each plot, and these parameters were then correlated with plot soil

variables. The calculated correlation coefficients (Appendix 4) indicated that

percentages of carbon and nitrogen from soil profiles A and B (ACG, ANG, BCG,

and BNG) had relatively strong correlations to 8, parameter. On the other hand,

percentages of carbon and nitrogen from profile B (BCG and BNG) had better

correlations to parameter 6,than other variables.

These selected factors were incorporated into our selected Equation (6) in

2 differentways to express soil effects;

1= e~lB1etr)+81 517 G2 T2 B2k S2k)
S1=H L_ e~ [(B1+)+611 S k] te
and
~[@1)+6; oSy ()] B2 T2 +62kcS210)
Si=4H L S (YT <t>] te
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All other parameters remained the same. S,, represents the variable ANG,
ACG, BNG or BCG and S,,, represents the variable BCG or BNG for S,,. The
listed variables were respectively entered individually into model [10] and [11];
labelled [10a] and [11a], resulting in 12 models in total. Results are summarized

in Table 8.

Table 8. Comparison statistics of fit after incorporating soil variables ANG, ACG,
BNG and BCG for S;, and variables BCG and BNG for S, individually into
Models [10] and [11].

Model Sy, S, B, estimate 8,, estimate R? RMSE AIC

(significance) (significance)

[10a] ACG 0.0574 1.0439 095 274 2162.9
ANG 0.0443 0.9282 096 2.60 2153.5

BCG 0.0435 0.9249 096 2.67 2145.0

BNG 0.0396 0.8956 096 2.62 2142.2

BCG 0.0633 1.0379 095 2.82 2162.6

BNG 0.0633 0.9418 095 2.83 2160.8

[11a] ACG 0.0561 1.1004 095 281 2163.5
ANG 0.0692 1.0989 095 2.82 2164.1

BCG 0.0702 1.0997 095 2.82 2163.8

BNG 0.0843 1.0999 095 2.83 2162.8

BCG 0.0632 1.0379 095 2.82 2162.6

BNG 0.0633 0.9418 095 2.83 2160.8

Note: ANG — Nitrogen level in A horizon, ACG — Carbon level in B horizon,

BNG — Nitrogen level in B horizon, BCG — Carbon level in B horizon.
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From Table 8, it can be noted that all the models obtained high R?
(>=0.95) and small RMSE (<=2.83 ft). Overall, the models [11a] were poorer than
models [10a] based on RMSE and AIC. In [10a], incorporating soil variablesto 8,
was better than incorporating themto 6,. Model [10a] fitted with soil variable

(BNG) hadthe lowest AIC value of 2142.2 and the second-lowest RMSE value of

2.62 ft.

Additionally, we fitted the same key soil variables ANG, ACG, BNG and
BCG for S,, andvariables BCG and BNG for S,, concurrently into model [10] and
[11]; labeled [10b] and [11b], resulting in 16 models (Table 9). The model [11b] of
(BCG & BCG) and (BCG & BNG) were especially poor, with R? values being
around 0.75 & 0.70, indicating low prediction quality. The R? values of the other
models were similar around 0.95. The AIC values from all models ranged from
2144.2 to as high as 2951.9, and once again model [10b] outputs were better
than [11b] in terms of AIC. The models with the lowest AIC value (=2144.2) were
the model [10b] of BNG & BCG and of BNG & BNG, these models also had the

low RMSE (2.61 and 2.62ft) and high R2value of 0.96.
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Table 9. Comparison of statistics of fit after incorporating soil variables ANG,
ACG, BNG and BCG for S,, and variables BCG and BNG for S,, concurrently

into Models [10] and [11].

Model Sy, S,k B estimate 8,, estimate R? RMSE AIC

(significance) (significance) (f)
[10b] ACG BCG 0.0588 1.0038 095 276 2163.7
ACG BNG 0.0594 0.9204 095 2.77 2162.1
ANG BCG 0.0448 0.8957 096 261 2154.8
ANG BNG 0.0454 0.8437 096 2.62 2154.1
BCG BCG 0.0419 0.9615 096 2.66 2145.6
BCG BNG 0.0429 0.9500 096 2.67 2146.8
BNG BCG 0.0396 0.8942 096 261 2144.2
BNG BNG 0.0398 0.8828 096 2.62 2144.2
[11b] ACG BCG -0.0946 0.6833 096 2.69 2167.2
ACG BNG -0.0932 0.6271 095 2.69 2166.3
ANG BCG -0.1841 0.6877 095 2.66 2169.1
ANG BNG -0.1577 0.6329 0.96 2.66 2168.2
BCG BCG 0.0433 -0.0296 0.75 6.37 2951.9
BCG BNG 0.0493 -0.2763 0.70 7.00 2888.7
BNG BCG -0.5903 0.7129 095 2.68 2168.1
BNG BNG -0.5316 0.6761 095 2.68 2167.8

Note: ANG — Nitrogen level in A horizon, ACG — Carbon level in B horizon,
BNG — Nitrogen level in B horizon, BCG — Carbon level in B horizon.

Based on AIC and RMSE, model [10] fitted with soil variable (BNG) to
adjust 8, was chosen and used in the final phase of factors incorporated into

model. The model was as follows;
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1— ¢—[(0:03957t])+0.155+BNG]|

S]:H

1— ¢—[(0.03957t)+0.155*BNG]

(0.8956+u,)
+ e

[12]

Table 10. Itemized parameter estimates for model [12] with soil variable BNG.

Parameter Estimate Standard tValue Pr>|t| 95% Confidence
Error Limits
8, 0.039 0.007 5.420 <.0001 0.025 0.054
8, 0.896 0.036 24.760 <.0001 0.824 0.967
85 0.155 0.024 6.420 <.0001 0.107 0.203
s2e 7.603 0.592 12.850 <.0001 6.431 8.775
s2u 0.007 0.002 2.850 0.0052 0.002 0.011

This model was compared to model [8] and the result indicated thatit is

significantly better than model [8] (Table 11). The model precision (R?) value of

model [12] was higher compared to that of model [8]. The RMSE of model [12]

was lesser than that of model [8], the AIC value was also lesser than model [8].

The log-likelihood ratio test also indicated thatincorporating key soil factor into

model improved the model.
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Table 11. Fit statistics comparison of model [8] and model [12].

Model R? Bias (ft) RMSE (ft) AIC Log-likelihood ratio test
p-value with base

model

[8] 0.94 0.03 3.02 2374.4

[12] 0.96 0.00 262 21422 <0.0001

The model residual figures (Figure 7) below showed that the model
assumptions were much improved compared to those of the model [8] (Figure 3).
The predicted heightand observed height surround the diagonal line (Figure 8),

suggesting the improved accuracy.
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Predicted vs Residual
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Plot of residuals against predicted heightfor soil variable model [12].
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Figure 8. Plot of predicted heightagainsttotal height of plantation for soil variable
model [12].
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Incorporating Key Climate Factors into Model

The correlation analysis indicated that both average winter and spring
precipitation (mApct and mBpct) affected 8, and 8, (Appendix 5); while average
summer max temperature, summer mean temperature and average fall
precipitation (mCtmax, mCtmean & mDpct) which were all strongly correlated to
mApct and mBpct affected parameter 6,. We began by fitting selected factors
(mApct and mBpct) to express climate effectin 3 differentform of Equation (6)

expressed as;

6
s NS (CRTRTN)| e
- H 13
! 1- e_[(el*t)+61jclj] 3]
ol oeg] 67
Sp=4H 1— e—[(61)+61jc1]*(t) [14]
and
- o~ [6rtap)] B2tz 62)C2))
51 = l 1— o—[@10] ] [15]
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Where C,; represents the variables mApct or mBpct and C,; represents the

variable mApct or mBpct. These variables were entered individually into the
above 3 models and labelled as [13a], [14a] and [15a]. The resulting parameters
estimated and fit statistics from all 3 models fitted were summarized in Table 12

and compared.

Table 12. Fit statistics comparison of climate variables mApct and mBpct
incorporated individually as C,; and C,; into models [13], [14] and [15].

Model  Cy; C,; 8,;estimate 6, estmate R2 RMSE AIC

(significance) (significance) (ft)
[13a] mApct 0.0392 0.8946 095 259 23583
mBpct 0.0373 0.8812 0.96 257 2355.1
[14a] mApct 0.0166 1.0997 095 257 2373.6
mBpct 0.0333 1.1015 0.95 2.82 2374.2
[15a] mApct 0.0620 1.6301 095 281 2370.7
mBpct 0.0623 1.9115 0.95 281 2373.3

Overall all 3 models obtained high R?values of >=0.95 (Table 12).
Evaluations from model [13a] had the lowest AIC values (2358.3 and 2355.1)

and these model also had the low RMSE values of 2.59 and 2.57. The model
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with smallest RMSE and AIC values and preferably better prediction quality is

considered. The model chosen was expressed as;

1—e _[(61*t[)+0.03725*mect] (82 +uz)
l [16]

S[=H1

_ e—[(61*t)+0.03725*mect]

All parameters remain the same. This model was compared to model [9] (Table

13)

Table 13: Statistics comparison between model [8] and model [16].

Model R2  Bias(f) RMSE (ft) AIC Log-likelihood ratio test

p-value with model 16

[8] 094 0.03 3.02 2374.4

[16] 0.96 0.00 2.57 2355.1 <0.0001

Model precision (R?) value of model [16] was higher compared to that of
model [8]. The RMSE of model [16] was lesser than that of model [8] as well the
AIC value was also less than model [8] (Table 13). This result suggested that
model [16] was significantly better than model [8]. The log-likelihood ratio test
also indicated thatincorporating key soil factor into model improved the model.

We fitted all other correlated factors (mApct, mBpct, mCtmax, mCtmean

and mDpct) together in 2 differentforms of the model as;
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1— e—[(el*tl)+61jc1j] (62+u2+62j62j)
S = 17
! [1— e_[(el*t)-"eljclf]] 7]
and

o Loy o) 4022
1= e e 18]

Variables mApct or mBpct for €;; and mApct, mBpct, mCtmax, mCtmean and
mDpct for C,; were fitted concurrently into model [17] and [18]; labelled as [173]

and[18a]. Table 14 shows comparison of the resulting 20 models.
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Table 14. Fit statistics comparison of climate variables mApct or mBpct for C;;
and mApct, mBpct, mCtmax, mCtmean and mDpct for C,; fitted concurrently into
model [17] and [18].

