
Hydrological Sciences Journal

ISSN: 0262-6667 (Print) 2150-3435 (Online) Journal homepage: www.tandfonline.com/journals/thsj20

Comparison of groundwater distribution,
exchange and storage between cropland and
forestland over the past 115 years

Ying Ouyang, Gary Feng, Yun Yang & Yongshan Wan

To cite this article: Ying Ouyang, Gary Feng, Yun Yang & Yongshan Wan (2024)
Comparison of groundwater distribution, exchange and storage between cropland and
forestland over the past 115 years, Hydrological Sciences Journal, 69:15, 2293-2301, DOI:
10.1080/02626667.2024.2409730

To link to this article:  https://doi.org/10.1080/02626667.2024.2409730

Published online: 15 Oct 2024.

Submit your article to this journal 

Article views: 86

View related articles 

View Crossmark data

Citing articles: 1 View citing articles 

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=thsj20

https://www.tandfonline.com/journals/thsj20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/02626667.2024.2409730
https://doi.org/10.1080/02626667.2024.2409730
https://www.tandfonline.com/action/authorSubmission?journalCode=thsj20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=thsj20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/02626667.2024.2409730?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/02626667.2024.2409730?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/02626667.2024.2409730&domain=pdf&date_stamp=15%20Oct%202024
http://crossmark.crossref.org/dialog/?doi=10.1080/02626667.2024.2409730&domain=pdf&date_stamp=15%20Oct%202024
https://www.tandfonline.com/doi/citedby/10.1080/02626667.2024.2409730?src=pdf
https://www.tandfonline.com/doi/citedby/10.1080/02626667.2024.2409730?src=pdf
https://www.tandfonline.com/action/journalInformation?journalCode=thsj20
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Ying Ouyang a, Gary Feng b, Yun Yangc and Yongshan Wand

aCenter for Bottomland Hardwoods Research, USDA Forest Service, Mississippi State, MS, USA; bGenetics and Sustainable Agriculture Research Unit, 
Crop Science Research Laboratory, USDA – Agricultural Research Service, Mississippi State, MS, USA; cDepartment of Forestry, Mississippi State 
University, Mississippi State, MS, USA; dCenter for Environmental Measurement and Modeling, US EPA, Gulf Breeze, FL, USA

ABSTRACT
Using the US Geological Survey groundwater model, we compared spatial distribution, flow exchange, 
and storage of groundwater between cropland and forestland in the Upper Yazoo River Watershed, 
Mississippi, from 1900 to 2014. Under normal climate, average groundwater head declined 2.7 m in 
cropland but only 1 m in forestland over the 115 years. The average groundwater flow from forestland to 
cropland surpassed the reverse flow by a factor of 238, owing to a higher elevation in forestland and 
intensive groundwater pumping in cropland. Cropland was a net groundwater sink while forestland was 
a net groundwater source under all climates. Our findings underscore the discernible impacts of climate 
changes on groundwater storage and suggest that afforestation in the region would be an alternative for 
saving groundwater resources and supplying more waters to croplands. This study offers valuable 
insights into groundwater supply planning not only in Mississippi but also in comparable situations 
worldwide.
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1 Introduction

The decline in groundwater resources due to anthropogenic 
activities and climate change poses a significant concern 
worldwide. Various regions are now facing a certain degree 
of groundwater resource depletion, making it challenging to 
ensure sustainability amidst rising water demand and climate 
change (Konikow 2015, Maina et al. 2020, Ouyang et al. 2021a,  
2021c, Ali et al. 2023, Scanlon et al. 2023, Sherif et al. 2023). 
Scanlon et al. (2023) reviewed global water resources affected 
by anthropogenic activities and climate variability. They 
reported that over the past century, groundwater has shown 
an increasing storage trend in northwest India, central 
Pakistan, and the northwest US but a decreasing storage 
trend in the High Plains of Texas and Central Valley of 
California. These authors further argued that climate variabil
ity may have some effects on groundwater storage, but ground
water pumping is a key impact factor. Konikow (2015) 
reported that groundwater storage in the US decreased by 
almost 1000 km3 during 1900–2008. The three largest ground
water depletion regions are the High Plains, Mississippi 
Embayment (ME), and Central Valley aquifers, with an aver
age depletion rate of 13.6 km3/year during the last half of the 
century and about 24 km3/year after 2000. The ME aquifer, 
encompassing parts of Missouri, Illinois, Kentucky, Arkansas, 
Tennessee, Mississippi, Alabama and Louisiana, is one of the 
largest alluvial groundwater aquifers in the US (Clark and Hart  
2009). Farmlands in the ME have been extensively and inten
sively irrigated with groundwater to maximize crop yields 
since 1998 (Vories 2014, Ouyang et al. 2021a, 2021c). Ali 

