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Abstract: The recent multi-year droughts in California have highlighted the heightened risk of
longer and more intense droughts, thus increasing the interest in understanding potential impacts
for major economic activities, such as agriculture. This study examines changes in cropping pattern
in California’s Central Valley between 2007 and 2016 in response to two consecutive droughts (2007–
2009 and 2012–2016), factors driving these changes, and the impact of these changes on groundwater
level. Results indicate that Central Valley experienced a shift in cropping pattern from alfalfa, cereals
(rice, winter wheat, corn, and oats), and cotton, to nut (almonds, walnuts, and pistachios) and fruit
(grapes, oranges, and tomatoes) tree crops. This shift in cropping pattern was likely driven by high
crop prices, increasing trend in crop price, and increasing water pumping cost, particularly in the
relatively water-stressed southern parts of Central Valley. While the total cropland water use for
Central Valley remained the same during 2007–2016 (during both wet and dry years), they vary from
county to county. Some counties experienced large reductions in cropland water use, while other
counties experienced large increases in cropland water use, indicating the need for county-specific
water resource management. The results also indicate that both land management (determining
size of fallow land), as well as crop management (choice of crop types), are key factors in water
resource management.

Keywords: Central Valley; crop data layer; crop price; crop water use; drought; land use change; nut
and fruit crops

1. Introduction

The potential for more frequent, intense, and severe droughts under future climate
change is a concern [1]. The impacts of drought risk on agriculture and water security are
significant, as illustrated by the loss of crops and extreme water stress associated with recent
droughts in Russia [2], Syria [3], the Horn of Africa [4], the U.S. Midwest [5], Southeast
Asia [6], Cape Town drought [7], and the consecutive multi-year droughts in California [8].
These events highlight the ubiquity of drought and the potential catastrophic impacts—not
only locally but also at regional and global scales.

The last decade in California had been marked by eight abnormally dry years over two
drought periods: 2007–2009 (hereafter referred to as Drought 1) and 2012–2016 (Drought 2),
with a period in 2010–2011 of normal weather conditions (see Figure 1). The latter drought
was the most severe drought in recorded history, with records set for the 12-month pre-
cipitation average [1], the highest temperatures in more than 1200 years [9], the lowest
snowpack in 500 years [10], and the period with the most extreme drought indicators [11].
Geographically, the 2012–2016 drought affected the entire State of California, with more
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than two-third experiencing extreme or exceptional drought conditions between 2014 and
2016. The occurrence of consecutive multi-year droughts within a short period in California
offers an unprecedented opportunity to examine the impacts of more severe droughts, as is
projected under future climate change scenarios [1].

Figure 1. Percent of total area affected by drought in the State of California, United States [12].

California’s Central Valley is one of the world’s largest and economically most impor-
tant regions with irrigated agriculture. The region produces more than 50% of all fruits,
nuts and vegetables grown in the U.S, and is also the predominant producer (accounting
for 99% of national production) of highly nutritious specialty crops, such as almonds,
pistachios, and grapes. It hosts approximately 75% of the irrigated land in California and
17% of the Nation’s irrigated land [8,13,14]. It also has one of the highest concentrations of
endangered species in the country [15].

Previous studies examined some aspects of land use changes, driving factors, and
impacts on groundwater during 2007–2016 in Central Valley. During this period, increases
in fallow land area and reductions in irrigated land were reported [8,16,17]. Studies also
reported a reduction in acreage for alfalfa, cereals, and cotton, and an increase in acreage for
nut and fruit tree crops [18–20]. This shift in cropping pattern was attributed to higher crop
prices for nut and fruit tree crops [21,22]. Almonds (the most dominant nut in the region)
were reported to have the highest direct economic value in terms of dollars per kilogram,
compared to other crops growing on the region [23]. The shift in cropping pattern was
reported to have caused an increase in crop water use per hectare [19]. The surface water
in Central Valley during the 2014 drought was reduced by 8 billion cubic meter, of which
6.2 billion cubic meter was replaced through pumping of groundwater, causing dramatic
depletion of groundwater [8]. This groundwater overdraft led to higher pumping costs [8],
poorer water quality [24], decreased well yields [25], and land subsidence that puts state
and federal aqueducts and flood control structures at risk of damage [26]. Groundwater has
been reportedly declining over the past decades (3 km3/year on average during 1950–2009),
and, in the absence of future mitigating measures, this decline will likely continue, but at a
higher rate due to climate change [27]. Water deliveries to Central Valley from Colorado
River will become unsustainable toward the end of this Century due to declining snowpack
in the western United States [28,29]. It is also important to include irrigation rates in current
climate models to more realistically simulate regional water cycle dynamics in Central
Valley [30].

