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Trade-off of ecosystem productivity and water use related to afforestation 
in southcentral USA under climate change 
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• SWAT+ was used to simulate afforesta
tion impact on productivity and water 
use. 

• Increasing tree cover boosts carbon 
sequestration and water use efficiency. 

• Extensive tree cover reduces water 
yield, particularly in warmer, drier 
climates. 

• The development of afforestation policy 
should consider both carbon and water.  
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A B S T R A C T   

The increase of tree canopy cover due to woody plant encroachment and tree plantations modifies both carbon 
and water dynamics. The tradeoffs between ecosystem net primary productivity (NPP) and water use with 
increasing tree cover in different climate conditions, particularly under future climate scenarios, are not well 
understood. Within the climate transition zone of the southern Great Plains, USA, we used the Soil and Water 
Assessment Tool+ (SWAT+) to investigate the combined impacts of increasing tree cover and climate change on 
carbon and water dynamics in three watersheds representing semiarid, subhumid, and humid climates. Model 
simulations incorporated two land use modifications (Baseline: existing tree cover; Forest +: increasing ever
green tree cover), in conjunction with two climate change projections (the RCP45 and the RCP85), spanning two 
time periods (historic: 1991–2020; future: 2070–2099). With climate change, the subhumid and humid water
sheds exhibited a greater increase in evapotranspiration (ET) and a corresponding reduction in runoff compared 
to the semi-arid watershed, while the semi-arid and subhumid watersheds encountered pronounced losses in 
water availability for streams (>200 mm/year) due to increasing tree cover and climate change. With every 1 % 
increase in tree cover, both NPP and water use efficiency were projected to increase in all three watersheds under 
both climate change scenarios, with the subhumid watershed demonstrating the largest increases (>0.16 Mg/ha/ 
year and 170 %, respectively). Increasing tree cover within grasslands, either through woody plant expansion or 
afforestation, boosts ecosystem NPP, particularly in subhumid regions. Nevertheless, this comes with a notable 
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decrease in water resources, a concern made worse by future climate change. While afforestation offers the 
potential for greater NPP, it also brings heightened water scarcity concerns, highlighting the importance of 
tailoring carbon sequestration strategies within specific regions to mitigate unintended repercussions on water 
availability.   

1. Introduction 

Human activities over the past decades have been leading to climate 
warming (Masson-Delmotte et al., 2021; Lal, 2008) and reduced global 
forest coverage (Zhang and Wei, 2021). Afforestation and reforestation 
are widely recognized as a nature-based solution to mitigate climate 
change and resultant hydrometeorological hazards (Chausson et al., 
2020; Di Sacco et al., 2021). Increasing tree cover in understocked for
ests could potentially boost ecosystem carbon sequestration capacity by 
approximately 20 % in the USA (Domke et al., 2020), and afforestation 
on a quarter of the agricultural land in the midwestern USA could in
crease carbon sequestration substantially. The increase would be 
equivalent to 6 % - 8 % of CO2 emissions in the region over the next 50 
years (Niu and Duiker, 2006). Clearly, increasing woody vegetation 
cover in rangelands to enhance carbon sequestration is alluring, given 
their extensive distribution (Morgan et al., 2010; Nosetto et al., 2006), 
but this would also compromise many ecosystem services related to 
grasslands and savannas. 

Along with the introduction of cattle and cattle grazing systems in 
the past 160 years, tree cover has increased substantially in the southern 
Great Plains (SGP) of the USA, especially in the past half-century (Archer 
et al., 1995; Kulmatiski and Beard, 2013; Van Auken, 2009). In Texas 
rangelands, woody cover has increased multiple times during the past 
decades (Ansley et al., 2001; Asner et al., 2003), primarily from the 
expansion of honey mesquite (Prosopis glandulosa). Towards the north of 
the SGP, the woody cover in rangeland has rapidly increased due to the 
riparian expansion (Wine and Zou, 2012) and woody encroachment in 
uplands, primarily by a juniper species (Juniperus virginiana, eastern 
redcedar) (Briggs et al., 2002; Wang et al., 2017). 

While the major land use in SGP is rangeland, characterized by 
grasses, forbs, or shrubs suitable for grazing and browsing use (Bigelow 
and Borchers, 2017), tree plantations in the SGP have a long history, 
dating back to the early days of European-American settlement. In the 
19th century, trees were sparsely planted for a variety of purposes, 
including providing shade, windbreaks, and timber (Gardner, 2009). 
Apart from the Great Plains Shelterbelt project in the 1930s and the 
continuous experiments at Nebraska National Forest since the early 20th 
century in the northern Great Plains, there were no large-scale tree 
plantations in the SGP in recent decades. Studies conducted in the 
northern Great Plains reported that conifer plantations and eastern 
redcedar encroachment led to greater evapotranspiration (ET, the pro
cess of moving water from the Earth's surface into the atmosphere, 
including evaporation and transpiration) and reduced soil moisture and 
streamflow (Adane et al., 2018; Kishawi et al., 2023). However, the 
temptation to plant trees in the SGP is on the rise, due to its abundant 
land, warmer climate, and a growing awareness of the benefits of trees. 
Trees are especially favored for their capacity to sequester large quan
tities of atmospheric carbon into their biomass as a method to mitigate 
carbon emissions and combat climate change (Sauer et al., 2023). 