Model  Cy; Cyj Cy; C,; estimate R? RMS AIC
estimate (significance E (ft)
(significanc )
e)
mApct mApct 0.0375 1.4851 095 2.81 23543
mApct mBpct 0.0378 2.0687 095 281 2357.7
mApct mCtmax  0.1514 1.8008 095 281 2505.9
mApct mCtmean 0.1546 1.8962 095 281 25229
[17a] mApct mDpct 0.0381 1.6170 095 2.81 23457
mBpct mApct 0.0364 1.3943 095 257 23526
mBpct mBpct 0.0365 1.8436 095 256 2355.3
mBpct mCtmax  0.1547 1.8051 092 346 2508.6
mBpct mCtmean 0.1613 1.8733 092 351 25203
mBpct mDpct 0.0366 1.5669 0.96 258 23438
mApct mApct 0.2973 2.7100 0.95 2.77 2368.9
mApct mBpct 0.0619 1.9113 095 2.81 23753
mApct mCtmax  0.0809 -2.246 095 2.81 2365.9
mApct mCtmean 0.2538 1.8438 0.21 10.81 47615
[18a] mApct mDpct 0.1166 1.9654 0.95 2.84 2363.0
mBpct mApct 0.7910 2.6439 095 2.79 2366.5
mBpct mBpct 0.5803 4.2458 095 278 2373.2
mBpct mCtmax  0.1878 -2.3361 095 2.81 23655
mBpct mCtmean 0.5698 -14.617 095 279 2364.1
mBpct mDpct 0.2001 1.9118 095 2.85 2363.1
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The R? valuesindicated variation in the quality of predictions which ranged
from 0.21 to 0.96. The model [18a] of mApct and mCtmean had the lowest
values with R? of 0.21 and the highest RMSE value of 10.81 ft. The R? values of
other models were >=0.92. In terms of AIC values, it ranged from 2343.8 to
4761.5, and once again the model [18a] of mApct and mCtmean considered the
poorest of all models had the highestvalue. Model [17a] with mBpct and mDpct
had the lowest AIC value (2343.8) and low RMSE (2.58 ft). The model with the

best statistical characteristics was chosen and expressed as;

(1.5669+u,—0.1828+*mDpct)

S, =H [19]

1—e —[(0.03658*t1)+0.006183*mect]]

1— ¢—[(0.03658+t)+0.006183+*mBpct]

Model [19] was compared to base model [8] (Table 15). There was clear
difference in their respective inferential statistic values. Model [19] had better
prediction quality in the R? value, as well as the measure of accuracy in RMSE
value. The AIC value of model [19] was also lower than that of model [8]. The
log-likelihood ratio test proved significant difference in model [19] compared to

model [8].
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Table 15. Fit statistics comparison between model [8] and model [19]

Model R? Bias (ft) RMSE (ft) AIC Log-likelihood ratio test

p-value with base model

[8] 0.94 0.03 3.02 2374.4

[19] 0.96 0.00 2.58 2343.8 <0.0001

However, we compared model [19] with model [16] (Table 16). Both
models displayed significant RMSE values as well as good prediction quality.
The clear difference distinguishing both models was found in their AIC values
with model 16d of mBpct and mDpct having the lowestvalue (=2343.8). This
outcome indicated that incrementin the number of parameter almost always
improves the goodness of fit of a model. The log-likelihood ratio test proved
significant difference in model [19] compared to model [16].

Table 16. Fit statistics comparison between model [16] and [19].

Model R? BIAS RMSE AIC Log-likelihood ratio test

p-value with model 16c¢

[16] 096 0.00 257 2355.1

[19] 096 0.00 2.58 2343.8 <0.0001
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Overall the model [19] was considered best fit and kept to be used for final
evaluation processes. Model [19] residual figures as shown below illustrates the
model assumptions such as normality, independence and equal variance are well
acceptable (Figure 9). The plot of predicted height of model [19] against
observed heightshowed better consistency, as it tends to cluster even more in

the diagonal line (Figure 10).
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Figure 9. Plot of residuals against predicted heightfor climate variable selected
model [19].
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Predicted H2 vs H2
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Figure 10. Plot of predicted heightagainsttotal heightof trees for climate variable
selected model [19].
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Incorporating Both Climate and Soil Variable

All initial procedures and model fitting were carried out to choose the best
and appropriate variables and model to be considered for final evaluation. Total
nitrogen content (of soil) in the B horizon, average spring mean precipitation
(mBpct) and average fall mean precipitation (mDpct) variables matched as best

suited fit. These variables and the height-age data were used in combined form

and fitted into equation (6) expressed as;

(62 +u2+62]C2])

+ e [20]

1— e-[(61*t1)+61jC1j+61k51k]

1— e—[(el*t)+61jclj+61kslk]

S[=H

Where BNG for S, mBpct for C,; and mDpct for C,; respectively. Using similar

procedures, all initial parameter values were set followed by successive iteration

until convergence criterion attained. The final model was expressed as;

SI=

(1.6681+u,—(0.2026*mDpct))

1— ¢—[(0.04066+t1)+0.1511¥mBpct+0.000175+BNG]
H 1— ¢—[(0.04066+t)+0.1511+mBpct+0.000175+BNG]

[21]

We compared this final model [21], with model [8] (Table 17). Model [21]

had R2 value of 0.96, a RMSE value of 2.64, and a much lower AIC value of
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2132.5. Statistically, model [21] had better outcome than model [8]. The log-

likelihood ratio test also proved significance in model comparison.

Table 17. Fit statistics comparison between model [8] and model [21]

Model Ci;& Gy & R2  BIAS RMSE AIC Log-likelihood

Sik Sok ratio test p-value

[8] . . 094 003 3.02 23744

[21] BNG, mDpct 096 0.00 2.64 21325 <0.0001

mBpct

However, we compared model [21] with the selected soil model [12]
(Table 18). The R2 values of both models were similar in 0.96. Model [12] had
slightly better model accuracy in RMSE but model [21] had better AIC value
interpretation (lowest value). The log-likelihood ratio test indicates improvement

in the model as well.
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Table 18. Fit statistical comparison between model [12] and model [21]

Model C;; & C,;& R? BIAS RMSE AIC Log-likelihood

Sik Sok ratio test p-value

[12] BNG . 096 0.00 2.62 2142.2

[21] BNG, mDpct 0096 000 264 21325 <0.0001

mBpct

Likewise, we compared model [21] with the selected climate model [19]
(Table 19). The log-likelihood ratio test showed improvementbut the model
accuracy of model [21] had a highervalue of 2.64 ft compared that of model [19]
being (=2.58 ft). The R? values of both models were similar in 0.96. The AIC

value estimated from model [21] was lower compared to model [19].

71



Table 19. Fit statistical comparison between model [19] and model [21]

Model Ci;& Gy & R?2  BIAS RMSE AIC Log-likelihood ratio

Sik Sok test p-value

[19] mBpct mDpct 0.96 0.00 259  2343.8

[21] BNG, mDpct 0.96 000 264 21325 <0.0001

mBpct

The model residuals indicated that the model assumptions were not
violated (Figure 11). The model predicted heightwell at both low and high ends
of the data range and also those of the middle range (Figure 12). The predicted

heightof model [21] showed consistency as data tend to cluster tightly in the

diagonal.
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Predicted vs Residual
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Figure 11. Plot of residuals against predicted heightfor soil and climate variables
selected model [21].
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Predicted H2 vs H2

g0

&0

Height (ft

40

20

20 40 60 a0
Predicted Height (ft)

Figure 12. Plot of predicted heightagainsttotal height of plantation for soil and
climate variables selected model [21].
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Effects of Soil/Climate changes on Height growth

In order to examine the effect of the changes in soil on the predicted tree
heightgrowth of plantation, we simulated the key selected soil variables using
Model [12]. The mean value of BNG from all plots was estimated as 0.14ppm,
with a minimum of 0.07ppm, and maximum of 0.28ppm. Total tree heightwas
plotted againstplantation age displaying the changesin tree heightwith changes

in the soil variable across plantation age. (Figure 13).

Results from the estimation showed that effect of BNG was positive and
hence tree heightis directly proportional to change in BNG. At given plantation
age, tree heightincreased even greater as BNG increases. Thisindicated that

soil factor (BNG) had significant effecton the heightgrowth of loblolly pine tree.
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Figure 13. Effectof BNG changes on tree heightgrowth of loblolly pine.

76

30



Climate

As an illustration to demonstrate the effect of changesin climate
conditions on predicted tree height of loblolly pine we developed growth curves
using Model [19]. To do this, we varied one climate variable but fixed the other
variable as a constant (the average). In the simulation, mDpctwas first replaced
with the mean value from 2000 to 2017 and the targeted variable (mBpct) was
taken as 2.58mm day1, 3.58mm day!and 4.58mm day! respectively. Then we
replaced mBpct with the mean value from 2000 to 2017 and the targeted variable
(mDpct) was taken as 2.77mm day-?, 3.77mm day! and 4.77mm day*!
respectively. Total tree heightwas plotted against plantation age displaying the
changes in total heightwith changes in the soil variable across plantation age.

(Figure 14A and 14B).

The change in both climate factors directly affected tree height. Although
there was increase in tree heightwith given plantation age butchange in mBpct
had positive changesin tree height (Figure 14A). On the other hand, the
significant difference in predicted height observed from the change in mDpct was
reverse. Loblolly pine tree heightwas inversely proportion to change in mDpct
hence tree heighttend to reduce with increase in fall precipitation (Figure 14B).
This indicated that climate factor mDpct had more effecton tree heightthan

mBpct.
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DISCUSSION

This study identified important soil and climate variables affecting the
height-age relationship for loblolly pine plantations in east Texas. Multiple studies
have been conducted to understand the influence of climate and soil on height
growth (Aguilar1979; Chang and Aguilar 1980; Brown 1994; Fontes et al. 2003;
Amateis et al. 2006; Monserud et al. 2008; Beer 2009; Weiskittel et al. 2011a, b;

Burkhartand Tome 2012; Sabatia and Burkhart2014; Sharma et al. 2015; Farjat

et al. 2015; Subedi and Fox 2016).

Among all the soil variables investigated, the key variable identified in this
study was the nitrogen level of horizon B for soil. The nitrogen level of in B
horizon had significant effect on the height of loblolly pine trees. The height
growth improves with increasing soil nitrogen levels in B horizon (Figure 13).
Similarto our study, in Subedi and Fox (2016) study, total nitrogen was one of
the five soil properties selected as significant predictor variables, considered to
be a limiting nutrientin loblolly pine plantations. A study by Allen et al. (1990)
indicated that low soil nutrient availability contributed to reduced productivity of

southern pine and nitrogen was observed as one of the key nutrients, also this
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was seen in our study from the effect of BNG of height (Figure 13). There were
similar findings in a study by Fox et al. (2007), and from their observation,
increasing nitrogen would increase the available soil nutrientand thusincrease
heightgrowth. The effect soil variables pose on the height growth of loblolly pine

Is considered significant.

Among all the climate variables investigated, the key variables were
average precipitation in spring and fall seasons and affected the height growth of
loblolly pine trees. The height growth improved with increasing spring season
precipitation but showed a down curve with increasing precipitation for the fall
season (Figure 14). Both temperature and precipitation were used in our analysis
to assess their impact on the S| model and identify the key factor influencing the
Sl of plantation loblolly pine. The variables identified as key predictor variables
was used and hence othervariables did notaffect height growth in this study.
One reason for the insignificant effect of temperature in this study is attributed to
the differences in temperature from the plot to plot were not substantial. Previous
studies also supported our findings. In Brown’s (1994) study, he observed total
spring precipitation as one of the weather parameters that influence height
growth. In a similar study by Sharma et al. (2015), one of the climate variables

that had a significant effect on tree height of Jack Pine specie was precipitation.
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Elsewhere, Sabatia and Burkhart 2014), also identified annual precipitation as an
important biophysical variable considered in loblolly pine SI models. Beer's
(2009) reported precipitation (considered as rainfall) had a significant effect on
tree growth and this was because the amountof rainfall tends to increase the

available water capacity in the soil.

S| models are sensitive to silvicultural practices and in most cases the
resulting predicted tree quality from modeling procedures indicate improvement
as regards the type of management system that was applied to the respective
plantation (Zhang etal. 1997; Fontes et al. 2003; Sharma et al. 2006; Weiskittel
et al. 2011a, b; Zhao et al. 2016). More recently, Trim et al. (2020) developed two
SI models (Chapman — Richards GADA and McDill Amateis GADA model) for the
intensively-managed plantations in east Texas and found their models predicted
greater heightgrowth than the Lenhart (1986) and Coble and Lee (2010). They
ascribed this to the change of managementlevel from extensive to intensive on
the plantations. While the intensive silvicultural management may be one major

reason for greater predicted height, their study neveraccounted for other factors

that could influence the growth rate.