In an effort to address the ongoing severe groundwater depletion problem in the
region, California, for the first time in its history, passed the Sustainable Groundwater
Management Act (SGMA) in 2014, regulating the use of groundwater resources. SGMA



Remote Sens. 2021, 13, 650 3 of 19

requires local agencies to halt overdraft and bring groundwater basins into balanced levels
of pumping and recharge by 2040 for critically overdrafted groundwater basins, and by
2042 for high and medium priority basins [31]. Most of the overdrafted basins in the
State occur within the southern part of the Central Valley, whereas high and medium
priority groundwater basins dominate the northern part of the Central valley. Currently,
an active area of research and implementation is the identification of feasible water and
land management solutions at the groundwater basin or county level. Most of the studies
reviewed above treat Central Valley as one unit and therefore, do not take into account the
existing huge spatial variability in hydrometeorology and groundwater systems within
the Valley. There is a need to understand water and land management issues and explore
possible solutions at the county scale, where practical actions are taken.

The purpose of this study is to examine the changes in crop acreage during the 2007–
2016 period, both at Central Valley and smaller administration units (county) levels within
the Valley, and assess potential drivers and impact on groundwater resources. The paper
is structured as follows. First, the study region, datasets, and methodology are provided.
Then, the changes in crop acreages both at the Central Valley level and county level are
presented. This will be followed by the discussion of price trends, and their associations
with trends in crop acreage. Next, changes in groundwater levels during both drought
periods are displayed, and their associations with crop acreage changes are discussed.
Finally, we close the paper with conclusions.

2. Methodology
2.1. Central Valley, California

California’s Central Valley extends approximately 640 km north to south and on
average 64 km across, bordered on the east by the Sierra Nevada foothills and on the west
by the Coast Ranges (Figure 2). The Valley generally has low relief and is surrounded
by high-elevation watersheds in the Sierra Nevada. The Central Valley consists of the
Sacramento Valley in the north and the San Joaquin Valley in the south (Figure 2c). The
Sacramento Valley (SV) consists of ten counties: Butte, Colusa, Glenn, Placer, Sacramento,
Shasta, Sutter, Tehama, Yolo, and Yuba. The San Joaquin Valley consists of eight counties:
Fresno, Kern, Kings, Madera, Merced, San Joaquin, Stanislaus, and Tulare. The Central
Valley has a hot Mediterranean climate in the north; the southern parts of the region are
dry and categorized as desert. The long-term rainfall map (Figure 2d) shows a strong
precipitation gradient from the headwater watersheds to the valley floors, and from the
northern part (mostly semi-humid) to the southern part (mostly semi-arid) of the region.
The north-south contrast in water demand and supply motivated the construction of the
Central Valley Project and State Water Project aqueducts that transfer water from the Delta
to the south via hundreds of miles of aqueducts. Most of the precipitation across the entire
Central Valley falls during the period of November to March, while irrigation demand is
mostly in the summer (July to September). This mismatch is mitigated by some 18 major
headwater reservoirs (locations shown as circles in Figure 2c), which store winter flows
for release during the summer [27]. During recent droughts, surface water deliveries to
agriculture ranged from 0% to 30% of contracted amounts [32]. Groundwater pumping
increased as a result, amplifying the trend of long-term overdraft [33].
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Figure 2. Study area map and long-term rainfall: (a) location of the Central Valley in the U.S.; (b) Central Valley location in
California, (c) counties of the Central valley and its sub-basins (San Joaquin valley, and Sacramento valley), and (d) long-term
(2000–2018) mean annual rainfall (mm/year) obtained from the WorldClim global climate dataset (http://worldclim.org/).

