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The Mississippi River Alluvial Plain is a critical region for agricultural production in the

United States, providing the majority of the nation’s rice, catfish, and cotton. Although

it is a humid region, high agricultural yields are maintained through irrigation from

groundwater and surface water sources. Heavy groundwater extraction has led to

cones of depression in the alluvial aquifer in both Arkansas and Mississippi. This study

explores the link between increasing irrigation and streamflow alteration within the

alluvial plain. Changing land use patterns were evaluated utilizing the USDA Census

of Agriculture datasets to determine changes in land-use, irrigation, and crop yield

from 1969 to 2017. Temporal land use patterns set the background for the analysis

of sixteen long-term streamflow records from the USGS, which were assessed using

the Indicators of Hydrologic Alteration (IHA) software to determine changes in low flow

patterns in rivers overlying the Mississippi River Valley alluvial aquifer. Most streamflow

records had significant hydrologic alteration with respect to low flow conditions, including

higher frequency of low flow events, lower annual minima, or a declining base flow index.

Changes in streamflow coincide with areas of massive increases in irrigated cropland

area. This study provides further context for the tradeoffs between intensive agricultural

production and agroecosystem sustainability.

Keywords: irrigation, streamflow, groundwater, land use, Mississippi, Arkansas, Louisiana

INTRODUCTION

The Mississippi River Alluvial Plain (MAP), including most of eastern Arkansas, western
Mississippi, and northeastern Louisiana, relies on agricultural production to drive the regional
economy (Alhassan et al., 2019). The region is intensively farmed in row-crops that produce
significant yields of corn (Zea mays L.) and soybean [Glycine max (L.) Merr.], and accounts for
∼17–20% of total cotton (Gossypium hirsutum L.) and 69–78% of total rice (Oryza sativa L.)
production nationally. Mississippi also returns the highest aquaculture yields in the nation (U.S.
Department of Agriculture, National Agricultural Statistics Service, 2019). Although it is a humid
region, the MAP receives most of its rainfall outside of the growing season, and thus producers rely
on irrigation from either groundwater or surface water to reduce crop stress and to optimize crop
yields (Massey et al., 2017). As of 2000, the Mississippi River Valley Alluvial Aquifer (MRVAA) was
ranked third in the nation for total water withdrawals (35 billion liters per day) with more than
98% of this water used for irrigation (Maupin and Barber, 2005). Withdrawals from the MRVAA
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began as early as the 1900s but increased markedly between
1970 and 1980 (Evett et al., 2003; Clark et al., 2011). As a result
of increased irrigation withdrawals, cones of depression have
developed in both the Arkansas and Mississippi delta regions,
which has drawn attention to the sustainability of groundwater
resources for continued irrigation and agricultural economic
development (Barlow and Clark, 2011; Kresse et al., 2014).

Generally, as groundwater levels decline, historically gaining
streams receiving groundwater contributions may become
losing, perched streams, where surface water seeps through
an unsaturated zone into the aquifer (Brunner et al., 2011).
Changes in surface water and groundwater exchange, or
increased pumping of surface water for irrigation, can alter
natural flow regimes in streams and rivers, contributing to
decreased baseflow, as well as more frequent and extreme
low flow conditions. The effect of groundwater extraction on
nearby streamflow has been studied and modeled extensively
(Hunt, 1999; Butler and Tsou, 2001; Fox and Durnford,
2003). However, there are spatial and temporal variations in
surface-groundwater connectivity that are difficult to assess
due to heterogeneity of streambed properties, variations in
depth to groundwater both spatially and temporally, and
disparities in infiltration rates due to depth and width
of surface water bodies. However, it is generally accepted
that a widening cone of depression in groundwater surface
levels can increase the length of river disconnected from
the aquifer and therefore alter baseflow (Brunner et al.,
2011).

In addition to influencing water availability for agriculture,
decreasing baseflow and increased number of extreme low
flow events can have detrimental effects on aquatic ecosystems
and associated biodiversity. Previous studies have demonstrated
declines in fish species richness and abundance in conjunction
with shifts from species with more specialized requirements to
more tolerant generalist species as summer baseflows decline
(Freeman and Marcinek, 2006; McCargo and Peterson, 2010;
Buchannan et al., 2017). Similarly, loss of surface water flow and
groundwater connectivity can result in significant declines in
mussel richness and abundance due to habitat loss and thermal
requirements (Golladay et al., 2004; Galbraith et al., 2010). In
addition to dewatering critical habitat including shallowmargins,
coarse woody debris, riffle habitats (Bowen et al., 1998; Freeman
et al., 2001; McCargo and Peterson, 2010), decreasing baseflows
increase biological impairment by reducing dissolved oxygen,
increasing water temperature, concentrating contaminants, and
increasing diel swings in pH which can increase bioavailability
and toxicity of contaminants to aquatic organisms (Brooks
et al., 2006; Garvey et al., 2007; Carlisle et al., 2011; Valenti
et al., 2011). Outside of river channels, loss of groundwater
connectivity in riparian areas can produce mesic conditions that
decrease riparian vegetation species richness, biomass and cover,
or result in shifts from wetland to upland plant assemblages
(Hanlon et al., 1998; Williams et al., 1999). River morphology
can also be altered by these low flow conditions as the bed
load will be deposited as flow velocity decreases, which may
alter physical habitats and streambed substrate (Hauer et al.,
2013).