An increase in tree cover whether it occurs naturally or from planting 
is widely reported to increase net primary productivity (NPP, the net 
gain of biomass retained in an ecosystem) and standing biomass 
(Eldridge et al., 2011; Potts et al., 2006; Ameray et al., 2021). Barger 
et al. (2011) pointed out that land conversion from grassland to wood
land increased the aboveground net primary productivity (ANPP) by 0.7 
g C/m2/year with every 1 mm increase in mean annual precipitation 
(MAP) in semi-arid areas where MAP is >336 mm. Meanwhile, this 
increased tree cover will influence the water balance due to greater ET 
(Joffre and Rambal, 1993; Zhang et al., 1999; Zou et al., 2014). ET is 

commonly characterized as green water flow, emphasizing its associa
tion with soil moisture and its utilization by plants, and the streamflow 
and groundwater recharge are often referred to as blue water flow, 
underscoring their connection to liquid water that is extractable and 
managed for diverse human activities (Falkenmark, 1995). In this study, 
blue water flow is used interchangeably with watershed water yield and 
water resource availability. Conceptually, there is a trade-off between 
increasing NPP and blue water flow with the progression of woody plant 
expansion in the SGP because of larger leaf area generating more gas 
exchange. In the past decades, several studies investigated the impact of 
increasing tree cover by woody plant encroachment (WPE) on blue 
water flow in the SGP (Huxman et al., 2005; Wilcox and Huang, 2010; 
Starks and Moriasi, 2017; Zou et al., 2018). These studies generally 
found an increase in ecosystem water use, i.e., green water flow, and a 
reduction in blue water flow as woody cover increases. 

In terms of afforestation through tree planting, studies conducted 
across various spatial scales and climate regions concluded that 
increasing tree cover often contributes to a decrease in blue water due to 
a rise in ET (Schwärzel et al., 2020; Tölgyesi et al., 2023). In addition, 
afforestation causes an increase in net-absorbed radiation and localized 
surface warming as a result of the decrease in albedo (Bonan, 2008), 
especially in higher latitudes (Bala et al., 2007; Mykleby et al., 2017). 
Notably, the effectiveness of afforestation in temperate regions to miti
gate global warming is still debatable due to the cross-continental 
transport of water vapor caused by atmospheric circulations (Bala 
et al., 2007; Hoek van Dijke et al., 2022). 

There is a lack of studies that compiled data on both carbon gain and 
water loss in tree plantations in the SGP. Studies on individual compo
nents showed increased vegetation water usage and while topsoil 
organic carbon increased, it was found to decrease deeper in soil after 
conifer species encroached within the stands (Torquato et al., 2020) and 
compared to nearby grassland (Li et al., 2023). Despite the increasing 
interest in plantation and climate change mitigation, there is still a lack 
of understanding regarding how increasing tree canopy cover, climate 
conditions, and climate change will interact to affect the NPP potential, 
ET, and water resource sustainability in this region. This is crucial given 
that tree planting programs usually require a long-term commitment 
meaning future climate must be considered for ecohydrological evalu
ation so that green and blue water trade-offs can be properly addressed 
(Di Sacco et al., 2021; Tölgyesi et al., 2023). 

The Soil and Water Assessment Tool (SWAT) model is widely used to 
simulate the ecological and hydrological impacts across diverse spatio
temporal scales under various climate and land use conditions (Abbas
pour et al., 2015; Qiao et al., 2022). For that reason, this study employed 
the SWAT+ model to examine the impacts of increasing tree canopy 
cover and climate change on water balance and NPP of three watersheds 
in semiarid, subhumid, and humid climates along the climate transition 
zone in the SGP, USA. We hypothesized that: 1) both increasing tree 
cover and future climate change will increase vegetation water uptake 
and reduce water yield; 2) increasing tree cover will enhance NPP with a 
larger gain in the humid climate than in the drier climate; and 3) the 
capacity of NPP associated with tree cover increase will decrease in 
future climate. 

2. Study sites and methods 

2.1. Study sites 

Three watersheds representing different climate conditions were 
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selected within the climate transition zone of the SGP, USA (Fig. 1a and 
b). The upper Washita River watershed (Washita, 3527 km2, Fig. S1) is 
located in the semiarid region in the west of our study domain across the 
High Plains and the Western Redbed Plains (mean elevation 694 m) and 
the natural vegetation is mixed prairie with predominant soil series 
associations of Woodward-Quinlan (29.5 %), Nobscot-Devol-Delwin 
(18.1 %), and Mansic-Irene-Acuff (11.9 %). The Black Bear Creek 
watershed (BBear, 1355 km2, Fig. S2) is located in the subhumid Cross 
Timbers ecoregion across the Central Redbed Plains and the Northern 
Limestone Cuesta Plains (mean elevation 321 m) and the natural vege
tation is a mosaic of tallgrass prairie and oak woodland with predomi
nant soil series associations of Zaneis-Renfrow-Grainola-Coyle (29.6 %), 
Renfrow-Kirkland-Grainola (29.3 %), and Yahola-Pulaski-Port-Ashport 
(12.4 %). The Kiamichi River watershed (Kiamichi, 2820 km2, Fig. S3) 
is located in the east of the study domain across the Ridge and Valley 
Belt (mean elevation 284 m) of the Ouachita Highlands and is a humid 
forested watershed with predominant soil series associations of Sherless- 
Pirum-Clebit-Carnasaw (55.1 %), Wister-Tuskahoma-Sobol-Neff (16.4 
%), and Tuskahoma-Pickens-Clebit (14.1 %) (Tyrl et al., 2007). The 
mean annual temperatures (MAT) range from 7.4 to 22.3 ◦C for Washita, 
9.0 to 22.2 ◦C for BBear, and 9.9 to 22.7 ◦C for Kiamichi (Fig. 1b), while 