In many forest researches, using on-line soil data is becoming popular,

even though the accuracy of these on-line soil data is largely unknown. One topic
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of this study was to compare observed and corresponding on-line soil data in soil
texture in East Texas and western Louisiana. Most of the chemical test values for
horizon A had larger values than those of horizon B. This is an expected result
since A horizon is somewhat considered the surface horizon and itserves as a
pathway for materials and minerals to move down in a soil profile. Most chemical
components and minerals are leached down and accumulated in the B horizon
and this would occur over certain period of time. While most plots had the same
identification of texture, some inconsistencies existed in some plots, in particular
the B horizon. The exact reason for this inconsistency was unknown butlikely
may be contributed by a few factors. For one, the method of data collection and
compilation would differand the location (point) of collecting individual soil data
would also vary. In most cases, soil data from online sources are derived via a
means of extrapolation of data as well as the scaling system used for the data
across each region. This method doesn’testimate the exact point of soil
extraction. Nonetheless, ourresults do suggestthat precaution should be taken
when on-line soil texture data are used in forest research in East Texas and

Western Louisiana.

Ideally, the model of this study should be tested using an independent

dataset, or, alternatively, data can be split with one part for model development
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and the other for model verification. Neitherwas done in this study for one the
dataset was relatively small, only about400 observations, and one of our goals
was to identify key soil/climate variables affecting height-age relationships. Our
model selection was based on the typical statistical model comparison method of
comparing AIC and applying the log-likelihood ratio test when two models are
nested to each other. The significantimprovementin AIC by comparing models
incorporating soil and/or climate variables to the base model (Tables 11, 15, 17)

suggests that incorporating these variables could improve the model

predictability. Also their residual plots had no clear pattern or trend.

The roles biophysical factors play in the growth of pine trees are crucial in
forest management. With this knowledge, we can improve and implementmore
silvicultural practices in loblolly pine plantations. As an essential soil nutrient
needed for growth, increasing the nitrogen level (preferably in B horizon) would

enrich the soil and be of great advantage as this should increase productivity.
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CONCLUSION

In assessing the effect of environmental variables on the growth potential
of pine plantations, we observed that there is a strong relationship between tree

growth and soil/climate variables.

The nitrogen level in B soil horizon was the one soil factor that significantly
affected tree heightgrowth. It indicated that an increase in this soil variable would
yield tree heightgrowth. Being it one of the limiting soil nutrients, itis clear that
nitrogen is an essential soil nutrientneeded in a growing tree. Precipitation
(spring and fall) was the climate factors that significantly affected tree height
growth. This factor varied seasonally and would affect the available water in the
soil. Incorporating both climate and soil parameters into the model improved the
model performance. Our models have indicated a reduction in the bias of the
variables to consider when predicting SIto evaluate the quality of pine
plantations. The models should continuously be modified when more data

become available.
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LIMITATIONS

The limitations of this study were;

Accessibility to some plots was limited due to property restrictions by
owner/management. Plantation plots underthe ETPPRP Phase Il are
owned by differentorganizations/companies, as so, some plots location
have rigid restriction policies to reduce theftand unwanted farmland
activities.

In retrieving climate data, careful evaluation and extraction procedures
should be used because such data varies across platforms and different
measured values are found for individual climate variables. The climate
data had slightly different orthe same values due to the proximity of some
plot locations being so close.

From ourdata, the age range of the plantation used in the study indicated
this plantation is young. Evaluating data older than 22 years which was

the maximum age was done by extrapolation.

85



LITERATURE CITED

Aguilar,R. J., 1979. Climatic fluctuation and its effect on the growth of loblolly
pine at nacogdoches, Texas. Stephen F. Austin State University. 99p.

Albaugh, T. J. et al., 1998. Leaf area and above-and belowground growth
response of loblolly pine nutrientand water additions. Forest Science 44(2), pp.
317-328.

Allen,H. L., Dougherty, P. M. & Campbell,R. G., 1990. Manipulation of Water
and Nutrients - Practice and Opportunity in Southern US Pine Forests. Forest
Ecology and Management, 30(1), pp. 437-453.

Amateis, L. R., Prisley, P. S. & Burkhart, E. H., 2006. The effect of physiographic
region and geographic locale on predicting the dominantheightand basal area of
loblolly pine plantations. Southern Journal of Applied Forestry. 30, pp. 147-154.

Amateis, R. L. & Burkhart,H. E., 1985. Site Index Curves for Loblolly Pine
Plantations on cutover Site-Prepared Lands. Southern Journal Appl. For. 9(3),
pp. 166-69.

Amateis, R. L., Burkhart, H. E. & Walsh, T. A., 1989. Diameter Increment and
Survival Equations for Loblolly Pine Trees Growing in Thinned and Unthinned
Plantations on Cutover, Site-Prepared Lands. Southern Journal of Applied
Forestry, 13(4), pp. 170-174.

Amateis, R. L., Liu, J., Ducey, M. J. & LeeAllen, H., 2000. Modeling Response to
Midrotation Nitrogen and Phosphorus Fertilization in Loblolly Pine Plantations.
Southern Journal of Applied Forestry, 24(4), pp. 207-212.

Anon., 2018. Soil Survey Staff, Natural Resources Conservation Service, United
States Department of Agriculture.. [Online]
Available at: https://websoilsurvey.sc.egov.usda.gov/

Avery, T. E. & Burkhart, H. E., 2002. Forest Measurements. McGraw Hill, New
York. 456p..

86



Baethgen, W. E. & Alley, M. M., 1989. A Manual Colormetric procedure for
measuring Ammonium Nitrogen in soil and plant Kjeldahl Digest. In:
Communities in Soil Sci Plant Analysis 20 (9&10). s.n., pp. 961-9609.

Bailey,R. L., Peinaar, H. E., Shiver,B. D. & Rheney, J. W., 1982. Stand structure
and yield of site-prepared slash pine plantations. Res. Bull. 291, Univ. of Georgia
college of Agriculture Experiment Station, Athens, GA. 83 p.

Bassett, J. R., 1964. Diameter growth of loblolly pine trees as affected by soil
moisturue availability. Southern Forest Experiment Station. USDA Forest Service
Res Pap S)-9, p. 7p.

Beck, D. E., 1971. Polymorphic site index curves for white pine in the southern
Appalachians. USDA, Forest Service, Southeastern Forest Experiment Station. 8

p.

Beer, L. W., 2009. Soil-site index of loblolly pine (Pinus taedalL.) in east Texas.
Nacogdoches TX: Stephen F. Austin State University 109p.

Bennett, F. A., 1963. Growth and Yield of Slash Pine Plantations. USDA, Forest
Service, Southeastern Forest Experiment Station. 25 p.

Bennett, F. A., 1970. Yields and stand structure patterns for old field plantations
of slash pine. US Forestry Service Res. Pap SE-6-, p. 81p.

Bennett, F. A., McGee, C. E. & Clutter, J. L., 1959. Yields of old slash pine
plantations. US Forestry Service Res. Pap 107, Southeast Forest Exp. Stn.
Ashville, p. 19p.

Blackard, J. A., 1986. Estimating site index and individual total tree heightfor
loblolly and slash pine plantation on non-field in East Texas. M.S.F Thesis
SFASU, 162p.

Borders, B. E., Bailey,R. L. & Ware, K. D., 1984. Slash pine site index from a
polymorphic model by joining (splining) nonpolynomial segments with an
algebraic difference method.. Forest Science, 30(2), pp. 411-423.

Brown, C. C., 1994. Effects of climate conditions on growth and mortality of
loblolly pine plantations in East Texas. Stephen F. Austin Univerisity 88p.

87



Burkhart, H. E., 1971. Slash pine plantation yield estimates based on diameter
distribution: An evaluation.. Forest Sci 17, pp. 452-453.

Burkhart,H. E., Cao, Q. V. & Ware, K. D., 1981. A comparison of growth and
yield prediction models for loblolly pine.. School of For. and Wildl. Resour. VPL
and state Univ. Publ. FWS-2-81, p. 59p.

Burkhart,H. E. & Tome, M., 2012. Modelling foresttrees and stands., New York
457p: Springer.

Carmean, W. H., 1971. Site index curves for black, white, scarlet, and chestnut
oaks in the Central States.. USDA, Forest Service, North Central Forest
Experiment Station Res., Issue Pap. NC-62.

Carmean, W. H., 1972. Site Index Curves for Upland Oaks in the Central States.
Forest Science, 18(2), pp. 109-120.

Carmean, W. H., 1975. Forest site quality evaluation in the United States., New
york 61p: Academic press, .

Carmean, W. H., 1978. Site index curves for northern hardwoods in northern
Wisconsin and Upper Michigan. USDA Forest Service, North Central Forest
Experiment Station Res. Note NC160.

Carter, M. C. & Foster, C. D., 2006. Milestones & millstones; A retrospective in
50 years of research to improve productivity in loblolly pine plantation. Forest
Ecology and Management 227, pp. 137-144.

Chang, M. & Aguilar,J. R., 1980. The effect of climate and soil on the radial
growth of loblolly pine (Pinus TeadaL.) in a humid enviromentof Southeastern
USA. Forest Ecology and Management, pp. 141 - 150.

Chapman, D. G., 1961. Statistical problems in populations dynamics. In:
Neyman J., ed. Proceedings of the fourth Berkeley symposium on mathetical
statistiics. University of California Press Vol. 4, Berkeley california, pp. 153-186.

Clutter, J. L., Fortson, J. C., Pienaar, L. V. & others, a., 1983. Timber
management: a quantitative approach. New York, NY: John Wiley and Sons.
333p.

88



Clutter, J. L., Harms, W. R, Brister, G. H. & Rheney, J. W., 1984 Stand Structure
and Yields of Site-Prepared Loblolly Pine Plantations in the Lower Coastal Plain
of the Carolinas, Georgia, and North Florida. U.S. Department of Agriculture,
Forest Service, Southeastern Forest Experiment Station. 173 p..

Clutter, J. L. & Lenhart, J. D., 1968. Site curves for old-fieldloblolly pine
plantations in Georgia PiedmontG, Forest Research Count. Report 22, series 1,
4p.

Coble, D. W., 2015. The east texas pine plantation research project:
accomplishments as of fall 2015, The ETPPRP report. Stephen F. Austin State
University.

Coble, D. W. & Lee, Y.-J., 2010. Self-referencing site index equations for
unmanaged loblolly and slash pine plantations in east Texas. In proceedings of
the 14th biennial southern silvicultural research conference 2006. USDA Forest
Service, Souther Research Station Gen. Tech. Rep. SRS-121:349-353..

Coble,D.W. & Lee, Y. J., 2006. Use of generalized sigmoid growth function to
predict site index for unmanaged loblolly and slash pine plantations in east
Texas., s.l.: In Connor, Kristina F (ed.) Proc. 13th Biennial South Silviculture
Research Conference U.S.D.A For. Serv. Gen Rep SRS 92.

Coile, T. S., 1952. Soil and the growth of forest. In: Advances in Agronomy 4.
s.n., pp. 329-398.

Coile, T. S. & Schumacher, F. X., 1964. Soil-site relations, stand structure and
yields of slash and loblolly pine plantations in southern United States. Durham
N.C: T.S CoileInc. 296p.

Colbert, S. R., Jokela, E. J. & Neary, D. G., 1990. Effects of annual fertilization
and sustained weed control on dry matter partitioning, leaf area and growth
efficiency of juvenile lobloll and slash pine. Forestry Science 36, pp. 995-1014.

Cooley, J. H., 1958. Site index curves for paper birch in northern Wisconsin.
USDA, Forest Service, Issue Note 541.

D.C, M., 1953. Soil and climatic factors related to the growth of longleaf pine. U.S
Forest Service South, p. 12.

89



Devan, J. S. & Burkhart, H. E., 1982. Polymorphic site index equation for loblolly
pine based on a segmented polynomial differential model.. Forest Science, Vol.
28, Issue 3, pp. 544 - 555.