The link between increasing crop irrigation, either with
surface or groundwater, and streamflow alteration is often
tenuous, due to information that may be lacking about the
system—either irrigation usage, groundwater conditions, or
the physical connection between groundwater and surface
water bodies. However, several recent studies explore the
concept of increased groundwater pumping and its impact
on local streamflow depletion (Killian et al., 2019) and
global environmental flow limits (de Graaf et al., 2019). This
study evaluates changing land-use patterns in the Mississippi
Alluvial Plain (MAP) by utilizing United States Department of
Agriculture (USDA) Census of Agriculture datasets to determine
changes in land-use, irrigation, and crop yield from 1969 to
2012. We used temporal trends in land use patterns to set
the context for analysis of long-term patterns in low flow
metrics in rivers overlying the MRVAA using the Indicators
of Hydrologic Alteration (IHA) software. Based on conceptual
linkages between the increase in irrigated cropland to both
increased yield and increased streamflow alteration (Figure 1),
we hypothesized that low flow components in MAP streams
have been altered and these environmental deficits coincide with
declining groundwater levels and increased irrigation demands
within the region.

FIGURE 1 | Conceptual diagram outlining the hypothesized costs and

benefits of increasing irrigation in the Mississippi Alluvial Plain. The ultimate

benefit is increased production and profit, while the ultimate cost is ecosystem

stress. This study focuses on the aspects from crop yield to alteration of low

flow hydrology.
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METHODS

Land Use Trend Analysis
We compiled records from the USDA Census of Agriculture
including area in total cropland, harvested cropland, land in
farms with irrigation, and irrigated cropland from 1969 to 2017 at
the county or parish level to evaluate the change in area over time
(Census of Agriculture, 1969–2017). In addition, we collected
crop area harvested, harvested crop amount, and irrigated crop
area for corn for grain, sorghum for grain, winter wheat, rice,
upland cotton, and soybeans for each county or parish from
1969 to 2017. The census data was available every 5 years,
except from 1974 to 1982 when it was collected every 4 years.
The USDA Census of Agriculture is conducted by the USDA
National Agricultural Statistics Service (NASS) and includes a
complete count of U.S. farms and ranches, rural and urban, where
$1,000 or more fruit, vegetables, or food animals were raised
or sold. Census data was mapped to demonstrate differences
between counties.

We analyzed counties/parishes if they intersected, or were
located within, the watershed of a selected USGS gage, or if
they were just downstream of a USGS gage. With respect to
groundwater, the area of influencemay include areas downstream
of a surface water gage due to the influence of groundwater
withdrawals. We calculated county-level yield for each crop type
by dividing the total mass harvested in each county by the
harvested area of the respective crop type. Crop mass harvested
in the census does not differentiate between irrigated and non-
irrigated cropland. We evaluated the difference in yield based
on irrigation status utilizing available data from the USDA crop
survey, however, only cotton yield was available for Louisiana,
Arkansas, and Mississippi in both irrigated and non-irrigated
cropland. We calculated the average and standard deviation of
yield in the evaluated counties using available years of data to
evaluate the effect of irrigation on yield. Availability of data
differed by county with most counties providing yield from 1971
to 2018 (U.S. Department of Agriculture, National Agricultural
Statistics Service, 2019). The Agricultural Resource Management
Survey is conducted by the USDA NASS and includes a sample
of farm operators that ensures adequate coverage by station
and region.

Stream Gage Selection and Data
Preparation
We identified USGS stream gages within the MAP region based
on the availability of daily flow records of at least 20 years with
minimal gaps (Kennard et al., 2010; Table 1). We utilized the
Sunflower River at Sunflower despite a large data gap, as there
was a sufficient period of data available before and after the gap,
and the gage represented a critical geographic area.We did not fill
gaps in the streamflow record. It was challenging to find enough
gauges with the same time period of available data; therefore,
the data range varied for the gauges in this study. Selected gages
were also either unregulated or regulated with diversions for
irrigation, as determined by information provided by the USGS
StreamStats database (U.S. Geological Survey, 2016). Any gages
with major upstream flood control dams were not included in the

study, as releases from reservoirs can influence the flow record.
To increase comparability between sites, flow was converted
to stream yield (mm/day) by dividing by the watershed area
provided by the USGS StreamStats website.

