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This study developed a new process-based forest module for the Soil and Water Assessment Tool (SWAT), based
on the Physiological Process in Predicting Growth (3-PG) model (SWAT-3PG). The new model allows for
improved biomass assimilation, partitioning (stem, foliage, root), and losses (root turnover, foliage loss, mor-
tality). Evaluation at field-scale showed that SWAT-3PG can replicate the different forest biomass components for
evergreen forests well. Testing for deciduous and mixed forests sites using remote-sensed data showed that the
model can simulate leaf area index (LAI), net primary productivity (NPP) and actual evapotranspiration (AET)
reasonably well and can be used to constrain SWAT-3PG when lack of field data. Sensitivity analysis of SWAT-
3PG showed its potential in evaluating the impacts of management and climate on forested ecosystems. SWAT-

3PG can also be of importance to forest managers as it can estimate variables such as plant height, diameter at
breast height (DBH), and basal area.

Software Availability

Name of the software: SWAT-3PG

Developer: Ritesh Karki and Junyu Qi

Contact information: junyuqi@umd.edu

Year first available: 2023

Program language: Fortran 90

Cost: Free

Software availability: https://github.com/riteshkarki/SWAT664-3PG
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1. Introduction

Forests play an integral role in hydrologic, nutrient, and carbon
cycling at global, regional, as well as basin/watershed scale. Forests
dominate terrestrial water dynamics as it has significant influence on
transpiration, rainfall interception, percolation, and soil moisture dy-
namics (Adams et al., 1991; Dunkerley, 2015; Lathuilliere et al., 2012;
Teuling et al., 2019). As a result, forests also play a critical role in runoff
generation, groundwater recharge, and the delivery of water from land
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to riverine and lake systems. Studies have shown that loss of forest cover
can lead to an increase in watershed water yield due to reduction in
actual evapotranspiration (AET) and, as a result, also increase stream-
flow (Jones and Post, 2004; Perry and Jones, 2017). Forests are an in-
tegral part of the global carbon cycle as it dominates carbon exchange
between the atmosphere and terrestrial biosphere and accounts for
about 80% of the global aboveground biomass (AGB) (Dixon et al.,
1994). With the increase in atmospheric CO, concentrations and
resulting climate change a key global issue, forests are an important
component of global carbon cycle investigations (Curtis and Gough,
2018; Detwiler and Hall, 1988) as it can contribute to carbon seques-
tration and storage in standing biomass as well as stored wood products.
The Global Climate Observing System (GCOS) identified AGB as one of
the 54 essential climate variables because of its role in the global carbon
cycle (Santoro et al., 2021). Quantifying forest biomass and sequestra-
tion potential are also critical from a policy perspective as information
on national/regional forest biomass is critical to decision making for
climate mitigation policies (Hurtt et al., 2019).

Forests also impart major influence in aquatic ecosystems through
the delivery of water, sediments, nutrients, and carbon (Butman et al.,
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2016; Kreutzweiser et al., 2008; Lee et al., 2018; Martin et al., 2000;
Prepas et al., 2001). As such, changes to forest ecosystem including
deforestation, wildfire, pests etc. can have significant impact on aquatic
carbon fluxes (Kreutzweiser et al., 2008; Prepas et al., 2001). As forests
account for up to 28% and 38% of ecosystem N and P (Hart et al., 2003),
respectively, it also plays an important role in terrestrial and riverine
nutrient balances through uptake and subsequent return to soil through
litter and riverine nutrient export. Accurate representation of soil
organic carbon (SOC) and transport from terrestrial to aquatic system to
quantify aquatic carbon also necessitates accurate simulation of biomass
sequestration, storage as well as losses from forested systems (Butman
et al., 2016).

Hydrologic models help us understand the complex relationships
between atmospheric, terrestrial, and aquatic systems for water, sedi-
ment, nutrient, and carbon fluxes under different land management,
land use change, climate change etc. As a result, models are important
tools that can aid in policy decision making for water resource man-
agement (Molina-Navarro et al., 2016; D. Zhang et al., 2018), nutrient
reduction (Douglas-Mankin et al., 2010; Endale et al., 2014; Karki et al.,
2018), as well as understanding and reducing climate impacts (Diaz and
Rosenberg, 2008; J. Lee et al., 2019). It is, however, critical to capture
the important processes of the different ecosystems in the model (Wang
et al., 2020a, 2020b). The Soil and Water Assessment Tool (SWAT) is a
watershed-scale, semi-distributed, process-based model (Neitsch et al.,
2011) that has been widely applied across the world in varying climate
and topographic regions for evaluating the impacts of land management,
land use change, as well as climate (Haro-Monteagudo et al., 2020;
Samimi et al., 2020; Tan et al., 2019, 2020; Upadhyay et al., 2022).
Model improvement effort in recent years has helped further expand the
use of SWAT in additional fields such as soil organic carbon simulation
(Zhang, 2018), natural salinity (Tirabadi et al., 2021), as well as soil N2O
emissions (Gao et al., 2019). The model is a key component of the U.S.
Environmental Protection Agency (USEPA) — Hydrologic and Water
Quality Systems (HAWQS) (HAWQS, 2020) and U.S. Department of
Agriculture (USDA) Conservation Effect Assessment Project (CEAP)
projects and has also been incorporated into the USEPA Better Assess-
ment Science Integrating point and Nonpoint Sources (BASINS) multi-
purpose environmental analysis tool (US EPA, 2019).

Although SWAT has been widely used with more than 5000 scientific
publications and evaluated in over 90 countries (https://www.card.ia
state.edu/swat articles/), the model has had limited applications in
forest dominated watersheds due to its limitations in simulating forest
biomass and water and nutrient fluxes (Haas et al., 2022; Yang and
Zhang, 2016). As the SWAT model was initially developed with focus on
agriculture dominated watersheds, the plant growth module in SWAT is
based on a simplified version of the Environmental Policy Integrated
Climate (EPIC) model that was developed for simulating
physio-chemical processes under agricultural crops and was adjusted
minimally for forest growth in the SWAT model (Neitsch et al., 2011;
Williams et al., 1989). As a result, current forest growth module in the
SWAT model has key issues that needs to be addressed for improving
forest simulation. This can be vital to increasing applicability of the
model in forest dominated watersheds along with reducing uncertainty
of hydrologic, nutrient, and carbon simulation from forested regions
even in agriculture dominated watersheds as forests make a significant
portion of the land use in most watersheds (Jin et al., 2013).