Diéguez-Aranda, U., Burkhart, H. E. & Amateis, R. L., 2006. Dynamic Site Model
for Loblolly Pine (Pinus taeda L.) Plantations in the United States. Forest
Science, 52(3), pp. 262-272.

Doolittle, W. T. & Vimmerstedt, J. P., 1958. Site index curves for natural stands.
s.l..USDA, Forest Service, SE Forest Experiment Station Tech. Note 141.

Dye, P. J., Jacobs, S. & Drew, D., 2004. Verifications of 3-PG growth and water-
use predictions in twelve Eucalytus plantation stands in Zulaland, South Africa.
Forest Ecology Management, pp. 197-218.

Edgar, C. & Zehnder, R., 2015. East Texas Forest Lands, College Station: Texas
A&M Forst Service.

Edwards, S. L., Ezell, A. W. & Dematris, S., 2006. A comparison of planted
loblolly pine (Pinus Taeda) growth in areas recieving differentlevel of
establishmentregime intensity. Journal for sustainability Forestry 23, pp. 1-16.

Farjat, A. E. et al., 2015. Modelling Climate Change effect on the Height growth
of Loblolly Pine. Forest Science, pp. 703-715(13).

Fontes, L. etal., 2003. Modelling the Douglas-fir (Pseudotsuga menziesii (Mirb.)
Franco) site index from site factors in Portugal.. Forestry 76(5), pp. 491-507.

Fox, T. R. et al., 2007. Tree Nutrition and Forest Fertilization of Pine Plantations
in the Southern United States. South. Journal of Applied Forestry, 31(1), pp. 5-
11.

Fox, T. R., Jokela, E. J. & Allen, H. L., 2007. The developmentof pine
pplantation silviculture in southern United States. Journal of Forestry 105, pp.
337-347.

Hacker, D. W. & Bilan, V. M., 1991. Site index curves for loblolly and slash pine
plantatioin in postoak belt of East Texas. Southern Journal of Applied Forestry,
Volume 15, Issue 2, pp. 97 - 100.

90



Hankin, L. E., Higuera, P. E., Davis, K. T. & Dobrowski, S. Z., 2019. Impacts of
growing-season climate on tree growth and post-fire regeneration in ponderosa
pine and Douglas-fir forests. s.l.:.Ecosphere 10(4):e02679. 10.1002/ecs2.2679.

Hartsell, A. J. & Conner, R. C., 2013. Forest area and conditions: a 2010 update
of chapter 16 of the Southern Forest Resource Assessment., North Carolina:
Department of Agriculture Forest Service, Southern Research station E-Gen
Tech. Rep. SRS-GTR-174.

Jokela, E. J., Dougherty, P. M. & Martin, T. A., 2004. Production dynamics of
intensively managed loblolly pine stands in the southern United States: a
synthesis of seven long-term experiments. Forest Ecology of Management Vol
192, pp. 117-130.

Jokela, E. J. & Martin, T. A., 2000. Effects of ontogeny and soil nutrient supply on
production, allocation and leaf area efficiency in loblolly and slash pine stands.
Canadian Jounral of Forest Research 30, pp. 1511-1524.

Joshi, O., Edgar, C., Zehnder, R. & Carraway, A. B., 2014. Economic impact of
texas forest sector, College station, TX: Texas A&M Forest Services Brochure.

Kallus, A. S., 1989. Estimating site index for loblolly and slash pine plantations on
non-old fields in East Texas. Nacogdoches: School of Forestry, Stephen F.
Austin University..

Kershaw, J. A., Ducey, M. J., Beers, T. W. & Husch, B., 2003. Forest
Mensuration. ISBN.

Kulow, D. L., Sowers, D. W. & Heesch, H. H., 1966. Site index curves for Virginia
pine in West Virginia. s.l.:West Virginia University Ag. Experiment Station Bul.
536T..

Landsberg, J. J., Waring, R. H. & Coops, N. C., 2003. Performance of the forest
productivity model 3-PG applied to wide range of forest types.. Forestry of
Ecology Management 172(2-3), pp. 199-214.

Lenhart, D. J., 1972. Cubic-footyields for unthinned old-field loblolly pine
plantation in the interior West Gulf Coastal Plain. Stephen F. Austin State Univ.,
Texas Forestry Paper No 14, p. 46p.

91



Lenhart,J. D., 1971. Site index curve for old-field pine plantations in interior west
gulf coastal plain, Stephen F. Austin State University, Texas Foroestry paper No
8, 4p.

Lenhart,J. D., Hunt,E. V. & Blackard, J. A., 1985. Establishment of permanent
growth and yield pllots in loblolly and slash pine plantations in East Texas.. Third
Biennial South. Res. Conf.U.S.D.A. Forest Service Gen. Tech. Rep., p. 589.

Lenhart,J. D., Hunt,E. V. & Blackard, J. A., 1986. Site index equations for
loblolly and slash pine on non-old fields in east Texas. Southern Journal of
Applied Forestry 10, pp. 109-112.

Lévesque, M., Walthert, L. & Weber, P., 2015. Soil nutrients influence growth
response of temperate tree speciesto drought. Journal of Ecology, Volume 104,
pp. 377-387.

McClurkin, D. C., 1953. Soil and climatic factors related to the growth of longleaf
pine. Publications of Southern Forest Experiment Station, p. 132.12pp.

McDill, M. E. & Amateis, R. L., 1992. Measuring Forest Site Quality Using the
Parameters of a Dimensionally Compatible Height Growth Function. Forest
Science, 38(2), pp. 409-429.

Monserud, R. A., Huang, S. & Yang, Y., 2006. Predicting lodgepole pine site
index from climatic parameters in Alberta.. Forestry Chricle, 82(4), pp. 562-571.

Monserud, R. A., Yang, Y., Huang, S. & Tchebakova, N., 2008. Potential change
in lodgepole pine site index and distibution under climatic change in Alberta.
Canadian Journal of Forestry Research 38, pp. 343-352.

Newberry, J. D. & Pienaar, L. V., 1978. Dominant Height Growth Models and Site
Index Curves for Site-prepared Slash Pine Plantations in the Lower Coastal Plain
of Georgia and North Florida. s.l.:School of Forest Resources, University of
Georgia Plantation ManagementRes Coop. Pap. No. 4.

NRCS, 2017. Web Soil Survey. [Online]
Available at: https://lwebsoilsurvey.sc.egov.usda.qov/
[Accessed 15 February 2018].

92



Popham, T. W. et al., 1979. Site index for loblolly plantationson cutover sites in
the West Gulf Coastal Plain. USDA Forest Service Resource Note SO-250, p.
.

Priest, J. S. et al., 2016. Loblolly pine site index on reclaimed mineland in east
Texas. Forest Science, 62(5), pp. 535-545.

Richards, F. J., 1959. A flexible growth function for emperical use. Journal of
Experimental Botany. 10, pp. 290-300.

Roth, B. E., Li, X., Huber,D. A. & Peter, G. f., 2007. Effects of management
intensity, genetics and planting density on wood stiffness in a plantation of
juvenile loblolly pine in the southern United States. Forest Ecology and
management 246, pp. 155-162.

R, Z., 1958. Site quality relationship of pine forests in southern Arkansas and
northern Louisiana. Forest Science 4, pp. 162-176.

Sabatia, C. O. & Burkhart, H. E., 2014. Predicting site index of plantation loblolly
pine from biophysical variables. Forest Ecology and Management 326, pp. 142-
156.

SAF, 1983. Terminology of forest science technology practice and products.
Society of American Foresters: Washington, D.C 370pp.

Sampson, D. A., Wynne, R. H. & Seiler, J. R., 2008. Edaphic and climatic effects
on forest stand development, net primary production, and net ecosystem
productivity simulated for Coastal Plain loblolly pine in Virginia. Journal of
Geophysics Resources Biogeoscience 113(Gl), pp. 1-14.

SAS Institute Inc., 2017. SAS/STAT® 14.3 User's Guide. Car, NC: SAS Institute
Inc..

Schnur, L. G., 1937. Yield, stand, and volume tables for even-aged upland oak.
s.l..USDA, Forest Service, Allegheny Forest Experiment Station Tech. Bul. 560..

Schultz,R. P., 1997. Loblolly pine : the ecology and culture of loblolly pine (Pinus
Taeda L).. Washington DC: USDA: Agriculture handbook 713, 1-16.

Schumacher, F. X., 1939. A new growth curve and its application to timber-yield
studies. Journal Forestry, pp. 37:819-820.

93



Sharma, M., Smith, M., Burkhart, H. E. & Amateis, R. L., 2006. Modeling the
impact of thinning on heightdevelopment of dominantand codominantloblolly
pine trees. Annals of Forest Science, 63(4), pp. 349-354.

Sharma, M., Subedi, N., Ter-Mikaelian, M. & Parton, J., 2015. Modelling climatic
effects on stand height/site index of plantation-grown Jack pine and Black spruce
trees.. Forest Science 61, pp. 25-34.

Smalley, G. W. & Bower, D. R., 1971. Site index curves for loblolly and shortleaf
pine plantations on abandoned fieldsin Tennessee, Alabama and Georgia
Highlands. USDA Forest Service Res. Note SO-126, p. 6p.

Steel, R. G. & Torrie, J. H., 1960. Principles and Procedures of Statistics: With
Special Reference to the Biological Sciences. New york: McGraw Hill.

Subedi, S. & Fox, R. T., 2016. Predicting loblolly pine site index from soil
properties using partial least-square regression. Society of American Foresters,
For. Sci. 62(4), pp. 449-456.

Thornton, P. E., Runningg, S. W. & White, M. A., 1997. Generating surface of
daily meterological variables over large regions of complex terrain. Journal of
Hydrology 190, pp. 214-251.

Thornton, P. E. et al., 2016. Daymet: Monthly Climate Summaries on a 1-km Grid
for North America, Version 3. [Online]

Available at: https:/doi.org/10.3334/ORNLDAAC/1345

[Accessed 10 April 2018].

Trim, K. R. et al., 2020. A New Site Index Model for Intensively Managed Loblolly
Pine (Pinus taeda) Plantations in the West Gulf Coastal Plain. Forest Science,
66(1), pp. 2-13.

Vega-Nieva, D. J. et al., 2013. Developing a general method for estimation of the
fertility rating parameter of the 3-PG model: Application in Eucalytus globulus
plantations in north-western Spain. Canadian Journal of Forestry Resources
43(&), pp. 627-636.

Von Bertalanffy, L., 1951. Theoretische biologie. (Band Il). Franke, Bern. 403p.

94



Wang, T., Lamay, V. M. & Baker, T. G., 2007. Modelling and prediction of
dominantheightand site index of Eucalytus globulus plantations using a
nonlinear mixed-effects model appproach.. Canadian Journal of Forest Research
37, pp. 1390-1403.

Weiskittel, A. R., Crookston, N. L. & Radtke, P. J., 2011a. Linking climate, gross
primary productivity, and site index across forests of the western United States..
Canadian Journal of Forest Research 41, pp. 1710-1721.

Weiskittel, A. R. et al., 2011b. Forest growth and yield modeling. Wiley-Blackwell,
UK, p. 415p.

Willet, R. L. & Bilan, M. V., 1991. Soil properties relating to height growth of
loblolly pine on four major soil series in east Texas.. Faculty publications Stephen
F. Austin State University, p. Paper 252.

Zachner, R., 1958. Site quality relationship of pine forestin Arkansas and
northern Louisiana. Forestservice 4, pp. 162-176.

Zahner,R., 1962. Loblolly pine site curves by soil groups. Forestry Science 8, pp.
104-1 10.