Indicators of Hydrologic Alteration (IHA)
We assessed potential differences and trends in selected baseflow
metrics over the studied time period representing before and after
increasing irrigation withdrawals using Indicators of Hydrologic
Alteration (IHA) software version 7.1 (The Nature Conservancy,
2009). The program uses daily hydrologic data to assess
33 ecologically-relevant hydrologic parameters related to five
fundamental characteristics of hydrologic regimes: (1)magnitude
of mean daily water conditions; (2) magnitude and duration of
annual extreme conditions at various time intervals; (3) timing
of annual extreme conditions; (4) frequency and duration of
high and low pulses, and; (5) rate and frequency of change in
conditions (Richter et al., 1996). For all stations, we ran the IHA
using daily stream yield (mm/day) for the period of available data
using temporal trend analysis. Stream yield was utilized to control
for watershed size and allow temporal trends to be comparable
across gages. We analyzed time series trends from the IHA, and
the number of indicators demonstrating an increase in low flow
conditions or decreasing flow levels (i.e., negative monthly flow
trends) with a significance level ≤0.05 were summed for each
gage to evaluate the degree of alteration occurring across the
region. Due to the large number of indicators, not all results
are presented. We chose to highlight a subset of IHA metrics
that, based on the literature, were hypothesized to respond most
strongly to water withdrawals (Carlisle et al., 2011; Kennen et al.,
2014). The IHA parameters highlighted in this study include the
base flow index, 7 day minimum flows, and the number of days
with zero flow per year. Base flow index is calculated as the 7
day minimum flow divided by the annual mean flow. The 7 day
minimum flow is the 7 day mean of the annual minima.

For a selected subset of stations, Cache River at Egypt, AR;
Languille River near Colt, AR; Big Sunflower River at Sunflower,
MS; Boeuf River near Girard, LA; and Tensas River at Tendal,
LA, we conducted a comparative analysis using streamflow
(cms) to compare low flow metrics between two time periods
representing historic, relatively unaltered, flow conditions and
current stream flows under increasing irrigation demands. We
utilized the results of this two-period analysis to produce flow
duration curves for the pre-alteration period (start of record–
1986) and the post alteration period (1987–2016), as well as to
examine the change in 7-day minimum flow before and after
1987. We chose the year of 1987 as a breakpoint due to the
analysis of census data indicating a rise in irrigated cropland
area at this time (Figure 3A), as well as evidence that surface
and groundwater connectivity began to change at this time in the
MRVAA region (Clark et al., 2011; Pugh and Westerman, 2014).

Precipitation Trends and Drought
Occurrence
We analyzed regional precipitation trends using the climate
division database (nClimDiv) from the National Oceanic and
Atmospheric Administration (NOAA) (Vose et al., 2014).
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TABLE 1 | USGS gages utilized in study, including period of record, drainage area, and any known flow regulations from the USGS StreamStats program, listed in order

from north to south (U.S. Geological Survey, 2016).

Map # Gage name USGS number Period of record Drainage area [km2] Flow regulations

1 Cache River at Egypt, AR 7077380 1965–2016 1,816 Unknown

2 Languille River near Colt, AR 7047942 1971–2016 1,386 Unknown

3 Cache River near Cotton Plant, AR 7077555 1987–2016 3,030 Unknown; small diversions observed for

irrigation

4 Bayou Meto near Lonoke, AR 7264000 1955–2016 536 Some diversions for irrigation; low flow

supplemented by irrigation runoff and

pond drainage

5 Bayou Bartholomew at Garret Bridge, AR 7364133 1987–2015 984 Unknown; minor diversions possibly for

irrigation

6 Bayou Bartholomew near McGehee, AR 7364150 1941–2016 1,492 Unknown; minor diversions possibly for

irrigation

7 Bayou Macon at Eudora, AR 7369680 1988–2015 1,295 None; there may be minor diversions for

irrigation

8 Big Sunflower River near Merigold, MS 7288280 1993–2015 1,432 Unknown; pumping for irrigation could be

substantial.

9 Big Sunflower River at Sunflower, MS 7288500 1935–1980

2004–2015

1,987 Streamflow augmented by irrigation runoff;

withdrawals for irrigation and 6cfs for

industrial use

10 Bougue Phalia near Leland, MS 7288650 1996–2015 1,254 None

11 Abiaca Creek near Seven Pines, MS 7287150 1991–2011 247 None

12 Bayou Bartholomew near Jones, LA 7364200 1957–2016 3,074 Unknown

13 Bayou Macon near Delhi, LA 7370000 1940–2002 2,025 Small diversions for irrigation

14 Boeuf River near Girard, LA 7368000 1941–2016 3,175 Large diversions for irrigation; interchange

of flow between Boeuf River and Bayou

Lafourche by canal

15 Tensas River at Tendal, LA 7369500 1941–2016 800 Small diversions for irrigation

Divisions include: northeast, east central, and southeast
Arkansas; the upper delta and lower delta in Mississippi;
northeast Louisiana; and the Missouri bootheel. Because the
period of record varies for the gages, we utilized 1960–2016
as the period to estimate mean precipitation for both the
annual and growing season (April–October) time periods, as
well as temporal trends over that time period. In addition,
we also assessed the occurrence of droughts throughout the
1960–2016 record using the Palmer Drought Severity Index
(PDSI). We considered droughts to have occurred in months
with PDSI scores less than negative three, which is considered a
severe drought.

