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Determination of Fertility Rating (FR) in the 3-PG Model for
Loblolly Pine (Pinus taeda L.) Plantations in the Southeastern
United States

Santosh Subedi

(ABSTRACT)

Soil fertility is an important component of forest ecosystem, yet evaluating soil fertility
remains one of the least understood aspects of forest science. Phytocentric and geocenctric
approaches were used to assess soil fertility in loblolly pine plantations throughout their ge-
ographic range in the United States. The model to assess soil fertility using a phytocentric
approach was constructed using the relationship between site index and aboveground pro-
ductivity. Geocentric models used physical and chemical properties of the A-horizon. Soil
geocentric models were constructed using two modeling approaches. In the first approach,
ordinary least squares methods of multiple regression were used to derive soil fertility esti-
mated from site index using soil physical and chemical properties from the A-horizon. Or-
dinary least squares methods were found unsuitable due to multicollinearity among the soil
variables. In the second approach, a multivariate modeling approach, partial least squares
regression, was used to mitigate multicollinearity effects. The best model to quantify soil fer-
tility using soil physical and chemical properties included N, Ca, Mg, C, and sand percentage
as the significant predictors. The 3-PG process-based model was evaluated for simulating
the response of loblolly pine to changes in soil fertility. Fertility rating (FR) is a parameter
in 3-PG that scales soil fertility in the range of 0 to 1. FR values estimated from phytocen-
tric and geocentric approaches were tested against observed production. The 3-PG model
prediction of aboveground productivity described 89% percent of the variation in observed

aboveground productivity using FR derived from site index and 84% percent of the vari-



ation in observed aboveground productivity using FR derived from physical and chemical
properties of the A-horizon. A response function to model dynamics of FR (AFR) due to
one time midrotatoin fertilization of N and P was developed using the Weibull function.
The magnitude of AFR varied with intensity of N and time since application of fertilizer.
The hypothesis that repeated fertilization with N and P eliminate major nutrient deficiency
in the southeastern US was tested and a relationship between baseline fertility rating and
fertilizer response was developed. An inverse relationship was observed between fertilizer

response and baseline FR.
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Chapter 1

Introduction

1.1 Justification

Soil fertility is one the most important, yet least understood aspects of forest ecosystems.
Study of soil fertility in forest ecosystems is complicated by the complex relationship between
soil properties and stand productivity and immense variability in properties and characteris-
tics of soils within relatively small geographic areas. Furthermore, the deep rooting systems
of trees which are capable of exploring soil throughout the soil profile complicates the rela-
tionship between soil properties and stand productivity (Landsberg et al., 2003; Dye et al.,
2004). Due to these complexities, soil fertility in forest ecosystems is measured by indirect
approaches namely phytocentric and geocentric. The phytocentric approach uses tree based
metrics to estimate soil fertility, while the geocentric approach uses the physical site charac-
teristics as a relative indicator of soil fertility.

Site quality determines potential productivity of forest ecosystem and site quality to a large

extent is a function of the physical, chemical, and biological properties of soil as modified



by anthropogenic factors (Augusto et al., 2002). Many traditional growth and yield mod-
els and process based models require some quantitative information about site quality /soil
fertility to predict growth, yield, and physiological outputs of crop species. Site index is
a realized measure of site quality and is widely used in many traditional growth and yield
models as a driver of productivity (Burkhart and Tomé, 2012). Similarly, several geocentric
approaches using soil physical properties, topographic features,and climatic characteristics
have attempted to quantify site quality/soil fertility (Carmean, 1975; Fontes et al., 2003;
Hagglund, 1981; Sampson et al., 2008).

Productivity of loblolly pine in the southeastern US is primarily limited by nutrient avail-
ability (Fox et al., 2007). Most southeastern loblolly pine systems are deficient in N and
P (Allen, 1987; Allen et al., 1990; Albaugh et al., 1998; Sampson and Allen, 1999; Jokela
and Martin, 2000; Will et al., 2002; Carlson et al., 2008). Fertilization with N and P alone
have shown significant growth response in several stages of stand development. Previous
studies on loblolly pine have suggested that soil moisture is not as limiting as nutrients to
productivity in the southeastern US. This is probably because the southeastern US receives
fairly well distributed rainfall through out the year and annual precipitation exceeds poten-
tial evapotranspiration (Samuelson et al., 2008; Albaugh et al., 1998).

The 3-PG model (Physiological Principles Predicting Growth) has been parameterized
and tested on many commercially important species throughout the globe (Almeida et al.,
2004; Stape et al., 2004; Landsberg et al., 2001; Bryars et al., 2013; Rodriguez et al., 2002;
Coops et al., 2005). Past results with the 3-PG model have shown that 3-PG can be used
to predict productivity with a limited number of input variables and unique parameter sets
for each species.

3-PG is a monthly time-step process-based model. It requires 40 species-specific parame-
ters. Additionally, 3-PG requires three sets of input variables: climatic data, stand initial-

ization data, and site-specific data. Climatic data includes monthly averages of maximum



temperature, minimum temperature, vapor pressure deficit, and radiation. Stand initial-
ization data consists of initial stocking and initial biomass of seedlings. Site-specific data
includes available soil water, soil textural class, and fertility rating. The 3-PG model has four
biological sub-models to model C assimilation, C allocation, stand dynamics, and evapotran-
spiration. Biomass pools and stand density are the primary outputs from 3-PG (Figure 1.1).
Fertility rating (FR) is a site-specific variable in 3-PG that describes soil nutrient status
on a scale of 0 to 1. FR is an important variable in 3-PG that affects leaf area index and
hence absorbed photosynthetically active radiation (APAR), canopy light use efficiency and
canopy conductance.

Many approaches have been taken to model FR in 3-PG. Typically FR is used in 3-PG as
an adjustable or tunable factor for describing soil nutrient status to fit model results from
3-PG with observed values (Landsberg et al., 2003). Consequently, detecting the proper
value of FR is a subjective decision based on the experience of the user. The validity of
3-PG growth predictions would be improved if a quantitative method could be developed to
determine FR based on measured input parameters. In this study, both phytocentric and
geocentric approaches were used to determine FR on the 3-PG model for loblolly pine in the
southeastern US.

Site index is one of the most common measure of site quality because the height growth
of dominant trees is less correlated with stocking and highly correlated with productivity
(Burkhart and Tomé, 2012). Forest productivity is maximum at locations where trees achieve
maximum height (Ryan and Yoder, 1997). The Soil Survey Geographic Database (SSURGO)
includes site index values for loblolly pine on all major soil groups across the southeastern
counties. If FR in the 3-PG model can be estimated using site index, SSURGO dataset
presents a potential to predict productivity of loblolly pine using the 3-PG model based on
the soil series in each county.

Geocentric approaches use soil characteristics, topographic features, and climatic factors



as the predictors of site quality. It can be an alternative to the phytocentric approach in
areas where vegetation cover is absent or where landscape level estimates of productivity are
desired. However, applying the geocentric approach may not always be paractical, afford-
able or accurate for management applications (Skovsgaard and Vanclay, 2008). In addition,
computational problems related to multicollinearity may arise when many variables are used
to assess soil quality (Morzuch and Ruark, 1991; Kayahara et al., 1995; Guan et al., 2013;
Vega-Nieva et al., 2013).

Soil is multivariate in nature and soil processes can be better understood with multivariate
analytical methods. Multivariate analysis allows simultaneous analysis of multiple variables.
In the 1980’s and before, ordinary least square methods of multiple regression were used to
model site quality using soil-site methods (Carmean, 1975). For example Carmean (1967)
used multiple linear regression to predict height of black oak from soil and topographic vari-
ables and Brown and Loewenstein (1978) applied linear regression that involved nine soil
properties as individual variables to predict site index of mixed conifer stands in northern
Idaho. After the 1990s several multivariate approaches including principal component re-
gression, path analysis, and partial least square regression were used.

Partial least square regression (PLSR) is a method used to assess the relationship between
response variables and multiple predictors (Wold et al., 2001). The method is different from
principal component analysis as it not only captures the variation in the predictor matrix but
also describes the maximum possible covariance between predictor and response variables
(Mevik and Wehrens, 2007) and it is a robust method when multicollinearity exists. PLSR
selects scores and loadings to describe maximum possible covariance between predictor and
response variables. Scores are the transformed values of original data and loadings are the
weights by which each original values should be multiplied to get the scores. Mathemati-
cally, if X represents the original predictor matrix, PLSR decomposes X into TP' where T

is called the score matrix and P the loading matrix (Herve, 2010). In this way, much of the



relationship between dependent variables and independent variable is explained. PLSR may
be used to identify variables that explain soil fertility and to develop a relationship between

those variables and soil fertility.

1.2 Objectives

This research attempts to model the soil fertility rating (FR) used in 3-PG in loblolly pine
plantations the southeastern US. To meet the research goal, the following specific objectives

were outlined:

I. Derive a method to predict fertility ratings (FR) in 3-PG using site index in loblolly

pine plantations in the southeastern US.

IT. Assess the potential of 3-PG to predict productivity of loblolly pine across a region

based on site index for soil series available in the SSURGO database.
ITI. Use physical and chemical properties from A-horizon soil to predict FR

IV. Model the growth response of loblolly pine to repeated fertilization from a young age

using the 3-PG model by changing FR values.

V. Model the growth response of loblolly pine to a single midrotation fertilization using

the 3-PG model by changing FR values dynamically through the rotation.

Each part of this dissertation describes integrated parts of the research. Chapter 2 de-
scribes the phytocentric method for quantifying soil fertility using site index. In this chapter,
the relationship between stand productivity and site index was used to estimate a priori FR

that was used in the process model 3-PG. In chapter 3, physical and chemical properties of



the A horizon were used to estimate FR. In chapters 4 and 5, base-line fertility ratings were
adjusted by modifying FR with response functions to account for fertilization. Chapter 6

focuses on general discussion and conclusions.
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Figure 1.1: Schematics of the 3-PG model. 3-PG requires 40 species specific parameters. Climatic
data, stand initialization data, and site-specific factors are the input variables. The four biological
submodels: growth modifier, biomass allocation, soil water balance, and stocking/mortality deter-
mine C assimilation, C allocation, evapotranspiration, and stand dynamics. The typical outputs
from 3-PG include biomass pools and stand density. Figure adapted from Landsberg and Sands
(2011).
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Chapter 2

Determination of Fertility Rating
(FR) in the 3-PG Model for Loblolly
Pine Plantations in the Southeastern

United States Based on Site Index

Abstract

A method was developed to predict the soil fertility rating (FR) used in the model
3-PG for loblolly pine plantations based on the relationship between stand produc-
tivity and site index. Then FR was used in 3-PG to predict loblolly pine yield and
mortality on 21 sites across the southeastern United States. When observed yield and
stem number were compared against the simulated values, 89% of the variation in
yield and 89% of the variation in stand density were explained by simulated values.
The model also performed well using FR, derived a priori from site index when tested

against an independent data set containing the control plots from a mid-rotation fertil-
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ization study. Although there was a slight positive bias in the predicted volume, 73%
of the variations in observed volume was explained by 3-PG. 3-PG performed poorly
on sites where stochastic events affected mortality and soil nutrient supply varied sub-
stantially through time. The USDA NRCS SSURGO dataset contains site index values
for loblolly pine for the major soil series in most of the counties in the southeastern
US. The potential of using site index from SSURGO data to predict regional produc-
tivity of loblolly pine was assessed by comparing site index values from SSURGO with
field inventory data in the study sites. Good correlation was observed between site
index reported in SSURGO database and site index observed in field inventory across
the major soil series in the southeastern US. Site index values from SSURGO dataset
were used to derive FR values to predict loblolly pine productivity at a regional scale.
When the 3-PG model was used with FR values derived using site index values from
SSURGO database to predict loblolly pine productivity across the broader regions, the

model provided realistic outputs of loblolly pine productivity.
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2.1 Introduction

The 3-PG model (Landsberg and Waring, 1997), Physiological Principles Predicting Growth,
is a process model that predicts forest productivity based on radiation use efficiency, car-
bon balance, and partitioning. 3-PG and its variants have been calibrated and tested on
many commerically important tree species around the globe. Work with Fucalyptus grandis
(Almeida et al., 2004; Stape et al., 2004), Pinus patula (Dye, 2001), Pinus taeda (Landsberg
et al., 2001; Bryars et al., 2013), Pinus radiata (Rodrfiguez et al., 2002), and Pinus ponderosa
(Coops et al., 2005) have found that 3-PG can accurately predict growth under a variety of
management regimes and climatic and edaphic conditions.

3-PG calculates the amount of photosynthetically active radiation (PAR, ¢,) intercepted
by a stand (APAR, ¢,,) which is then converted into gross primary productivity (GPP,P)
using canopy quantum efficiency («.), constrained by enviromental factors such as vapor
pressure deficit (D), mean temperature (T), soil moisture (), frost days, and site nutrient
status (Almeida et al., 2004). Canopy quantum efficiency, a., is calculated as:
a. = frinfrpacy, where ag, is the theoretical maximum canopy quantum efficiency, fr, fy,
fr, and ¢ are temperature, nutrition, frost, and physiology related modifiers, respectively.
The physiology related modifier (¢) is defined by the multiplication of an age-dependent
modifier (fage) and the most restrictive of the vapor pressure deficit (fp) and soil water mod-
ifiers (fy); such that ¢ = fa,e min{fpfy}. Under non-limiting conditions, all these modifiers
have values of 1 (Landsberg and Waring, 1997; Almeida et al., 2004; Landsberg et al., 2003).
Net primary productivity (NPP, P,,) is calculated as a fixed proportion of Pg that accounts
for autotrophic respiration. P,, is then allocated to aboveground and belowground biomass
production.