There have been studies in recent years that aimed to improve forest
simulation in SWAT but have been often limited to improving forest
simulation by improving forest parameterization (Haas et al., 2022;
Yang and Zhang, 2016). And, any attempts to modify the underlying
forest growth algorithms in SWAT have been mostly focused on modi-
fying how leaf area index (LAI) is simulated (Alemayehu et al., 2017; Lai
et al., 2020; Ma et al., 2019; Strauch and Volk, 2013), which fails to
address key issues in the current module that includes the lack of daily
partitioning of assimilated biomass into root, stems, and leaves; LAI is
solely a function of heat units with no relation to foliage biomass; same
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litterfall routine for evergreen and deciduous forest types; lack of ac-
curate forest initialization; and, no tree mortality.

There is a wide range of models currently available for forest simu-
lation that are based on empirical/regression relationships, process-
based, or a combination of both (Fontes et al., 2010). Although it is
ideally desirable to use comprehensive process-based carbon balance
models such as Biome-BGC (Thornton and Running, 2000; White et al.,
2000) or PnET (Aber and Federer, 1992) for simulating forest growth,
the models are very data intensive which makes its usability and
compatibility difficult. The Physiological Process in Predicting Growth
(3-PG) is a forest growth model that is process-based but also uses
empirical relationships that greatly simplifies calculations (Landsberg
and Waring, 1997). The model has been successfully used to simulate
forest stand growth for multiple tree species and in a range of climatic
conditions (Amichev et al., 2010, 2016; Gonzalez-Benecke et al., 2014,
2016; HN Palma et al., 2021). The simplicity of 3-PG in model devel-
opment yet its robustness in simulating forest growth makes it an ideal
model to be incorporated into the SWAT model for improving forest
simulation.

In this study, we present an enhanced version of SWAT model with a
new forest module that is developed based on 3-PG (herein from referred
to as SWAT-3PG) with the goal of better representing forest ecosystems
and improving simulation of biomass assimilation, partitioning, and
losses from forests. The main objectives are 1) to incorporate the
process-based 3-PG forest growth model into SWAT, and 2) to test model
performance of SWAT-3PG on simulation of forest biomass and fluxes
for different forest types using in-situ measurements and remoted sensed
data. We also discuss the advantages as well as limitations of the new
forest module for new model applications. We expect the new SWAT-
3PG model to also help reduce uncertainty associated with the estima-
tion of hydrologic, nutrient, and carbon fluxes from forest systems along
with improved estimation of net primary productivity (NPP), net
ecosystem productivity (NEP), and soil carbon.

2. Materials and methods
2.1. Model development

2.1.1. Forest growth in the default SWAT model

Forest growth module in SWAT is based on a simplified version of the
EPIC model (Neitsch et al., 2011). The model calculates daily inter-
cepted radiation by the leaf area (Eq. S1) which is then used to calculate
the potential maximum biomass that can be assimilated each day under
optimal conditions using radiation use efficiency (RUE) (Eq. S2). The
potential maximum biomass is then constrained to actual growth using
constraints based on water, temperature, and nutrient stresses (Egs.
§$3-S7).

Biomass assimilation in SWAT within a single year is limited to a
fixed amount based on the current age as well as user-defined number of
years for the tree to reach maturity and tree maximum biomass (Eq. S8).
Tree growth in a given year is stopped until the next year once the
biomass accumulation for the year reaches the maximum limit calcu-
lated. Similarly, LAI calculation in forest is a function of the potential
heat unit accumulated each day along with the current age of tree and
age to maturity (Eq. S9) but has no relation to foliage biomass accu-
mulation. Calculation of canopy height for forests is also based on a user-
defined maximum tree height along with the current age and age to
maturity (Eq. S10).

The assimilated biomass for each day is allocated to AGB and root.
The fraction of biomass allocated to root is based on the user-defined
root to shoot ratio at seeding and maturity along with the potential
heat units accumulated to that day for each year (Eq. S11). A fraction of
assimilated AGB is lost as litterfall each year at the onset of dormancy
based on a user-defined fraction (Bio_leaf; plant.dat) irrespective of the
forest type (Eq. S12).
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2.1.2. Forest growth in 3-PG model

3-PG is a process-based, stand-alone model for forest growth that
calculates gross primary productivity (GPP) based on intercepted uti-
lizable photosynthetically active radiation and a canopy quantum co-
efficient (a.). Intercepted photosynthetically active radiation is reduced
to utilizable amount using environmental modifiers, such as vapor
pressure deficit, soil water, temperature, nutrition and, atmospheric CO2
concentration, as well as a decline in growth efficiency due to age. The
model then uses a constant NPP/GPP ratio to calculate NPP (Egs. S13,
S14). The assimilated biomass is allocated to roots based on growing
conditions as well as age and the allocated fraction increases if the site
nutrition or the available water is low. The remaining assimilated
biomass is then partitioned to stem + branches (herein from referred
together as stem) and foliage that varies with growing conditions, tree
age and size and is based on allometric relationships. The model uses a
sub-model derived from the —3/2 power law to calculate density-
dependent tree mortality (self-thinning). A density-independent tree
mortality sub-routine is also included (mortality due to age). 3-PG has
separate litterfall for deciduous and evergreen forests in that deciduous
forests lose all leaves at the onset of dormancy. Evergreen forests, on the
other hand, have litterfall throughout the year but do not lose all foliage
at the onset of dormancy. LAI calculation is based on assimilated foliage
biomass and specific leaf area. The model also estimates variables that
are important to forest managers including tree height, basal area, and
diameter at breast height (DBH). Initial biomass, number of trees per
hectare and age are required for the 3-PG model. The readers are
referred to Landsberg and Waring (1997) and Sands (2010) for the de-
tails regarding 3-PG forest growth module calculation of the different
growth modifiers, biomass partitioning, stem mortality, litterfall, and
LAL