the mean annual precipitations (MAP) are 621.7 mm for Washita, 923.9 
mm for BBear, and 1328.4 mm for Kiamichi (Fig. 1c). The dominant land 
conditions in Washita included rangeland (88.3 %) and agricultural land 
(9.2 %); in BBear, it was rangeland (57.4 %), agricultural land (30.2 %), 
and forest (8.7 %); and in Kiamichi, it was forest (74 %) and rangeland 
(21.5 %). Among all three watersheds, only the west half of Washita is 
located above one of the principal aquifers, High Plains aquifer (Ogallala 
aquifer, USGS, 2003). 

2.2. Model setup and scenario descriptions 

The SWAT+ (Soil and Water Assessment Tool+) is an open-sourced 
and semi-distributed hydrological model developed to predict the long- 
term impacts of land management on water, sediment, and chemical 
yield in watersheds with different sizes, soils, land use types, and 
management conditions (Arnold and Fohrer, 2005; also see Bieger et al., 
2017). In this study, we used SWAT+ (SWAT rev 60.5.7) to conduct 
simulations at a watershed scale. Watersheds were delineated by 
QSWAT+ 2.4.0 in QGIS 3.22.9 (QGIS.org, London, UK). Input data 
include Shuttle Radar Topography Mission (SRTM) DEM (Farr et al., 
2007), National Land Cover Database (NLCD) (Homer et al., 2004), 

Fig. 1. Study areas of the Washita River watershed (Washita, left), the Black Bear Creek watershed (BBear, middle), and the Kiamichi River watershed (Kiamichi, 
right) (a). The land use/land cover type dataset was retrieved from the National Land Cover Dataset (NLCD). Watershed boundary and river channels were derived 
from the Shuttle Radar Topography Mission (SRTM) digital elevation data. Climate region (b) data was retrieved from the Global Aridity Index and Potential 
Evapotranspiration Database – Version 3 (Global-AI_PET_v3) (Zomer et al., 2022). Data from PRISM Climate Group were used to produce long-term (1991–2020) 
mean annual temperature (c) and mean annual precipitation (d). 
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gridMET historic climate data (Abatzoglou, 2013), future climate data 
simulated by Community Climate System Model (CCSM4) under the 
Representative Concentration Pathway RCP45 and RCP85 (Gent et al., 
2011), and State Soil Geographic (STATSGO2). All the input data were 
projected to the Transverse Mercator UTM Zone 14 N projection coor
dinate system. Then they were resampled to a spatial resolution of 90 m 
using the bilinear resampling technique for DEM and the majority 
resampling technique for NLCD and STATSGO2 to ensure data 
compatibility. 

The CCSM4 was developed by the University Corporation for At
mospheric Research (UCAR), which is a coupled general circulation 
model (GCM, Gent et al., 2011). It included the Community Atmosphere 
Model, Community Land Model, Parallel Ocean Program, and Commu
nity Sea Ice Model. In this study, we chose the RCP45 and RCP85 sce
narios from the Intergovernmental Panel on Climate Change (IPCC). 
RCP45 is an intermediate scenario in greenhouse gas emissions and 
climate change, while RCP85 is considered the worst-case scenario and 
the emission continues to rise in the 21st century. 

The study incorporated two land use conditions (Baseline: existing 
tree cover; Forest +: increasing tree cover), two diverse climate change 
projections (low emission: RCP45; high emission: RCP85), two time 
spans (historic: 1991–2020; future: 2070–2099), resulting in 8 unique 
scenarios for each watershed and 24 model runs total (2 land use con
ditions × 2 climate projections × 2 time spans × 3 watersheds). ET, 
runoff (the quantity of water discharged in surface streams), and NPP 
were estimated in each of the 24 model runs. For historic climate sce
narios, the climate input data were infused by gridMET data and CCSM4 
RCP45/RCP85 modeled data to ensure data consistency and for the 
future period from 2070 to 2099, solely CCSM4 RCP45/RCP85 modeled 
data were input. For Forest+, we reclassified all rangeland and forest as 
evergreen forest (FRSE) using ArcGIS Pro 3.0.1 (ESRI, Redlands, CA, 
USA) to resemble the ongoing juniper encroachment or potential conifer 
plantation under all time periods and climate scenarios (Table 1). 