Fertility rating (FR), is a site-specific variable in 3-PG that relates soil fertility to stand

productivity. FR is used in 3-PG as an index of nutrient availability and the effects of FR
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on Pg are determined by the impact of FR on leaf area index (LAI) which affects APAR,
canopy light use efficiency, and canopy conductance. The nutrient modifier (fy) in 3-PG is
calculated as: fy =1 — (1 — fxo)(1 — FR)™~, where fy is the value of fy when FR = 0 and
nyy is an exponent which determines the shape of the response. In 3-PG, fxo is set at 0.5
(Bryars et al., 2013) and nyy is set to 1 so that the fertility modifier is a linear function of
FR (Landsberg and Sands, 2011). FR also has a direct effect on the partitioning coefficient,
m, which is used to calculate partitioning to roots (Landsberg and Waring, 1997). It is
calculated as: m = mg + (1 — mg)FR, where my is set to 0.1 (Bryars et al., 2013). Therefore
when FR = 0, m = 0.1 and when FR =1, m = 1.

Several studies have attempted to use the relationship between soil properties and tree
growth to estimate FR. Sampson et al. (2008) used clay and sand percentage obtained from
State Soil Geograhic Survey (STATSGO) database to predict FR. Vega-Nieva et al. (2013)
used clay content and Ca, K, and Na in the soil profile to predict FR. In both cases 3-PG
predictions of stand growth using the estimated FR values closely matched the observed
data. However, they were not validated on independent sites. Stape et al. (2004) used a dif-
ferent approach based on the observed growth response following fertilization to predict FR
in clonal eucalyptus stands. They first calculated fertilizer response (FER) by subtracting
the ratio of biomass growth to initial biomass in fertilized plots from control plots. Sites with
the lowest observed FER were given an arbitrary FR value of 0.6 and the sites with FER
=0 were given FR values of 1. This method of FR estimation requires fertilization trials on
all the soils in a region which is both costly and time consuming (Landsberg et al., 2003).

Site index is one of the most common measures of site quality because the height growth
of dominant trees is less correlated with stocking than diameter growth and highly correlated
with productivity (Burkhart and Tomé, 2012). Dye et al. (2004) used site index to estimate
FR. However, they used it as a tunable parameter to match the outcome of 3-PG with ob-

served data. The objective of this study was to use site index for the a priori prediction of
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FR that could be used as a fixed rather than a tunable parameter. We calculated FR based
on site index and then used 3-PGy,, (Bryars et al., 2013), a variant of 3-PG to simulate
growth of loblolly pine across the southeastern US. This study also assessed the potential to
use site index from the Soil Survey and Geographic Database (SSURGO) database to predict
FR for individual soil series in a county. Site index in SSURGO dataset is defined as the
average height that dominant and codiminant trees of a given species attain in a specified
number of years and it is applied to well stocked and even-aged stands. The relationship
between site index values in SSURGO dataset and site index values obtained from field in-
ventory was assessed; then site index values from SSURGO dataset were used to derive FR

values spatially based on mapped soil series for regional application of 3-PG.

2.2 Materials and Methods

2.2.1 Model Calibration

2.2.1.1 Study Site Description

This study was conducted using data from the control plots of a loblolly pine fertilization
trial installed at 21 sites (FNC, 2008) located in the Southern United States (figure 2.1).
The fertilization trial was established in the early to mid 1990s as an incomplete factorial
design of nutrient dose ( 0 to 269 Kg ha™!) and application frequency (0, 1, 2, 4, and 6
years) to evaluate the rates and frequencies of fertilization to optimize growth and fertilizer
use efficiency. First generation open pollinated seedlings were planted at all sites at densities

1

ranging from 1215 trees ha=! to 2141 trees ha~!. Study sites represented six physiographic

provinces. Four of the sites were located in the Lower Coastal Plain, one in the Upper
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Coastal Plain, six in the Piedmont, five in the Western Gulf Coastal Plain, four in the East-
ern Gulf Coastal Plain, and one in the Valley and Ridge (Table 2.1). The majority of soils
on the study sites have a udic moisture regime. Soil series present at each site were typical
forest soils in each physiographic provinces.

Average monthly maximum temperature in the month of July ranged from 31.7°C in
Brunswick, Virginia to 34°C in Angelina, Texas. Lowest average monthly minimum tem-
perature in January ranged from -3°C in Brunswick, Virginia to 4.3°C in Brantley, Georgia.
Average annual precipitation ranged from 1165.6 mm in Brunswick, VA to 1491.2 mm in
Montgomery, Mississippi. Highest and lowest monthly average rainfall were 167.7 mm in
Marengo, Alabama and 62.3 mm in Marion, Georgia, respectively. Average annual pre-
cipitation on all the study sites exceeds potential evaportranspiration rate reported in the
southeastern US (Lu et al., 2003). Solar radiation ranged from 7.1 MJ m~2 day~! in Decem-
ber to 21.2 m™2 day~! in June. Average annual solar radiation ranged from 14.62 MJ m™2
day~! in Craven, North Carolina to 15.6 MJ m~2 day~! in Talbot, Georgia.

This study used data from the control plots on each study site to determine the baseline
FR and predict growth. The study sites in Brunswick, Virginia; Craven, North Carolina;
and Berkley, South Carolina had four control plots and rest of the study sites has two control
plots each. Plot size ranged from 0.028 to 0.059 ha. On these control plots, all the living
trees were measured annually for diameter at breast height and total tree height. Mortality

and damages to trees were also recorded in each plot.

2.2.1.2 3-PG Parameterization

This study used the parameter set developed for 3-PG by Bryars et al. (2013) with several
modifications (Table 2.2). The projected specific leaf area for mature stands (SLA1) was
set to be 4 (Akers et al., 2013; Sampson et al., 2011) and we set tSLA = 6 (Dalla-Tea and
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Jokela, 1991; Will et al., 2001; Colbert et al., 1990; McCrady and Jokela, 1995). The light
extinction coefficient for APAR was set to be 0.69 (Sampson and Allen, 1998). This study
set the value of a¢, at 0.053 which is the point between the values of 0.055 and 0.0485 used

by Landsberg et al. (2001) and Bryars et al. (2013), respectively for loblolly pine.

2.2.2 FR Calculation from Site Index

The goal of this study was to use site index to calculate a FR value that could be used as
a fixed parameter in 3-PG to accurately predict stand growth. This was done in a 3-step
process, because stand biomass production is not linearly related to site index (Burkhart
and Tomé, 2012) and thus site index and FR are not linearly related. First site index was
calculated in each plot using the observed data on the tree height. Then the relationship
between site index and volume in each plot was determined. Finally, the relationship between
site index and stand volume was used to determine the relationship between site index and

FR where FR varies from 0 to 1.

2.2.2.1 Calculation of Site Index

Site index in each plot was calculated using a dynamic site index model for loblolly pine
(Diéguez-Aranda et al., 2005). The dynamic site index model was derived with the general-
ized algebraic difference approach using a large data set from permanent plots. This model
is base-age invariant and it estimates site index from any height age combination (Diéguez-
Aranda et al., 2005). Average height of the tallest 80% of trees on a plot was used to derive
dominant height (Gyawali and Burkhart, 2015). Dominant height in each plot at age 11 or

12 were used to calculate site index.
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2.2.2.2 Determine Relationship Between Stand Volume and Site Index

Most of the plots in the study areas were thinned at age 12, so volume at age 11 was used to
derive the relationship between site index and yield to avoid confounding effect of thinning.
Volume for each tree was calculated using the equation from Van Deusen et al. (1981):
Volume=0.1365 + 0.0024437 * DBH? H, where volume is in cubic feet outside bark, DBH
is in inches, and H, total tree height, is in feet. Values were calculated in English units
and converted to metric units. Stand volume was determined by summing the volume of
individual trees in the plot and using the plot area to adjust to a per hectare value. The
relationship between site index (m) and stand volume(m?® ha™') in the plots was fit using

three different equations: linear, exponential, and sigmoidal with the following forms.

1. Linear (Volume = fy + ;SI)

2. Exponential (Volume = e®+151)

71 )

3. Sigmoid (Volume = 5 oerst

Where 5y and [, represent intercept and slope parameter for the linear model; oy and ay
represent parameters for the exponential function; and 1,72, and 73 represent parameters
for the sigmoid function. R? and the leave-one-out cross validation method were used to
determine the equation with the best fit using the following selection criteria: Root Means
Square Error (RMSE), Mean Absolute Error (MAE), and Predicted Residual Sums of Square
(PRESS) statistics.

RMSE was calculated as the standard deviation of the difference between y;-y; _;, where
yi is observed volume per hectare and ¢; _; is the predicted value for the volume using the
model with all observation in the fitting data except the observed volume on that plot. MAE

was calculated as:
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MAE =70, M , where n is the number of observations and y; and y; _; are as
n
described above

Similarly, PRESS statistic was calculated as:
PRESS = > 1L, (vi — 5@,4)2

2.2.2.3 Calculate Relationship between FR and Site Index

After selecting the equation with the best fit between stand volume and site index, an
expression for FR based on site index was derived. Based on the range of site index observed
on the control plots, an assumption was made that site index of 10.7 m (35 ft) corresponded
to FR=0 with a yield of 20.7 m® ha™! and site index of 30.5 m (100 ft) with a yield of
281.8 m?® ha~! corresponded to FR=1. Then the volume at site index values between the
maximum and minimum site indices was used to derive the relationship between site index

and FR. We fit a sigmoidal equation: FR = st, where (4,01, and (s are coefficients

Bo
1+661 +B2

derived from data.

2.2.3 Validation of the Relationship between FR and Site Index

The FR values derived using the above procedure were used as input in 3-PGyop, (Bryars et al.,
2013) to predict growth in the control plots at the 21 study sites. Weather data including
mean monthly temperature, rainfall, frost days, and vapor pressure deficit were obtained
from Daymet Surface Weather and Climatic Summaries (http://daymet.ornl.gov). Stand
initialization data were obtained from data collected in each plot. Soil texture and mois-
ture information were obtained from Soil Survey Geographic Database (SSURGO). Species
specific parameters in Table 2.2 were used. These data and the FR value calculated from

measured site index were input into 3-PGy,, and the output was generated for total above-
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ground biomass, stem number, and LAI annually for each plot. The predicted values from
3-PGyg, were compared with measured values in each plot. A linear model was fitted between
observed aboveground biomass and model simulated aboveground biomass and the null hy-
pothesis of slope is equal to 1 was tested. Aboveground biomass for each tree was calculated
using the equation: Aboveground biomass = 0.026256 DBH?015144 T0-864052 wwhere above-
ground biomass is in kg, DBH is in cm, and HT, total tree height, is in m (Gonzalez-Benecke
et al., 2014). Stand aboveground biomass was determined by summing the aboveground
biomass of individual trees in the plot and using the plot area to adjust to a per hectare
value. Similarly, a linear model was fitted between observed stem density and fitted stem
density and the null hypothesis of slope is equal to 1 was tested using the predicted value as
a regressor(Pifieiro et al., 2008).

After the model performance was tested using data from the control plot at the 21 sites,
the performance of 3-PG,, was evaluated against independent data not used in the model
development. We used control plots at six sites of a loblolly pine mid-rotation fertilization
trial located in the southern United States. This fertilization trial was established in the
mid 1980s as a factorial design of N (0,112, 224, and 336 kg ha™') and P (0, 28, and 56 kg
ha™') fertilization (see Gyawali and Burkhart (2015) and Amateis et al. (2000)). These in-
dependent study sites also represent a wide range of stand age, soil type, and climate across
the southeastern US. We used control plots on each study site to independently validate FR
derived a priori from site index in the 3-PG model. Table 2.3 shows location, age, planting
density, FR, average annual precipitation, and soil series of the sites used for independent

validation of FR derived a priori from site index.
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2.2.4 Application of FR Model in SSURGO Database

The wider application of our approach to estimate loblolly pine productivity requires readily
available site index values. The SSURGO dataset has detailed data on all soils mapped
in the United States. SSURGO database includes site index values of loblolly pine on the
majority of soil types on a county by counties basis for the entire southeastern US. We tested
the potential to predict loblolly pine productivity across broader regions in the southeastern
US using site index derived for individual soil series for three counties in the southeastern
US using SSURGO data. SSURGO dataset has site index values of loblolly pine at base age
50 years. We converted it to site index base age 25 using base age invariant site index model
developed by Diéguez-Aranda et al. (2005). To illustrate the utility of this approach, Kemper
County, Mississippi was selected and loblolly pine productivity was estimated spatially in

that county with the 3-PG model using the FR values derived from the SSURGO dataset.

2.3 Results

2.3.1 Relationship between Site Index and Volume

Measured site index ranged from 16 to 30 m (base age 25) in the control plots. The exponen-
tial, sigmoidal, and linear relationship between volume and site index had R? values of 0.93,
0.92, and 0.93, respectively (Figure 2.2). When leave-one-out cross validation was carried
out among the three model forms, MAE, RMSE, and PRESS statistics were lowest for the
linear model, followed by the sigmoid model (Table 2.4). But the sigmoidal model performed
better when extrapolated outside the regressor variable hull. Both the exponential and linear

models performed poorly when each model was extrapolated outside the regressor variable
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hull. For example, the linear model predicted negative yield when site index was below 12.9

m. Therefore, the sigmoidal model was selected as the best model to predict volume (m?

ha™!) from site index at base age 25 (m).

379.57

Volume = 1 + ¢4556-0.185 SI

2.3.2 Relationship between Site Index and FR

Using the sigmoidal relationship to predict volume from site index, values for volume at site
index values of 10.67 m and 30.48 m were calculated as 26.70 and 281.78 m? ha~! at age 11.
Based on the assumption that these represent the minimum and the maximum site index
for loblolly pine in the southeastern United States, the value of FR was set to 0 at 26.70 m?
ha~! and the FR value was set to 1 at 281.78 m® ha=!. The difference between 281.78 and
26.70 was then distributed evenly between the FR values of 0 and 1 (Table 2.5) and the

relationship between FR and site index was determined using a sigmoid model (Figure 2.3).