Zhang, S., Burkhart, H. E. & Amateis, R. L., 1997. The Influence of Thinning on
Tree Heightand Diameter Relationships in Loblolly Pine Plantations. Southern
Journal of Applied Forestry, 21(4), pp. 199-205.

Zhao,D. et al., 2016. Maximum response of loblolly pine plantations to
silvicultural. Forest Ecology and Management, Volume 375, pp. 105-111.

95



APPENDIX

96



Table 1. Observations from physical and chemical properties test of ETPPRP Phase Il plots.

PLOT PROFILE HORIZON/DEPTH SAND CLAY SILT TEXTURALCLASS NH4 C (%) N (%)

RANGE (%) (%) (%) (ppm)
200 A 0-11" 77.56 754 1490 Sandy Loam 7.347 1.429 0.149
B 11"+ 58.65 28.44 1290 Sandy Clay Loam 6.92 0.889 0.146
201 A 0-75" 86.64 6.98 6.38 Loamy Sand ND 1.293 0.151
B 7.5"+ 84.74 7.94 7.32  Sandy Clay loam 2412 1.639 0.17
202 A
B
203 A 0-6" 85.42 8.08 6.50 Sandy Loam 5.366 1452 0.16
B 6"+ 71.70 1594 12.36 Sandy Loam ND 1.112 0.146
204 A
B
205 A 0-9" 85.46 482 9.77 Sandy Loam 0.443 1.152 0.141
B 9"+ 77.78 1772 450 Sandy Loam 0.197 0.936 0.147
206 A 0-75" 86.84 6.30 6.86 Loamy Sand 3.889 1.183 0.137
B 7.5"+ 84.54 6.70 8.76  Sandy Clay loam ND 0.831 0.124
207 A 0-17.25" 79.48 11.34 9.18 Loamy sand ND 11 0.134
B 17.25"+ 84.20 1244 3.36  Sandy Clay loam ND 0.752 0.116
208 A 0-5" 72.48 11.08 16.44 Loamy Sand 8.812 2.437 0.203
B 5"+ 64.30 18.08 17.62 Sandy Clay loam 3.151 0.843 0.142
209 A 0-17" 71.84 3.72 2444 Sandy Loam 0.197 1515 0.159
B 17"+ 66.88 6.72  26.48 Sandy Loam ND 0.758 0.122
210 A 0-13" 76.50 6.22 17.32 Sandy Loam 1.674 1599 0.16
B 13"+ 70.74 8.08 21.18 Loam ND 0.716 0.126
211 A 0-10.25" 62.28 9.62 28.10 Sandy Loam 0.936 2.297 0.141
B 10.25"+ 52.02 13.72 34.26 Loam ND 0.961 0.136
212 A
B
213 A 0-7.00" 68.86 11.26 19.88 Silt Loam 6.35 1435 0.167
B 7.00"+ 59.74 22.26 18.00 _Silt Loam 0.197 1.009 0.169
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Table 1. Observations from physical and chemical properties test of ETPPRP Phase Il plots.

PLOT PROFILE HORIZON/DEPTH SAND CLAY SILT TEXTURALCLASS NH4 C (%) N (%)

RANGE (%) (%) (%) (ppm)
214 A
B
215 A 0-75" 56.74 6.32 36.94 Silt Loam 3.643 2.683 0.251
B 7.5"+ 49.78 1440 35.82 Silt Loam 2.905 1.02 0.159
216 A 0-17.25" 79.28 5.36 15.36 Sandy Loam ND 1.08 0.135
B 17.25"+ 65.56 15.26 19.18 Sandy Loam 0.197 0.71 0.133
217 A 0-11" 68.46 10.62 20.92 Sandy Loam 4.135 1.86 0.164
B 11"+ 44.50 2158 33.92 Loam 0.443 0.758 0.148
218 A 0 - 14.00" 63.70 17.26 19.04 Sandy loam 4.381 1.633 0.168
B 14.00"+ 46.26 31.34 22.40 Clayloam 4.627 0.842 0.141
219 A 0 -10.00" 50.92 26.62 22.46 Sandy Loam 6.492 1.381 0.174
B 10.00"+ 45.78 40.64 13.58 Clay 7.561 1.289 0.174
220 A 0 - 14.00" 57.44 23.30 19.26 Clay Loam 3.182 1.703 0.248
B 14.00"+ 46.74 25.08 28.18 Sandy Clay loam 2.455 0.977 0.165
221 A 0 - 14.00" 56.60 1550 2790 Sandy Loam 4.455 1.685 0.201
B 14.00"+ 52.28 18.62 29.10 Sandy Loam 2.636 0.939 0.159
222 A 0-7.00" 65.70 572  28.58 Silt Loam 3.182 1.497 0.159
B 7.00"+ 63.56 8.76  24.68 Silty Clay 2.273 0.774 0.114
223 A 0-9" 72.70 458 2272 Sandy Loam 2.818 1.079 0.147
B 9"+ 68.92 1150 19.58 Loam 2.091 0.808 0.145
224 A 0 - 14.00" 61.74 536 3290 Sandy Loam 3.182 0.841 0.136
B 14.00"+ 56.60 6.36 37.04 Sandy Clay loam 2.273 0.682 0.108
225 A
B
226 A
B
227 A 0-10.00" 48.74 2450 26.76 Sandy Clay Loam 7.775 2.222 0.213
B 10.00"+ 39.50 43.58 16.92 Clay 10.55 1.604 0.211
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Table 1. Observations from physical and chemical properties test of ETPPRP Phase Il plots.

PLOT PROFILE HORIZON/DEPTH SAND CLAY SILT TEXTURALCLASS NH4 C (%) N (%)

RANGE (%) (%) (%) (ppm)
228 A 0-9" 88.84 3.82 7.34 Loamy Sand 3.173 1.02 0.148
B 9"+ 73.56 9.72 18,96 Sandy Loam 3.008 0.769 0.13
229 A 0-11" 72.42 7.90 19.68 Loamy Sand 3.173 1.953 0.193
B 11"+ 73.94 10.40 15.66 Clay 2.844 0.939 0.138
230 A 0-9" 51.92 30.72 17.36 Sandy Loam 10.13 3.729 0.298
B 9"+ 44.34 40.26 15.40 Clay 9.699 2.124 0.214
231 A 0-9" 83.20 494 11.86 Sandy Loam 5.851 1.483 0.164
B 9"+ 80.20 10.94 8.86 Sandy Clay loam 6.065 0.965 0.142
232 A 0-4.25" 82.90 12.04 5.06 Sandy Loam 3.643 1.709 0.173
B 4.25"+ 60.82 36.10 3.08 Silty Clay 2.166 1.155 0.168
233 A 0 - 10.00" 83.70 598 10.32 Loamy Sand ND 1.355 0.145
B 10.00"+ 81.60 7.00 1140 Loamy Sand ND 0.688 0.117
234 A 0-11.50" 75.18 12.68 12.14 Loamy sand 3.397 1.589 0.168
B 11.50"+ 75.02 11.72 13.26 Loamy sand ND 0.821 0.127
235 A 0-9" 74.66 20.62 4.72  Sandy Loam 2.636 1.631 0.177
B 9"+ 46.06 34.76 19.18 Clay 3.182 1.712 0.181
236 A 0-11" 86.70 580 7.50 Loamy Sand 2.844 1.053 0.129
B 11"+ 84.00 4,72 11.28 Loamy Sand 2.515 0.479 0.093
237 A 0-11" 82.48 11.44 6.08 Sandy Loam 4,782 1.896 0.203
B 11"+ 73.06 17.18 9.76  Sandy Clay Loam 3.927 0.915 0.149
238 A
B
239 A 0-11.50" 74.28 5.68 20.04 Loamy sand 5.637 0.793 0.132
B 11.50"+ 64.28 7.68 28.04 Loamy Sand 5.432 0.625 0.121
240 A 0-9" 80.60 7.08 12.32 Loamy Sand 2.455 1527 0.164
B 9"+ 66.56 25.08 8.36  Sandy Clay Loam 1.909 0.754 0.14
241 A 0-9" 71.56 10.90 17.54 Sandy Loam 4.455 1498 0.164
B 9"+ 62.30 8.98 28.72 Loam 2.091 1.18 0.116
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Table 1. Observations from physical and chemical properties test of ETPPRP Phase Il plots.

PLOT PROFILE HORIZON/DEPTH SAND CLAY SILT TEXTURALCLASS NH4 C (%) N (%)

RANGE (%) (%) (%) (ppm)
242 A 0-11" 86.70 594 7.36 Sandy Loam 5.637 0.872 0.138
B 11"+ 81.74 590 12.36 Clay 4.996 0.661 0.12
243 A
B
244 A 0 - 4.50" 52.10 21.72 26.18 Loam 3.151 249 0.236
B 450"+ 56.14 14.72 29.14 Sandy Clay Loam 1.428 1.058 0.171
245 A 0-20.75" 85.66 482 952 Loamy Sand ND 0.562 0.106
B 20.75"+ 85.64 482 954  Sandy Clay loam ND 056 0.105
246 A
B
247 A 0-13.3" 55.60 28.86 15.54 Sandy Loam 4.381 0.559 0.112
B 13.3"+ 44.70 44.86 10.44 Clay 5.12 0.559 0.117
248 A 0-13" 87.54 350 896 Sand 1.674 1.763 0.188
B 13"+ 89.38 258 8.04 Sand ND 1.151 0.136
249 A 0-8.5" 85.38 468 994 Loamy Sand 3.727 1.153 0.114
B 8.5"+ 84.06 5.80 10.14 Sandy Clay loam 1.182 0.711 0.113
250 A 0-8.5" 60.44 12.86 26.70 Silt Loam 4.091 1.739 0.159
B 8.5"+ 48.66 22.72 28.62 Clay 1.909 0.884 0.13
251 A 0-11.50" 65.92 11.04 23.04 Silt Loam 1.545 1.389 0.144
B 11.50"+ 50.74 29.12 20.14 Clay 0.155 0.707 0.123
252 A 0-11.50" 72.20 10.72 17.08 Sandy Loam 6.455 1.769 0.14
B 11.50"+ 55.10 15.84 29.06 Loam 1.909 0.888 0.121
253 A 0-8.5" 69.30 10.72 19.98 Sandy Loam 2.091 1.064 0.132
B 8.5"+ 54.20 10.72 35.08 Clay Loam 1.364 0.812 0.121
254 A
B
255 A 0-8.5" 71.48 9.86 18.66 Sandy Loam 4.273 1835 0.193
B 8.5"+ 54.50 29.44 16.06 Clay 1.909 1.146 0.153
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Table 1. Observations from physical and chemical properties test of ETPPRP Phase Il plots.