2.1.3. Development of the SWAT-3PG model

The new forest module in SWAT based on 3-PG consists of three
separate sub-routines for the simulation of evergreen, deciduous, and
mixed forest systems separately. The sub-routine for deciduous forest is
different from evergreen in that all foliage biomass is lost at the onset of
dormancy and biomass assimilation at the beginning of growing season
(end of dormancy) is allocated all to foliage biomass until the total fo-
liage biomass lost at the onset of dormancy the previous year is recov-
ered. A limitation of SWAT using Hydrologic Response Units (HRUs) as
the basis of all calculations is that it allows for only one plant type to be
growing at any time in an HRU. This prohibits a realistic simulation of
mixed forest systems that requires multiple tree-species to be growing
simultaneously. As a result, mixed forest system is simulated by making
a slight modification to the deciduous forest module in which only a
portion of the total foliage biomass is lost at the onset of dormancy
which could be a proxy to the foliage loss only from deciduous trees in a
mixed forest ecosystem. Although only a single tree species is simulated,
the proposed module for mixed forest system can replicate the average
biomass, foliage, and losses of a mixed forest system.

Biomass assimilation in the new forest module is calculated using
equations based on the 3-PG model rather than the SWAT default
module so that already calibrated optimal canopy quantum efficiency
(acx) (Egs. S13, S14) for different tree species with 3-PG can be directly
incorporated into SWAT-3PG. Potential maximum biomass assimilation
under optimal conditions in SWAT-3PG is, therefore, calculated using
ac, rather than RUE. The growth modifiers/constraints were slightly
modified in that nutrient stresses (nitrogen and phosphorus stresses)
were used instead of the user-defined site-fertility rating index used in
the 3-PG model. Frost modifier was removed as SWAT already prevents
biomass accumulation when the average daily temperature is below the
user-defined minimum temperature below which biomass assimilation
does not occur. The new equation for calculating assimilated biomass
each day is presented in Egs. (1)-(3).

Biogy = 0.47 % ey * Hppogyn * 10 (Eq. 1)
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where, Bioyy is the biomass assimilation under optimal conditions,
Hphosyn is the amount of intercepted photosynthetically active radiation,
and a,, is the optimal canopy quantum efficiency.

f-phys = min{fvenfsw }fage (Eq. 2)

where, f_phys is the total modifier, fypp is the vapor pressure deficit
modifier, fsw is soil water modifier, and fu,. is age-related modifier.
Equations for calculating fypp, fsw, and fug are provided in Egs. S15 —
S17.

Bio, = Bio,y, * tstrs * min(wstrs, nstrs, pstrs) * f_phys (Eq. 3)
Where, Bio,, is the actual biomass assimilation, tstrs is the temperature
stress for the given day (Eq. S5), wstrs is the water stress for the given day
(Eq. S4), nstrs is the nitrogen stress for the given day (Eq. S6), pstrs is the
phosphorus stress for the given day (Eq. S7), and f_phys is the total
modifier.

Assimilated biomass for each day is first partitioned to root fraction
based on environmental conditions as well as user-defined minimum
and maximum NPP fraction to roots (Egs. (4) and (5)). The remaining
biomass is then partitioned to stem and foliage (Egs. (6)-(8)).

. PRx * pRn
" pR1 A+ (PRX — pR1) * fris * Myoor

(Eq. 49

ng

where, ny is the root fraction for the day; pRx and pRn are the maximum
and minimum fraction of assimilated biomass to roots; fyn, is the total
modifier, and my,,, is calculated using Eq. 5

Mypor =m0 + (1 — m0) * min(wstrs, nstrs, pstrs) (Eq. 5)
where, mO0 is the root fraction under poor growing conditions.
1-— ng
_ Eq. 6
Y + Prs (Eq- &)

where, ng is the stem fraction for the day, ng is the root fraction for the
day and Pgs is calculated using Eq. 7

Prs =a * dbh_tree® (Eq. 7)
where, a and b are coefficients calculated based on user-defined foliage:
stem partitioning ratio at plant diameter at breast height of 2 cm and 20
cm respectively, and dbh_tree is the current diameter at breast height
calculated using allometric relationships.

np=1—ng —ng (Eq. 8)
where, 1y, ng, and ng are the foliage, root, and stem fraction of assimi-
lated biomass for each day.

The exception for assimilated biomass partitioning for deciduous and
mixed forest systems is at the beginning of growing season when all
assimilated biomass is assigned to foliage until the total foliage biomass
lost at the onset of dormancy is recovered. Calculations for root turn-
over, foliage loss, mortality due to self-thinning and age along with the
associated biomass losses were incorporated directly from 3-PG.

Modifications were also made to the source code such that forest
biomass and age could be initialized for each forest HRU using the. mgt
file which is a requirement with 3-PG. The initialized total biomass is
partitioned to the three biomass pools for stem, roots, and leaves based
on Poorter et al. (2012). The dormancy module was modified such that
evergreen forests would lose a certain amount of foliage biomass as
litterfall during each day of the simulation period based on age while
deciduous forests, in addition to daily losses, lost all foliage at the onset
of dormancy. A new input file SWAT3PG.3PG was created to read all
3-PG related input parameters. Activation key was incorporated in the
SWAT3PG.3PG input file that allowed the user to activate or deactivate
tree loss due to mortality as well as self-thinning. It is important to note
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that 3-PG runs at a monthly time scale and hence it was necessary to
convert all of the parameters with monthly time units to daily when
incorporating into the SWAT3PG.3PG parameter input file. The source
code was also modified to generate a new output file that lists all the
forest outputs.

2.2. Study sites and data

Five field-sites were selected in the U.S to test the new forest module
for simulation of evergreen, deciduous, and mixed forest systems
(Fig. 1). Evergreen-FL-1, Evergreen-FL-2, and Evergreen-GA are long-
term forest productivity evaluation sites and had annual measure-
ments of total, stem, coarse root, and foliage biomass, LAI, and litter fall
for loblolly pine (Pinus taeda; evergreen forest type) (Gonzalez-Benecke
et al., 2014, 2016). All evergreen forest sites were in the Appalachian
Highlands but still varied in climatic and soil conditions (Table 1).
Similar long-term field measurements were not available for deciduous
and mixed forest systems. As a result, a site in Wisconsin (WI) (Decid-
uous-WI) was identified that was dominated by Aspen forests using the
U.S. Forest Service (USFS) national forest type dataset and was used to
evaluate the deciduous forest module. As field-measured data were not
available, the forest module for simulating deciduous forest systems was
calibrated and validated for remote-sensed NPP-Carbon (NPP-C), AET,
and LAI data products and evaluated for simulating forest biomass and
its components. Similarly, a mixed-forest site (Mixed-VA) was identified
and selected for evaluation in Virginia (VA).