1.190

FR = 1 + o(—(—5.8990.245 SI))

(2.1)

This equation was used to predict FR in 3-PG based on site index.

2.3.3 Model Evaluation

Using the FR values predicted from site index, 3-PG accurately predicted yield and mortal-
ity of loblolly pine in the control plots from the 21 sites in this study. Overall, using FR
determined a priori from site index using equation 2.1, the measured aboveground biomass

and predicted aboveground biomass from 3-PG had an R? of 0.89 and the measured stand
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tree density and predicted stand tree density also had an R? value of 0.89 (Figure 2.4). The
slope of the relationship between measured aboveground biomass and predicted aboveground
biomass was not significantly different from 1 (p<0.001). Similarly, the slope between mea-
sured values of stand density and modeled values of stand density was not different from one
(p<0.001). 3-PG predicted yield well at 17 sites. As found in most modeling work, there
was more variation when observed vs predicted growth were examined on individual sites.
Figure 2.5 illustrates results from several study sites where prediction matched well with the
observed values and the sites where prediction didn’t match well with the observed values.
Among the sites where prediction didn’t match well with the observed values are the sites
dominated by Spodosols in the Lower Coastal Plain and the sites where some stochastic
events caused high level of mortality.

3-PG also performed well when evaluated against the independent data from the mid-
rotation stands not used to develop the relationship between site index and FR. The pre-
dicted values from 3-PG explained 73% of the variation in measured aboveground biomass
and 86% of the variation in measured stand density in the independent data (Figure 2.6).
However, there was a positive bias in the predicted aboveground biomass in the data set with
a significant difference from the 1:1 line. The slope of the relationship between observed stand
density and predicted stand density was not significantly different from 1 (p<0.001). 3-PG
predicted mortality accurately on the majority of the sites. The largest discrepancies in
mortality predictions were observed in Kershaw, South Carolina; Brantley, Georgia; Vernon,
Louisiana; and Sabine, Louisiana. The site in Kershaw, South Carolina suffered higher rates
of mortality due to lightning, the site in Brantley Georgia suffered higher mortality due to
unknown reasons, and the site in Vernon, Louisiana had no mortality.

The predicted LAI value from 3-PG increased as FR increased reaching peak LATI of 5.5, 4,
and 2 for FR values of 0.96, 0.64, and 0.21, respectively. LAI measurements were available on

4 of the 21 study sites, 3-PG predicted LAI reasonably well on these sites. About 53% of the

25



variation in observed LAI was described by the predicted LAI (Figure 2.7). LAI estimations
across the fertility gradients were within the range of observed LAI. For the young stands,
estimated LAI increased until reaching the maximum value. Time to reach the maximum

LAI was a function of FR. Higher FR values tend to shorten the time to reach maximum

LAI (Figure 2.7).

2.3.4 County Level Productivity Estimation

Site index values in SSURGO and observed site index at the study sites were highly cor-
related. Seventy-five percent of the variance in the observed site index was described by
SSURGO site index (Figure 2.8). We used Kemper County, Mississippi as a case study to
evaluate the potential to use SSURGO based data on site index to predict FR for individ-
ual soil series and then use 3-PG to spatially predict productivity of loblolly pine across a
county. Figure 2.9 shows spatial pattern of aboveground biomass for 12-year-old loblolly pine
in Kemper County, Mississippi predicted by 3-PG using the SSURGO series and site index
information. Table 2.6 shows the major soil series mapped in Kemper County, Mississippi;
Brunswick County, Virginia; and Brantley County, Georgia, the SSURGO estimate of site
index, SSURGO site index adjusted for base age 25 using base age invariant site index model
developed by Diéguez-Aranda et al. (2005), and the predicted FR values from adjusted site

index using equation 2.1.

2.4 Discussion

Our hypothesis that FR can be estimated from site index and used as a fixed parameter

in 3-PG was supported by the results of these simulations. When the independent esti-
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mate of FR from site index was input into 3-PGy,,, the simulated value of yield matched
the measured yield well, with an R? value of 0.89 and the slope of the relationship between
observed aboveground biomass and predicted aboveground biomass was not significantly dif-
ferent from 1. Previous work on 3-PG to predict loblolly pine growth and yield by Landsberg
et al. (2001) at a single location in North Carolina and by Bryars et al. (2013) on multiple
locations across Georgia also showed that 3-PG could predict loblolly pine growth and yield
accurately. The present study was carried out on a wider range of sites across the South.
This study used 48 control plots located at 21 study sites across 9 states in the southeastern
United States and found that aboveground biomass and mortality were predicted reasonably
well in the majority of sites in all the physiographic regions. The model also performed well
when used against the independent data from mid-rotation stands not used in the model
development. The predicted values from the model explained 73% of the variance in the
observed aboveground biomass and 86% of the variance in measured stem density which in-
dicates that the model can be applied across a wide range of ages and stand conditions. The
model to predict FR from site index provided robust a priori estimates of FR in 3-PG. This
is an improvement over previous work with 3-PG that has used FR as a tunable parameter
to match 3-PG simulations to observed data (Landsberg et al., 2003).

Mortality has been ignored or considered zero in many previous studies with 3-PG, such
as those in clonal eucalyptus stands (Almeida et al., 2004; Stape et al., 2004; Sands and
Landsberg, 2002). 3-PG predicted mortality poorly in a study with Pinus radiata in south-
eastern New Zealand (Pinjuv et al., 2006). Bryars et al. (2013) also found poor predictions of
mortality for loblolly pine in Georgia. In contrast, when used to simulate stocking in native
eucalyptus forest in southeastern Australia, 3-PG performed well and explained about 89%
of the variability in observed data (Tickle et al., 2001). Similar results were observed in our
study where the relationship between observed and predicted mortality had an R? of 0.88.

In the 21 study sites in this study, there were only 4 sites where large discrepancies were
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observed. Two of these sites suffered higher mortality due to causes not related to stand
density. At 10 of 21 study sites 3-PG predicted stocking within £ 30 trees ha=!.

Results from this study also demonstrate that 3-PG can be calibrated to accurately re-
produce observed LAI in loblolly pine stands. Our model predictions of LAI as a function of
FR were reasonable based on observed values (Vose et al., 1994; Akers et al., 2013). Good
correspondence was obtained between simulated LAI across fertility gradients and reported
LAIs. For example, LAI values of 5.5 on sites with higher FR values matched well with LAI
values observed by Akers et al. (2013) and Zhao et al. (2012) and LAI simulated on medium
and low fertility ratings corresponded well with LAI reported by Peduzzi et al. (2012) for
loblolly pine. Both magnitude of the maximum LAI and the time to reach it were observed
as the functions of FR. Our results support the assertion from Vose et al. (1994) that slow
growing stands reach maximum LAI later than fast growing stands. An average value for
growth efficiency on control plots for loblolly pine in the southeastern United States is ap-
proximately 7.2 m3 ha™' yr=! LAT™! (Albaugh et al., 1998; Vose and Allen, 1988). In this
study, the sites with low fertility such as the control plots in Oglethorpe, Georgia had CAI
near 17 m® ha=! yr=! at age 11. The predicted LAI for this site was 2.40, which translates
into growth efficiency rate of 7.1 m® ha=! yr=! LAI"!. The sites with high fertility such
as the control plots in Marengo, Alabama had CAI near 34 m® ha™! yr=! at age 9. The
predicted LAI for this site was 5.4 which translates into growth efficiency rate of 6.3 m? ha=!
yr—t LAIL.

Results from this study show that while prediction of loblolly pine aboveground biomass
by 3-PG across the broader region is reasonably accurate, predictions at individual specific
sites may be poorer. This result has been observed in other models of pine growth such as
empirical growth and yield models (Burkhart and Tomé, 2012). In this study 3-PG per-
formed well at most of the sites with finer textured Alfisols and Ultisols. 3-PG predictions

of aboveground biomass were less accurate in sandy Spodosols and Entisols. On these soils
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3-PG predictions were generally more accurate at younger ages and then declined with time.
Temporal variation in nutrient availability may cause the poorer prediction on the sandy
soils.

Nutrient availability in pine plantations varies through time, especially for N which is of-
ten the nutrient most limiting productivity (Fox et al., 2007) and therefore should be highly
related to FR. Nitrogen availability is generally high early in the rotation due to the rapid
decomposition of organic matter and mineralization of N contained in slash and logging
debris (Fox et al., 2007). The assart effect (Romell, 1957; Tamm, 1964) causes a relatively
short-lived pulse of N during the early phase of stand development as the forest floor and
logging debris decompose. The assart effect is more pronounced in sandy Spodosols (Fox
et al., 2007). After the assart effect disappears, N availability continues to decline as the
forest floor accumulates and acts as a sink for N (Miller, 1981; Piatek and Allen, 2001; Kiser
and Fox, 2012). The impact of the assart effect and the accumulation of N in the forest floor
on N availability is greater on sandy soils with low organic matter that are inherently less
fertile than fine-textured soils. Tree growth is initially rapid but then slows as nutrient avail-
ability declines and nutrient deficiency develops (Miller, 1981; Fox et al., 2007). Albaugh
et al. (2006) showed that height growth decreased through time in a sandy site in North
Carolina that is similar to the soil at the site in Kershaw, South Carolina. The observed
height growth decreased significantly in the later stage of stand development in the control
plots. This suggests that FR should vary through time to more accurately predict soil nutri-
ent availability on the sandy soils. Management practices such as N fertilization temporarily
increase nutrient availability in soils which increased growth on nutrient deficient soils (Fox
et al., 2007). Therefore including a temporal component to FR may also enable 3-PG to
predict the response to silvicultural practices such as N fertilization.

This study suggests that FR can also be estimated from the site index values in the

SSURGO dataset and used in 3-PG model. The 3-PG model produced realistic values
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of aboveground productivity when FR values were derived using site index values from
SSURGO database. Our results show that 3-PG predicted aboveground productivity ranging
from 40-85 Mg ha~! at 12 years across Kemper County, Mississippi. These values correspond
well with the previously reported productivity range in the southeastern United States (Zhao

et al., 2012; Borders and Bailey, 2001; Haywood and Burton, 1990).

2.5 Conclusion

In most previous work with 3-PG FR has been used as a tunable parameter that is adjusted
so that predicted values match observed data. An unbiased a priori estimate of FR would
greatly enhance the utility of the 3-PG model (Bryars et al., 2013). The results presented in
this study indicated that FR can be accurately estimated a prior: from site index and used to
accurately predict the growth and stocking of loblolly pine across the southeastern US with
single parameter set. SSURGO data on soils contains loblolly pine site index information for
many major soil types in each of the southeastern counties. Our work on Kemper County,
Mississippi showed that 3-PG has the potential to estimate loblolly pine productivity using
the FR values estimated using soil based site index values from SSURGO database. Future
refinements that enable FR to vary through time would likely improve 3-PG predictions in

loblolly systems on sandy soils of the southeastern United States.
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Table 2.4: Comparison of model fit statistics for exponential, sigmoid, and linear relatoinship
between stand volume outside bark (m3ha~!) and site index (m) at base age 25 based on leave-
one-out cross validation, Root Mean Square Error (RMSE), Mean Absolute Error (MAE), and
Predicted Residual Sums of Squares (PRESS).

Model name Model form RMSE MAE PRESS

Exponential Volume = ¢(2:855+0.094 SI) 20.590 15.51 13157.47
. . 379.57

Sigmoid Volume = [ od556 0,185 51 19.70  16.36  12029.60

Linear Volume = -207.693 + 16.115 SI  18.51 15.33 10622.70

Table 2.5: Value of volume (m?® ha=!) that corresponded to the value of FR based on the assumed
linear incremental relationship and the respective value of site index (m) based on the sigmoidal
relationship between stand volume and site index

Volume Site index FR
(m? ha™') (m)

26.70 10.70 0
52.03 14.73 0.1
77.55 17.34 0.2
103.00 19.36 0.3
128.53 21.09 0.4
154.10 22.66 0.5
179.70 24.15 0.6
205.61 25.61 0.7
230.72 27.11 0.8
256.20 28.70 0.9
281.78 30.50 1
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Figure 2.1: Location of study sites used to develop and test fertility rating for loblolly pine in 3-PG
model
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Figure 2.2: Scatter plot between volume (m3 ha~!) and site index (m). Left, middle, and right
diagram showed exponential, sigmoidal, and linear relationships, respectively.
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Figure 2.3: Sigmoidal relationship between FR and site index based on the relationship between
stand volume and site index illustrated in Table 3.
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Figure 2.4: Relationship between observed aboveground biomass (Mg ha~!) and modeled above-
ground biomass (left) and measured stem density (stem ha=!) and modeled stem density across
the 48 control plots at the 21 study sites located across the southeastern United States. Solid lines
represent linear fit between observed and predicted values and dotted lines represent the 1:1 line
between observed and predicted values.
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Figure 2.5: The relationship between observed (dotted line, filled rectangles and circles) and 3-PG
predicted (solid line, unfilled rectangles and circles) values for aboveground biomass (rectangle)
and stand density (circle) in some the study sites. The species specific parameters in the 3-PG to
predict biomass and stocking were used from Bryars et al. (2013). Planting density (PD, stems
ha=!), FR, and location (county, state) for each installation were given inside the plot.
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Figure 2.6: Relationship between observed aboveground biomass (Mg ha~!) and modeled above-
ground biomass (left) and measured stem density (stem ha~') and modeled stem density in the
control plots of mid-rotation sites which are independent from the study sites listed in Table 4.1.
Solid lines represent linear fit between observed and predicted values and dotted lines represent the
1:1 line between observed and predicted values.
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Figure 2.7: Relationship between measured LAI and 3-PGj,}, predicted LAI (left)and LAI simula-
tions from 3-PG across fertility gradients (right).
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Figure 2.8: The relationship between SSURGO site index at base age 25 derived from base age 50
using Diéguez-Aranda et al. (2005) and the site index in the study sites at base age 25.
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Figure 2.9: Map of 3-PG predicted aboveground biomass (Mg ha™!) for 12-year-old loblolly pine
in Kemper County, Mississippi. Top left diagram shows soil series mapped in Kemper County
Mississippi based on SSURGO database. Top right diagram shows site index at base 25 calculated
from SSURGO site index at base age 50 using base age invariant method developed by Diéguez-
Aranda et al. (2005). Bottom left diagram shows FR values based on site index and bottom right
diagram shows 3-PG predicted aboveground biomass based on FR values calculated from SSURGO
site index.
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Chapter 3