et al. (2023) reported that the annual average groundwater 
depletion in the ME aquifer was 5.18 Gm3 (giga cubic meters) 
in 1981–2000 and 8 Gm3 in 2001–2008. They further stated 
that managed aquifer recharge is not a cost-effective practice 
and is unlikely to improve groundwater storage.

Climate change is an inherent natural occurrence, but 
human activities exacerbate this phenomenon, leading to 
abnormal climates. Climate extremes affect groundwater 
resources through their effects on surficial hydrological cycles 
and ecosystems (Doll 2009, Ferguson and Gleeson 2012, 
Crosbie et al. 2013, Russo and Lall 2017, Ouyang et al.  
2021c). Zhang et al. (2014) investigated groundwater response 
to extreme climatic conditions in the northern China Plain 
using meteorological monitoring data. They stated that 
groundwater level response to precipitation is more obvious 
in the coastal plain than in the piedmont alluvial–pluvial and 
middle plains. Sperac and Zima (2022) assessed the impact of 
climate extremes (i.e. high air temperature and low rainfall) on 
groundwater resources in eastern Croatia and found that 
groundwater level is manifested by a maximum of 4–5 m in 
response to the extreme climatic conditions. Recently, Ouyang 
et al. (2024) estimated the stream and groundwater exchange 
in the ME under the intensive groundwater pumping and 
extreme climates (i.e. precipitation increased and decreased 
by 20%) over a 115-year period from 1900 to 2014. They 
reported that while the climate extreme had discernible 
impacts, the groundwater pumping, not the climate extreme, 
is the major driving force for stream and groundwater 
exchange in the ME.
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Forestlands play a crucial role in ecosystems as they con
serve precipitation water, mitigate surface runoff, reduce river 
flooding, and purify contaminants. Despite this, there has been 
limited effort to compare groundwater resource variability 
between croplands and forestlands. Ouyang et al. (2021b) 
estimated the subsurface hydrologic processes, groundwater 
budgets, and spatial-temporal distribution of groundwater 
level in three National Forestlands in the ME using the 
Mississippi Embayment Regional Aquifer Study (MERAS) 
groundwater model. They reported that all three forestlands 
in the ME serve as groundwater sinks at times and sources at 
others.

While the above and many other studies have shed light on 
the impacts of anthropogenic activities and climate change on 
groundwater resources in forestlands, our thorough literature 
search reveals a lack of emphasis on comparing long-term 
groundwater resource variability between croplands and for
estlands at the watershed scale. The goal of this study was to 
address this gap by utilizing the MERAS groundwater model 
and the Upper Yazoo River Watershed (UYRW) within the 
ME as a case demonstration. We investigated groundwater 
resource variations (i.e. head distribution, flow exchange, and 
storage) between a cropland and a forestland over the 115-year 
period from 1900 to 2014 under the normal, very wet, and very 
dry simulation scenarios.

2 Materials and methods

2.1 Description of models

Developed by the United States Geological Survey (USGS), 
MERAS is a site-specific MODFLOW model that is used to 
simulate groundwater flow and distribution in the ME (Clark 
and Hart 2009). The modeled area covers 202 019 km2, which 
comprises parts of Alabama, Arkansas, Illinois, Kentucky, 
Louisiana, Mississippi, Missouri and Tennessee (Fig. 1) with 
a finite difference grid of 414 rows, 397 columns, and 13 layers. 
The modeled cell size is 2.59 km2 (or 1 square mile) with 

varying thickness in layers, and the current version of 
MERAS-2.2 has 83 stress periods with a simulation period 
from 1870 to 2014 (Haugh et al. 2020). An elaborate descrip
tion of MERAS modeling initial and boundary conditions as 
well as its calibrations and applications can be found elsewhere 
(Clark and Hart 2009, Clark et al. 2013, Haugh et al. 2020, 
Ouyang et al. 2021a, 2021b, 2021c).