2.3. Model calibration and validation 

SWAT+ was used to make hydrological simulations in the three 
watersheds in 1991–2020 with gridMET meteorological data. A five- 
year period, 1991–1995, was used for model warm-up to sufficiently 
minimize the effects of initial state variables on model outputs. The 
period of 1996–2010 was used for model calibration and 2011–2020 
was used for model validation. Model calibration was done using 
SWAT+ Toolbox (v1.0.5) with USGS river discharge data – USGS 
07324200 near Hammon, OK (35.66◦ N, 99.31◦ W) for Washita, USGS 
07153000 near Pawnee, OK (36.34◦ N, 96.80◦ W) for BBear, and USGS 
07336200 near Antlers, OK (34.25◦ N, 95.61◦ W) for Kiamichi. Table 2 
shows the list of parameters used in the calibration process identified by 
the dynamically dimensioned search algorithm and their optimal values. 

According to Moriasi et al. (2007), if NSE (Nash-Sutcliffe efficiency), 
PBIAS (percent bias), and RSR (RMSE-observations standard deviation 
ratio) were > 0.5, <5 %, and < 0.7, respectively, the model performance 
is between satisfactory and very good. Negative PBIAS values indicate 
an overestimate, while positive PBIAS values indicate an underestimate. 
So, there was a slight overestimate of monthly discharge in BBear and 
Kiamichi (Fig. 2). NSE values decreased from the humid region to the 

arid region, which is discussed in Section 4.2. 

2.4. Result analyses 

Ecosystem water use efficiency (WUE) was calculated using the ratio 
of NPP to ET to reflect the biomass growth (kg) for a given area (ha) per 
unit ET (mm) (kg/ha/mm). The differences in ET, runoff, blue water 
depth, NPP, and WUE between baseline and Forest+ scenarios in each 
time period and climate scenario were calculated for each 1 % increase 
in forest cover of the total watershed area for each watershed. 

3. Results 

3.1. Future climate 

During the two time periods of 1991–2020 and 2070–2099, both 
MAT and MAP decreased from east to west, i.e., greatest in the humid 
Kiamichi watershed to lowest in the semi-arid Washita watershed. 
CCSM4 projected an average increase of 2.3 ◦C and 4.1 ◦C in MAT, but 
an average decrease of 32.7 mm and 36.7 mm in MAP in the three 
watersheds under the RCP45 and the RCP85, respectively (Table 3). The 
model projected that Kiamichi would have about 8.2 mm more annual 
rainfall in the late 21st century compared to 1991–2020 under the 
RCP85. Excluding this increase, Washita and BBear had an average of 
59.2 mm decrease in MAP comparing 1991–2020 to 2070–2099 under 
RCP85, compared to only a 37.1 mm decrease under RCP45. 

Table 1 
Percentage of grassland and forest coverage in Washita, BBear, and Kiamichi. 
Baseline represented the current vegetation conditions. Forest+ indicated the 
scenarios of increasing evergreen tree cover. The remaining lands not counted as 
forest under the Forest+ scenarios are agricultural or developed.   

Washita BBear Kiamichi 

Land use Baseline Forest+ Baseline Forest+ Baseline Forest+

Grassland  61.6  0  49.5  0  21.5  0 
Forest  1.2  62.8  13.1  62.6  74.0  95.5  

Table 2 
List of parameter optimal values identified using the dynamically dimensioned 
search algorithm. Dashed lines represent parameters that were not calibrated.  

Parameter names Optimal 
values for 
Washita 

Optimal 
values for 
BBear 

Optimal 
values for 
Kiamichi 

v_EPCO* (plant uptake 
compensation factor)  

16.51  18.63 0.88 

v_ESCO (soil evaporation 
compensation factor)  − 15.95  25.31 0.56 

a_CN2* (curve number)  8.18  − 89.37 7 
v_ALPHA (baseflow alpha factor)  –  – 0.29 
v_AWC (available water 

capacity)  
− 3.49  33.88 1.02 

r_FLO_MIN* (minimum aquifer 
storage to allow return flow)  

48.63  39.69 300 

v_REVAP_CO (groundwater 
revap coefficient)  − 13.72  33.14 0.08 

r_REVAP_MIN (threshold depth 
of water in the shallow aquifer 
for revap)  

147.27  − 94.73 100 

v_CANMX (maximum canopy 
storage)  

1.19  12.50 6.1 

v_SLOPE_LEN (slope length for 
erosion)  

36.52  34.01 21.44 

v_LAT_TTIME (lateral flow travel 
time)  15.97  83.51 3.09 

v_SNOFALL_TMP (snowfall 
temperature)  

− 9.92  2.20 0.64 

v_SNOMELT_TMP (snow melt 
base temperature)  

− 9.41  − 7.75 1.52 

v_SNOMELT_MAX (snow melt 
maximum temperature)  9.13  7.84 4.36 

v_SNOMELT_MIN (snow melt 
minimum temperature)  − 9.08  − 4.79 1.55 

v_SNOMELT_LAG (snow melt lag 
time)  

5.53  7.35 0.8 

a_BD (bulk density)  − 77.05  − 83.63 – 
a_PERCO (percolation 

coefficient)  
377.46  − 72.79 100 

a_SURLAG (surface runoff lag 
coefficient)  2.02  33.42 – 

* v: replaced with the optimal value. a: increased by the optimal value. r: 
multiplied by the optimal value. For example, if the original value is 100, +3 % 
change means 100 + 100 * 3 % = 103. 
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Fig. 2. Comparison between monthly mean river discharge data simulated by SWAT+ (red) and USGS observed data (blue) of Washita (a), BBear (b), and Kiamichi 
(c). Statistics of Nash–Sutcliffe efficiency (NSE), percent bias (PBIAS), and RMSE-observations standard deviation ratio (RSR) for both the calibration and validation 
periods in each panel. 