Remote sensed data products (LAI, AET, and NPP-C) for the decid-
uous and mixed-forest sites were acquired from Moderate Resolution
Imaging Spectroradiometer (MODIS) datasets (Justice et al., 2002;
Running et al., 2017). Table 1 provides the important information for

- Deciduous-WI .. W E

Legend “\ A
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Fig. 1. Selected field sites for SWAT-3PG testing and physiographic division
based on the region’s geomorphology in the United States (U.S.).

Environmental Modelling and Software 164 (2023) 105705

each site.
2.3. Model setup and evaluation

Field-scale SWAT models (Karki et al., 2020) were set up for each of
the forest sites. Datasets utilized for setting up the field-scale SWAT
models are provided in Table 2. Field-scale SWAT models for the ever-
green sites were developed from the year of initial year of planting to
2020 (Table 1) even though the observed datasets did not extend to the
year 2020. This allowed for comparison of model simulated forest
biomass against observed values along with the evaluation of long-term
forest simulation with the new forest module. The forest module for
evergreen forest simulation was calibrated at Evergreen-FL-1 site and
validated at the remaining two evergreen sites (Evergreen-FL-2 and
Evergreen-GA; Fig. 2). Model validation was performed by transferring
only the calibrated forest parameters to the two validation sites and no
additional adjustments were made for model simulation. Field-scale
models for the deciduous (Deciduous-WI) and mixed-forest (Mix-
ed-VA) sites were developed from 2000 to 2020 with the model cali-
brated using remote-sensed data from 2001 to 2010 and validated from
2011 to 2020 at the same sites (Fig. 2). As the Deciduous-WI and
Mixed-VA had existing forests, the initial forest age and biomass
required for model initialization was acquired from Williams et al.
(2020). Model performance evaluation for the simulation of different
field-measured data in the evergreen sites were limited to graphical
comparison between simulated and observed data due to temporal data
limitations of one data point for each year (Fig. 2). The deciduous and
mixed sites were evaluated using graphical as well as statistical methods
as monthly remote-sensed data was available from 2001 to 2020. Sta-
tistical evaluation was performed by calculating the coefficient of
determination (Rz), Nash Sutcliffe Efficiency (NSE), and percent bias
(PBIAS), which are commonly used measures for evaluating model
performance in hydrologic and water quality modeling (Moriasi et al.,
2015). Fig. 2 details the model calibration and validation approach for
the simulation of the three forest types using SWAT-3PG.

2.4. SWAT-3PG model sensitivity analysis

Multiple scenario runs were performed to evaluate how the new
SWAT-3PG forest module responded for forest simulation under
different growing conditions as well as forest initialization. The different
scenarios simulated and evaluated to test SWAT-3PG sensitivity are
listed in Table 3. All the scenario runs were performed at the Evergreen-
FL-1 site and the calibrated model run was used as the baseline against
which all scenarios were evaluated (Fig. 2). The scenario runs are
important to understand if the new module can provide a response in
forest growth under varying growth stresses and initial forest growth
conditions, which will be critical in using the SWAT-3PG model for
forest management, climate, and land use change scenario evaluations.

3. Results
3.1. SWAT-3PG simulation of evergreen forests

Initial model parameters for SWAT-3PG simulation of the evergreen
forest site with loblolly pine (Evergreen-FL-1) were acquired from
literature (Bryars et al., 2013; Gonzalez-Benecke et al., 2016; Subedi
et al., 2015) after which a sensitivity analysis for parameters was per-
formed using R-SWAT (Nguyen et al., 2022) and model calibration was
performed using automated (R-SWAT) as well as manual approaches.
Calibrated model parameters for SWAT-3PG for the simulation of
evergreen forest at Evergreen-FL-1 site is presented in Table S1.

Graphical comparison between SWAT-3PG simulated forest biomass
components for the Evergreen-FL-1 site after calibration and observed
data is presented in Fig. 3. It can be seen from the figure that the new
forest module successfully replicates the observed trend as well as
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Table 1

Selected forest sites used to test the SWAT-3PG model and dataset information.
Site name Evergreen-FL-1 Evergreen-FL-2 Evergreen-GA Deciduous-WI Mixed- VA
Latitude 29.8 30.2 31.1 46.6 37.9
Longitude —-82.3 —-83.7 —81.8 —-90.6 -77.4
Elevation 51 m 9m 5m 234 m 60 m
Hydrologic soil group B B D C B
Field observation period 1987-2008 2001-2013 2001-2013 NA NA
Remote sensed data period NA NA NA 2001-2020 2001-2020
Annual average precipitation (mm) 1262 1310 1278 889 1183
Mean daily Temp max (°C) 27 25.9 26.0 9.9 20.2
Mean daily Temp min (°C) 17 16.5 16.4 4.4 9.9
Mean daily Solar radiation (MJ/m?) 18.2 18.3 18.9 139 16.2
Model simulation period 1984-2020 2000-2020 2000-2020 2000-2020 2000-2020

Table 2
Datasets for SWAT model setup at each site.

S. Data type Dataset Source

no

1. Topography 10m x 10m Digital Elevation

Model (DEM)

USGS (Gesch et al.,
2002)

2. Soil Gridded Soil Survery USDA/NRCS (
Geographic (§SSURGO) USDA-NRCS, 2019)
3. Meteorological Precipitation; Temperature; NLDAS-2 (Xia et al.,
forcing Relative Humidity; Solar 2012)
radiation
4. Atmospheric Nitrate/Ammonia deposition NADP dataset (Gay,
deposition 2020)

magnitude in the simulation of total, stem, and foliage biomass along
with foliage loss and LAI (Fig. 3). The new forest module was able to
capture very well the observed trend of biomass assimilation in total and
stem biomass from planting to the juvenile years (Fig. 3a and b). SWAT-
3PG was also able to capture the trend of reduction/stabilization in total
biomass assimilation after the year 2004 with the activation of mortality
due to self-thinning that can be simulated by the new forest module
(Fig. 3a).