MODFLOW, developed by the USGS, is a widely accepted 
modular three-dimensional groundwater flow model that has 
been in use since its initial release in the 1980s. The governing 
equation for MODFLOW is given as (McDonald and 
Harbaugh 1988): 

where Ss is the groundwater storage (L−1); h the groundwater 
head (L); t the time (T); Kxx, Kyy, and Kzz the saturated 
hydraulic conductivities (LT−1) along x-, y-, and z-axes, 
respectively; and W the sink or source term (T−1).

ModelMuse is a graphical user interface simulating system 
that incorporates MODFLOW, MODPATH, ZONEBUDGET, 
PHAST, SUTRA, MT3D-USGS, and WellFootprint models 
(Winston 2019). Besides being publicly available, ModelMuse 
offers significant advantages, including: (1) grid-independent 
spatial data and stress-period-independent temporal data, pro
viding users with flexibility to redefine spatial and temporal 
discretization; and (2) the ability to visualize simulation results 
in two- or three-dimensional formats. In this study, the 
MERAS-2.2 model was imported into ModelMuse to enhance 
output displays, and the ZONEBUDGET model was employed 
for extracting groundwater budgets from the cropland and 
forestland of the UYRW. ZONEBUDGET is a computer 
model designed to extract sub-regional groundwater budgets 
using simulation results from the MODFLOW model 
(Harbaugh 1990).

2.2 Study site and simulation scenarios

The UYRW (Fig. 1) is situated within the MERAS modeled 
domain and about half of it is a crop production region in 
Mississippi, USA (MDEQ 2002). The west side of the UYRW 
is the alluvial valley of the Mississippi Delta, while its east 
side is bluff (Fig. 1(b)). The UYRW encompasses an area of 
4025 km2, with cropland accounting for 49% (1973 km2), 
forestland 46% (1831 km2), and other lands 5% (221 km2). 
Predominant soil types are sand, loam, and clay, while major 
tree species include oak, gum, hickory, cypress, loblolly pine, 
and shortleaf pine (MDEQ 2002, Ouyang et al. 2021a). The 
average annual temperature is 18°C, with a mean minimum 
of 5.5°C in winter and a mean maximum of 32°C in sum
mer. The long-term average precipitation is 1290 mm/year 
(Berkowitz et al. 2020). This watershed was selected for its 
nearly equal distribution of forestland and cropland, making 
it unique for the purpose of this study. In the past several 
decades, human-induced activities such as forest clear- 
cutting for croplands, hydrologic channel modifications for 
navigation and recreation, and groundwater withdrawals for 

Figure 1. Locations of the Mississippi Embayment Regional Aquifer Study 
(MERAS) modeling area and the crop and forest lands in the Upper Yazoo River 
Watershed (UYRW).
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crop irrigation, have resulted in river flooding, low flow, 
wetland loss, and groundwater level decline in the UYRW 
(Ouyang et al. 2019).

Given that the UYRW is part of the MERAS model domain, 
there is no need to define initial and boundary conditions for 
the watershed to execute the model. However, a moderate 
description of the UYRW hydrogeological settings is war
ranted for readers’ convenience. The MERAS model employs 
10 hydrogeologic units for the UYRW, namely the Mississippi 
River Valley alluvial aquifer, Vicksburg-Jackson confining 
unit, upper Claiborne aquifer, middle Claiborne confining 
unit, middle Claiborne aquifer, lower Claiborne confining 
unit, lower Claiborne aquifer, middle Wilcox aquifer, lower 
Wilcox aquifer, and Midway confining unit (Clark and Hart  
2009). The UYRW is represented by 13 model layers: alluvial 
aquifer, Vicksburg-Jackson confining unit, upper Claiborne 
aquifer, middle Claiborne confining unit, middle Claiborne 
aquifer (Layers 5–7), lower Claiborne confining unit, the 
Winona-Tallahata, lower Claiborne aquifer, middle Wilcox 
aquifer, lower Wilcox aquifer, and lower Wilcox aquifer. 
There are 3126 pumping wells in the UYRW, with more than 
90% located in the cropland. Detailed descriptions of the 
layers, streams and pumping wells can be found in Clark and 
Hart (2009).