PLOT PROFILE HORIZON/DEPTH SAND CLAY SILT TEXTURALCLASS NH4 C (%) N (%)

RANGE (%) (%) (%) (ppm)
256 A 0-8.5" 71.92 12.72 15.36 Sandy Loam 2.455 1.642 0.153
B 8.5"+ 61.34 31.08 7.85 Sandy Clay Loam 1.909 0.878 0.138
257 A
B
258 A 0-8.5" 78.12 9.44  12.44 Loamy Sand 2.091 1.767 0.182
B 8.5"+ 60.66 12.86 26.48 Sandy loam 1.545 0.984 0.133
259 A
B
260 A 0-8.5" 73.42 11.08 15.52 Sandy Loam 2.844 1.265 0.149
B 8.5"+ 62.38 19.08 18.34 Clay 3.008 0.8 0.115
261 A 0-8.5" 86.70 10.00 3.30 Loamy Sand 2.515 1.11  0.147
B 8.5"+ 82.66 11.00 6.34 Sand Clay Loam 2.679 0.952 0.144
262 A 0 -15.50" 41.56 33.18 25.56 ClayLoam 10.77 1.79 0.188
B 15.50"+ 36.56 41.18 22.26 Clay 9.912 1.303 0.157
263 A 0 -15.50" 50.60 25.16 24.24 Sandy Loam 2.091 2.209 0.185
B 15.50"+ 50.74 29.12 20.14 Clay 3.364 1.291 0.154
264 A 0-15.0" 88.70 498 6.32 Loamy Sand ND 0.573 0.09
B 15.0"+ 90.70 594 3.36 Sandy Clay Loam ND 0.741 0.112
265 A 0-11.50" 66.20 10.80 23.00 Sandy Loam 7.133 1.446 0.168
B 11.50"+ 59.56 14.62 25.82 Sandy Loam 8.416 0.992 0.142
266 A 0-11.50" 78.14 550 16.36 Silt Loam 0.72 0.978 0.144
B 11.50"+ 75.72 436 19.92 Silt Clay Loam 5.423 0.686 0.124
267 A 0-11.50" 70.08 11.30 18.62 Sandy Loam 5.851 1.302 0.17
B 11.50"+ 68.58 11.70 19.72 Sandy Clay Loam 5.851 0.772 0.132
268 A 0-7.50" 65.12 8.44  26.44 Silt Loam 5.209 0.956 0.135
B 7.50"+ 68.38 8.30 23.32 Silt Loam 3.499 0.807 0.13
269 A 0-6.00" 84.60 426 11.14 Sandy Loam 66.9 3.762 0.284
B 6.00"+ 76.64 9.28 14.08 Sandy Clay Loam ND 0.737 0.122
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Table 1. Observations from physical and chemical properties test of ETPPRP Phase Il plots.

PLOT PROFILE HORIZON/DEPTH SAND CLAY SILT TEXTURALCLASS NH4 C (%) N (%)

RANGE (%) (%) (%) (ppm)
270 A 0-6.50" 40.50 17.72 41.76 Silt Loam ND 2.167 0.206
B 6.50"+ 38.92 33,54 27.50 Silt Loam ND 0.997 0.158
271 A 0-8.25" 75.92 590 18.18 Sandy Loam 2.166 1.889 0.176
B 8.25"+ 67.02 7.86 25.12 Sandy Loam ND 0.773 0.118
272 A 0-85" 80.78 8.98 10.24 Sandy Loam ND 1.774 0.144
B 8.5"+ 75.52 17.08 7.40 Sandy Clay Loam ND 1.029 0.14
273 A 0-12" 76.14 6.46 17.40 Sandy Loam ND 0.89 0.119
B 12"+ 77.02 7.50 15.48 Sandy Clay Loam ND 0.637 0.11
274 A 0-11.50" 84.14 476 11.10 Sandy Loam 0.443 1.189 0.141
B 11.50"+ 78.14 7.72 1414 Sandy Clay Loam ND 0.605 0.118
275 A 0-12.00" 81.16 6.22 12.62 Sandy Loam ND 1.932 0.183
B 12.00"+ 65.70 20.98 13.32 Sandy Clay Loam ND 081 0.134
276 A
B
277 A 0-10.00" 90.34 394 572 Sand ND 0.962 0.127
B 10.00"+ 90.30 498 472 Sand ND 0.806 0.118
278 A 0-7.00" 86.90 590 7.20 Loamy Sand ND 1.251 0.136
B 7.00"+ 64.50 29.40 6.10 Sandy Clay Loam ND 1.099 0.156
279 A 0 - 6.50" 76.50 5.58 17.92 Loamy Sand ND 1.72 0.153
B 6.50"+ 84.64 550 9.86 Sandy Clay Loam ND 0.668 0.112
280 A 0-4.50" 76.56 16.08 7.36  Sandy Loam 2.905 1.737 0.202
B 450"+ 82.52 11.08 6.40 Clay ND 0.785 0.126
281 A 0-10.50" 85.30 3.94 10.76 Sandy Loam 0.443 1.504 0.15
B 10.50"+ 85.48 594 858 Sandy Loam ND 0.741 0.118
282 A 0 - 4.50" 86.22 6.28 7.50 Loamy Sand ND 0.967 0.134
B 450"+ 59.86 30.36 9.78  Sandy Clay Loam ND 1.038 0.148
283 A 0 -8.00" 85.56 1286 158 Loamy Sand ND 1.608 0.165
B 8.00"+ 86.88 10.76 2.36 _ Sandy Clay Loam ND 0.81 0.132
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Table 1. Observations from physical and chemical properties test of ETPPRP Phase Il plots.

PLOT PROFILE HORIZON/DEPTH SAND CLAY SILT TEXTURALCLASS NH4 C (%) N (%)

RANGE (%) (%) (%) (ppm)
284 A 0-4.00" 47.92 39.62 12.40 Sandy Loam ND 1.687 0.181
B 4.00"+ 47.02 43.34 9.64 Clay ND 0.978 0.152
285 A 0-5.50" 47.28 42.62 10.10 Sandy Loam 0.197 1.914 0.183
B 5.50"+ 39.32 46.62 14.06 Clay ND 0.956 0.156
286 A 0-7.00" 84.64 6.14 9.22 Sandy Loam 1.182 1.897 0.168
B 7.00"+ 78.64 7.18 14.18 Sandy Clay Loam ND 1.17 0131
287 A 0-11.75" 62.28 8.72 29.00 Sandy Loam ND 2941 0.215
B 11.75"+ 59.28 12.72 28.00 Loam ND 0.915 0.14
288 A 0-11.25" 84.08 7.28 8.64 Sandy Loam 5.811 2.881 0.234
B 11.25"+ 57.00 29.32 13.68 Loam 3.24 0.905 0.138
289 A 0-12.50" 54.64 11.54 33.82 Sandy Loam 5.603 217 0.184
B 12.50"+ 52.72 18,50 28.78 Loam 3.324 0.78 0.13
290 A 0-10.50" 53.90 8.70 37.40 Sandy Loam 4.36 2.143 0.183
B 10.50"+ 39.10 34.70 26.20 Sandy Loam 3.117 0.97 0.153
291 A 0-15" 72.14 2.18 25.68 Sandy Loam 3.531 1.442 0.152
B 15"+ 57.90 16.26 25.84 Loam 29.1 0.761 0.127
292 A 0-11.50" 48.46 16.02 35.52 Sandy Loam 4.36 1.331 0.162
B 11.50"+ 47.88 20.00 32.12 Loam 3.946 0.885 0.138
293 A 0-3.50" 58.30 9.34 32.36 Sandy Loam 8.711 2.031 0.186
B 3.50"+ 51.84 16.02 32.14 Loam 3.531 0.996 0.132
294 A 0-7.25" 76.52 594 1754 Sandy Loam 3.946 1.066 0.131
B 7.25"+ 67.70 7.86 24.44 Sandy Clay Loam 2.703 0.827 0.123
295 A 0-13.50" 89.42 558 5.00 Sand 6.846 0.867 0.12
B 13.50"+ 84.38 4,58 11.04 Loamy sand 3.117 0.685 0.108
296 A 0-9" 74.20 7.34 18.46 Sandy Loam 4.36 1.459 0.157
B 9"+ 75.58 1266 11.76 Sandy Loam 2.703 0.698 0.126
297 A 0-7.5" 83.78 1098 5.24  Sandy Loam 4.782 2.288 0.205
B 7.5"+ 60.66 37.00 2.34 Sandy Clay Loam 6.492 1.074 0.162
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Table 1. Observations from physical and chemical properties test of ETPPRP Phase Il plots.

PLOT PROFILE HORIZON/DEPTH SAND CLAY SILT TEXTURALCLASS NH4 C (%) N (%)

RANGE (%) (%) (%) (ppm)
298 A 0 - 14.00" 77.20 7.72 15.08 Loamy Sand 291 0.811 0.126
B 14.00"+ 68.02 25.82 6.16 Sandy loam 3.324 0.805 0.151
299 A 0-5" 68.78 15.72 1550 Sandy Loam 2.703 1.192 0.153
B 5"+ 41.66 4272 15.62 Clay 4.153 1.171 0.183
300 A 0-8.5" 90.24 8.64 1.12 Sandy Loam 3.739 1.344 0.162
B 8.5"+ 84.50 558 9.92 Sandy Clay 2.703 0.629 0.116
301 A 0-8.5" 58.74 20.98 20.28 Sandy Loam 4.36 1851 0.211
B 8.5"+ 59.12 28.58 12.30 Clay 3.117 1.191 0.178
302 A 0-13.00" 78.52 8.76 12.72 Loamy Sand 4.775 269 0.197
B 13.00"+ 61.20 1490 2390 Loamy Sand 3.324 2.387 0.235
303 A 0-5.00" 75.94 6.04 18.02 Loam 17 0.558 0.092
B 5.00"+ 73.70 8.08 18.22 Loam 2.703 0.724 0.113
304 A 0-9.00" 76.48 12.04 1148 Sandy loam 4.36 1552 0.145
B 9.00"+ 73.80 17.22 8.94  Sandy Clay Loam 7.468 0.88 0.127
305 A 0-7" 72.44 14.34 13.22 Sandy Loam 3.499 1574 0.161
B 7"+ 68.25 25.08 6.67 Clay 4.354 0.89 0.154
306 A 0-5" 77.92 2.76  19.32 Sandy Loam 4.782 132 0.162
B 5"+ 68.66 9.86 2148 Sandy Loam 3.072 0.695 0.135
307 A 0 -10.50" 73.46 5.72 20.82 Sandy Loam 3.739 1.564 0.161
B 10.50"+ 66.20 5.94 27.86 Sandy Loam 1.874 0.803 0.126
308 A 0-11.25" 81.92 594 12.14 Sandy Loam 3.739 1.334 0.151
B 11.25"+ 80.74 594 13.32 Sandy Clay loam 2.081 0.67 0.119
309 A 0-9.50" 82.70 5.08 12.22 Sandy Loam 4.153 1.725 0.16
B 9.50"+ 76.30 8.30 15.40 Sandy Clay Loam 1.874 0.769 0.118
310 A 0-7.75" 76.56 8.00 15.44 Sandy Loam 2.91 1.739 0.165
B 7.75"+ 67.28 13.68 19.04 Sandy Loam 2.081 0.686 0.127
311 A 0-8.75" 85.66 498 9.36 Sandy Loam 3.117 2.524 0.218
B 8.75"+ 56.42 11.08 32.50 Sandy Loam 3.946 0.686 0.123
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Table 1. Observations from physical and chemical properties test of ETPPRP Phase Il plots.