The forest module also replicated well the quick accumulation of
foliage biomass in the first few years after planning and the stabilization
as well as slight reduction in foliage biomass afterwards (Fig. 3c).
Annual foliage loss was also captured well by the new forest module
(Fig. 3e). Foliage loss in evergreen forests with the new forest module

happens throughout the year from the foliage biomass pool unlike the
default forest module in SWAT which makes a proxy foliage biomass loss
by removing a certain user-defined fraction of biomass from the AGB
pool at the onset of dormancy. The new forest module was also able to
show temporal variability in the accumulation of foliage biomass, the
effect of which can be observed in the slight variability in the assimi-
lation of annual biomass. With accurate simulation of foliage biomass
and losses, the new forest module also matched the observed LAI well
(Fig. 30).

Root biomass was the only forest biomass component that the new
module was not able to replicate closely (Fig. 3d). Comparison against
observed data shows that the model was able to capture the trend of
observed root biomass well in that the accumulation of coarse root
biomass was linear in the early years which stabilized later (Fig. 3d). The

Table 3
Model scenario runs for SWAT-3PG sensitivity evaluation.

Scenario Scenario Scenario Description

No. Variable

Scenario1  Rainfall Scale rainfall by 30% (Increase)

Scenario 2 Rainfall Scale rainfall by 30% (Decrease)

Scenario 3  Nutrient Double atmospheric deposition load

Scenario 4  Nutrient Nitrate fertilizer application of 200 kg/ha

Scenario 5  Forest Initialize with already growing forest (Age: 10
initialization years; Initial total biomass: 130 tons/ha)

Scenario 6  Self-thinning Forest mortality due to self-thinning as well as age

was turned off.

SWAT-3PG Model Evaluation

Sensitivity @ I Deciduous | Mixed
analysis:
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Nutrient; FL-1 ‘ ‘ FL-2 ‘ ‘ GA | E/\” VA
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initialization;
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\/
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[ * Graphical comparison ] [

* Graphical comparison ]
* Statistical: R?, NSE, PBIAS

I

Litterfall

Observed total, stem, foliage,
and coarse root biomass; LAI;

Remote sensing
NPP-C, LAl and ET

Fig. 2. A SWAT-3PG model evaluation flowchart using three sites of evergreen forest with observed total, stem, foliage, and coarse root biomass, LAI and litterfall
and a deciduous and mixed forest site with MODIS remote sensing NPP, LAI and AET data.
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Fig. 3. SWAT-3PG simulation of evergreen forest at Evergreen-FL-1 site after calibration.

model, however, over-simulated the magnitude of coarse root biomass
assimilated in the early years and the assimilation of coarse root biomass
also stabilized earlier than observed. It is important to note that the
observed root biomass only included coarse root biomass and fine root
biomass was not accounted for. This could have resulted in the under-
reporting of observed total root biomass and potentially explains the
over-simulation of root biomass by the new forest module in the early
years.

Comparison of model simulated biomass components at the two
validation sites (Evergreen-GA and Evergreen-FL-2) against field-
measured observed dataset shows that the model performed reason-
ably well at both sites (Fig. 4 & Fig. 5). Although the model tended to
overestimate the forest biomass components at the Evergreen-GA site
(Fig. 4) and underestimate at the Evergreen-FL-2 site (Fig. 5), the model
simulated forest biomass closely matched the field-measured values and
also followed the observed trend well at both validation sites. It is worth
noting that the calibration and validation sites had different climatic and
soil conditions (Table 1) and the validation run was performed by
incorporating only the calibrated SWAT-3PG forest parameters from the
calibration site. This can help increase confidence in the new forest
module to simulate forest biomass over a large spatial domain with
varying climate and soil conditions as the new forest module performed
well by only incorporating the calibrated forest parameters from the
calibration site.

Comparison of the observed dataset (especially foliage biomass, LAI,
and foliage loss) at the two validation sites showed that the observed
datasets at Evergreen-FL-2 site (Fig. 5) had more variability when
compared to Evergreen-GA site (Fig. 4) which was captured well by the
new forest module. Simulated foliage biomass, LAI, and foliage loss at
the Evergreen-FL-2 site (Fig. 5S¢, e, and 5f) had high temporal variability
while the Evergreen-GA (Fig. 4c, e, and 4f) showed minimal variability

consistent with the observed datasets. The variability in the simulation
of different forest biomass components in the calibration and validation
sites also helps reinforce that the model can respond to varying forest
growing conditions which will be critical when using the SWAT-3PG at
larger spatial domain with varying climatic and soil conditions.

3.2. SWAT-3PG simulation of deciduous and mixed forest

As the Deciduous-WI site was dominated by Aspen (Populus trem-
uloides), initial parameters for SWAT-3PG were derived from Amichev
et al. (2010) which estimated 3-PG parameters for hybrid poplar tree
species. Calibrated SWAT-3PG parameters for the simulation of
Deciduous-WI site is presented in Table S1. Comparison of SWAT-3PG
simulated LAI, AET, and NPP-C against MODIS estimated data for the
deciduous forest site (Deciduous-WI) during calibration and validation
is presented in Fig. 6. It can be seen from the figure that SWAT-3PG does
a good job of capturing the observed variability for all three variables
during the calibration (2011-2010) and validation period (2011-2020).
R? and NSE of greater than 0.5 for the simulation of all three variables
(LAIL, AET, and NPP-C) during both calibration and validation (Table 4)
indicates that SWAT-3PG can simulate the three variables well for de-
ciduous forest systems. PBIAS for LAI and AET was less than 20% for
both calibration and validation indicating a good model fit. PBIAS for
NPP-C was, however, —26.9% during model validation period (Table 4)
indicating to the model having slight difficulty in replicating the
remote-sensed estimated NPP-C.