RESULTS AND DISCUSSION

Trends in Land Use, Yield, and Irrigation
County-level census data demonstrated that total cropland and
harvested cropland areas have both declined over the period of
record from 1969 to 2017. Meanwhile, the amount of irrigated
cropland has increased, on average, by 45,000 hectares in all
counties analyzed and, in several counties, total irrigated land
increased by over 80,000 hectares. In Chicot County, AR, the
location of Bayou Macon gage at Eudora, the amount of irrigated
land increased 83,000 hectares, a 1,264% increase from 1969
values. Also, in Bolivar County, MS, the location of the Big
Sunflower River gage at Merigold, the amount of irrigated land

increased 94,000 hectares, or around 541% over 1969 values
(Figure 2). From a different perspective, the amount of harvested
cropland that was irrigated in the region has increased on average
from 11% in 1969 to 69% in 2017 (Figure 2). Increases in
irrigated cropland were highest in the southeastern AR with
several counties reporting over 90% of all croplandwith irrigation
in 2017 (Figure 2).

While the irrigated cropland trend has risen steadily since
1974, land in irrigated farms experienced a large jump in
1978 and then increased more slowly until leveling out around
1992 (Figure 3A). There are ∼5 million hectares of land
within irrigated farms that are not irrigated, suggesting irrigated
cropland areas could increase further if producers expand their
irrigation practices to additional land on their farms. One factor
contributing to increased irrigated land has been land forming,
or precision leveling, which creates a consistent slope to facilitate
furrow irrigation and improve surface drainage (Maletic and
Hutchings, 1967; Massey et al., 2017). Furrow irrigation is the
predominate irrigation application method in the MAP region
with 75% of irrigated land in MS and 80% of irrigated land in
AR and LA in furrow irrigation (Kebede et al., 2014). Furrow
irrigation is known to cause deep percolation losses, as well as
tail-water runoff, which result in inefficient use of aquifer water.

Over the period from 1969 to 2017 there were some minor
changes in crop types within the study area (Figure 3B).
Harvested soybean declined from 1969 to 1992 and then began to
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FIGURE 2 | (A) Location of Mississippi Alluvial Plain within the United States; (B) location of gauge locations within Mississippi Alluvial Plain and Lower Mississippi

River Basin, numbers correspond to gauge information in Table 1; (C) harvested cropland by county and parish in 1969; (D) and 2017; (E) percent of cropland with

irrigation in counties and parishes in 1969; (F) and 2017 with the color of USGS representing the number of low flow indicators with a statistically significant

increasing trend.

increase from 2007 to 2017. Cotton declined from 1992 to 2012,
while harvested corn increased during the same time frame. Our
analysis demonstrates that corn area increased in most counties

within the AR, LA, and MS portions of the MRVVA. Figure 3B
demonstrates the change in area for the six major crops analyzed.
Slight increases in grain sorghum and winter wheat were also
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FIGURE 3 | (A) Temporal trends in total cropland, harvested cropland, land in irrigated farms, and irrigated cropland areas from 1969 to 2017 for all counties/parishes

examined in study; (B) total crop area by major crop type in all counties/parishes analyzed from 1969 to 2017; (C) percentage of crop irrigated for all

counties/parishes studied. Rice is not plotted as irrigation was 100% for all years that crop irrigation status is reported; (D) calculated crop yield using Census of

Agriculture data for each major crop type from 1969 to 2017 .

found in most counties until 2012, but area harvested declined
in 2017. There was not a consistent trend in growth or decline of
rice cropland. Using census data alone, it is impossible to know if
changes in crop area are related to access to irrigation. There are
a multitude of factors at play in land use choices, among them are
commodities prices, suitability of soil, previous land use history,
and other socioeconomic and environmental factors (Miller and
Plantinga, 1999; Caldas et al., 2016). However, access to irrigation
may have allowed planting more water-demanding crops like
corn (Smidt et al., 2016), especially when corn prices surged in
the mid to late 2000s due to the increase in corn-based ethanol
production in the United States (Welch et al., 2010; Gardebroek
and Hernandez, 2013). Measured irrigation rates in Mississippi
are highest for rice, followed by corn, soybean, and cotton (9,200,
3,100, 2,800, and 1,800m3 ha−1, respectively; Massey et al., 2017).