Three simulation scenarios were created in this study: (1) 
a base case (BC) scenario characterizing normal farming 
practices, groundwater withdrawals, and climate conditions 
in the UYRW; (2) a very wet scenario (VW) mirroring 
the BC scenario except for a 20% increase in precipitation 

rate; and (3) a very dry scenario (VD) reflecting the BC 
scenario except for a 20% decrease in precipitation rate. 
These scenarios, with a 115-year simulation period, were 
formulated to determine how climate changes affect 
groundwater resources in the cropland and forestland of 
the ME.

3 Results and discussion

3.1 Model validation for the UYRW

To enhance confidence in the application of the MERAS 
model, we further validated the groundwater head in the 
UYRW, even though the entire MERAS model was calibrated 
by USGS prior to its applications. Our validation was per
formed by comparing the model-predicted groundwater head 
with the field measurement from 1943 to 2006 in the UYRW. 
The regression equation Ypredicted = 0.98 Xmeasured, with 
R2 = 0.99, p < .001, NSE (Nash-Sutcliffe efficiency) = 0.45, 
and nRMSE (normalized root mean square error) = 0.04 m 
(Fig. 2(a)), clearly demonstrated that the MERAS model pre
dicted groundwater head very well in the UYRW, although 
forestland tended to have slightly higher simulated heads than 
observed ones and cropland had slightly lower simulated heads 
than observed ones. A time series comparison of groundwater 
heads between the model predictions and the field measure
ments is presented in Fig. 2(b), revealing a satisfactory visual 
match of the predicted peaks and valleys with the measured 
ones. This robust validation confirms the feasibility of the 

Figure 2. Validation of predicted groundwater heads with those measured through scatter plot (a) and time series plot (b) at the Upper Yazoo River Watershed.
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MERAS model in predicting groundwater flow and head dis
tribution in the UYRW.

3.2 Groundwater head distribution

The spatial distribution of groundwater heads in the cropland 
(left side of the dashed line) and the forestland (right side of 
the dashed line) of the UYRW in 1900, 1938, 1987, and 2014 
over the 115-year simulation period is illustrated in Fig. 3(a). 
In general, groundwater head was higher in the forestland than 
in the cropland and was higher in the northeast than in the 
southwest of the UYRW.

A higher groundwater head in the forestland occurred 
primarily because forestland has a higher surface elevation 
and serves as the recharge zone while cropland is a discharge 
zone. These uneven distributions of groundwater head in the 
UYRW created a head gradient for groundwater flow from the 
forestland into the cropland in a direction from the northeast 
toward the southwest. Overall, the groundwater heads in both 

the cropland and forestland decreased during the 115 years 
from 1900 to 2014 (Fig. 3(b)). The average groundwater head 
in the cropland was 35.4 m in 1900, 35.2 m in 1938, 35.3 m in 
1987, and 32.5 m in 2014, showing a decreasing trend of 
groundwater head in the cropland over the 115-year period 
with a difference of 2.7 m between 1900 and 2014. Analogous 
to the case of the cropland, there was a decreasing trend of 
groundwater head in the forestland with a difference of 1 m 
between 1900 and 2014. It is apparent that groundwater head 
declined much faster in the cropland than in the forestland. 
This finding reverses our traditional perception that forest
lands lose more water than croplands because of higher eva
potranspiration (ET) in forestlands (Verstraeten et al. 2005, 
Owuor et al. 2016) and thereby would decline groundwater 
head faster than that the croplands. For example, Verstraeten 
et al. (2005) compared the ET of Flemish forestlands and 
croplands using a soil water balance model. They reported 
that over a 30-year period, the average ET was 491 mm for 
10 forest stands and 398 mm for 10 croplands. In other words, 

Figure 3. Spatial distributions of groundwater head in the UYRW (a) and average groundwater heads in the cropland, forestland, and UYRW (b) in 1900, 1938, 1987 and 
2014.
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the ET in the forestlands was about 23% higher than in the 
croplands, indicating groundwater head could decline faster in 
the forestlands than in the croplands. In contrast, the opposite 
result was obtained in our study. We attribute this distinct 
discrepancy between the Verstraeten et al. (2005) study and 
ours to groundwater pumping. There was intensive ground
water pumping for crop irrigation in the UYRW, especially 
from 1987 to 2014 (Fig. 4(a)). This intensive pumping activity 
not only increased cropland ET but also declined groundwater 
head. As a result, the groundwater head declined faster in the 
forestlands than in the croplands.