PLOT PROFILE HORIZON/DEPTH SAND CLAY SILT TEXTURALCLASS NH4 C (%) N (%)

RANGE (%) (%) (%) (ppm)
312 A 0-6.00" 84.60 8.18 7.22 Sandy Loam 8.504 2.073 0.192
B 6.00"+ 78.42 12.30 9.28 Clay 2.288 1.022 0.137
313 A 0-2.50" 86.70 11.86 144 Loamy Sand 3.531 1.782 0.162
B 2.50"+ 78.00 13.90 810 Loamy Sand 3.531 0.962 0.129
314 A 0-85" 61.28 550 33.22 Loam 4.996 3.924 0.298
B 8.5"+ 36.20 4586 17.94 Clay 12.26 1.029 0.163
315 A 0-8.5" 56.20 9.94 33.86 Loam 3.927 2.503 0.238
B 8.5"+ 42.66 25.08 32.26 Clay 2.217 0.826 0.147
316 A 0-6.75" 75.30 1298 11.72 Sandy loam 4.567 1.577 0.163
B 6.75"+ 46.34 4494 8.72 Clay 2.496 1.37 0.181
317 A 0-10.50" 67.52 15.86 16.62 Sandy Loam 7.347 246  0.238
B 10.50"+ 62.04 14.30 23.66 Sandy Loam 3.927 0.922 0.157
318 A
B
319 A 0-21.50" 91.28 362 510 Sand 6.225 1.622 0.138
B 21.50"+ 81.32 462 14.06 Sand 1.252 0.612 0.111
320 A 0-14.25" 70.92 754 2158 Sandy Loam 4.982 2.016 0.193
B 14.25"+ 68.84 16.54 14.62 Sandy Loam 1.46 0.921 0.135
321 A 0-6.25" 87.50 358 892 Sandy Loam 4775 3.941 0.249
B 6.23"+ 77.50 5,58 16.92 Sandy Loam 2.081 0.553 0.09
322 A 0 - 24.00" 91.20 434 446  Loamy Sand 2.003 0.845 0.138
B 24.00"+ 84.20 6.36 9.44 Loamy Sand 2.43 0.612 0.13
323 A 0 - 4.50" 58.82 10.94 30.24 Loamy Sand 4.153 1519 0.169
B 4.50"+ 44.00 16.86 39.14 Sandy Loam 2.496 0.791 0.126
324 A
B
325 A 0 - 15.50" 95.24 272 2.04 Loamy sand 1.252 0.924 0.139
B 15.50"+ 95.92 280 128 Loamy Sand 0.838 0.6 0.116
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Table 1. Observations from physical and chemical properties test of ETPPRP Phase Il plots.

PLOT PROFILE HORIZON/DEPTH SAND CLAY SILT TEXTURALCLASS NH4 C (%) N (%)

RANGE (%0) (%) (%) (ppm)
326 A
B
327 A 0-11" 80.12 6.44  13.44 Sandy Loam 3.286 1.144 0.168
B 11"+ 71.70 594 2236 Clay Loam 2.003 0.791 0.142
328 A o-7 68.70 11.82 19.48 Sandy Loam 7.988 2,526 0.239
B 7'+ 53.92 23.76 2232 Clay 4.568 155 0.209
329 A 0-8.5" 72.18 6.72 21.10 Sandy Loam 4.568 1.856 0.206
B 8.5"+ 74.18 6.72 19.10 Clayloam 2.644 092 0.154
330 A 0-14.25" 80.56 5.04 1440 Sandy Loam 3.927 1435 0.159
B 14.25"+ 76.58 744 1598 Loam 3.286 0.655 0.121
331 A 0-10.75" 74.42 488 20.70 Sandy Loam 2.703 1.155 0.127
B 10.75"+ 67.34 9.27 23.30 Loam 2.288 0.658 0.117
332 A 0-5" 77.66 18.34 4.00 Sandy Loam 6.432 1.781 0.183
B 5"+ 47.78 46.44 5.78 Clay 2.703 1594 0.191
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Table 2. Descriptive statistics of climate variables from ETPPRP Phase Il plots
range from Jan 15!, 2000 to Dec 31%t, 2017.

Variable Mean Std. Dev Minimum Maximum
mApct 3.3072 0.1636 2.9095 3.6591
mAtmax 15.612 0.6659 14.210 16.978
mAtmin 4.6380 0.8483 3.0297 6.7791
mAtmean 10.130 0.7353 8.6200 11.567
mBpct 3.5776 0.0599 3.4321 3.6728
mBtmax 25.547 0.4860 24.321 26.330
mBtmin 14.032 0.7088 12.716 15.883
mBtmean 19.799 0.5485 18.518 20.725
mCpct 3.8449 0.5217 2.8796 5.0937
mCtmax 34.646 0.4504 33.108 35.106
mCtmin 23.177 0.3395 22.829 24.365
mCtmean 28.912 0.1174 28.612 29.095
mDpct 3.7700 0.2311 3.1838 4.1851
mDtmax 23.889 0.3263 23.229 24.613
mDtmin 12.141 0.7132 10.955 14.135
mDtmean 18.004 0.5102 16.081 19.019
mY pct 3.6653 0.2189 3.1449 4.1437
mYtmax 25.673 0.3199 24.926 26.276
mYtmin 14.179 0.6317 13.120 15.958
mYtmean 19.926 0.4166 19.089 20.727
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Table 3. Soil texture class comparison of ETPPRP Phase Il and online data.

ONLINE TEXTURE

PLOT COUNTY PROFILE TEXTURE CLASS DATA
A Sandy Loam Loamy Sand
200 SABINE
B Sandy Clay Loam  Sandy Clay loam
A Loamy Sand Loamy Sand
201 NEWTON
B Sandy Clay loam Sandy Clay loam
A
202 SABINE B
A Sandy Loam Fine Sandy Loam
203 NEWTON
B Sandy Loam Clay
A
204 SABINE B
A Sandy Loam Fine Sandy Loam
205 JASPER
B Sandy Loam Clay
A Loamy Sand Loamy Sand
206 JASPER
B Sandy Clay loam Sandy Clay loam
A Loamy sand Loamy Sand
207 JASPER
B Sandy Clay loam Sandy Clay loam
A Loamy Sand Loamy Sand
208 JASPER
B Sandy Clay loam Sandy Clay loam
A Sandy Loam Very fine sandy Loam
209 JASPER _
B Sandy Loam Very fine sandy Loam
A Sandy Loam Very fine sandy Loam
210 JASPER
B Loam Loam
A Sandy Loam Very fine sandy Loam
211 JASPER
B Loam Loam
A
212 JASPER B
213 NEWTON A Silt Loam Silt Loam
B Silt Loam Silt Loam
214 JASPER A
B
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Table 3. Soil texture class comparison of ETPPRP Phase Il and online data.

TEXTURE ONLINE TEXTURE
PLOT COUNTY PROFILE CLASS DATA
A Silt Loam Silt Loam
215 JASPER i i
B Silt Loam Silt Loam
A Sandy Loam Very fine sandy
216 JASPER Loam
B Sandy Loam Fine Sandy Loam
A Sandy Loam Very fine sandy
217 JASPER Loam
B Loam Loam
A Sandy loam Silt Loam
218 JASPER _
B Clay loam Silt Loam
Very fine sandy
A Sandy Loam
219  NACOGDOCHES y Loam
B Clay Clay
A Clay Loam Clay Loam
220 PANOLA
B Sandy Clay loam Sandy Clay loam
A Sandy Loam Silt Loam
221 PANOLA _
B Sandy Loam Silt Loam
A Silt Loam Silt Loam
222 PANOLA , _
B Silty Clay Silty Clay
A Sandy Loam Very fine sandy
223 PANOLA Loam
B Loam Loam
A Sandy Loam Fine Sandy Loam
224 DE SOTO
B Sandy Clay loam Sandy Clay loam
A
225 NACOGDOCHES B
226 NACOGDOCHES A
B
227  NACOGDOCHES A fggﬂy Clay Fine Sandy Loam
B Clay Loam
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Table 3. Soil texture class comparison of ETPPRP Phase Il and online data.

TEXTURE ONLINE TEXTURE
PLOT COUNTY PROFILE CLASS DATA
A Loamy Sand Loamy fine sand
228 SHELBY _
B Sandy Loam Loamy Fine Sand
A Loamy Sand Fine Sandy Loam
229 SHELBY
B Clay Clay
A Sandy Loam Very fine sandy
230 SAN AUGUSTINE Loam
B Clay Clay
A Sandy Loam Fine Sandy Loam
231  SANAUGUSTINE
B Sandy Clay loam Sandy Clay loam
A Sandy Loam Fine Sandy Loam
232 NEWTON _ _
B Silty Clay Silty Clay
A Loamy Sand Loamy fine sand
233 NEWTON _
B Loamy Sand Loamy fine sand
A Loamy sand Loamy fine sand
234 NEWTON _
B Loamy sand Loamy fine sand
Very fine sandy
A Sandy Loam
235 DE SOTO Y Loam
B Clay Clay
A Loamy Sand Loamy fine sand
236 CHEROKEE .
B Loamy Sand Loamy fine sand
A Sandy Loam Fine Sandy Loam
B Loam Sandy Clay Loam
A
238 CHEROKEE B
239 RUSK A Loamy sand Loamy fine sand
B Loamy Sand Loamy fine sand
240 PANOLA A Loamy Sand Fine Sandy Loam
Sandy Clay
B Loam Clay
Very fine sandy
241 PANOLA A Sandy Loam Loam
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Table 3. Soil texture class comparison of ETPPRP Phase Il and online data.

TEXTURE ONLINE TEXTURE
PLOT COUNTY PROFILE CLASS DATA
A Sandy Loam Fine Sandy Loam
242 NACOGDOCHES
B Clay Clay
A
243 NACOGDOCHES B
A Loam Loam
B Loam Sandy Clay loam
A Loamy Sand Loamy Sand
245 NEWTON
B Sandy Clay loam Sandy Clay loam
A
246 NEWTON B
A Sandy Loam Fine Sandy Loam
247 SABINE
B Clay Clay
A Sand Loamy Sand
248 SABINE
B Sand Sandy Clay loam
A Loamy Sand Loamy fine sand
249 VERNON
B Sandy Clay loam Sandy Clay loam
A Silt Loam Silt Loam
250 VERNON
B Clay Clay
A Silt Loam Silt Loam
251 VERNON
B Clay Clay
A Sandy Loam Fine Sandy Loam
252 VERNON
B Loam Loam
253 DE SOTO A Sandy Loam Fine Sandy Loam
B Clay Loam Clay Loam
254 DE SOTO A
B
255 SABINE A Sandy Loam Fine Sandy Loam
B Clay Clay
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Table 3. Soil texture class comparison of ETPPRP Phase Il and online data.

TEXTURE ONLINE TEXTURE
PLOT COUNTY PROFILE CLASS DATA
A Sandy Loam Fine Sandy Loam
B Loam Clay
A
257 SABINE B
A Loamy Sand Fine Sandy Loam
258 SABINE
B Sandy loam Clay
A
259 PANOLA B
A Sandy Loam Fine Sandy Loam
260 SHELBY
B Clay Clay
A Loamy Sand Loamy Fine Sand
261  SAN AUGUSTINE
B Sand Clay Loam Sand Clay Loam
A Clay Loam Clay Loam
262 NACOGDOCHES
B Clay Clay
A Sandy Loam Fine Sandy Loam
263 SABINE
B Clay Clay
A Loamy Sand Loamy Sand
264 NEWTON
B Sandy Clay Sandy Clay Loam
Loam
A Sandy Loam Silt Loam
265 RED RIVER
B Sandy Loam Clay
A Silt Loam Silt Loam
266 RED RIVER _ _
B Silt Clay Loam Silt Clay Loam
267 NATCHITOCHES A Sandy Loam Fine Sandy Loam
Sandy Clay
B Loam Sandy Clay Loam
268 NATCHITOCHES A Silt Loam Silt Loam
B Silt Loam Silt Loam
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Table 3. Soil texture class comparison of ETPPRP Phase Il and online data.

TEXTURE ONLINE TEXTURE
PLOT COUNTY PROFILE CLASS DATA
A Sandy Loam Fine Sandy Loam
269 TYLER
B Sandy Clay Sandy Clay Loam
Loam
270 TYLER A S!It Loam S?It Loam
B Silt Loam Silt Loam
A Sandy Loam \L/er)r/nFlne Sandy
271 TYLER V%?y Fine Sandy
B Sandy Loam Loam
A Sandy Loam Fine Sandy Loam
272 POLK Sandy Clay
B Loam Sandy Clay Loam
A Sandy Loam Fine Sandy Loam
273 TYLER Sandy Clay
B Loam Sandy Clay Loam
A Sandy Loam Fine Sandy Loam
274 TYLER Sandy Clay
B Loam Sandy Clay Loam
A Sandy Loam Fine Sandy Loam
275 TYLER Sandy Clay
B Loam Sandy Clay Loam
A
276 HARDIN B
277 JASPER A Sand Loamy Sand
B Sand Sandy Clay Loam
A Loamy Sand Loamy Sand
278 JASPER B Sandy Clay Sandy Clay Loam
Loam
A Loamy Sand Loamy Sand
279 JASPER B Sandy Clay Sandy Clay Loam
Loam
280 JASPER A Sandy Loam Fine Sandy Loam
B Clay Clay
281 TYLER A Sandy Loam very Fine Sandy
Loam
B Sandy Loam Very Fine Sandy

Loam
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Table 3. Soil texture class comparison of ETPPRP Phase Il and online data.