While the total amount of cotton and soybean cropland
may have decreased, irrigation of these crops has increased
consistently throughout the 1980s and 1990s, so that in 2017
the majority of all cotton and soybean harvested within the
region was irrigated (Figure 3C). This trend is consistent on a
county basis as well; the proportion of soybean area irrigated

has increased in all counties. In addition, the harvested mass of
soybeans has also increased, even in counties with decreasing
planted soybean area, suggesting that irrigation is increasing
soybean yields while using less area. In general, yields have
increased for all crops over the time period studied (Figure 3D).
The greatest increases were seen in corn and grain sorghum,
which had 400% and 330% increases in yield from 1969 to 2017,
respectively. Winter wheat and cotton yield both increased by
about 100%, and soybean yield increased approximately 175%.
Rice had the lowest increase in yield, increasing 73% from 1978 to
2017. In addition to trends in increasing irrigated lands, observed
increased yield is likely due to a combination of additional
factors, including advanced agricultural technologies, genetically
modified seed, and changes in planting density (Specht et al.,
1999).

It is challenging to tease apart the effect of irrigation on crop
yields using census data, as yield and irrigation both increased
over time (Figures 3C,D, 4A). Available USDA survey data,
which report yield by irrigation status, help provide the missing
link between irrigated status and increased yield. In AR, LA, and
MS irrigated cotton yield was about 214, 170, and 225 kg/ha
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higher, respectively, than non-irrigated on average for statewide-
reported values (Figure 4). According to these values, irrigation
accounts for 23 to 29% of the yield increase. County-level
survey data showed similar trends, with an approximate 196–220
kg/ha difference between irrigated and non-irrigated cropland
(Figure 4B). Linear trends for irrigated and non-irrigated yields
over time seem to have nearly the same slope. This suggests
benefits of irrigation for cotton are fixed over time. Yields are not
available for other crops of interest in all three states, therefore,
we cannot estimate increases in yields of corn or soybeans
resulting from increased irrigation in this region. However, the
literature demonstrates that irrigation lowers risk of crop damage
or failure due to lack of rainfall during the growing season
or drought (Massey et al., 2017) and generally does lead to
higher yields of corn, soybeans, and cotton (Grissom et al.,
1955; Heatherly et al., 1990; Klocke et al., 2011). In this region
the majority of rainfall falls outside of the growing season and
irrigation is often necessary to meet crop water needs (Kebede
et al., 2014).

USDA Census data provide snapshots of cropping, yield, and
irrigation trends throughout time. Together these data provide
an overview of long-term regional trends in agriculture; however,
it does not provide detailed information on irrigation practices.
Therefore, trends in irrigation methods utilized and irrigation
rates need to be determined by other means. One clear limitation
of utilizing the Census and Survey data are that both datasets
rely on self-reported information and values are more likely
approximates rather than measured values. Also, the temporal
and spatial scale of the Census data can limit analysis of causal
relationships amongst variables. Despite the limitations, it was
clear that irrigated cropland increased linearly within the MAP
region from 1974 to 2017, despite a slight decrease in total
cropland. The percentage of major crops like corn, cotton, and
soybeans that are irrigated have also clearly increased since 1974
from around 10–20 to 70% in 2017. While the Census data
demonstrated that yields of important field crop commodities
increased since 1974, most notably a 400% increase in corn yield,
they do not provide any co-variables that may help explain the
spatial and temporal variation in yield. As we have noted, there

are many factors that influence yield and irrigation is only one
of them.

Indicators of Hydrologic Alteration Analysis
All the gages studied had at least one statistically significant
indicator that demonstrated low flow alteration. The Boeuf
River, Bayou Macon, Cache River, and Big Sunflower River at
Sunflower sites all demonstrated a large degree of alteration in
low flow indicators. Twelve out of the 15 gages demonstrated
statistically significant declines in 7 day minimum flows and the
base flow index over the period of record (see Table 2). The
most significant declines in the base flow index were found at
Bayou Macon at Eudora, AR; Boeuf River near Girard, LA; and
Big Sunflower River at Sunflower, MS. The USGS Streamstats
database indicates that the Boeuf and Sunflower River gages have
diversions from irrigation and these may play a role in flow
regulation. Most AR and LA gages showed a decline in the base
flow index over the period of record, and most of these gages
also have diversions present for irrigation (seeTable 1). The 7 day
minimum flow also showed significant declines for all stations in
LA and most stations in AR and MS.

A subset of the gages were selected to show long-term trends in
7 day minimum flows. In Figure 5 it is apparent that the median
flow and interannual variability decreased at all sites post-1987.
At the Boeuf, Tensas, Cache, and Sunflower sites, minimum flow
in recent decades is below the range of natural variation that was
seen in the earlier portion of the record. The number of days with
zero flow represent a more extreme low flow indicator and was
only relevant for seven of the gages (Table 2). Of the seven, five
had statistically significant trends including Bayou Macon near
Delhi, LA, with a slope of 1.2, and Cache River near Egypt, AR,
with a slope of 0.4 (Table 2). Increasing days with zero flow can
be detrimental to the aquatic ecosystem and to animals that rely
on the rivers as a water source.