Predicting Fertility Rating (FR) in
the Process Model 3-PG for Loblolly
Pine Plantation Using Soil Physical

and Chemical Properties

Abstract

The soil fertility rating (FR) in the 3-PG model was determined using a geocentric
approach in a two step procedure. Soil physical and chemical properties from A-horizon
soil were used to predict site index which was then used to predict the fertility rating
(FR). Two modeling approaches were used to predict FR from soil properties. First,
ordinary least squares method of multiple linear regression was used which selected
Ca, K, and sand percentage as the significant predictor variables. However, ordinary
least squares method of multiple regression was found unsuitable to model site index

from soil properties due to severe multicollinearity. Second, partial least squares re-
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gression was used which selected N, Ca, Mg, C, and sand percentage as the significant
predictors. The partial least squares regression approach adequately addressed the
multicollinearity in the data and produced a suitable model to predict site index and
subsequently FR. Selected soil variables described 78% of the variance in the FR. When
the FR values obtained using the partial least squares regression were input into the
3-PG model 83% of the variance in the observed aboveground biomass was explained

by the 3-PG simulated aboveground biomass.
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3.1 Introduction

Site quality determines potential productivity of forest ecosystem. Site quality is to a large
extent determined by the physical, chemical, and biological properties of soil as modified by
anthropogenic factors such as fertilization (Augusto et al., 2002). However, site quality is
also influenced by climatic factors such as rainfall, temperature, and frost-free growing sea-
son. It is difficult to quantify site quality from soil properties in forested ecosystem because
of the complex relationship between soil properties and stand productivity (Landsberg et al.,
2003; Dye et al., 2004).

Site quality is a driving variable in both deterministic process based models and empirical
growth and yield models of forest ecosystems. Site index is the most widely used measure
of site quality in these models because of the high correlation between site index and pro-
ductivity (Burkhart and Tomé, 2012). Numerous soil-site studies have attempted to relate
site index to measured soil properties (Carmean, 1975; Hagglund, 1981; Bravo and Mon-
tero, 2001; Fontes et al., 2003). These soil-site studies often used regression techniques to
predict site index from the edaphic and topographic properties of a site (Carmean, 1975;
Baker and Broadfoot, 1979; Wang, 1995; Beaulieu et al., 2011). Many soil-site methods were
implemented using ordinary least squares method of multiple linear regression where some
measure of fertility is used as a response variable and soil variables are used as the regressors
(Carmean, 1975; Hagglund, 1981; Fontes et al., 2003). Multiple linear regression has several
weakness such as low precision in diverse topography and geologic formations (Verbyla and
Fisher, 1989), multicollinearity (Fontes et al., 2003; Kayahara et al., 1995), and lack of linear-
ity in many ecological relationships. Partial least squares (PLS) regression is a multivariate
regression method used to assess the relationship between one or multiple response variables
and multiple predictors (Wold et al., 2001). PLS regression decomposes the predictor matrix

into orthogonal scores and loadings and the response variable is regressed on the columns of
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score matrix (Mevik and Wehrens, 2007; Herve, 2010).

The 3-PG model has been calibrated and tested on several commercially important tree
species (Dye, 2001; Landsberg et al., 2003; Stape et al., 2004; Almeida et al., 2010; Bryars
et al., 2013). FR is a parameter in 3-PG that links soil fertility to plant productivity. In
the past FR has been assigned using subjective procedures (Landsberg and Sands, 2011). It
has often been used as a tunable parameter that is adjusted in the simulations to match the
simulated values with the observed data (Landsberg et al., 2003). In other instances expert
opinion has been used to estimate FR (Fontes et al., 2006).

Soil-site methods have been used to estimate soil fertility and determine FR as an input
parameter in 3-PG including soil physical properties and chemical properties (Almeida et al.,
2010; Sampson et al., 2008; Stape et al., 2004; Vega-Nieva et al., 2013). Theoretically, soil
fertility is best estimated when the physical, chemical, and biological properties are used.
For example when Vega-Nieva et al. (2013) used chemical and physical properties to estimate
soil fertility they had better fit statistics than researchers who used only chemical properties
(Stape et al., 2004) or physical properties (Sampson et al., 2008). The present study was
carried out to understand the potential of using soil physical and chemical properties of
the A-horizon to estimate FR values. Our research objective was to develop a predictive

equation for FR based on measured soil properties.

3.2 Materials and Methods

This study used measured soil properties in the control plots at fifteen installations of a
fertilizer study established in juvenile loblolly pine plantations in the southeastern United
States (Figure 3.1) to determine the fertility rating (FR) used in 3-PG. The fertilization trial

was established in the 1990s as an incomplete factorial design of nutrient dose and application
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frequency to optimize growth and fertilizer use efficiency. However, the control plots were
left unfertilized. Plot size ranged from 0.028 ha to 0.059 ha. Stand age at fertilization
averaged 4 years. First generation open pollinated seedlings were planted at all sites. The
installations covered a wide range of soil types, stand ages, and climatic conditions across
the southeastern US (Table 3.1).

Surface soil (0-15 cm) samples from the control plots were collected with a bucket auger
prior to study establishments as a composite of at least 10 randomly located cores. The
composite samples were thoroughly mixed and stones were removed. Samples were air-dried
and passed through a 2 mm sieve and then analyzed for chemical and physical properties
using standard methods. Soil C and N were determined by dry combustion on a CNS
analyzer. P, K, Ca, and Mg were extracted using Mehlich 3 extraction procedure (Mehlich,
1984) and analyzed on an Inductively Coupled Plasma (ICP) spectrophotometer. Soil texture
was determined using the hydrometer method. Soil pH was measured by a combination
electrode in the supernatant of 2:1 water to soil slurry.

Site index in each control plot was determined from tree total height measured at age
11 using a dynamic site index model for loblolly pine (Diéguez-Aranda et al., 2005). This
dynamic site index model is base-age invariant and estimates site index from any height-age
pair. Average height of the tallest 80% of trees on each plot was used to determine dominant
height (Gyawali and Burkhart, 2015). The FR values in each plot were then calculated from

measured site index using the equation developed in chapter 2 page 24.

1.19

FR = 1 + o (—5.899+0.245 SI)

Soil chemical and physical properties were then used as independent parameters to predict
FR using two methods of regression analysis: 1) Multiple linear regression using ordinary

least squares; and 2) partial least squares regression. Soil data were averaged by site for the
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regression analysis.

First multiple linear regression was used to examine the relationship between FR and
the soil physical and chemical properties measured. Mean Square Error (MSE), Adjusted
R?, Predicted Residual Sum of Squares (PRESS), C,, and Akaike Information Criterion
(AIC) were used to evaluate candidate models and identify the best regressor variables
in the candidate models. We performed exhaustive variable search in which all possible
combinations of soil variables were used to search the best subsets of the soil variables for
predicting FR based on MSE, Adjusted R?, PRESS, C,, and AIC. In addition to exhaustive
variable search, we used N, Ca, and sand percentage as the explanatory variables to model
FR. Several previous works on loblolly pine have described N, Ca, and sand percentage as the
important determinants of soil fertility and stand productivity in the southeastern United
States (Fox et al., 2007; Allen et al., 1990; Richter et al., 1994; Albaugh et al., 1998). To

assess multicollinearity, Variance Inflation Factor (VIF) for each variable was calculated as:

1
R

VIF; =
where R? is the R? value when it" predictor is regressed with the rest of the predictors. Stu-
dentized residuals (Lund, 1975) were computed and used to identify outliers. It was expected
that 5% of the studentized residuals could be outside of 2 margin by chance alone, so a
Bonferroni adjustment to the p-value was used (Fox, 2008). The Bonferroni adjusted outlier
test reports the Bonferroni adjusted p-value for the largest absolute studentized residual, us-
ing the t-distribution with n-k-2 degrees of freedom where n is the number of observations k
is the number of parameters in the model. These analyses indicated that the site in Maregno
County, Alabama (denoted as 183901) was a potential outlier (Figure 3.2). Therefore, the

results were compared with and without this potential outlier to determine its impact.

We used PLS regression (Wold et al., 2001) to address multicollinearity inherent in the
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soil data that are problems in ordinary least square method of multiple linear regression.
PLS regression is a multivariate approach that combines features from principal component
analysis and multiple linear regression (Mevik and Wehrens, 2007). Principal component
analysis is suboptimal for prediction purposes because it only captures the maximum vari-
ation in the predictor matrix. PLS regression chooses scores and loadings to describe the
maximum possible covariance between predictor and response variables (Mevik and Wehrens,
2007). The columns of score matrix are called latent variables or latent vectors. To choose
the optimum number of latent vectors, the Predicted Residual Sums of Squares (PRESS)
statistics approach suggested by (Herve, 2010) was used. In addition, Root Mean Square
Error Prediction (RMSEP), the percentage of explained variance for predictors, and the per-
centage of explained variance for the response variable were calculated. In order to select
the best predictors of FR, the Variable Importance for Projection (VIP) statistics was used
(Wold, 1995). VIP summarizes the contribution of each predictor in the model. Predictors
with VIP values less than 0.8 were culled from the model. We subtracted the mean from each
predictor and then divide by standard deviation prior to PLS regression. In order to examine
outliers, we calculated distance from each point in the PLS regression model with respect to
the predictors (Distances from x-model) and the responses (Distances from y-model). Any
point dramatically farther from the model than the rest was considered as the potential
outlier (SAS Institute Inc, 2008). Distances from x-model identify how well the predictor
scores describe observations and distances from y-model identify how well observations are
described by the y-scores (Wold et al., 2001).

The best model for each regression method - partial least squares and ordinary least
squares was selected and leave-one-out cross validation was carried out to generate FR val-
ues. FR values derived from leave-one-out cross validation procedure were input int the
3-PG model to generate total aboveground biomass and stand density values for each con-

trol plot. Weather data including mean monthly temperature, rainfall, and vapor pressure
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deficit were obtained from Daymet Surface and Climatic Summaries (www.daymet.org). We
used the parameter set developed for 3-PG by Bryars et al. (2013) with several modification
(Table 3.2). The projected specific leaf area for mature stands (SLA1) was set to be 4 (Akers
et al., 2013; Sampson et al., 2011) and tSLA was set as 6 (Dalla-Tea and Jokela, 1991; Will
et al., 2001; Colbert et al., 1990; McCrady and Jokela, 1995). The light extinction coefficient
for APAR was set to be 0.69 (Sampson and Allen, 1998). The value of a¢, was set at 0.053
which is the point between the vlaues of 0.055 and 0.0485 used by Landsberg et al. (2001)
and Bryars et al. (2013), respectively for loblolly pine.

The predicted values from 3-PG using the value of FR determined from measured soil prop-
erties were compared with measured values. A linear model was fitted between observed total
aboveground biomass and predicted aboveground biomass and the null hypothesis of slope
is equal to 1 was tested. Similarly, a linear model was fit between observed stem density and
model simulated stem density and the null hypothesis of slope is equal to 1 was tested using

the predicted value as a regressor Pifieiro et al. (2008).

3.3 Results

As expected, high correlations among the soil properties were observed (Table 3.3). For
example, very high correlations were observed between N and C (0.92), Ca and N (0.79),
and K and Mg (0.83), and silt and sand percentages (0.95). Strong positive correlations
were also observed between FR and N and FR and Ca and lower negative correlations were

observed between FR and sand percentage.
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3.3.1 Ordinary Least Squares Method of Regression

When ordinary least squares (OLS) method of multiple linear regression was carried out
using FR as a response variable and N, P, K, Ca, Mg, C, pH, sand, and silt as predictors,
none of the predictors were significant at a type I error rate of 0.05. We observed very high
values of VIF and severe multicollinearity issues such as negative coefficients for P and C
and small coefficients for Ca and Mg (Table 3.4). VIF values were greater than 10 for N, P,
K, Mg, C, sand proportion, and silt proportion. Sign of coefficients for P, Mg, and C were
negative and coefficients for K, Ca, and Mg were very small.

Table 3.5 shows four best fit models from OLS based on MSE. The model with K, Ca,
and C had the lowest MSE and the highest adjusted R?. This model had the second lowest
PRESS, AIC, and Cp statistics. The model with just K and Ca had the lowest PRESS, AIC,
and Cp statistics and the third lowest MSE and the third highest adjusted R%2. The model
with the K, Ca, and C to predict FR explained about 48% of the variance in FR. When
studentized residuals were calculated, the same observation which was flagged as an outlier
in Figure 3.2 had a studentized residual of 3.68 (Figure 3.3). When this studentized residual
was tested using the Bonferroni outlier test, the Bonferroni adjusted p-value was found to
be greater than 0.05 suggesting this site (183901) should be classified as an outlier.