TEXTURE ONLINE TEXTURE
PLOT COUNTY PROFILE CLASS DATA
A Loamy Sand Loamy Fine Sand
282 JASPER Sandy Clay
B Loam Sandy Clay Loam
A Loamy Sand Loamy Fine Sand
283 JASPER
B Sandy Clay Sandy Clay Loam
Loam
A Sandy Loam Fine Sandy Loam
284 NEWTON
B Clay Clay
A Sandy Loam Fine Sandy Loam
285 NEWTON
B Clay Clay
A Sandy Loam Fine Sandy Loam
286 NEWTON
B Sandy Clay Sandy Clay Loam
Loam
Very Fine Sandy
A Sandy Loam
287 JASPER Y Loam
B Loam Loam
A Sandy Loam Fine Sandy Loam
288 JASPER
B Loam Loam
A Sandy Loam Fine Sandy Loam
289 JASPER
B Loam Loam
A Sandy Loam Fine Sandy Loam
290 JASPER
B Sandy Loam Sandy Loam
A Sandy Loam Fine Sandy Loam
291 JASPER
B Loam Loam
A Sandy Loam Sandy Loam
292 JASPER
B Loam Loam
293 JASPER A Sandy Loam Fine Sandy Loam
B Loam Loam
294 NEWTON A Sandy Loam Fine Sandy Loam
B Sandy Clay Sandy Clay Loam
Loam
295 NEWTON A Sand Fine Sandy Loam
B Loamy sand Loam

114



Table 3. Soil texture class comparison of ETPPRP Phase Il and online data.

TEXTURE ONLINE TEXTURE
PLOT COUNTY PROFILE CLASS DATA
A Sandy Loam I\_/sgnFlne Sandy
296 HARDIN .
B Sandy Loam Very Fine Sandy
Loam
A Sandy Loam Fine Sand Loam
297 NEWTON Sandy C|ay
B Loam Sandy Clay Loam
A Loamy Sand Loamy Fine Sand
298 NEWTON _
B Sandy loam Loamy Fine Sand
A Sandy Loam Fine Sandy Loam
299 ANGELINA
B Clay Clay
A Sandy Loam Fine Sandy Loam
300 ANGELINA
B Sandy Clay Clay
A Sandy Loam Fine Sandy Loam
301 ANGELINA
B Clay Clay
A Loamy Sand Loamy Fine Sand
302 NEWTON ,
B Loamy Sand Loamy Fine Sand
A Loam Loam
303 JASPER
B Loam Loam
A Sandy loam Fine Sandy Loam
304 JASPER
B Sandy Clay Sandy Clay Loam
Loam
A Sandy Loam Fine Sandy Loam
305 SABINE
B Clay Clay
A Sandy Loam Fine Sandy Loam
306 SAN AUGUSTINE _
B Sandy Loam Fine Sandy Loam
307 ANGELINA A Sandy Loam Fine Sandy Loam
B Sandy Loam Fine Sandy Loam
308 ANGELINA A Sandy Loam Fine Sandy Loam
B Sandy Clay loam Sandy Clay Loam
309 TYLER A Sandy Loam Fine Sandy Loam
Sandy Clay
B Loam Sandy Clay Loam
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Table 3. Soil texture class comparison of ETPPRP Phase Il and online data.

TEXTURE ONLINE TEXTURE
PLOT COUNTY PROFILE CLASS DATA
A Sandy Loam Fine Sandy Loam
310 TYLER .
B Sandy Loam Fine Sandy Loam
A Sandy Loam I\_/ery Fine Sandy
311 TYLER oam
B Sandy Loam Very Fine Sandy
Loam
A Sandy Loam Very Fine Sandy
312 TYLER Loam
B Clay Clay
A Loamy Sand Loamy Fine Sand
313 NEWTON .
B Loamy Sand Loamy Fine Sand
A Loam Loam
314 NACOGDOCHES
B Clay Clay
A Loam Loam
315 ANGELINA
B Clay Clay
A Sandy loam Fine Sandy Loam
316 ANGELINA
B Clay Clay
Very Fine Sandy
A Sandy Loam
317 ANGELINA Y Loam
B Sandy Loam Clay
A
318 SAN AUGUSTINE B
A Sand Fine Sand
319 HARDIN .
B Sand Fine Sand
A Sandy Loam \nggnFlne Sandy
320 HARDIN Verv Fine Sand
B Sandy Loam ery Fine sandy
Loam
321 HARDIN A Sandy Loam Very Fine Sandy
Loam
Very Fine Sandy
B Sandy Loam Loam
322 CHEROKEE A Loamy Sand Loamy Fine Sand
B Loamy Sand Loamy Fine Sand
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Table 3. Soil texture class comparison of ETPPRP Phase Il and online data.

TEXTURE ONLINE TEXTURE
PLOT COUNTY PROFILE CLASS DATA
A Loamy Sand Loamy Fine Sand
323 JASPER Very Fine Sandy
B Sandy Loam Loam
A
324 JASPER B
A Loamy sand Loamy Fine Sand
325 ORANGE _
B Loamy Sand Loamy Fine Sand
A
326 NACOGDOCHES B
Very Fine Sandy
A Sandy Loam
327 POLK Y Loam
B Clay Loam Clay Loam
Very Fine Sandy
A Sandy Loam
328 POLK y Loam
B Clay Clay
A Sandy Loam Very Fine Sandy
329 POLK Loam
B Clay loam Clay loam
A Sandy Loam Fine Sandy Loam
330 ANGELINA
B Loam Loam
A Sandy Loam Fine Sandy Loam
331 ANGELINA
B Loam Loam
A Sandy Loam Fine Sandy Loam
332 ANGELINA
B Clay Clay
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Table 4. Pearson’s correlation matrix among soil variables and coefficient parameters

8, 8, ASD BSD ACY BCY AST BST ANH BNH ACG BCG ANG BNG

8, 100 085 -001 -002 000 001 001 002 -003 -003 011 0.06 0.06 0.05
8, 085 100 -0.01 -002 -002 001 003 001 -005 -006 003 008 005 011
ASD -001 -001 100 082 -0.70 -056 -0.81 -057 0.03 -0.23 -030 -0.28 -0.38 -0.40
BSD -0.02 -002 082 100 -0.60 -0.78 -0.64 -057 0.03 -024 -037 -041 -043 -0.55
ACYy 000 -002 -0/0 -060 100 0O0.712 014 003 -006 016 019 044 030 050
BCy 001 001 -056 -078 0.71 100 019 -0.07 -0.08 027 029 051 034 0.66
AST 001 003 -081 -064 014 019 100 076 001 019 025 003 028 0.14
BST 002 001 -057 -057 003 -007 076 100 007 002 022 -001 024 0.01
ANH -003 -005 0.03 0.03 -006 -0.08 0.01 0.07 100 -0.03 -0.09 -0.03 -0.10 -0.07
BNH -0.03 -006 -0.23 -024 016 027 019 002 -003 100 016 0.17 0.18 0.18
ACG 011 003 -030 -037 019 029 025 022 -009 016 100 039 090 0.39
BCG 0.06 008 -028 -041 044 051 003 -001 -003 0.17 039 100 042 0.87
ANG 006 005 -038 -043 030 034 028 024 -010 018 090 042 100 O0.51
BNG 005 011 -040 -055 050 066 014 001 -007 0.18 039 087 051 1.00
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Table 5. Pearson’s correlation matrix among climate factors and coefficient parameters.

8, 8, mApct mAtmax mAtmin mAtmean mBpct mBtmax mBtmin mBtmean mCpct mCtmax mCtmin

8, 1.00 0.85 0.03 0.07 0.00 0.08 0.04 0.11 -0.01 -0.06  -0.02 0.10 -0.03

8, 0.85 1.00 0.04 0.00 -0.10 -0.06 0.06 0.06 -0.11 -0.04 -0.14 0.22 -0.10
mApct 0.03 0.04 1.00 -0.14 0.04 -0.06 0.93 -0.25 0.04 -0.12 0.19 -0.39 -0.05
mAtmax 0.07 0.00 -0.14 1.00 0.91 097 -0.38 0.92 0.89 0.96 0.88 -0.50 0.64
mAtmin 0.00 0.10 0.04 0.91 1.00 098 -0.15 0.70 1.00 0.93 0.97 -0.78 0.88
mAtmean 0.08 0.07 -0.06 0.97 0.98 1.00 -0.27 0.81 0.97 0.98 0.95 -0.67 0.79
mBpct 0.04 0.06 0.93 -0.38 -0.15 -0.27 1.00 -0.50 -0.14 -0.34 0.01 -0.32 -0.11
mBtmax 0.11 0.06 -0.25 0.92 0.70 0.81 -0.50 1.00 0.68 0.86 0.67 -0.15 0.34
mBtmin 001 0.11 0.04 0.89 1.00 097 -0.14 0.68 1.00 0.92 0.96 -0.79 0.89
mBtmean 0.06 0.04 -0.12 0.96 0.93 098 -0.34 0.86 0.92 1.00 0.89 -0.56 0.72
mCpct 0.02 0.14 0.19 0.88 0.97 0.95 0.01 0.67 0.96 0.89 1.00 -0.82 0.81
mCtmax 0.10 0.22 -0.39 -0.50 -0.78 -0.67 -0.32 -0.15 -0.79 -0.56 -0.82 1.00 -0.86
mCtmin 0.03 0.10 -0.05 0.64 0.88 0.79 -0.11 0.34 0.89 0.72 0.81 -0.86 1.00
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Table 5. Pearson’s correlation matrix among climate factors and coefficient parameters.

8, 8, mCtmean mDpct mDtmax mDtmin mDtmean mYpct mYtmax mYtmin mYtmean

8, 1.00 0.85 0.16 -0.09 0.13 0.01 0.02 -0.09 0.15 0.00 0.09

8, 0.85 1.00 0.28 0.04 0.09 -0.08 -0.03 -0.22 0.13 -0.10 -0.02
mCtmean 0.16 0.28 1.00 -0.60 0.23 -0.19 -0.09 -0.61 0.38 -0.22 -0.02
mDpct -0.09 -0.22 -0.60 1.00 0.52 0.79 0.77 0.99 0.37 0.81 0.76
mDtmax 0.13 0.09 0.23 0.52 1.00 0.69 0.81 050 0.96 0.67 0.88
mDtmin 0.01 -0.08 -0.19 0.79 0.69 1.00 0.94 0.83 0.49 1.00 0.95
mDtmean  0.02 -0.03 -0.09  0.77 0.81 0.94 1.00 0.78 0.67 0.94 0.97
mY pct -0.09 -0.22 -0.61  0.99 0.50 0.83 0.78 1.00 0.33 0.84 0.77
mYtmax 0.15 0.13 0.38 037 0.96 0.49 0.67 0.33 1.00 0.48 0.75
mYtmin 0.00 -0.10 -0.22 081 0.67 1.00 094 084 0.48 1.00 0.94
mYtmean 0.05 -0.02 -0.02 0.76 0.88 0.95 0.97 0.77 0.75 0.94 1.00
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