Flow Duration Curve Analysis
Comparison of flow duration curves before and after 1987
indicated that the degree of flow alteration varied across sites
and seasons (Figure 6). We observed significant declines in

FIGURE 4 | County/Parish cotton yield trends: (A) cotton yield vs. percent crop irrigated from the Census of Agriculture, different years are represented by different

color dots; (B) cotton yield vs. time for irrigated (blue) and non-irrigated (yellow) cropland from the survey dataset, the linear trend lines for each dataset are also shown.
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TABLE 2 | Statistics related to the Indicators of Hydrologic Alteration analysis for each gage; gages are listed from most altered to least altered with respect to the slope

of the base flow index.

Gage name No. of altered

indicators

No. of altered indicators

related to low flow

Base flow index slope 7 day minimum slope # of zero days

Bayou Macon at Eudora, AR 15 10 −0.0037 −0.0027 0

Boeuf River near Girard, LA 53 32 −0.0024 −0.00082 0.20

Big Sunflower River at Sunflower, MS 24 13 −0.0023 −0.0026 0

Bayou Bartholomew near Jones, LA 8 8 −0.0021 −0.0017 0.014

Cache River near Cotton Plant, AR 17 5 −0.0016 −0.0015 0

Bayou Macon near Delhi, LA 30 20 −0.0015 −0.0017 1.2

Cache River at Egypt, AR 28 10 −0.0012 −0.0012 0.40

Bougue Phalia near Leland, MS 8 5 −0.0011 −0.0019 0

Bayou Bartholomew near McGehee, AR 12 9 −0.00069 −0.00080 0

Tensas River at Tendal, LA 20 8 −0.00041 −0.00030 0

Languille River near Colt, AR 5 4 −0.00038 −0.00055 0.071

Bayou Meto near Lonoke, AR 11 7 −0.00026 −0.00018 0.2552

Bayou Bartholomew at Garret Bridge, AR 2 1 −0.00014 −0.00030 −0.55

Big Sunflower River near Merigold, MS 4 2 0.00022 0.00037 0

Abiaca Creek near Seven Pines, MS 16 11 0.0012 −0.0039 0

Bold indicates p ≤ 0.005 and italics indicates p ≤ 0.05.

flow across most of the flow duration curve for all seasons in
the Boeuf River (Figures 6A–C). In contrast, strong seasonal
patterns were present for the other four rivers. The Tensas,
Cache, and Languille all had similar patterns for February
flow before and after 1987, while flow for exceedance values
between 40 and 100 declined in the Sunflower River post-
1987 (Figures 6D,G,J,M). During the growing season (June),
the Boeuf had lower cms across the entire exceedance
probability distribution, whereas the Cache and Languille Rivers
demonstrated a higher degree of alteration at lower flows only
(exceedance probability > 40) (Figures 6B,H,K). During June
pumping from either groundwater or surface water for irrigation
would have begun and irrigation runoff would comprise some of
the streamflow in these systems. All locations showed significant
flow alteration in October, after harvest, when cumulative
groundwater withdrawals for the year would be greatest from
pumping throughout the growing season, and stream flows are
naturally lower. The Tensas, Cache and Sunflower sites had
higher flows at exceedance probabilities <40 and drastic declines
at higher exceedance values since 1987 (Figures 6F,I,O). In the
Cache River near Egypt, AR and the Boeuf River near Girard,
LA both systems have zero flow values about 10% of the time in
October after 1987.

Flow duration curves suggest low flow effects were widespread
during the growing season and greatest in October when natural
patterns of low flow conditions were combined with cumulative
effects of groundwater withdrawals for irrigation during the
preceding growing season (Figure 6). The seasonal patterns
present in Tensas, Cache and Languille could indicate that
low flow effects were due to surface water withdrawals or
that groundwater contributions to streamflow were minimal
during February both before and after 1987. Recent groundwater
measurements showing the depth to water in the alluvial aquifer

within the Cache River basin indicate that levels were likely too
low for any groundwater connection in recent years (Arkansas
Natural Resources Commission, 2015). The Cache River does not
have any known regulations but does have small diversions for
rice irrigation (Table 1). The Boeuf River station near Girard,
LA, does have large diversions for irrigation, which is likely the
driving cause of the alteration in the flow duration curves. The
Tensas River at Tendal, LA, has small diversions for irrigation
upstream from the station. This study was focused on low
flow metrics; however, the flow duration curves indicate that
high flow events were also altered at some sites due to levee
development and stream downgrading, which separate streams
from floodplains.