Table 3 
Mean annual temperature (MAT) and mean annual precipitation (MAP) pro
jected by CCSM4 under the RCP45 and the RCP85 for Washita, BBear, and 
Kiamichi watersheds, respectively. Values after ± symbol represent standard 
deviations, denoting annual variability for the entire simulated period.    

RCP45 RCP85 

1991–2020 2070–2099 1991–2020 2070–2099 

MAT 

Washita 15.5 ± 1.0 17.8 ± 0.6 15.5 ± 1.0 19.8 ± 1.1 
BBear 16.2 ± 0.9 18.6 ± 0.6 16.4 ± 1.0 20.4 ± 1.0 
Kiamichi 17.0 ± 0.8 19.1 ± 0.6 17.1 ± 1.0 21.1 ± 0.9 

MAP 

Washita 
615.6 ±
159.1 

577.2 ±
147.8 

608.7 ±
146.3 

567.1 ±
162.7 

BBear 
919.7 ±
224.8 

883.9 ±
198.6 

894.1 ±
192.8 

817.3 ±
220.5 

Kiamichi 
1326.4 ±
252.8 

1302.4 ±
270.8 

1291.9 ±
235.4 

1300.1 ±
267.5  

Table 4 
Changes in ET (ΔET) and runoff (ΔR) (mm/year) per 1 % increase in tree cover 
of the total watershed area for Washita, BBear, and Kiamichi watersheds in the 
present and future periods under the RCP45 and RCP85 scenarios: Baseline vs. 
Forest+ comparisons. Values after ± symbol represent standard deviations, 
denoting annual variability for the entire simulated period.    

RCP45 RCP85 

1991–2020 2070–2099 1991–2020 2070–2099 

ΔET 
Washita 0.41 ± 1.32 0.15 ± 1.07 0.36 ± 1.44 0.14 ± 1.07 
BBear 2.91 ± 1.01 2.30 ± 0.71 2.77 ± 1.04 1.88 ± 1.10 
Kiamichi 2.33 ± 0.69 2.35 ± 0.52 2.27 ± 0.72 2.41 ± 0.60 

ΔR 

Washita 
− 0.07 ±
0.12 

− 0.04 ±
0.10 

− 0.06 ±
0.12 

− 0.02 ±
0.04 

BBear 
− 1.79 ±
0.96 

− 1.29 ±
0.69 

− 1.65 ±
0.77 

− 1.08 ±
0.80 

Kiamichi 
− 1.08 ±
0.62 

− 1.06 ±
0.58 

− 0.98 ±
0.60 

− 1.10 ±
0.59  
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3.2. SWAT+ output 

3.2.1. Watershed ET and runoff 
In general, the effects of increasing tree cover on watershed ET and 

runoff varied among the climate conditions (Table 4 and S1). For each 1 
% increase in tree cover, the subhumid BBear region had the greatest 
increase in ET (ΔET) and the corresponding reduction in runoff (ΔR) 
across the majority of scenarios. This was followed by the humid Kia
michi area and the semiarid Washita region. Specifically, during 
1991–2020 under RCP45, BBear had the largest increase in ET at 2.91 
mm/year per 1 % increase in tree cover. Conversely, during 2070–2099 
under RCP85, Washita had the smallest increase in ET at 0.15 mm/year. 
Notably, both Washita and BBear were projected to experience consid
erably smaller increases in ET during 2070–2099 compared to the his
torical period of 1991–2020 under both RCP45 and RCP85 scenarios. In 
contrast, Kiamichi showed an opposite trend. These trends are inversely 
mirrored for changes in ΔR wherein the greatest decrease in ΔR in BBear 
and Washita aligned with the greatest increase in ΔET. The only 
exception occurred in Kiamichi, where ΔR increased from 1991 to 2020 
to 2070–2099 in RCP45 but decreased in RCP85. 

3.2.2. Blue water flow 
Among the three watersheds, both climate change scenarios and an 

increase in tree cover generally led to a reduction of blue water flow. The 
only exception was for the Washita watershed, where a small increase in 
blue water flow could occur with increased tree cover under the RCP85 
by the end of the 21st century. Under the Forest+ scenario, the Kiamichi 
watershed exhibited a relatively modest decrease in blue water flow 
(<10 %), while Washita and BBear watersheds were predicted to 
experience substantially greater percentage decreases in blue water flow 
(71.3 % and 32.3 %, respectively, Fig. 3), resulting in a loss of 32.5 mm/ 
year and 250.3 mm/year on average (Table S1). Notably, the 250.3 mm/ 
year decrease in BBear was the largest decrease in absolute values and 
the 32.5 mm/year decrease in Washita resulted in the depletion of soil 
water storage in some years (Tables S2 and S3). 