An additional model run performed for the Deciduous-WI site using
calibrated SWAT-3PG parameters, but forest initialized at planting
(rather than already growing — as initialized during calibration) to
evaluate how the calibrated model parameters would simulate forest
from planting. Model results evaluation showed that SWAT-3PG was
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Fig. 4. SWAT-3PG simulation of evergreen forest at Evergreen-GA site for validation.

able to simulate realistic forest biomass components including total,
stem, and foliage biomass as well as LAI (Fig. 7) with the calibrated
parameters. This shows that the use of remote-sensed data products
(LAI, AET, NPP-C) can be important and helpful datasets for constrain-
ing SWAT-3PG parameters for forest simulation, especially when per-
forming model simulations at regional/watershed-scale and there is a
lack of field-observed data for different forest types.

As the mixed-forest site had multiple forest species, initial parame-
ters used for the Deciduous-WI site were also used as the initial pa-
rameters for this site. Comparison of model simulated monthly LAI, AET,
and NPP-C against MODIS estimated for the mixed-forest site is shown in
Fig. 8. The new module simulated LAI and AET well with a close match
between simulated and remote sensed variables (Fig. 8). R? and NSE was
greater than 0.5, and PBIAS was less than 10% during both calibration
and validation periods (Table 5). A close match between simulated and
observed LAI and AET shows that the module for simulation of mixed
forests, which represents mixed forest systems using a single plant type
due to the limitation in SWAT model, can still replicate the spatial as
well as temporal variability in LAI and AET of the mixed forest system as
a whole. Evaluation of NPP-C, however, showed that the mixed-forest
module had difficulty in replicating the remote-sensed estimated NPP-
C. SWAT-3PG was able to capture the observed trend in the assimila-
tion of NPP-C well (Fig. 8) but the model was not able to capture the
observed magnitude in NPP-C assimilation with the model under
simulating NPP-C during both calibration and validation periods (NSE
<0.1 and PBIAS < —40%). It should be noted that SWAT-3PG simulates
mixed forest system similar to a deciduous forest with a single forest
type but loses only a portion of foliage biomass as litterfall to replicate
the loss of foliage from deciduous trees. This limit in SWAT-3PG does not
allow for biomass assimilation of different tree species in a mixed forest
system to be simulated separately but is estimated by calibrating for

biomass assimilation that is representative of the mixed forest system,
which can lead to difficulty in the model replicating the observed NPP-C.
A better starting parameters by identifying the major forest types in the
mixed forest site could also have potentially helped in better NPP-C
simulation. Evaluation of MODIS estimated NPP-C for the mixed site
also showed NPP-C assimilation in the winter months, possibly from
forest understory, which was not captured by the model with no NPP-C
simulation in the winter months. This also contributed to the poor
performances measure for NPP-C simulation for the mixed-VA site. It is
also equally important to acknowledge the inconsistencies and un-
certainties associated with NPP-C datasets when evaluating against
model simulated values (Xie et al., 2020; Zhao et al., 2006).

An additional model run using the calibrated parameters was also
performed for the Mixed-VA site but with forest initialized as planting to
evaluate the impact of the calibrated parameters on forest simulation.
The new forest module for mixed forest simulation in SWAT-3PG was
also able to simulate the important components of a mixed forest system
including temporal variability in LAI, foliage biomass loss, and total,
stem, and root biomass assimilation (Fig. 9). This shows that remote-
sensed data products can be successfully used to constrain parameters
for the simulation of mixed forest systems in SWAT-3PG.

3.3. SWAT-3PG model sensitivity for forest simulation

Sensitivity of the SWAT-3PG model to forest biomass simulation due
to changes in rainfall, nitrate, forest initialization, and self-thinning/age
mortality is presented in Fig. 10. Model scenario runs with rainfall
showed that SWAT-3PG is sensitive to changes in rainfall. A reduction in
daily rainfall by 30% led to a reduction in total biomass assimilation by
an average of 8% when compared to baseline. The reduction in biomass
assimilation at the end of the simulation period was close to 12 Mg/ha
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Fig. 5. SWAT-3PG simulation of evergreen forest at Evergreen-FL-2 site for validation.

(4%) (Fig. 10a). Evaluation of the whole simulation period showed that
the reduction in biomass assimilation in the middle years from 1999 to
2006, when the forest is juvenile and actively assimilating biomass, was
much higher (~13%). Increasing daily rainfall by 30% showed only a
slight increase in annual biomass assimilation with an average of 2%.
The maximum increase in biomass assimilation was, again, observed in
the middle years (~5%) but the difference at the end of the simulation
period was only 2% (4.84 Mg/ha) (Fig. 10a).

Scenario runs involving changes to nitrogen availability demon-
strated the model’s sensitivity to change in nutrient levels. A slight in-
crease in assimilated forest biomass was observed when doubling the
atmospheric deposition of nitrate (Fig. 10b). Application of nitrate as
fertilizer each year (200 kg/ha), however, led to substantial increase in
forest biomass assimilation. The increase in biomass at the end of the
simulation period was close to 12% (35 Mg/ha) but the increase was
much higher in the middle years at close to 18%. (40 Mg/ha).

A scenario run with already growing forest of 10 years and initial
biomass of 130 Mg/ha showed that the model stabilizes the forest
biomass assimilation much faster than when initializing the model at
planting due to earlier self-thinning (Fig. 10c). This shows that the
SWAT-3PG model can vary forest biomass assimilation based on the
initialized age and biomass. The importance of incorporating mortality
due to age as well as self-thinning for realistic assimilation of biomass,
especially when the forest reaches towards maturity, can be visualized
with the model scenario run that turned-off mortality due to age as well
as self-thinning (Fig. 10d). Turning off mortality due to age alone had
minimal change in forest biomass assimilation, which could be poten-
tially attributed to the model run of only 34 years. Turning off mortality
due to self-thinning, however, led to a somewhat linear increase in
biomass till the end of the simulation period which can be considered
unrealistic (Fig. 10d). The reduction/stabilization in biomass

assimilation after 2006 is due to self-thinning sub-routine in the SWAT-
3PG model which reduces the number of trees/ha based on a —3/2
power rule when the average stem biomass becomes higher than a user-
defined threshold. This also shows the importance of making sure to
activate the self-thinning sub-routine when simulating forest biomass
with SWAT-3PG.