Regional Precipitation Trends and Drought
Occurrence
It is unlikely that precipitation is a major factor driving observed
patterns in hydrologic alteration within our study region. In
fact, evaluation of precipitation trends suggest that mean annual
precipitation is slightly increasing in the MAP between 7.8 and
17 mm/decade, and during the growing season it is increasing
between 3.8 and 18 mm/decade (nClimDiv; Vose et al., 2014).
Mean annual precipitation increased from north to south, with
the lowest mean annual precipitation in the Missouri bootheel
(1,230mm) and the highest in northeast Louisiana (1,410mm).
With regard to growing season precipitation, east central
Arkansas had the lowest (704mm) and northeast Louisiana
had the highest (732mm). In general, regional precipitation
data showed minimal differences over the time period analyzed
and suggest changes in stream minimum flows are more likely
associated with groundwater or surface water withdrawals, rather
than changing climatic patterns. These findings are similar to
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FIGURE 5 | Seven day minimum flow for all available years of data for (A)

Boeuf River near Girard, (B) Tensas River near Tendal, (C) Cache River near

Egypt, (D) Languille River at Colt, and (E) the Sunflower River at Sunflower

gages; dark blue line is the median of values pre-1987 and the orange line is

the median of values after and including 1987, gray bar represents the range

of natural variability in the data pre-1987.

what Killian et al. (2019) also found in Mississippi. With respect
to drought, the monthly PDSI scores indicate that droughts
occurred in the MAP region in 1963, 1967, 1986, 2000, and
2010–2012. The longest drought occurred in 2010 immediately
following some of the wettest months in the record, which
occurred in late 2009. The occurrence of drought also does not
seem to be driving the trends in streamflow, which at several
locations show consistent decreases in flow regardless of drought
conditions (e.g., Boeuf River, Tensas River, Cache River, and
Sunflower River). However, drought may further stress systems
if occurring during periods when flow is already below normal or
cause extreme low flows (i.e., zero flow). Irrigation rates are also
likely to increase during a drought, which may further drawdown
groundwater and surface water bodies, but at the same time could
contribute return flow to regional streams and rivers. Therefore,
there are both positive and negative feedbacks between climate,
irrigation, and streamflow.

Evidence of Groundwater Decline
USGS groundwater reports indicate there have been significant
declines in groundwater levels across the AR counties examined
in this study. In the Boeuf-Tensas area there was an average
change of −1.42m over the period from 2004 to 2014 (Arkansas
Natural Resources Commission, 2015). Similarly, 43 out of 50
wells analyzed showed declines, and 40 of these wells had
average declines >0.3m per year. In the St. Francis study area,
there was an average decline in groundwater levels of 0.68m.
The counties in the St. Francis study area are upstream of
the Languille River near Colt, AR, which showed evidence
of hydrologic alteration related to low flow. Crowley’s Ridge
divides the St. Francis area (eastern side) from the Cache study
area (western area).

The Cache area has much steeper declines in groundwater
levels, with an average change of −1.5m between 2004 and
2014. The Cache area has been continuously designated as a
critical ground water area since 2009. Surface interpolations
of the alluvial aquifer show a cone of depression occurring
in the Cache River basin, with the deepest portion 29 to
44m below surface. Comparatively, in the areas outside
of the cones of depression, depth to water is 0 to 13m.
Without knowledge of riverbed material and infiltration
capability, it is not possible to know the extent that depth to
groundwater affects surface water resources in the declining
areas, although modeling studies and data collected in the
region do suggest rivers are losing water to recharge the
alluvial aquifer (Schrader, 2010; Pugh and Westerman,
2014).

In MS, a cone of depression has developed in the alluvial
aquifer in the center of the delta region below the Sunflower
River. This area is key to agricultural production in MS.
Groundwater withdrawals have been associated with streamflow
depletion in the Sunflower River at Sunflower and the Bogue
Phalia River near Leland gages (Barlow and Clark, 2011; Barlow
and Leake, 2012). Similarly, a recent study has found significant
reductions in baseflow that correlate with areas of extensive
groundwater declines in the MAP (Killian et al., 2019).
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FIGURE 6 | Flow duration curves plotted as flow vs. exceedance probability for February, June, and October flow values for the (A–C) Boeuf River near Girard, (D–F)

Tensas River near Tendal, (G–I) Cache River near Egypt, (J–L) Languille River at Colt, and (M–O) the Sunflower River at Sunflower gages. The blue lines represent

flows before 1987 and the orange lines represent flow after 1987.
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Groundwater withdrawals in northeastern LA have also
increased over time in most of the studied parishes for use in
rice and other crop irrigation (White, 2019a,b,c,d,e,f,g).Modeling
simulations show decreasing groundwater levels in these parishes
over the period from 2004 to 2016 (Karakullukcu, 2018).