Table 3.5 shows the top four models based on MSE using the dataset without the potential
outlier. The best fit model had K, Ca, and sand as the predictors. This model had the lowest
MSE, the highest adjusted R?, and the lowest PRESS, AIC, and Cp. The model explained
about 75% of the variability in the FR. Without the outlier, there was a large increase in
adjusted R? and decrease in MSE, AIC, and PRESS. For example adjusted R? increased
from 48% to 75% and AIC decreased from -9.6 to -24.8. Figure 3.4 shows that predicted
values of FR from linear regression using Ca, K, and sand percentage corresponded well with

the FR values derived from site index. When N, Ca, and sand percentage were used as the
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predictors to model FR using the dataset without the potential outlier, an adjusted R? value
of 61% was observed. The values for MSE, PRESS, C,,, and AIC were 0.0131, 0.2658, 1.6606,
and -18.4072, respectively. Table 3.6 shows coefficients and VIF values for N, Ca, and sand

percentage.

3.3.2 Partial Least Squares Method of Regression

The soil variables N, C, Ca, Mg, sand, and silt percentages all had VIP>0.8 in the PLS
regression (Table 3.7). When PLS regression was carried out using these variables, cumu-
lative percentage of variance explained by first three latent factors on FR and predictors
were 56% and 89%, respectively. The PLSR coefficients and the goodness of fit statistics for
three latent vectors are shown in Table 3.8. The PRESS statistics continued to drop with
the addition of latent vector indicating the model is not over fitted. When the distance from
each point to the PLS model with respect to predictors and the responses were plotted, we
found the site flagged as an outlier in Figure 3.2 was dramatically farther from the model
than the rest of the points in the predictor space (Figure 3.3).

The PLS regression without the outlier confirmed N, C, Ca, Mg, and sand percentage as
the significant variables at a VIP > 0.8 (Table 3.8). The fact that the same variables are in
both models suggests issues with multicollinearity are corrected. When the PLS regression
was carried out using the significant variables, cumulative percentages of variance explained
by first three latent factors on FR and predictors were 78% and 88%, respectively. Both
PRESS and RMSEP statistics continue to drop when latent vectors were added . Similary,
PRESS and RMSEP decreased when the observation identified as an outlier was removed.
Scatterplot between FR values derived from site index and predicted FR values from PLS

regression showed strong linear relationship (Figure 3.4).

o8



3.3.3 3-PG Predictions

The PLS regression model had better-fit statistics to predict FR than did the OLS model.
PLS regression with N, Ca, Mg, C, and sand percentage explained about 78% of the variance
in FR. Using the PLS regression, leave-one-out cross validated FR values were generated and
input into the 3-PG model to predict aboveground biomass and stand density in the control
plots at the 21 locations. When compared with the observed values, the 3-PG predicted
aboveground biomass explained about 83% of the variance in observed aboveground woody
biomass and 3-PG predicted stand density explained about 87% of the variance in observed
stand density (Figure 3.5). The slope of the relationship between observed aboveground
biomass and predicted aboveground biomass had 95% of the confidence interval between
0.894 and 0.995. Similarly, the slope of the relationship between observed stem density and

predicted stem density was not found to be significantly different from 1.

3.4 Discussion

High correlations among the soil variables were observed in this study. Similar correlations
among edaphic variables were reported by Bravo and Montero (2001); Wang et al. (2012);
Kayahara et al. (1995). High correlations among predictor variables caused multicollinear-
ity which resulted in ordinary least square coefficients to have the wrong sign, wrong size,
and high standard error. Similar results regarding multicollineartity associated with soil-site
methods were reported by Kayahara et al. (1995) when they examined the relationship be-
tween site index of western hemlock (Tsuga heterophylla) and forest floor, mineral soil, and
foliar nutrient status. Our final model to predict FR from the soil variables using OLS mul-

tiple linear regression included K, Ca, and sand percentage. Using multiple linear regression
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about 75% of the variation in FR was explained by the Ca, K, and sand percentage. Mul-
ticollinearity caused exclusion of N, which was highly correlated with FR. Multicollinearity
can cause errorneous exclusion of the predictors with high true significance (Graham, 2003).

Several approaches have been used to address problems with multicollinearity in soil-site
studies. These include classification approaches by Verbyla and Fisher (1989) to predict
sites suitable for ponderosa pine based on edaphic variables and vegetation. Discriminant
analysis was used by Harding et al. (1985) to categorize site quality based on growth using
physiographic, edaphic, and vegetation properties. Other approaches include multivariate
regression approach such as principal component regression proposed by Morzuch and Ruark
(1991) and used by Kayahara et al. (1995) to predict site index using forest floor and mineral
soil chemical measures and path analysis used by Guan et al. (2013) to predict adsorption
of a pesticide dinoseb from soil based properties. In this study, we used PLS regression.
PLS regression chooses scores and loadings to describe maximum possible covariance be-
tween predictor and response variable(Mevik and Wehrens, 2007). PLS may be superior to
principal component regression which only captures the predictor matrix characteristics and
may thus be suboptimal for prediction purposes.

PLS regression selected N, C, Ca, Mg, and Sand as the significant predictors of FR based
on a criteria of VIP > 0.8. N has been identified as one of the nutrient most limiting loblolly
pine productivity in the southeastern US (Allen et al., 1990; Haywood et al., 1997; Fox et al.,
2007). Selection of N based on its high VIP value to predict FR in this study was consistent
with those studies. In addition to N, the model indicated significant effect of C on FR. Soil
C has been highlighted as the limiting factor in sandy soils of the southeastern United States
(Hunt et al., 1996; Novak et al., 2007, 2009). Higher soil C improves soil productivity by
increasing cation exchange capacity and water holding capacity (Hunt et al., 1996; Liang
et al., 2006). Among the cations included in the model to predict FR, PLS analysis selected

Ca and Mg at a VIP level of 0.8. The limitation of soil Ca and Mg in acidic southeastern soil
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has been highlighted in a few studies (Huntington, 2000; Richter et al., 1994). Richter et al.
(1994) stated that depletion of Ca and Mg after 28 years of forest development from the
upper layer of soil is almost 37 times and 6 times higher than that of K. They further stated
that K could be buffered in the soil by leaching K from the canopy and the forest floor in
addition to mineral weathering, so it remained relatively constant through time. Ca is also
important in enhancing uptake of nitrate N (Hodges, 2010) and regulating the assimilation
of other nutrients in acidic soils by modifying microbial activities and pH. Soil pH was not
selected as a significant predictor at a VIP level of 0.8. Soil pH is not closely linked to soil
fertility in loblolly pine forests as loblolly pine naturally occurs on acidic soils and is thus
well adapted to acidic soils (Binkley and Fisher, 2013).

Among sand, silt, and clay percentage; sand content was identified as significant at a VIP
level of 0.8. In the southeast sandy soils tend to be more nutrient deficient then finer tex-
tured soils (Albaugh et al., 1998; Carlson et al., 2008). Sandy soils have lower P availability
and lower N mineralization, both of which decreases forest productivity (Reich et al., 1997;
Almeida et al., 2010). Reich et al. (1997) reported soil texture as an important predictor
for N mineralization and above ground net primary productivity. Similarly, Almeida et al.
(2010) made an assertion that the effect of soil fertility on growth is affected by both chemical
and physical factors. They reported lowest soil fertility in sandy soils and highest in clay-
loam soils supporting the negative correlations between FR and sand percentages observed
in our data.

Partial least square regression of FR with N, Ca, Mg, C, and sand proportion had a slightly
higher R? than the best model from OLS multiple linear regression (0.80 vs 0.78). However
because of the higher multicollinearity among variables, ordinary least squares method of
multiple linear regression likely have poorer prediction than the PLS model. When leave-
one-out cross validated FR values from best fit PLSR model were used as the inputs in

3-PG about 83% of the variation in observed aboveground woody biomass and 87% of the
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variation in observed stem density is explained by predicted aboveground woody biomass

and predicted stand density.

3.5 Conclusion

The PLS regression approach accurately predicted FR based on physical and chemical prop-
erties of A-horizon soil. Using these predicted value of FR, the 3-PG model accurately
predicted loblolly pine productivity in the southeastern US. Multicollinearity was a problem
in the OLS multiple regression and will likely limit the usefulness of OLS multiple linear re-
gression. Multicollinearity makes the regression coefficients highly unstable. PLS regression
effectively addressed the effect of multicollinearity and thus allowed inclusion of important
soil variables that determine soil fertility in the southeastern United States. PLS regression
selected N, Ca, Mg, C, and sand percentage as the significant predictors of FR. These results
showed that PLS regression is a better approach than the OLS multiple linear regression ap-
proach in modeling FR based on soil properties. This suggests that PLS may also have utility
in other situations where soil properties are used to predict tree growth or other ecosystem

properties.
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Table 3.3: Pearson’s correlation matrix of fertility rating derived from site index and soil based

variables
FR N P K Ca Mg C pH SANDP SILTP CLAYP
FR 1.00 050 0.05 005 056 019 032 0.21 -0.32 0.26 0.15
N 0.50 1.00 034 036 0.79 0.59 0.92 0.07 -0.12 0.05 0.24
P 0.0 0.34 1.00 0.77 0.64 052 048 -0.73 0.20 -0.41 0.69
K 0.05 036 077 1.00 0.69 083 043 -0.47 0.10 -0.20 0.32
Ca 0.56 0.79 064 069 1.00 0.70 0.74 -0.16 -0.10 -0.01 0.36
Mg 0.19 0.59 052 0.83 0.70 1.00 0.51 -0.07 -0.04 -0.04 0.26
C 0.32 092 048 043 0.74 051 1.00 -0.12 -0.03 -0.06 0.29
pH 0.21 0.07 -0.73 -047 -0.16 -0.07 -0.12 1.00 -0.25 0.43 -0.60
SANDP -0.32 -0.12 0.20 0.10 -0.10 -0.04 -0.03 -0.25 1.00 -0.95 -0.08
SILTP 0.26 0.05 -0.41 -0.20 -0.01 -0.04 -0.06 0.43 -0.95 1.00 -0.23
CLAYP 0.15 024 069 032 036 0.26 0.29 -0.60 -0.08 -0.23 1.00

Table 3.4: Parameter estimates, their respective p-values, and variance inflation factor for each
predictors when ordinary least squares method of regression was used to model FR from N (g
kg™!), P (mg kg™ !), K(mg kg1!), Ca (mg kg™1), Mg (mg kg™!), C (g kg™!), pH, sand percentage,
and silt percentage from the A-horizon.

Coefficient Estimate p-value VIF
Intercept 1.832 0.531 0

N 0.3123 0.533 285

P -0.004 0.665  10.02

K 0.001 0.855  25.11

Ca 0.0005 0.308  9.92

Mg -0.002 0.586  16.70

C -0.0116 0.406  14.65

pH 0.048 0.858  6.12

SAND -0.019 0.601  36.36

SILT -0.017 0.642  42.86
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Table 3.6: Parameter estimates, their respective p-values, and variance inflation factor when N
(g kg7!), Ca (mg kg™'), and sand percentage from the A-horizon were used to model FR using
ordinary least squares method of regression.

Coefficient Estimate p-value VIF
Intercept 0.7877 0.01

N 0.0650 0.42 2.65
Ca 0.0002 0.10 2.64
Sand -0.0070 0.04 1.01

Table 3.7: Variable importance in projection (VIP) values for the candidate soil variables in different
stages of partial least square regression analysis for estimation of fertility rating (FR). Variables
with VIP values less than 0.8 were culled as insignificant during successive stages unless every
variable had VIP value greater than or equal to 0.8.

N P K C Ca Mg pH SAND SILT CLAY

Stage 1 1.25 061 0.67 1.0 168 0.81 077 098 1.01 0.71
Stage 2 1.04 0.84 1.29 0.80 098  0.96
WITHOUT 183901

Stage 1 1.34 058 0.73 1.08 1.60 090 058 1.04 095 0.64
Stage 2 1.18 0.97 1.31 0.80 0.87
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Table 3.8: Partial least square regression coefficients and fit statistics of FR vs. soil based properties.
The data were centered and scaled prior to analysis. In each stage predictor variables were trimmed
based on VIP and size of coefficient. Latent vector 1 represents when one latent vector is used,
latent vector 2 represents when two latent vectors are used, and latent vector 3 represents when
three latent vectors are used. Cumulative percentage of Explained variance for predictors is denoted
as, Rg( and cumulative percentage of explained variance for the response variable is denoted as R%

Variable Latent vector 1 Latent Vector 2 Latent vector 3

Intercept 0.490
N 0.039 0.050 0.101
C 0.024 -0.009 -0.084
Ca 0.043 0.077 0.191
Mg 0.014 -0.032 -0.125
Sand -0.024 -0.049 -0.026
Silt 0.020 0.044 0.016
RMSEP 0.173 0.162 0.139
PRESS 0.554 0.527 0.494
R% 0.50 0.79 0.89
R2 0.31 0.40 0.56
Without potential outlier
Intercept 0.459
N 0.0435 0.0497 0.0756
C 0.0338 -0.0152 -0.0338
Ca 0.0466 0.0671 0.1495
Mg 0.0214 -0.0146 -0.0823
Sand -0.0304 -0.0897 -0.0635
RMSEP 0.118 0.098 0.083
PRESS 0.279 0.267 0.200
R% 0.61 0.82 0.88
RZ 0.55 0.69 0.78
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Figure 3.1: Location of study sites used to develop and test the model to estimate fertility rating
from soil variables
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Figure 3.2: Scatter plot showing the relationship between FR derived from site index versus N, C,
Ca, and Mg measured from A-horizon.
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Figure 3.3: Studentized residuals from ordinary least square method of multiple regression (left)
and the scatter plot between distances from y-model and distances from x-model using the partial
least square regression
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Figure 3.4: Scatter plot showing the relationship between FR, derived from site index and estimated
FR from soil variables using multiple linear regression with K, Ca, and sand (left) and partial least
square regression (right).
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and predicted aboveground woody biomass; and observed stem density and predicted stem density
from 3-PG using FR values derived from SI.
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Chapter 4

Modeling Repeated Fertilizer
Response in Loblolly Pine Plantations
by Adjusting FR in the 3-PG Process
Model

Abstract

Productivity of loblolly pine in the southeastern US is frequently limited by soil
nutrient availability. Therefore, fertilization is commonly used to increase nutrient
availability and subsequent growth. This study used the soil fertility rating (FR) in
the 3-PG model to predict fertilizer growth response of loblolly pine stands. We used
the growth response following fertilization in a regional study installed at 11 locations
to determine how FR is affected by repeated fertilization with N and P starting at a
young age. FR values in the stands that received no fertilization treatment, baseline

FR, were determined using the previously developed relationship between site index
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and FR. Two locations that did not respond to biannual fertilization of N and P were
considered non-nutrient deficient. The baseline FR values on the control plots at these
sites averaged 0.9. We assumed that this was the maximum FR value for loblolly
pine in the southern US in an environment where N and P are non-deficient. FR
was then adjusted to this value in the fertilized plots at the other sites and used in
3-PG to predict growth. Using this adjusted FR value 92% of the the variation in
observed aboveground biomass in the fertilized plots was described by 3-PG simulated
aboveground biomass. We then derived the relationship between response to repeated
fertilization and baseline FR in the control plots. An inverse relationship was observed
between baseline FR and fertilizer response. Baseline FR described 56% of the variation

in the fertilizer response.
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4.1 Introduction

Forest productivity in the southeastern United States is primarily limited by soil fertility
(Fox et al., 2007; Colbert et al., 1990; Albaugh et al., 1998; Jokela and Martin, 2000). Fertil-
ization is an important silvicultural practice used to improve soil fertility in nutrient limited
sites. Fertilization, mainly with N and P, produced significant growth responses in loblolly
pine plantations at various stages of stand development (Allen, 1987; Allen et al., 1990; Al-
baugh et al., 1998; Sampson and Allen, 1999; Jokela and Martin, 2000; Will et al., 2002;
Subedi et al., 2012).