It should be noted that the groundwater recharge rate was 
higher in the cropland (Fig. 4(b)) than in the forestland 
(Fig. 4(c)) from 1987 to 2014. However, there was a much 
higher groundwater pumping rate in the cropland during this 

period (Fig. 4(a)) as compared to no pumping in the forest
land. The higher groundwater pumping rate superseded the 
higher groundwater recharge rate in the cropland. As a result, 
the groundwater head decreased faster in the cropland than 
in the forestland from 1987 to 2014.

A close look at Fig. 3(a) further reveals that very small 
variations in spatial distribution of groundwater head in both 
the cropland and forestland were observed from 1900 to 1987. 
From 1900 to 1938, the average groundwater head was 35.4 m 
in 1900 and 35.2 m in 1938 with a decrement of 0.2 m in the 
cropland and were 50 m in 1900 and 49.8 m in 1938 with the 
same decrement (0.2 m) in the forestland (Fig. 3(b)). Such 
small variations occurred because of the small changes in 
groundwater recharge in the cropland (Fig. 4(b)) and forest
land (Fig. 4(c)) as well as little groundwater pumping in the 

Figure 4. (a) Groundwater pumping in the cropland and groundwater recharge in the (b) cropland and (c) forestland for the dates at the end of the stress periods from 
1900 to 2014.
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cropland (Fig. 4(a)) and no groundwater pumping in the 
forestland. From 1938 to 1987, a slight increase in groundwater 
head was observed in both the cropland and forestland. The 
average groundwater head increment was 0.1 m in both lands 
between 1938 and 1987. We attributed the increment to the 
increase in groundwater recharge in both lands (Fig. 4(b,c)). 
There was widespread tree-cutting in the 1930s to 1940s, 
which would allow more precipitation water to infiltrate into 
the soil profile for groundwater recharge.

From 1987 to 2014, however, large variations in spatial 
distribution of groundwater head occurred in both the crop
land and forestland. The average groundwater head in the 
cropland was 35.3 m in 1987 but 32.5 m in 2014 (Fig. 3(b)) 
with a decrement of 2.8 m. As compared to a tiny decrement of 
groundwater head (35.4 − 35.3 = 0.1 m) in the cropland over 
an 88-year period from 1900 to 1987, the large decrement of 
groundwater head (35.3 − 32.5 = 2.8 m) in the cropland that 
occurred more recently, in the 27 years from 1987 to 2014, 
indicates a dramatic depletion in groundwater resources. This 
occurred primarily because of the intensive groundwater with
drawal for crop irrigation during this period (Fig. 4(a)). Results 
suggest that groundwater pumping in this recent 27-year per
iod led to a 2.7 m decline of groundwater head in the cropland. 

This new insight provides useful information to water resource 
managers, farmers and foresters in the region and around the 
world, in areas with comparable conditions, for developing 
better groundwater supply planning.

3.3 Groundwater exchange and storage

Groundwater flow exchanges between the cropland and the 
forestland over the 115-year simulation period are presented in 
Fig. 5. These flow exchanges were extracted using the 
ZONEBUDGET model. It is apparent that groundwater flow 
from the forestland into the cropland (Fig. 5(a)) was about five 
orders of magnitude larger than from the flow in the opposite 
direction (Fig. 5(b)). The minimum, average, and maximum 
groundwater flows from forestland into cropland over the 115- 
year simulation period were 12 285, 13 183, and 13 805 m3/d, 
respectively, whereas the minimum, average, and maximum 
groundwater flows from cropland into forestland over the 
same simulation period were 0, 55, and 245 m3/d, respectively. 
Overall, the average groundwater flow from the forestland into 
the cropland was 238 (i.e. 13 183/55 = 238) times larger than 
vice versa. This occurred because the groundwater head in the 
forestland was higher than that in the cropland, as discussed in 

Figure 5. Groundwater flow (a) from forestland into cropland and (b) vice versa.
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the previous section. Figure 5 further reveals that groundwater 
flow exchange between the forestland and the cropland was 
somewhat smooth from 1900 to 1982 but fluctuated from 1982 
to 2014. While the actual reasons for this phenomenon remain 
to be investigated, one possible explanation would be the 
fluctuation in groundwater pumping from 1982 to 2014 in 
the cropland (Fig. 4(a)).