As groundwater supplies reach critical levels from increased
irrigation demand, solutions such as improved irrigation
efficiency, increased use of on-farm reservoirs and/or irrigation
tailwater recovery systems, and managed aquifer recharge, have
all been suggested to help slow or reverse the decline of
groundwater levels in the MRVAA (Barlow and Clark, 2011;
Reba et al., 2017). On-farm reservoirs and tailwater recovery
systems have been used in eastern AR for several decades (Yaeger
et al., 2018) and increasingly in Mississippi since 2014 (Prince
Czarnecki et al., 2016; Brock et al., 2019). While these practices
may reduce groundwater withdrawals, it is unclear if they will
be sufficient to improve groundwater levels (Barlow and Clark,
2011).

Uncertainties
This study suggests, as others have also indicated, that
surface water flow signatures are changing in the MAP
(Killian et al., 2019). These changes coincide with increases
in irrigated cropland area throughout the region and declines
in groundwater levels. Several of the gages studied have
known diversions for irrigation (Table 1), and for others it
is unknown. Landowners in AR have the rights to riparian
reasonable use if their land touches a water body. Consequently,
permission or a permit are not required from the government
for a riparian owner to use surface water (Evett et al.,
2003). Therefore, it is challenging to know how much
surface water is utilized for irrigation and to tease apart
the proportion of flow alteration due to surface withdrawals
vs. groundwater decline and leaking streambeds. Published
irrigation water withdrawals from 2005 indicate that most
recorded irrigation withdrawals are from groundwater. Yet, AR
counties Lonoke, Desha, Chicot, and Arkansas record 22–42%
of total irrigation water withdrawals from surface water sources
(Holland, 2007).

Louisiana parishes studied also indicate surface water
as part of total irrigated water use. Surface water bodies
utilized include Bayou Macon, the Boeuf River, and the
Tensas River. However, the proportion of surface water used
is ∼10 to 20% of total water usage for irrigation (White,
2019a-g). In MS, declining baseflow at the Big Sunflower
River at Sunflower has been linked to the groundwater cone
of depression in the central MS Delta (Killian et al., 2019).
However, as Killian et al. (2019) mentions, the region’s
natural hydrology is heavily modified due to agriculture and
streamflow-control structures; therefore, results need to be
interpreted cautiously. Similarly, indicators of hydrologic
alteration suggest that streamflow has been altered in many
locations, but there is not enough evidence to delineate
linkages between low flow alteration and groundwater/surface
water withdrawals for agriculture. To reduce uncertainties,
more data collection about streambed properties,

groundwater movement, and surface water withdrawals
would improve understanding of the driving forces of
streamflow alteration.

CONCLUSIONS

The MAP is a rich agricultural landscape that supports a strong
regional economy. Data compiled from the Census of Agriculture
suggest total cropland area has decreased, yet productivity
has increased due to increasing yields and intensification of
agricultural production. Irrigation is one of the many factors
that lead to high yields and intense production in this region.
Data compiled from the Census of Agriculture indicate irrigated
cropland has increased drastically from 1969 to 2017. Water
use reports indicate both groundwater and surface water are
utilized for irrigation in this region; however, groundwater
is the predominant water source. Reliance on groundwater
from the alluvial aquifer has led to cones of depression
in AR and MS, as well as declining levels in LA. Stream
gage records from stations overlying the alluvial aquifer show
evidence of hydrologic alteration over time, including declining
base flow index, increased number of low flow events and
decreasing low flow values, as well as altered flow duration
curves during the growing and harvest seasons. Streamflow
alteration seems to be a function of both ground and surface
water irrigation.

The coupled trends in groundwater decline and streamflow
alteration present significant future challenges for sustaining
agricultural production in the region, while also protecting
natural resources and associated biodiversity. As more
producers utilize ground and surface water resources for
irrigation to increase production, water resources will
likely continue to decline. Efforts are already underway in
the MAP region to study the alluvial aquifer, to quantify
irrigation withdrawals, and to examine options for reducing
withdrawals through irrigation efficiency or increased recharge
to the aquifer (Barlow and Clark, 2011). Further studies in
Mississippi and Arkansas are exploring infiltration basins and
tailwater recovery reservoirs to either increase groundwater
recharge or to utilize captured runoff for irrigation (Reba
et al., 2017; Yaeger et al., 2018; Brock et al., 2019). Future
studies in the region will examine utilizing excess surface
water during the winter and spring to enhance aquifer
recharge or to optimize storage for irrigation. Slowing, or
even reversing, the decline in groundwater levels will require
a combination of creative engineering and agronomic water
management solutions.

Our results suggest that there is an inherent trade off
in increasing production via irrigation as declining water
resources will result in less profit for future generations
and stress to aquatic ecosystems that may be irreversible.
Providing further evidence for environmental impacts of
increased irrigation in the region may assist policy makers
and decision makers when evaluating strategies to improve
water management.
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