3.2.3. Net primary productivity 
Responses of NPP (ΔNPP) to Forest+ under both climate change 

scenarios differed among the three climate zones (Fig. 4 and Table S1). 
During the 1991–2020 period, BBear showed the greatest increase at 
0.19 Mg/ha/year in NPP for every 1 % increase in tree cover across the 
watershed area, followed by Kiamichi and then Washita in both climate 
change scenarios. However, from 2070 to 2099, the increase in NPP for 
every 1 % increase in tree cover across the watershed area in BBear and 
Washita was projected to be lower than that projected for 1991–2020 
period. The NPP increase in Washita during the 2070–2099 period under 
both climate scenarios was expected to be only about 30 % of that during 
1991–2020. In contrast, ΔNPP slightly increased in Kiamichi compared 
to the period from 1991 to 2020, with the increase being greater in 
RCP45 than in RCP85. 

3.2.4. Ecosystem water use efficiency at the watershed-scale 
WUE across the three watersheds exhibited a discernible V-shaped 

trend along the climate gradient, regardless of the increase in forest 
cover and climate change scenarios (Fig. 5 and Table S4). For Baseline 
under both RCP45 and RCP85 scenarios, Kiamichi had the greatest WUE 
(16.98 and 16.00 kg/ha/mm, respectively), and remained similar until 
the end of the 21st century. WUE increased for Forest+ in Kiamichi by a 
similar amount between RCP45 and RCP85. BBear had the lowest WUE 
for all time periods but experienced a substantial surge of 169.5 % on 
average from Baseline to Forest+, marking the largest increase among 
all three watersheds for an equivalent increase in tree cover. During the 
period from 1991 to 2020 under both RCP45 and RCP85, Washita would 
have an approximately 15 kg/ha/mm improvement in WUE with 
increasing tree cover. However, this gain will reduce to around 6 kg/ha/ 
mm during the period from 2070 to 2099. 

4. Discussion 

4.1. Ecosystem and climate interactions 

In our study, we conducted simulations to assess the water budget 
and carbon gain (NPP) across three distinct watersheds situated in 
different climate zones along the climate gradient within the SGP. 
Overall, our hypotheses were supported by the results, albeit with a few 
exceptions. Specifically, Hypothesis (1) that increasing tree cover and 

Fig. 3. Blue water depth (mm) in Washita, BBear, and Kiamichi under historic and future climate conditions simulated by the RCP45 and the RCP85 scenarios. Bars 
represent standard deviations, denoting annual variability for the entire simulated period. 
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future climate change will elevate vegetation water use and reduce 
water yield held true when considering the impacts of increasing woody 
cover and climate change independently (Domke et al., 2020; Starks and 
Moriasi, 2017; Tölgyesi et al., 2023; Zou et al., 2018). However, when 
these factors were examined in conjunction, we observed a decreasing 
trend in vegetation water use in two of six comparisons of ET. The 
decrease in water use primarily stems from the projected decline in 
annual precipitation in both Washita and BBear (Table 3), leading to a 
reduction in total ET, despite an increase in annual temperature. Our 
Hypothesis (2) that increasing tree cover will increase ecosystem NPP, 
especially in a more humid climate than in a drier climate was not fully 
supported. While NPP increased with the increase of tree cover, the 
model projected the largest increase in the subhumid BBear and the 
smallest increase in the humid Kiamichi. This suggests that, in com
parison to the humid region where tree cover is already high, an increase 
in tree cover in semiarid and subhumid regions will have a propor
tionally greater impact on NPP (Barger et al., 2011; O'Donnell and 

Caylor, 2012). Hypothesis (3) that the capacity of NPP associated with 
tree cover increase will decrease under future climate scenarios was 
generally upheld, except for Kiamichi under the RCP85 Forest+ sce
nario. This indicates that total precipitation may be a driving force of 
NPP, even though this relationship may not always be directly propor
tional (Mátyás and Sun, 2014; Tölgyesi et al., 2023). The complexities 
observed in these scenarios highlighted the critical need for a compre
hensive understanding of the complex interactions between woody 
cover, climate change, and ecosystem carbon and water dynamics across 
various climatical regions. 

4.2. Impacts of naturally increasing woody cover 

The semiarid Washita watershed and the subhumid BBear watershed 
are undergoing a natural increase in evergreen tree cover as a result of 
eastern redcedar encroachment into both grasslands and oak woodlands 
(Wang et al., 2017; Zou et al., 2018). The simulated results from this 

Fig. 4. Changes in NPP (net primary productivity, ΔNPP, Mg/ha/year) with a 1 % increase of total watershed area in tree cover between baseline and Forest+ in 
Washita, BBear, and Kiamichi under future climate conditions simulated by the RCP45 and the RCP85 scenarios. Bars represent standard deviations of ΔNPP for the 
entire simulated period. 