Little to no effort has been devoted to investigating the long- 
term groundwater flow exchange between forestlands and crop
lands in the literature. Our study is the first of its kind in estimat
ing long-term groundwater flow exchange between these two land 
uses and provides a new paradigm for other researchers around 
the world. Our finding that the average groundwater flow from 
the forestland into the cropland was larger by a factor of 238 than 
the reverse groundwater flow from cropland to the forestland over 
the 115-year period provides a critical reference to stakeholders, 
engineers, scientists, and managers in the region and around the 
world in areas with comparable situations for better agricultural 
groundwater resources management.

Average groundwater-storage changes over the simulation 
periods from 1900 to 1987, 1987 to 2014, and 1900 to 2014 in 
both the cropland and forestland are shown in Fig. 6. The 
groundwater-storge change is the amount of groundwater 
entering an aquifer (recharge) minus the amount of ground
water leaving the aquifer (discharge). A positive value indicates 
that an aquifer receives groundwater and is termed as storage- 
in, whereas a negative value implies that an aquifer delivers 
groundwater and is denoted as storage-out. The average 
groundwater storage-in was lower during 1900–1987 (72 m3/ 
d) than during 1987 to 2014 (89 m3/d) in the cropland (Fig. 6), 
indicating that the aquifer beneath the cropland received more 
groundwater during 1987–2014. We attributed this finding to 
the intensive groundwater pumping in the cropland during the 
same period (Fig. 4(a)). As more groundwater was pumped out 
from the aquifer in the cropland, more water from the aquifers 
in the surrounding lands flowed into the aquifer of the crop
land, thereby increasing groundwater storage-in. Over the 115- 
year simulation period, the average storage was 83 m3/d 
(Fig. 6), indicating the aquifer of the cropland was a net 
groundwater receiver. In contrast, the opposite was true in 
the forestland. That is, the aquifer in the forestland delivered 

groundwater to the cropland and other surrounding lands over 
the 115-year simulation period (Fig. 6). The average ground
water storage-out was −528 m3/d from 1900 to 1987, −628 m3/ 
d from 1987 to 2014, and −593 m3/d from 1900 to 2014 in the 
forestland. Results illustrated that the forestland delivered 
more groundwater (storage-out) during 1987 to 2014 than 
during 1900 to 1987. We attribute this finding to the ground
water head (or level) decline in the cropland (primarily due to 
the intensive groundwater pumping). The lower groundwater 
head in the cropland created a larger groundwater head gra
dient for more groundwater flow from the forestland into the 
cropland. Over the 115 years, the aquifer beneath the forest
land was a net groundwater deliver (average storage-out 
= −593 m3/d) or source, whereas the aquifer beneath the 
cropland was a net groundwater receiver (average storage-in 
= 87 m3/d) or sink. Little work has been done to compare the 
groundwater storage between the cropland and the forestland 
in the literature. Our finding demonstrates that the forestland 
in this region supplies groundwater to the cropland. Therefore, 
afforestation in the region would be an alternative for supply
ing more groundwater resources to croplands and for saving 
water resources because of no pumping after afforestation.

3.4 Climate change impacts

The impact of climate change on groundwater storage in both 
the cropland and forestland over the 115-year simulation per
iod is illustrated in Fig. 7. In comparison to the normal (BC 
scenario) climate, a 20% increase in precipitation (VW sce
nario) in the cropland led to a 25% rise in groundwater 
storage-in, while a 20% decrease in precipitation (VD sce
nario) resulted in a 33% reduction in groundwater storage- 
in. These findings underscore the substantial influence of 
climate changes on groundwater storage variations in the 
cropland. Similar trends were observed in the forestland, 
where a 20% increase in precipitation led to a 26% increase 
in groundwater storage-out, while a 20% decrease resulted in 
a 32% decline in groundwater storage-out compared to the BC 
scenario. The results indicate that during very wet conditions, 
the forestland had more groundwater available (storage-out) 
to the adjacent cropland, whereas under very dry conditions, 

Figure 6. Average groundwater storage in the cropland and forestland over the 115-year simulation period.
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the forestland had less groundwater available (storage-out) to 
the adjacent cropland. Results further suggest that the forest
land in the region is the source of groundwater to the cropland 
under all climate scenarios.