4. Discussion
4.1. SWAT-3PG for forest simulation

SWAT-3PG improves on the default SWAT forest module by incor-
porating important processes for forest simulation that were missing in
the default module. SWAT-3PG partitions assimilated biomass into stem,
root, and foliage based on growth conditions and age, which with the
default model was partitioned only into above ground and root biomass.
LA, as a result in SWAT-3PG, is a function of assimilated foliage biomass
which was calculated only based on accumulated heat units with the
default model. Evaluation of SWAT simulated biomass and LAI with the
default forestry module and default parameters in the Evergreen-FL-1
site (Fig. S1) shows that the model simulated the LAI well but poorly
simulated total biomass which could potentially be attributed to the lack
of check and balance between biomass assimilation and LAI simulation
with the default model. Calibration of the default SWAT model param-
eters for forest simulation could better match the observed total biomass
in the Evergreen-FL-1 site, but model would not be well constrained as it
does not simulate and provide output for variables such as foliage
biomass, stem biomass, tree mortality.

Evaluation of SWAT-3PG at the evergreen, deciduous, and mixed
forest sites shows that the new forestry module can accurately simulate
the different forest biomass components by incorporating important



Environmental Modelling and Software 164 (2023) 105705

S— 20 —r 7 2 —TZ0ZT0
N el et
—— | 0z0z-10 INJ | 020Z-10 AH\|\|\|U_H | 020Z-10
o e
Tr = [ 610210 ——, [ 610z-10 —— | s10z-10
e LLL
— | 8roz-10 T —= | 810z-10 | 8L0Z-10
e ~— | 210210 j | z10z-10 | 210210
— L
Tirr — | 9r0z-10 | 9102-10 | 910210
T = | stoz-ho | 510210 k | 510210 T
e
- (]
—= | roz-t0 A e 3 T e |3
— e ) m
P j Lsl0z10 | = mﬂuJ | €102-10 ® ..J | £102°10 &
1 ) = P —
Nt | =
Z = | 2hoz1o w U | 2L0Z-10 m | Z1L0Z-10 mw
S e sl 3 5= Loz10 & || &
- - © v i -
..m — M0 Sm .m —— M2 sn m Ll
e o i e ;
2 —~ loezio | 9 |mJ | 0L0Z-10 m\ | 0102710 M
“\ [ — _ = j 600Z-10 D.l | 6002-1L0
m = M TTITErES , W 8002-10 |
j | 800Z-10 | 800Z-10 i *
. — 200210 )
EnE = | L00z-10 | 2002-10 i 9
L] X 900Z-10 =
T —~ | 9002-10 —— | 900210 i _
f—— . | 500210
= | so0z-10 | 500z-10 —
—— - | $00Z-10
JJ | $00Z-10 | $002-10 =
——— . | £002-10
~—— | £002-10 | £00z-10 —++ =58
— ] | z00z-10
| Z00z-10  GIOC LD I ——]
———— . ! L 1 ——— 1 1002-10
————————————L 00zl s it S s g g -°
(/w1 (ww)1 Iy (eu/B6%) OddN

R. Karki et al.

Fig. 6. Evaluation of SWAT-3PG simulation of Deciduous forests (NPP, LAI, and AET). The black vertical line divides the plot between the calibration (2001-2010)

and validation (2011-2020) periods.
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Table 4

Model performance evaluation for simulation of AET, LAI, and NPP-C for de-
ciduous forest at Deciduous-WI site.

Variable Calibration (2001-2010) Validation (2011-2020)

R? NSE PBIAS R? NSE PBIAS
AET 0.85 0.83 4.1 0.82 0.70 16.3
LAI 0.76 0.56 7.0 0.76 0.53 10.2
NPP-C 0.70 0.60 -14.6 0.82 0.75 —-26.9

processes that were missing in the default SWAT. It is important to note
that the default SWAT module only tracks AGB and does not partition
AGB to stem and foliage biomass. Similarly, the default SWAT model
also does not report root biomass. SWAT-3PG also improves litterfall
simulation with realistic representation of litterfall from evergreen for-
ests when compared to the default module (Fig. S1b) and also shows
temporal variability in LAI simulation which was not captured by the
default module (Fig. S1b). SWAT-3PG also simulates tree mortality due
to age (density independent) and self-thinning (density dependent) for
all forest types which is a more realistic way of constraining biomass
than the default SWAT forestry module which uses a user-defined
maximum biomass along with the current age of tree and tree age to
maturity to limit maximum biomass growth for each year of the simu-
lation period. This will contribute to a more realistic approach of
biomass stabilization in mature tree forests as well as help in improving
the simulation of SOC along with lateral carbon and nutrient fluxes to
the inland aquatic environment from forest ecosystems. As SWAT-3PG
was able to show good variability in the temporal simulation of LAI,

Environmental Modelling and Software 164 (2023) 105705

the model should also benefit with improved simulation of hydrology
due to improvement in AET simulation. Comparison against field ob-
servations as well as MODIS NPP-C shows that the forest module can
replicate observed biomass assimilation from forest systems. And, as the
forest module was able to simulate realistic stabilization in biomass
assimilation at maturity, even with different forest initialization, SWAT-
3PG can be an important tool for answering carbon sequestration and
storage questions from forest systems. The sensitivity of SWAT-3PG
forest growth to climate, nutrient, and forest initialization also demon-
strates its value in evaluating the impacts of climate and management
scenarios in forest systems. As SWAT-3PG provides additional outputs
such as stock density, DBH, height, basal area, stem biomass etc. which
were not available with the default model, SWAT-3PG can be a tool for
forest management evaluation even for commercial purposes. With
improved simulation of forest ecosystems, SWAT-3PG can be helpful in
reducing hydrologic and water quality simulation uncertainties from
forested regions which can be important in accurately understanding the
physical and chemical processes along with the impacts of multiple
scenarios in agriculture dominated watersheds.

Evaluation of different forest age and biomass initialization shows
that biomass assimilation is sensitive to forest initialization. Hence, it is
important to utilize available resources such as Williams et al. (2020)
and make sure that forest age and biomass is initialized accurately when
using SWAT-3PG. An advantage of SWAT-3PG is that forest parame-
terization already performed in many 3-PG studies can be leveraged as
initial parameters into SWAT-3PG by evaluating for the dominant forest
species in the watershed of interest. With accurate forest initialization of
age, biomass, and tree species along with the use of existing 3-PG studies
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Fig. 8. Evaluation of SWAT-3PG simulation of Mixed forests (NPP, LAI, and AET). The black vertical line divides the plot between the calibration (2001-2010) and

validation (2011-2020) periods.
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Table 5

Model performance evaluation for simulation of AET, LAIL, and NPP-C for a
mixed forest at Mixed-VA site.