Fig. 5. Ecosystem water use efficiency (WUE) in Washita, BBear, and Kiamichi under historic and future climate conditions simulated by the RCP45 and the RCP85 
scenarios. Bars represent standard deviations of WUE for the entire simulated period. 
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study provide insights regarding the impact of WPE on both NPP and 
water use. However, there are some distinctions between naturally 
driven WPE and afforestation using planted trees. Woody plant expan
sion into grasslands is diffuse and patchy in the SGP (Archer, 1989). In 
semiarid watersheds, the distribution of woody cover from WPE is often 
controlled by soils and topography, which dictate how water is 
distributed and utilized (Browning et al., 2008). With the progression of 
future climate change, global temperature increases are anticipated, 
accompanied by a mixed pattern of precipitation trends across different 
regions in the SGP. This poses a challenge in predicting the extent of 
WPE or assessing habitat suitability for afforestation (Yang et al., 2024). 
Our model simulation indicated a substantial reduction in soil water 
content in successive years in Washita under the Forest+ scenarios for 
both RCP45 and RCP85 (Table S3). This suggests that plantation would 
lead to excessive soil moisture depletion and these conditions could even 
lead to larger scale mortality events within the plantation. It is likely 
that, due to climate conditions as well as the soil water withdrawal, a 
100 % conifer cover in the Washita watershed may not be achievable or 
sustainable, whether through WPE or afforestation efforts (Archer et al., 
2017; Sankaran et al., 2005). Nevertheless, this study conducted simu
lations considering a scenario where all grassland is converted to conifer 
forest, aiming to investigate how alteration in woody cover might 
impact the water budget and carbon gain in drier areas. This result 
represents the upper threshold for the potential gains in NPP and water 
use under changing climatic conditions. 

In general, trees excel in carbon sequestration compared to grasses 
due to their greater biomass and extended lifespan. However, our sim
ulations showed that increasing woody cover does not consistently lead 
to a proportional increase in net primary productivity. In Washita, 
BBear, and Kiamichi, a substantial increase in woody cover by factors of 
52.3, 4.8, and 1.3 corresponded to NPP increases by 2.3-fold, 3.5-fold, 
and 1.3-fold, respectively. Only for Kiamichi did increased woody cover 
yield a similar NPP compared to the baseline scenario. Conversely, in 
Washita and BBear, the increase in woody cover resulted in a relatively 
smaller increase in NPP relative to the magnitude of the increase in 
woody cover. Webb et al. (1978) found that despite an increase in ET 
from 500 to 1000 mm/year, aboveground NPP remained relatively 
constant at approximately 8 Mg/ha/year in forests. This implies that in 
water-limited environments, to maintain productivity, forests tend to 
use more soil water and/or increase WUE, although it may be similar to 
the WUE in grasslands (Schmidt et al., 2021). However, the upper limit 
of ET and soil water content are primarily dictated by the amount and 
timing of precipitation. With extended drought often seen in the drier 
areas, this could further decrease blue water availability as suggested by 
our results. It is essential to note that despite the greater carbon storage 
of trees, the increase in woody cover did not consistently lead to a 
proportional enhancement in NPP in the studied regions. The avail
ability of water typically emerges as the constraining factor in gener
ating greater NPP, which implies that a high woody cover in water- 
limited areas may entail a suboptimal trade-off between carbon 
accrual and water utilization. 

A notable concern raised from this study was the substantial increase 
of ET simulated in BBear under the Forest+ scenario. Subhumid areas, 
typically conducive to tree growth, offer favorable conditions for 
afforestation aimed at increasing atmospheric carbon sequestration 
(Griscom et al., 2017). However, our results showed an increase of 
approximately 270 mm in ET following the conversion of the entire 
grassland of BBear watershed into an evergreen forest. This implies the 
potential larger impact of land use change than climate change on water 
balance (Schreiner-McGraw et al., 2020). Consistent with the findings of 
Zhang et al. (2001), the annual ET differential between pasture and 
forest can exceed 200 mm in regions with annual precipitation of 900 
mm. Additionally, Caterina et al. (2014) conducted a study in a nearby 
area and found that juniper woodland may utilize as much as 95 % of the 
total rainfall. These studies collectively offer compelling evidence that in 
the climate transition zone, such as the SGP, transitioning from 

grassland to evergreen forest can exert notable impacts on the water 
cycle, resulting in a substantial reduction in runoff and groundwater 
recharge. This also implies that controlling WPE in its early stage 
through prescribed burns and targeted herbicide applications to specific 
species might be more cost-effective and require less labor (Wilcox et al., 
2018; Ansley and Castellano, 2006). To gain further insights into the 
carbon gain and water use trade-off, future studies will necessitate in 
situ measurement, including the application of techniques such as eddy 
covariance (Baldocchi, 2003; Burba, 2013). 

4.3. Impacts of climate change 

The study region is situated in the climate transition zone of the SGP, 
USA and is highly vulnerable to the impacts of climate change (Seager 
et al., 2018). As temperatures rise, evaporation and transpiration rates 
increase. In addition, precipitation is predicted to decrease, leading to 
reduced soil water for vegetation within our study regions, culminating 
in the eastward movement of drier climate conditions. Historically, the 
100th meridian was considered the divide between the semi-arid and 
subhumid climate regions, which passes through the Washita watershed. 
However, due to decades of global warming, this divide has shifted east 
approaching the 98th meridian (Seager et al., 2018), which lies just west 
of the BBear watershed at present (Fig. S4). Consequently, even in re
gions experiencing increased precipitation, there could be a decline in 
the rate of photosynthesis (Hueve et al., 2011). This raises critical con
cerns about the efficacy of afforestation, as well as the early survival of 
seedlings, as a strategy for mitigating global warming, particularly if 
substantial temperature increases persist (Will et al., 2013). Addition
ally, increasing woody cover to enhance carbon sequestration often re
quires a greater consumption of water (Caterina et al., 2014; Yang et al., 
2019). Our results indicate that although Washita may lose the majority 
of its blue water under the Forest+ scenario, the absolute amount lost is 
much smaller than BBear. This discrepancy may be attributed to the 
initially low blue water availability under the baseline scenario. It is also 
imperative to recognize that BBear is situated in an ecosystem transition 
zone, characterized by comparatively low ecosystem stability in contrast 
to the other two watersheds. Trabucco et al. (2008) reported a similar 
impact of afforestation/reforestation, wherein the reduction in runoff 
ranged from 15 % in humid areas to 54 % in drier areas. In water-limited 
regions, it is essential to explore alternative strategies for climate change 
mitigation, emphasizing the conservation of water resources and the 
preservation of existing ecosystems. 