The above findings have practical implications for develop
ing adaptive water resources management strategies for sus
tainable agriculture and food production under a changing 
climate (Crimmins 2023). The UYRW is located within the 
Lower Mississippi River Basin, which is one of the most agri
culture-intensive regions in the world. Groundwater resource 
availability is projected to be a limiting factor, especially during 
episodic droughts (Yasarer et al. 2020). This problem will 
become common and intensified in the future as global tem
peratures continue to rise because of climate change (Veal  
2021), leading to further decrease in baseflow and more fre
quent and extreme low flow conditions. Our results suggest 
that a viable forest resource in the region would help maintain 
groundwater recharge into the aquifer of forestland, which can 
deliver water to the adjacent aquifer of cropland and alleviate 
cropland groundwater shortage. However, warming 
temperatures may also alter the composition of trees in the 
forests, and more droughts would reduce forest productivity 
along with increased damage from insects and disease (EPA  
2016). The interplay among climate change, forest health, and 
groundwater hydrology deserves further examination.

4 Conclusions

The MERAS (Mississippi Embayment Regional Aquifer Study) 
groundwater model developed by the USGS effectively pre
dicted groundwater flow and distribution within the Upper 
Yazoo River Watershed (UYRW), as verified through our 
model validation.

In the UYRW, groundwater head exhibited higher levels in 
forestland compared to cropland, and the northeast displayed 
higher values than the southwest. This uneven distribution 
established a head gradient facilitating groundwater flow 
from the forestland toward the cropland in a northeast to 
southwest direction.

Under the normal climate and over the 115-year study 
period, the average groundwater head declined 2.7 m in 

cropland but only 1 m in forestland. The faster decline of 
groundwater head in the cropland was attributed primarily 
to intensive groundwater pumping for crop irrigation. Over 
the 115 years, cropland proved to be a net sink of ground
water with an average storage-in of 83 m3/d, while forest
land emerged as a net source with an average storage-out of 
−593 m3/d. This finding reverses our traditional perception 
that forestlands lose more water than croplands because of 
higher evapotranspiration (ET) in forestlands and thereby 
would decline groundwater head faster than that in the 
croplands. We attributed the discrepancy between our 
study and others to the groundwater pumping. This inten
sive pumping activity for crop irrigation not only increased 
cropland ET but also declined groundwater head. Therefore, 
the groundwater head declined faster in the forestlands than 
in the croplands.

Average groundwater flow from forestland to cropland sur
passed the reverse flow by a factor of 238, owing to a higher 
surface elevation in forestland and intensive groundwater 
pumping in cropland. Little to no effort has been devoted to 
investigating the long-term groundwater flow exchange between 
forestlands and croplands in the literature. Our study is the first 
of its kind in this regard and provides a critical reference to 
stakeholders, engineers, scientists, and managers in the region 
and in areas around the world with comparable situations for 
better agricultural water resources management.

Little work has been done to compare the groundwater 
storage between croplands and the forestlands in the literature. 
Our finding demonstrated that the forestland in this region 
supplies groundwater to the cropland. Therefore, afforestation 
in the region would be an alternative for supplying more 
groundwater resources to croplands and for saving ground
water resources because of no pumping after afforestation.

A comparative analysis revealed that, under a very wet cli
mate scenario (i.e. a 20% increase in precipitation), cropland 
groundwater storage-in increased by 25%, while forestland sto
rage-out surged by 30%. Conversely, in a very dry climate (i.e. 
a 20% decrease in precipitation), cropland storage-in decreased 
by 33%, and forestland storage-out diminished by 22%. These 
findings underscore the discernible impacts of climate changes 
on groundwater storage.

Figure 7. Average groundwater storage under the normal or base case (BC), very wet (VW) and very dry (VD) climatic scenarios over the 115-year simulation period 
from 1900 to 2014.
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The implications of this study extend to water resource 
managers, farmers and foresters, offering valuable insights 
for groundwater supply and conservation planning in both 
agricultural and forest management contexts, not only within 
the studied region but also in comparable situations 
worldwide.
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