Variable Calibration (2001-2010) Validation (2011-2020)

R? NSE PBIAS R? NSE PBIAS
AET 0.70 0.68 -4.1 0.81 0.80 0.4
LAI 0.74 0.64 6.4 0.80 0.70 6.4
NPP-C 0.35 —0.27 —48.4 0.53 0.08 —41.0

for initial parameterization and leveraging remote sensed data products
such as MODIS for calibration, SWAT-3PG can be an important tool for
estimating current and near-future carbon stock in forested systems at a
regional/watershed-scale which can be valuable information to planners
and policymakers for climate mitigation.

4.2. SWAT-3PG limitations and future development

Although SWAT-3PG improved on the simulation of forest ecosys-
tems and provided important additional model outputs when compared
to the default forest module in SWAT, there are important limitations
that should be considered when using the enhanced model. As evident
from the simulation results of mixed forest sites, it needs to be under-
stood that SWAT-3PG simulates mixed forest systems using a single
plant type due to the limitations in the SWAT HRU approach for model
simulation. In addition, it is important to note that SWAT-3PG cannot
simulate forest succession. As such, care should be taken when using the
SWAT-3PG for multi-century model runs as NPP-C assimilation in
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SWAT-3PG decreases when forest reaches maturity when in reality a
forest succession due to natural/anthropogenic events is more likely.
Although SWAT-3PG improves on the litterfall simulation of the default
model, foliage loss at the onset of dormancy for deciduous and mixed
forest systems is simulated on a single day while it happens gradually
and could last for multiple weeks in reality. It was also observed that
SWAT-3PG simulation of root biomass can be improved as it was not
able to accurately represent the observed temporal variability in root
biomass. An important consideration when using SWAT-3PG is the
initialization of forest age and biomass. As SWAT-3PG requires initiali-
zation of forest age and biomass, care should be taken when initializing
forests, especially in watersheds with mature forests. As evident from
the SWAT-3PG sensitivity runs, biomass assimilation is sensitive to
forest age and biomass and it is important to get accurate forest age
estimates when initializing the model without which it could be difficult
to replicate the estimated biomass and NPP-C using remote-sensed data
products.

Incorporating forest succession into the SWAT-3PG model would be
beneficial for using the model for multi-century model runs and evalu-
ating long-term climate impacts. Similarly, improving the litterfall
routine for deciduous forests could be helpful in evaluating the model in
a finer-temporal scale. A new mixed-forest subroutine that allows for
multiple forest species to grow with competition between the species can
be important to improve SWAT-3PG simulation in mixed forest systems.
As SWAT-3PG provides model outputs that are also beneficial for forest
managers, incorporating forest management practices into the model
that are used by forest managers can be beneficial in expanding the
model usability to other sectors. An important advantage of SWAT-3PG
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Fig. 9. SWAT-3PG simulation of Mixed forests from planting with calibrated parameters.
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is that the new innovations in the 3-PG model can be easily incorporated
into the model. As a result, any advancement in 3-PG will also be
beneficial in improving SWAT-3PG. It will be important to evaluate the
SWAT-3PG’s performance for forest simulation over a large spatial
domain with multiple forest species, climate, and soil to improve con-
fidence in the new forest module which will be critical for using the tool
in policy decision-making. The impact of improved SWAT-3PG forest
simulation on hydrology and water quality including carbon over a large
spatial domain also needs to be evaluated. With the advancement in the
data types and spatial resolution of remote sensed datasets, modification
to SWAT-3PG to incorporate remote sensed datasets directly into the
model for leveraging these datasets can be an important next step in
improving model simulation.

5. Conclusions

This study developed and tested a new forest module for the SWAT
model that is based on 3-PG (SWAT-3PG) and improves on the default
forest module with improved biomass assimilation, partitioning, and
losses for evergreen, deciduous, and mixed forest systems. The new
forest module partitions assimilated biomass into stem, foliage, and root
biomass and also simulates tree mortality due to age as well as self-
thinning which was not possible with the default module. LAI in the
new forest module is related to foliage biomass rather than heat units as
simulated in the default module, which allows for improved temporal
variability in biomass assimilation. Modification to the litterfall routine
with separate litterfall for evergreen, deciduous, and mixed forest sys-
tems allows for improved litterfall simulation from forest ecosystems.

Evaluation at site-scale for evergreen forest using field-measured
data showed that the new forest module can adequately simulate
stem, foliage, and coarse root biomass along with LAI, and foliage loss.
Deciduous and mixed-forest sites were calibrated against remote-sensed
LAI, NPP-C, and AET datasets due to the lack of field data for the two
forest types. Evaluation of the new forest module for deciduous and
mixed forest sites shows that the new forest module could adequately
replicate LAI, NPP-C, and AET at deciduous forest site but the new
module had slight difficulty in replicating NPP-C at mixed forest site.
The difficulty in accurately simulating NPP-C at mixed forest site could
potentially be attributed to SWAT’s inability to simulate multiple plant
types in a single HRU but improvement in NPP-C simulation should be
achieved with improved initial parameterization for simulation of mixed
forest sites. Assessment of model simulated stem, foliage, and root
biomass as well as LAl with calibrated SWAT-3PG parameters con-
strained using remote-sensed products shows that the remote-sensed
products could be a valuable asset for constraining parameters for for-
est simulation with SWAT-3PG over a large spatial domain when field
measured datasets are not available. This, along with the ability to
initialize already existing forests in SWAT-3PG, should allow the new
model for improved estimation of carbon stock in forested ecosystems
over regional domain. As SWAT-3PG also estimates variables such as
DBH, height and stand basal area, the new model can also be of
importance to forest managers and growers. Model sensitivity analysis
of SWAT-3PG showed that the model can also be a useful tool for
evaluating climate and management impacts in forested ecosystems as
well as at a watershed-scale with reduced uncertainty when compared to
the default model.
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