The growth response of loblolly pine following N fertilization is relatively short-lived, gen-
erally lasting only 8 to 10 years depending on the amount of N applied (Hynynen et al.,
1998), Therefore, repeated applications of N are needed to maintain elevated soil N avail-
ability that can lead to a sustained, long-term growth response (Albaugh et al., 1998; Kiser
and Fox, 2012).

Previous studies on loblolly pine systems of the southeastern United States suggest that
soil nutrient supply is dynamic and varies through time (Fox et al., 2007; Allen et al., 1990).
Fox et al. (2007) proposed a general nutrient demand and supply curve for loblolly pine
in the southeastern United States. In general, nutrient deficiency develops in loblolly pine
systems in the southeastern United States around crown closure and the disparity between
demand and supply of nutrients increases thereafter.

In traditional growth and yield models, the effect of fertilization on tree growth has been
incorporated in four ways: modifying site index (Daniels and Burkhart, 1975); an age-shift
method (Carlson et al., 2008); developing new models to include fertilizer response directly
(Amateis et al., 2000; Bailey et al., 1989); and using multiplicative or additive response terms
to scale growth models from control plots (Hynynen et al., 1998; Gyawali and Burkhart,

2015). Incorporating fertilizer response in the process based model 3-PG (Landsberg and
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Waring, 1997) is generally accomplished by adjusting FR, the soil fertility parameter (Lands-
berg et al., 2003; Bryars et al., 2013; Stape et al., 2004). In the 3-PG model fertility rating
(FR) is a parameter that ranges from 0 to 1, with a value of 1 assigned to sites where nu-
trients are non-limiting. FR has a multiplicative effect on canopy quantum efficiency and a
linear effect on biomass allocation (Landsberg and Waring, 1997; Vega-Nieva et al., 2013)
and is considered one of the most important parameters in 3-PG. Yet, FR has no simple
and objective means of measurement (Bryars et al., 2013; Stape et al., 2004; Vega-Nieva
et al., 2013). Fertilization studies have been used to calibrate FR (Landsberg et al., 2001,
2003; Stape et al., 2004; Bryars et al., 2013). For example, Landsberg et al. (2003) used a
fertilization trial to calibrate fertility rating (FR), where they gave an FR value of 0.1 to the
plots that received no fertilization and FR value of 1 to the plots that received fertilization.

This study used data from a study of repeated fertilization with N and P in loblolly pine
plantations to calibrate FR in the 3-PG model. It was hypothesized that repeated fertil-
ization with N and P beginning at young ages and continuing biannually throughout the
rotation would eliminate nutrient deficiency leading to a long-term growth response that
could be modeled by increasing FR for the entire rotation. This study used a twin-plot ap-
proach to assess the soil fertility rating in the repeated fertilized plots. Fertilized plots where
there was little or no increased growth were assumed to have sufficient nutrient availability.
The degree of fertilizer response was used to quantify the soil fertility rating in the repeated
fertilized plots. We hypothesized that an inverse relationship exists between baseline fertility

ratings and fertilizer response.
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4.2 Methods

4.2.1 Study Site Description and Data Collection

Data from eleven installations of a fertilizer study established in juvenile loblolly pine stands
in the southeastern United States were used in this study (Figure 1). The fertilization
trial was established in the 1990s as an incomplete factorial design of nutrient dose and
application frequency to evaluate the rates and frequencies of fertilization to optimize growth
and fertilizer use efficiency. Plot size ranged from 0.028 ha to 0.059 ha. Average stand age
during fertilization was 4 years. First generation open pollinated seedlings were planted
at all sites. The installations covered a wide range of soil types, stand ages, and climatic
conditions across the southeastern US (Table 4.1).

Data from the unfertilized control plots and the fertilization treatment plots receiving
134.4 Kg ha™' N + 13.44 kg ha™! P applied biannually were used. It was assumed that
repeated fertilization with N and P biannually eliminated N and P deficiency and would
lead to long-term increase in productivity. Among the eleven installations, the sites in
Brunswick, Virginia and Berkley, South Carolina had four replicates of each treatment and
the rest of study sites had two replicates of each treatment. All living trees were measured
annually for diameter at breast height and total tree height. Mortality and damages to trees
were also recorded. Aboveground biomass for each tree was calculated using the equation:
Aboveground biomass = 0.026256 DBH?01°144 [T0-864052 " \where aboveground biomass is in
kg, DBH is in cm, and HT, total tree height, is in m (Gonzalez-Benecke et al., 2014). Stand
aboveground biomass was determined by summing the aboveground biomass of individual

trees in the plot and using the plot area to adjust to a per hectare value.

84



4.2.2 3-PG Parameterization

This study used the parameter set developed for 3-PG by Bryars et al. (2013) with several
modification (Table 4.2). The projected specific leaf area for mature stands (SLA1) and
tSLA were set at 4 and 6, respectively (Akers et al., 2013; Sampson et al., 2011; Dalla-Tea
and Jokela, 1991; Will et al., 2001; Colbert et al., 1990; McCrady and Jokela, 1995). The
light extinction coefficient for APAR was set to be 0.69 (Sampson and Allen, 1998). The
value of a¢, was set at 0.053 which is the point between the values of 0.055 and 0.0485 used
by Landsberg et al. (2001) and Bryars et al. (2013), respectively for loblolly pine. Baseline
fertility ratings in the unfertilized plots were derived from site index using the following
equation derived in chapter 2.

1.19

FR = 1 + o(—(—5.899+0.245 SI))

(4.1)

4.2.3 Fertilizer Response and Baseline FR

Fertilizer response (Aboveground biomass, Mg ha™!) was calculated for each installation at
age 11 as the difference between aboveground biomass in the fertilized plots and control
plots. Then a relationship was developed between baseline FR in the control plots derived
from site index using equation 4.1 and fertilizer response at age 11. The R? and RMSE
values were calculated for a fitted relationship between fertilizer response and aboveground

productivity.
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4.2.4 FR Estimation and Validation

This study modified the approach developed by Stape et al. (2004) and determined the
change in FR due to repeated fertilization as follows: First, sites that showed no response
to repeated N and P fertilization were identified. Among eleven installations in this study,
two installations showed no response to biannual N and P fertilization (Figure 4.2). The FR
values in the control plots at these two sites averaged 0.9. Based on this, we assumed 0.9
was the maximum FR value that could be achieved with repeated fertilization of N and P
under the assumption that repeated application of fertilizer starting at a young age would
alleviate nutrient deficiencies. The FR values in each of the biannually fertilized plots of the
remaining nine installations were adjusted to 0.9.

The FR values generated from the above procedure were used as inputs in 3-PG along with
parameters from Table 4.2 and the site-specific weather data obtained from www.daymet.org
to predict growth in the repeatedly fertilized plots. The aboveground biomass predicted from
3-PG was then compared against the aboveground productivity on each site. A linear model
was fitted between observed aboveground biomass and predicted aboveground biomass and

the null hypothesis of slope is equal to one was tested.

4.3 Results

The fertilizer response varied greatly among the sites depending on the baseline FR values
in the control plots. Sites with low baseline FR values had the greatest fertilizer response
and the sites with the higher FR values had the lowest fertilizer response (Figure 4.3). At
age 11, the relationship between fertilizer response and baseline FR had a negative slope,

indicating the inverse relationship between baseline fertility ratings and fertilizer response.
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The baseline FR described about 56% of the variance in the fertilizer response and RMSE
was 15.6 Mg ha™!.

3-PG predictions of aboveground biomass in the two sites that did not respond to fer-
tilization (Marengo, Alabama and Berkeley, South Carolina) matched well with the ob-
served aboveground biomass-estimated using tree level allometric equations (Figure 4.4).
The R? and RMSE values between predicted aboveground biomass and observed above-
ground biomass were 0.95 and 12.9, respectively.

The 3-PG model predicted aboveground biomass reasonably well at the nine sites where
there was response to fertilization (Figure 4.5). The R? value between predicted aboveground
biomass and observed aboveground biomass was 0.94. However, there was a positive bias
when observed values of aboveground biomass were compared against the predicted values.
The model overpredicted on several sites. The slope of the relationship between observed
aboveground biomass and predicted aboveground biomass was 0.76 and it was found to be
significantly different from 1:1 line at type I error rate of 0.05. When we compared observed
and 3-PG predicted fertilizer response, the difference between aboveground biomass in fer-
tilized plots and control plots, 70% of the variance in the observed fertilizer response was

described by 3-PG predicted fertilizer response (Figure 4.6).

4.4 Discussion

Fertilization had a significant positive influence on aboveground productivity (Figure 4.3).
The results showed that fertilizer response is inversely related to baseline FR. At age 11,
significant negative slope between baseline FR and fertilizer response was observed. Fertil-
izer response was greatest on the sites with low baseline FR and lowest on the high baseline

FR suggesting that sites with higher baseline FR respond little to fertilizer additions. The
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negative relationship observed between baseline fertility ratings and fertilizer response was
consistent with Littke et al. (2014). They reported negative correlations between fertilizer
response and site index on Douglas-fir stand in the coastal Pacific Northwest.

Several other studies have reported comparable results on the aboveground productivity
response due to fertilization on inherently nutrient deficient sites. Borders and Bailey (2001)
reported significant increases in stand volume due to fertilization in the Lower Coastal Plain
on sites that have inherently low fertility. The high fertilizer response on the low fertility
rating was also consistent with findings by Albaugh et al. (1998). The present study was
carried out on a much wider range of sites with diverse baseline FR values. The range of
baseline FR provided a unique opportunity to study fertilizer response in loblolly pine plan-
tation growing under a wider range of site conditions. The baseline FR explained 56% of
the variance in the fertilizer response.

3-PG predictions of aboveground biomass and fertilizer response were reasonable in fer-
tilized plots indicating that FR calibrated on fertilized plots was adequate. 3-PG simulated
aboveground biomass are in line with the reported potential aboveground productivity of
loblolly pine in the southeastern US. For example, Zhao et al. (2012) reported mean annual
aboveground biomass increment for 12-year-old intensively managed loblolly pine planta-
tions in the Upper Coastal Plain and Piedmont as 13.6 Mg ha™! yr~! and Borders and
Bailey (2001) reported stand volume in the intensively managed loblolly pine plantations

Lyr=t. Our hypothesis that repeated fertilization

in the Lower Coastal Plain as 31.8 m®ha~
with N and P in the southeastern United States eliminates major nutrient deficiency was
confirmed in many sites. When fertilizer response (difference in aboveground biomass in the
fertilized plots and control plots) in the study sites was compared with the 3-PG predicted
fertilizer response, 70% of the variation in the observed fertilizer response was explained by

3-PG predicted fertilizer response.

Landsberg et al. (2001) showed that 3-PG could produce accurate estimates of loblolly
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pine stand productivity on sites fertilized with N, P, K, Ca, Mg, and B in the sandhills
of North Carolina by adjusting FR to 0.4 and a¢, to 0.55. Their study was conducted at
a single location. Bryars et al. (2013) expanded the results to four locations in Georgia.
They assigned an FR value of one on intensively managed sites and obtained predictions
that matched well with the observed values. In the present study, 94% of the variation in
the observed aboveground biomass in the fertilized plots was explained by 3-PG predicted
aboveground biomass and 70% of the variation in the observed fertilizer response was ex-
plained by 3-PG predicted fertilizer response when FR is adjusted to 0.9.