In this study, we selected the RCP45 and RCP85 climate scenarios 
due to the prevailing prediction of warmer and drier climates by most 
climate models. While cooler and wetter climate scenarios are also 
projected in other climate models, they are less common. It is imperative 
to acknowledge that climate models undergo continuous refinement, 
incorporating new data and insights from ongoing scientific studies. 
While this project was underway, the climate projections from CMIP6 
became available. However, to meet the data input specifications for 
SWAT+, we opted to use the dataset from CMIP5 projections. This de
cision was made because downscaled and bias-corrected data with a 
spatial resolution of 4 km or higher were not yet available from the 
CMIP6 dataset. Thus, integrating the latest climate change projections is 
essential in assessing strategies to enhance carbon storage and conserve 
water. 

4.4. Limitations of the study 

Climate conditions in the three watersheds have considerable vari
ations with a difference in MAP of almost 700 mm between Washita and 
Kiamichi. This wide range of climate conditions posed challenges for the 
SWAT+ simulations. A clear trend of improved model performance was 
observed from the semi-arid grassland to the humid forest. Although the 
SWAT+ is a relatively newer model, comparisons between the SWAT+
and the older SWAT indicated that the two models had similar 
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performance (Her and Jeong, 2018; Kakarndee and Kositsakulchai, 
2020) mostly because they share the same core model. Many studies also 
reported relatively low indices (e.g., NSE) in arid and semi-arid areas 
compared to humid regions (Ashraf Vaghefi et al., 2014; Qi et al., 2017; 
Tan et al., 2020; Tzoraki et al., 2013). This discrepancy could potentially 
arise from limitations in simulating certain soil hydrological character
istics, such as water conductivity in macropores, as well as the possi
bility of less accurate simulations in upper stream areas, where there are 
fewer observation stations to adequately represent the complex land
scape and climate variations (Wu et al., 2022). Another potential 
contributing factor could be greater water use for irrigation in the drier 
regions (Zaussinger et al., 2019). In recent years, most states in the USA 
have seen an increase in total water withdrawal for irrigation (Das 
Bhowmik et al., 2020). Irrigation could add water to the natural cycle, 
change crop phenology, and introduce bias in SWAT modeling works in 
watersheds with significant irrigated agriculture (Marek et al., 2017). 
Addressing and improving the simulation results in the upper Washita 
River represents a potential area for future research, allowing a more 
accurate assessment of how land use and climate change might affect the 
water cycle and carbon storage in a drier area. 

5. Conclusions 

In this study, we simulated the impacts of a 100 % conversion of 
rangeland into evergreen forest on ecosystem water dynamics and pro
ductivity in three watersheds along the climate gradient in the SGP. Our 
findings indicate that both climate change and increased woody cover 
are linked with a reduction in water resources in most cases, with drier 
regions experiencing more pronounced effects. However, the combined 
effect of afforestation and climate change was not simply additive. Drier 
watersheds, particularly the watersheds in the climate transition zones, 
may experience greater loss of runoff than wetter regions. Furthermore, 
augmenting tree cover in regions already dominated by trees (through 
restocking) will indeed elevate carbon sequestration levels, albeit with a 
relatively lower increase in water use efficiency. Although our study is 
regionally centered on the SGP, these insights can be applied globally. 
The phenomena of afforestation and WPE are widespread, and our 
findings are crucial in comprehending their effects on ecosystems under 
similar climate gradients worldwide. This highlights the imperative for 
broader research to corroborate these results across diverse geograph
ical contexts. A strong correlation exists between simulated increases in 
woody cover, ET, and reduced availability of blue water across all 
studied watersheds. These findings highlight the complex interactions 
among woody cover, ecosystem productivity, and water use, under
scoring the need for further research to better comprehend and manage 
these dynamics for effective carbon mitigation strategies. Afforestation 
and reforestation in drier areas may lead to large water loss for urban, 
agricultural, and aquatic ecosystems and such endeavors should be 
approached with caution and generally not encouraged. Conversely, 
reforestation initiatives in humid regions hold promise for carbon 
sequestration although the benefits might be less pronounced in areas 
where tree cover is already extensive. Consequently, practices aimed at 
carbon sequestration through afforestation should be carefully evalu
ated, taking into account specific climate zones and climate change 
scenarios, to optimize carbon sequestration while avoiding potential 
exacerbation of water scarcity, particularly in regions where there is a 
high demand for blue water resources. 
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