When FR was adjusted to 0.9 on biannually fertilized plots, 3-PG over predicted produc-
tivity on several sites including those located in Brantley, Georgia; Nassau, Florida; and
Newton, Texas. In those locations, larger discrepancies were also found between observed
and modeled values of stand density. This may explain some of the overprediction by the 3-
PG model. Discrepancies in stand density prediction may affect prediction of stand biomass
(Bryars et al., 2013; Pinjuv et al., 2006). Another potential source of error in the predicted
growth in the fertilized plots at some sites was heavy competition that developed from woody
and herbaceous plants following fertilization. The calibration sites used in this study had
very little weed and hardwood competition. However, several validation sites developed
very high level of competition following fertilization. Significant amounts of added nutrients
could be used by competing vegetation (Tiarks and Haywood, 1986; Martin and Jokela,
2004; Jokela et al., 2000; Subedi et al., 2014). Amishev and Fox (2006) showed increased
competition following fertilization that decreases the growth of loblolly pine in the Virginia
Piedmont. The increased competition might decrease the growth response in the fertilized
plots and contribute to the over-prediction in the 3-PG model. There is generally more com-
peting vegetation on higher productive sites, which would suggest that the model prediction
would be less accurate as productivity increased, a trend observed in this study. Borders

and Bailey (2001) reported that in the Lower Coastal Plain sites, competition control com-
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bined with fertilization could increase aboveground productivity 12% more than fertilization
alone in the midrotation loblolly pine stands. Similarly, in the Piedmont and the Upper
Coastal Plain sites, competition control could increase productivity up to 100% and 34% in
the midrotation loblolly pine stand, respectively. Finally, N and P fertilization alone might
not be adequate to eliminate soil fertility limitations. K, Ca, Mn, and other micronutrients
limit productivity in some locations in the southeastern United States (Carlson et al., 2013;
Jokela et al., 1991; Vogel and Jokela, 2011). If nutrients other than N and P limited produc-
tivity, increasing FR to 0.9 following fertilization might lead to over prediction of the growth
response by 3-PG because only N and P were added in the fertilizer.

The methodology proposed in this research for the estimation of FR on plots fertilized
repeatedly with N and P, by adjusting FR to 0.9, offers a simple yet theoretically sound
modeling framework for evaluation of nutrient limitation on tree growth. This study also
provides an opportunity to test assumptions made on previous studies regarding fertility
rating in fertilized stands. Previous studies where fertilized plots were given an arbitrary
value of 1 (Bryars et al., 2013; Landsberg et al., 2003) lacked independent sites for validation.

This study had nine sites across the southeastern US for validation of this approach.

4.5 Conclusion

Fertilization with N and P significantly increases growth in loblolly pine stands in the south-
eastern United States. Fertilizer response depends upon the inherent soil fertility. Soils that
have high inherent fertility showed very little response to fertilization whereas the sites with
low inherent fertility had larger fertilizer response. The adaptation of the 3-PG model for
repeated fertilized stands was carried out by adjusting baseline FR to 0.9 in fertilized plots.

The simulated aboveground biomass from the 3-PG model described 94% of the variance in
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the observed aboveground biomass following fertilization. However, the 3-PG model tends
to over predict fertilizer response. Some of the this overprediction may have been due to
poorer prediction of stand density. Increased growth of competing vegetation on fertilized
plots may have decreased the growth response in the fertilized plots and contributed to the

over prediction of the fertilizer response.
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Figure 4.1: Location of study sites used to develop and test fertility rating in repeated fertilization
treatment for loblolly pine plantation in the southeastern United States in 3-PG model.
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Figure 4.2: Aboveground biomass (Mg ha~!) in biannually fertilized and control plots at Berkeley,
South Carolina (left) and Marengo, Alabama (right).
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Figure 4.3: Scatterplot between fertilizer response (Aboveground biomass, Mg ha~!) and baseline
fertility rating in the biannually fertilized plots at age 11
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Figure 4.4: The relationship between observed aboveground biomass (Mg ha~!) and 3-PG predicted
aboveground biomass (Mg ha=!) on two sites where repeated fetilization with N and P did not
increase growth.
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Figure 4.5: The relationship between observed aboveground biomass and 3-PG predicted above-
ground biomass on the biannually fertilized plots of the nine sites when FR is adjusted to 0.9
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Chapter 5

Modeling Growth Response Following
One-time Midrotation Fertilization in
Lobolly Pine Plantations Using FR in
the 3-PG Process Model

Abstract

We developed a dynamic function to model the soil fertility rating (FR) used in the
3-PG model to accurately predict growth in loblolly pine stands fertilized one time with
N and P during the middle of the rotation. We used data from a series of midrotation
loblolly pine plantations across the southeastern United States to model change in FR
(AFR). This was done using an optimization process where the temporal distribution
of the AFR was modeled using the Weibull function. Baseline FR, intensity of N fer-
tilization, and year since treatment were used as input regressors to model dynamics

of FR following midrotation fertilization. The model accurately described temporal
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changes in FR that enabled 3-PG to accurately predict response to midrotation fertil-
ization with N and P. When FR values generated using this function were input into
the 3-PG model, 80% of the variation in the observed aboveground biomass in fertilized

lobloly pine plantations was described by the 3-PG simulated aboveground biomass.
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5.1 Introduction

Soil fertility is a dynamic property of forest soils that varies both spatially across the land-
scape and temporally during the rotation (Fox et al., 2007; Allen et al., 1990). Loblolly pine
plantations in the southeastern US often develop nutrient deficiency near the onset of the
stem exclusion phase of stand development and the disparity between stand demand and soil
supply of nutrients increases thereafter (Fox et al., 2007). Forest fertilization is an important
silvicultural practice to minimize nutrient deficiency and improve stand productivity across
the various stages of stand development.

Soil nutrient availability increases following disturbances such as tree harvest, a phe-
nomenon described as the assart effect (Fox et al., 2007; Burger and Pritchett, 1984; Brais
et al., 2002) because of higher soil moisture and temperature, that increases organic matter
decomposition and nutrient mineralization. However the assart effect is short lived and nu-
trient availability quickly decreases. Nutrients are tied up in the accumulating forest floor
that acts as a sink for nutrients in undisturbed loblolly pine stands (Piatek and Allen, 2001;
Kiser and Fox, 2012). Stand demand for nutrients is low during early portions of the rotation
and increases through time as tree size increases. Consequently, during midrotation, when
nutrient demands are high, nutrient availability is low because the assart effect has declined
and the forest floor has accumulated large quantities of N and P (Miller, 1981; Piatek and
Allen, 2001; Kiser and Fox, 2012). Midrotation fertilization is aimed at ameliorating nutrient
deficiency at this stage of stand development.

As a consequence of the temporal pattern of nutrient supply and demand, the productiv-
ity of loblolly pine in the southeastern US is more frequently limited by nutrient availability
than by water. Because annual precipitation in the southeastern US exceeds potential evap-
otranspiration rate (Lu et al., 2005; Allen et al., 1990) and the soils are dominated by udic

moisture regimes, adequate water is available in most years. This is supported by previous
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research that has shown that irrigation has little impact on growth of loblolly pine in the
southeastern US. Studies with loblolly pine in the Sandhills of North Carolina (Albaugh
et al., 1998) and Lower Coastal Plain and Piedmont of Georgia (Will et al., 2002; Samuelson
et al., 2008) have shown that fertilization has a larger impact on growth than irrigation in
loblolly pine stands.

Most southeastern loblolly pine stands develop deficiencies of N and P at some point in
the rotation (Allen, 1987; Allen et al., 1990; Albaugh et al., 1998; Sampson and Allen, 1999;
Jokela and Martin, 2000; Will et al., 2002). Midrotation fertilization with N in loblolly pine
plantation commonly produces type 1 response (Snowdon, 2002), characterized by a short
term increase in growth that typically last 8 to 10 years (Carlson et al., 2008; Hynynen et al.,
1998; Jokela and Stearns-Smith, 1993; Fox et al., 2007).

The 3-PG model has been successfully parameterized to predict growth of many commer-
cially important forest species. 3-PG relies on a fertility rating (FR) parameter to describe
soil nutrient availability with values ranging from 0 to 1. Work presented in this dissertation
has shown that FR can be accurately predicted based on site index and soil physical and
chemical properties. However, in order to accurately model fertilizer response using 3-PG,
FR will need to vary during the rotation to account for change in soil nutrient availability
caused by fertilization. This study was conducted to develop a model to predict FR that
varies through time following midrotation fertilization with various rates of N in an environ-
ment where P is non-limiting. We used a regional fertilization trial to model the dynamics

of FR following midrotation fertilization of loblolly pine with N and P.
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5.2 Methods

5.2.1 Study Sites and Data Collection

Eleven installations of a fertilizer study established in midrotation loblolly pine stands in the
southeastern United States between 1989 and 1997 were used in this study. This fertilizer
study was established as a factorial design of N (0, 112, 224, and 336 kg ha™') and P (0, 28,
and 56 kg ha™1) fertilization. The study sites represent a wide range of stand age, soil type,
physiographic region, and climate across the southeastern US (Table 5.1 and Figure 5.1).
Summary statistics of stand variables in the study sites are given in Table 5.3.

Our objective was to develop a function to model changes in FR that match the dynamics
of soil fertility following midrotation fertilization with various intensities of N in an environ-
ment where P is non-limiting. We used the growth response following a one time fertilization
with 112 kg N ha=! + 56 kg P ha™!; 224 Kg N ha=! + 56 kg P ha!; and 336 kg N ha=! +
56 Kg P ha! in this analysis. On each study site, the living trees were measured biannually
for DBH and total tree height. Mortality and damages to trees were also recorded. Above-
ground biomass for each tree was calculated using the equation: Aboveground biomass =
0.026256 DBH?015144 0864052 " \where aboveground biomass is in kg, DBH is in cm, and
HT, total tree height, is in m (Gonzalez-Benecke et al., 2014). Stand aboveground biomass
was determined by summing the aboveground biomass of individual trees in the plot and

using the plot area to adjust to a per hectare value.

5.2.2 3-PG Parameterization

This study used the parameter set developed for 3-PG by Bryars et al. (2013) with several

modification (Table 5.2). The projected specific leaf area for mature stands (SLA1) and
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tSLA were set at 4 and 6, respectively (Akers et al., 2013; Sampson et al., 2011; Dalla-Tea
and Jokela, 1991; Will et al., 2001; Colbert et al., 1990; McCrady and Jokela, 1995). The
light extinction coefficient for APAR was set to be 0.69 (Sampson and Allen, 1998). The
value of o, was set at 0.053 which is the point between the values of 0.055 and 0.0485 used
by Landsberg et al. (2001) and Bryars et al. (2013), respectively for loblolly pine. Baseline
FR values in the unfertilized plots were derived from site index (m) at base age 25 using the
following equation derived in chapter 2.

- 1.19
1 + e(—(~5.899+0.245 SI))

FR (5.1)

5.2.3 FR Estimation and Validation

Three installations were selected for calibration and eight installations were selected for
validation. The three installations selected for calibration were sites in Greenwood County,
South Carolina; Rhea County, Tennessee; and Polk County, Arkansas. The calibration sites
had six pairs of biannual measurements of DBH and height at and after the application of
fertilizer. In the control plots of the calibration sites the observed values of aboveground
woody biomass growth were successfully predicted utilizing parameter values from Table
5.2, weather data from www.daymet.org, and FR estimated using equation 5.1 (Figure 5.2).

It has been demonstrated that the growth response of loblolly pine following midrotation
fertilization with N and P is short lived (Hynynen et al., 1998). The growth response increases
for the first few years after fertilization, reaches a peak around 4 years and then declines
until approximately 8 years when the growth of fertilized and unfertilized plots are the same.
We assumed this pattern of response corresponds to the change in nutrient availability and
developed a function to modify FR to match this pattern. Change in growth due to one

time application of fertilizer during midrotation can be modeled using the Weibull function
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(Hynynen et al., 1998; Gyawali and Burkhart, 2015). Changes in aboveground biomass
through time in the fertilized plots of the calibration sites was used to model changes in FR
using a Weibull function. The response function for FR following midrotation fertilization
treatment were developed for all three levels of fertilization treatment.

The total amount of N applied, year since treatment (YST), and the baseline FR were used
to model adjusted FR values obtained from each site. The following 2-parameter Weibull

density function was applied to model the temporal distribution of AFR due to fertilization.

YST\?™' [ vsryo
fertilized — Dasellne + alN—= | — ¢} XZ’ST .
FR baseline FR Ng ; (=55) 5.2

The added term to baseline FR represents the dynamics of AFR following fertilization as
described by intensity of fertilization (N), years since treatment (YST), and the parameters
a, [, and . Where + is the shape parameter and /3 is the scale parameter. Nonlinear least
squares method was used to fit equation 5.2. Root Mean Square Error (RMSE), coefficient
of determination (R?), and graphical analysis were used to evaluate and validate the models.

The adjusted FR value based on the equation developed was used in 3-PG to predict
growth in the fertilized plots at the eight sites not used in the model development. The pre-
dicted growth response following fertilization was compared to the observed growth response

at these sites.

5.3 Results

Figure 5.3 shows mean change in FR (AFR) due to fertilization. The magnitude of AFR
varied with the rate of N and YST. AFR increases with increasing rate of N. The pattern
of change is mound shaped and is positively skewed.

Results from fitting dynamics of AFR following fertilization including parameter estimates,
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standard error, p-values, RMSE, and R? are shown in Table 5.4. All parameters were highly
significant (p<0.0001). Small RMSE value and high R? value indicated that the model fitted
well to the data. The 2-parameter Weibull function was found to be adequate in describing
dynamics of FR following midrotation fertilization. The response function followed a mound
shape (Figure 5.3). The positive value on the estimated parameters of N, «a, indicated that
FR increased with an increase in amount of N applied. A plot of the observed vs. predicted
values of adjusted FR showed good correspondence between observed and predicted values
of FR (Figure 5.3).

3-PG predicted aboveground biomass in the fertilized plots well (Figure 5.4). Overall,
using FR determined from model 5.2, the observed aboveground biomass and predicted
aboveground biomass from 3-PG had an R? value of 0.80. The slope of the relationship
between observed values of aboveground biomass and modeled values of aboveground biomass
had 95% of confidence interval between 0.86 and 0.97. 3-PG predicted average aboveground
biomass response curves plotted against years since treatment for various levels of fertilization
treatments are shown in Figure 5.5. On average, 3-PG predicted 23.8 Mg ha™!, 16.3 Mg
ha=!, and 7.7 Mg ha! of aboveground fertilizer response after 8 years since treatment for
336 Kg ha™* N + 56 Kg ha™! P, 224 Kg ha™* N + 56 Kg ha™! P, and 112 Kg ha™! N + 56

Kg ha™! P, respectively.

5.4 Discussion

The good results obtained in the control plots of the calibration sites using the 3-PG model
parameterized with the unique parameter set, site specific weather data, and baseline FR
values derived from site index suggest that the 3-PG model is adequate in predicting loblolly

pine productivity for midrotation loblolly pine stands in the southeastern United States.
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The 3-PG model using adjusted FR values as a function of amount of N applied, year
since treatment, and baseline FR before fertilization accurately predicted growth following
midrotation fertilization in loblolly pine. Previous works on 3-PG to model the productivity
of loblolly pine in the southeastern US have shown that 3-PG has the potential to model
the productivity of loblolly pine productivity (Landsberg et al., 2001; Bryars et al., 2013).
This study has expanded on those results and demonstrated that 3-PG can produce accurate
estimates of loblolly pine stand growth in midrotation fertilized stands across a range of sites
that varied in climate, physiographic provinces, management regimes, stand age, and soil
types.

Midrotation fertilizer applications with N and P have been found to increase loblolly pine
productivity in the southeastern United States (Jokela and Stearns-Smith, 1993; Hynynen
et al., 1998; Gyawali and Burkhart, 2015). N fertilization increases the soil mineral N pool
and the duration and magnitude of increase depends on the intensity of N fertilization
(Gurlevik et al., 2004; Carlyle, 1995; Mudano, 1986). N fertilization increases mineral N
initially but the effect diminishes over time (Carlyle, 1995; Johnson et al., 1980). Johnson
et al. (1980) reported decline in soil mineral-N levels from 200 ppm at 20 days to less
than 10 ppm within 161 days following a 200-kg Urea-N ha~! fertilization. The decrease
in N availability continues through time as N accumulated in the forest floor instead of the
mineral soil N pool (Richter et al., 2000; Kiser and Fox, 2012). The modeled change in FR
following fertilization enabled 3-PG to accurately predict fertilizer response.

We predicted very small increase in FR due to midrotation fertilization. For example,

L of fertilization.

we predicted an increase of 0.07 in magnitude in FR with 336 Kg N ha —
However, this relatively small change in FR following midrotation fertilization of loblolly pine
produced growth increase in 3-PG that were similar to growth increase previously reported

(Fox et al., 2007). Fox et al. (2007) showed that annual volume response to midrotation

fertilization of 224 kg ha™t N plus P averaged 3.8 m*ha~!yr~! during the first 8 years. The
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reported growth efficiency for loblolly pine in the southeastern United states is approximately
7.2 m*ha~lyr~! LAI"! (Albaugh et al., 1998; Vose and Allen, 1988). These values suggest
that LAI is increased by approximately 0.52 due to midrotation fertilization with N and P.

FR is a key parameter of the 3-PG model and 3-PG is very sensitive to changes in FR
values. Using N rate, year since treatment, and baseline FR as the predictors, dynamics of
AFR was successfully modeled using the Weibull function with all parameters significant.
The coefficient for N intensity was positive which suggests that soil fertility increases with
increasing intensity of N fertilization. N is considered as the nutrient most limiting growth in
temperate and boreal forest regions (Reich et al., 1997). Similar results regarding increase in
productivity with increasing N fertilization in one time midrotation loblolly pine fertilization
were also reported in other studies (Hynynen et al., 1998; Gyawali and Burkhart, 2015). The
temporal pattern of AFR to one-time midrotation fertilization indicated the FR response
reaches its peak around six years of fertilization. Thereafter, the response starts to decrease.
Similar results regarding change in productivity due to one time midrotation fertilization

were reported in Miller (1981), Hynynen et al. (1998), and Gyawali and Burkhart (2015).

5.5 Conclusion

The objective of this study was to develop a dynamic function for soil fertility (AFR) fol-
lowing midrotation fertilization in loblolly pine using intensity of N fertilization, baseline
FR, and years since treatment that could be used in the 3-PG model to model fertilizer
response. Overall, the results suggest that the effects of midrotation fertilization of N and
P on soil fertility is temporary and can be modeled by a Weibull function with two param-
eters. The change in FR following fertilization follows a temporal pattern that matched the

reported loblolly pine growth response following midrotation fertilization. Given the results
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of this study, it can be concluded that an increase in FR following midrotation fertilization
is temporary and FR increases with increasing intensity of N fertilization. The aboveground
biomass values generated by 3-PG using FR values from the Weibull function accounted for
80% of the variance in the observed aboveground biomass.

The results of this study show that it is possible to model soil fertility dynamics following
midrotation fertilization in the 3-PG model with a unique set of parameters. Tests against
independent measurements indicate that the model provides accurate estimates of the soil
fertility ratings following midrotation fertilization. The results reported here are applicable
to loblolly pine plantations in the southeastern United States of similar age and fertilization

intensities as those for the study.
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Table 5.3: Summary statistics of stand variables in the control plots of the study sites selected to
model dynamics of soil fertility following midrotation fertilization in loblolly pine stands.

Stand density

Site n Max Age SI (m, age=25) ABG(Mgha 1) (stem ha~!)
130101 4 17 18.55 104.01 983 - 1161
130401 2 21 17.50 133.48 1208 - 1540
130901 2 24 18.14 167.27 1166 - 1511
130903 2 22 19.34 168.10 1110 - 1184
132605 2 20 19.14 173.87 1428-1458
132701 4 22 16.92 133.38 1303-1574
132702 2 22 17.69 165.76 1682- 1969
132802 4 16 17.67 105.68 970 - 1046
132805 2 21 17.47 145.70 852 - 867
133104 2 22 17.70 154.01 1360 - 1660
133106 2 24 16.70 137.75 1407 - 1503

Table 5.4: Parameter estimates and fit statistics of FR dynamics model (5.2) following midrotation
fertilization

Parameters Estimates Standard Error p-value

a 0.0020679 0.0003107 < 0.0001
B 2.2861918 0.2672600 < 0.0001
v 8.9277010 0.9507714 < 0.0001
RMSE 0.01596

R? 0.73

38

30

T T T
—100 —-95 —90

Figure 5.1: Location of study sites used to develop and test dynamics of FR following midrotation
fertilization using the 3-PG model
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Figure 5.2: Relationship between observed aboveground biomass and predicted Aboveground
biomass in the calibration sites (Top left: Greenwood, South Carolina; top right: Rhea, Tennessee;
and bottom :Polk, Arkansas) used to develop the model to predict dynamics of FR following midro-
tation fertilization.
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Figure 5.3: Comparison of adjusted FR values from calibration sites (dotted lines) and predicted FR
values (solid lines) from 2 parameter Weibull function for various levels of midrotation treatment.
336 N, 224 N, and 112 N denoted 336 Kg N + 56 Kg P ha!, 224 Kg N + 56 Kg P ha—', and 112
Kg N + 56 Kg P ha~!, respectively.
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Figure 5.4: The relationship between observed aboveground biomass and predicted aboveground
biomass in fertilized plots using 3-PG model using the FR values generated from model 5.2 in the
validation sites of the midrotation fertilization.
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Figure 5.5: 3-PG predicted average aboveground fertilizer response curves in the validation sites
plotted against years since treatment for various levels of fertilization treatments.
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Chapter 6

Conclusion

Soil fertility is an important component of forest ecosystem, yet evaluating soil fertility
remains one of the least understood aspects of forest science. The overall goal of this disser-
tation was to estimate the soil fertility rating (FR) to be used in the process-based model
3-PG. Up to now, the use of FR in 3-PG has been mostly confined as an adjustment factor
to fit predicted productivity from 3-PG to observed productivity. This dissertation explored
ways to estimate FR and improve the existing methods of FR estimation. The southern
United States has millions of acres of loblolly pine plantations, representing a vast area of
land that varies greatly in terms of soil fertility. Soil fertility is the most limiting factor for
loblolly pine productivity in the southeastern United States. Quantification of soil fertility
would provide a unique opportunity to study soil fertility gradients across the landscape and
provides a basis for implementing site specific forest management practices.

Quantification of soil fertility in forested ecosystems has important implications for mod-
eling forest productivity. Knowledge of soil fertility is equally important for making fertil-
ization decisions and estimating fertilizer response. A key question arising from previous

research is how can site index, a widely used indicator of site quality in forested ecosystem,
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be used as a potential tool for soil fertility estimation. Specifically, site index is a realized
measure of site quality that is affected by not just soil fertility but a variety of edaphic
and climatic factors including soil moisture and temperature. However, previous studies on
loblolly pine have suggested that soil moisture is not a strong determinant of productivity
in the southeastern US as this region receives fairly well distributed rainfall through out the
year and annual precipitation exceeds potential evapotranspiration.

This study was designed to test the potential of using site index to estimate FR for use
in the 3-PG model. The data used in the analyses came from two distinct designed field
experiments. First, the remeasurement data collected from a loblolly pine fertilization trial
established in the early to mid 1990s as an incomplete factorial design of nutrient dose and
application frequency to evaluate the rates and frequencies of fertilization to optimize growth
and fertilizer use efficiency. Second, the remeasurement data collected from a designed ex-
periment in midrotation loblolly pine stands to evaluate the intensity of fertilization on the
productivity of loblolly pine due to one-time fertilizer application of N and P. The data were
collected from stands across the natural range of loblolly pine in the southeastern United
States. Climatic data required for the 3-PG model were obtained from the daymet data
set provided by Oak Ridge National Laboratory Distributed Active Archive Center (ORNL
DAACQC).

The major objectives of this research were to estimate soil fertility to be used in the
process-based model 3-PG using site index and physical and chemical properties from A-

horizon. In the four previous chapters, four specific objectives were addressed:

i. Use site index for the a priori prediction of FR that could be used as a set rather than

a tunable parameter (see chapter 2)

ii. Understand the potential of using soil physical and chemical properties of the A-horizon

to estimate FR values (see chapter 3)
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iii. Assess FR in the repeated fertilized plots and derive relationship between fertilizer

response and baseline FR in the control plots (see chapter 4)

iv. Model dynamics of FR (AFR) following midrotation fertilization of N and P across

various intensities of N fertilization (see chapter 5)

The findings from this dissertation research illustrate the phytocentric and geocentric ap-
proach of soil fertility estimation. We also developed ways to adjust FR values when stands
received one time midrotation fertilization of N and P with various intensities of N and

repeated fertilization of N and P. We derived five conclusions from this research:

1. FR can be accurately estimated a priori from site index and used in 3-PG to accurately
predict the growth and stocking of loblolly pine across the southeastern US with a single

parameter set.

2. Strong correlation was found between site index values in the study sites and site
index values archived in Soil Survey and Geographic Database (SSURGO). Our work
on Kemper County, Mississippi, showed that 3-PG has the potential to estimate loblolly
pine productivity using the FR values estimated using the site index values from the

SSURGO database.

3. Multivariate regression methods are the most useful method to model soil fertility
from physical and chemical properties of the A-horizon. Multicollinearity was a severe
problem in the ordinary least square method of multiple linear regression due to high
degree of correlation among soil physical and chemical properties. Partial least square
regression selected N, Ca, Mg, C, and sand percentage as the significant predictor of

soil fertility.
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4. An inverse relationship was observed between fertilizer response and baseline fertility
ratings in the control plots. The 3-PG model for stands repeatedly fertilized with N

and P can be adapted by adjusting FR to 0.9.

5. Midrotation fertilization of N and P had temporary effects on soil fertility improvement
and can be modeled by a Weibull function with two parameters. Dynamics of soil
fertility (AFR) following midrotation fertilization can be modeled with intensity of N
fertilization, year since treatment, and baseline FR values of the control plots. Increase
in AFR following midrotation fertilization is temporary and depends in intensity of N

fertilization.

A number of research questions are unanswered and deserve further attention:

a. Assart effect: Considerable temporal variation in nutrient supply, especially N, is preva-
lent in sandy Spodosols of the southeastern United States due to assart effect. The
assart effect causes relatively short-lived pulse of N during the early phase of stand
development as the forest floor and logging debris decompose. Temporal dynamics of

nutrient availability as stands develop on sandy soils deserves further attention.

b. Soil nutrient capital: The soil nutrient data available in this research was collected dur-
ing the juvenile stage. Availability of soil nutrient data during various stages of stand

development would give an indication of temporal variation in soil nutrient capital.

c. Buffering capacity: This study measured soil nutrient quantity to explain the variability
in FR. Measuring quantity does not guarantee the capacity of the soil to replenish

depleted nutrients, the buffering capacity.

d. Mortality: The 3-PG model was found to be inadequate to model mortality especially

in fertilized plots. In addition to canopy quantum efficiency and carbon partitioning,
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the effect of FR was clearly evident on tree mortality in several locations. Greater

stand differentiation due to higher soil fertility needs further attention.

e. Competing vegetation: Heavy competition from woody and herbaceous plants following
fertilization might decrease the growth response in fertilized plots and contribute to
the over-prediction in the 3-PG model. Effect of fertilizer induced competition and its

potential impact on soil fertility deserves further attention.

An enhanced understanding of soil fertility can be an effective means for modeling forest
growth and decision making on site specific forest management practices. This study con-
tributes to the greater body of knowledge of soil fertility evaluation. Models developed in
this study will be useful to predict regional productivity of loblolly pine across the southeast-
ern United States using the 3-PG model. A future consideration will be to understand the
temporal dynamics of soil fertility especially in the sandy Spodosols. We expect soil fertility
diminishes greatly in the sandy Spodosols of the southeastern United States thus causing
substantial disparity between stand demand of nutrients and soil supply of nutrients during
the early stage of stand development. A robust understanding of stand differentiation due
to fertilization will be very important to accurately model growth and stocking of loblolly

pine.
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