2.2. Datasets

Crop acreage data were obtained from the Cropland Data Layer (CDL) products.
The CDL is a high-resolution (30 m) national land cover dataset that provides crop-level
information on a yearly basis. The CDL, available from 2007 to date, were generated from
the Landsat satellite missions by the United States Department of Agriculture/National
Agricultural Statistics Service (USDA/NASS) CropScape project (https://nassgeodata.
gmu.edu/CropScape/). The CDL datasets include up to 141 land use classes, 117 of which
are agricultural classes. The National Academy of Sciences has recommended the CDL data
as the best available crop and land cover information over the United States [34]. While the
CDL datasets are consistent in their accuracy and are not prone to errors that arise from
alternative methods, such as ground surveying, they are still subject to uncertainties that
result from the nature of land cover classification based on satellite remote sensing data. In
an effort to reduce the errors, we have averaged the 30-m datasets to county and Valley
levels, and also focused on long-term trends and variations over a 10-year period. A recent
study [8] compared crop acreage trends obtained from the CDL datasets and ground-based
survey data for Kern county and reported good agreement between the resulting trends.

Crop price data were obtained for the State of California from the USDA/NASS Quick-
Stats Service [35]. Data are based on annual averages and adjusted for inflation. Crop yield
data were obtained from the USDA/NASS QuickStats database (https://quickstats.nass.
usda.gov/), a comprehensive dataset compiling agricultural data from the United States.
This dataset is considered the most reliable for crop yield estimates [36]. In California,
data are available since the early 1990s for over 100 crops at the state level, but are only
available at the county level for some crops and counties. Given the difficulty of obtaining
data at the county-level, analysis of crop yields was conducted at the state level. The
crop yield data were analyzed to assess how the trends in crop acreage change would
translate to the total crop production: for example, a decreasing crop acreage trend with

http://worldclim.org/
https://nassgeodata.gmu.edu/CropScape/
https://nassgeodata.gmu.edu/CropScape/
https://quickstats.nass.usda.gov/
https://quickstats.nass.usda.gov/
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increasing crop yield trend would result in stable crop production. Mean crop water use
estimates for Central valley were obtained from Landsat-derived actual evapotranspira-
tion estimates provided by Reference [19]. The crop water use estimates were used to
analyze the potential impact of crop acreage change on crop water demand. Groundwater
level data were obtained from CASGEM (California Statewide Groundwater Elevation
Monitoring) (https://water.ca.gov/Programs/Groundwater-Management). This includes
seasonal and long-term groundwater level measurement by the California Department
of Water Resources. Data is available for wells serving various purposes, e.g., irrigation,
domestic, and monitoring/observation. We used data from the observation wells to assess
the groundwater changes during the drought years.

2.3. Approach

Our first step was to identify the most dominant crops in Central Valley by calculating
the long-term (2007–2016) average acreage for each crop type. The following 12 crops
collectively accounted for, on average, 95% of the total active/used cropland area in Central
Valley: almonds (21%), alfalfa (15%), grapes (10%), rice (10%), winter wheat (9%), walnuts
(7%), cotton (6%), corn (5%), tomatoes (4%), pistachios (3%), oranges (3%), and oats (2%).
We consider that, given their total contribution to land use, these crops provide a useful
baseline to understand impacts of the multi-year droughts in California. In addition, we
included the total active cropland area, the fallow/idle land area, the pasture/grassland,
and the forest land to enable a more comprehensive analysis of land use change.

The second step in our approach was to examine the 2007–2016 annual time series
of crop acreage at the Central Valley level for each dominant crop type. The time-series
analysis was made through visual observations of the time series graph, fitting a linear
trend model, and performing the Mann-Kendall (MK) test for trend analysis. The linear
regression analysis requires that the residuals from the fitted regression line be normally
distributed. We used the Fisher’s Transformation [37] to estimate the standard error of the
coefficient of determination (R2) estimate. The MK test, on the other hand, does not require
the assumption of data normality, as it is a non-parametric test [38]. The MK test has
been used to test the trend in crop water use in Central Valley [19]. Although our sample
size (11 years, 2007–2016) meets the minimum number (at least 8 to 10) of recommended
samples for MK test [39], the lower sample size may compromise the quality of the test
to detect a statistically significant trend in some crops. In cases where there would be
expansion of crop acreage, we also brought yearly crop yield data to see if there was any
compromise in crop yield due to drought. The third step in our approach was to compute
the change in crop acreage for each county, by taking the difference in crop acreage between
the ending and beginning years of the study period (2016 and 2007). This step would reveal
the magnitude of crop acreage change for each crop type on a county level.

Next, we examined the possible role of crop price in explaining the trend in crop
acreage data. We performed time-series analysis of the crop price data, and compared the
resulting trends to trends in crop acreage data. Anticipating that crop price increases may
be important to offset increasing costs in water extraction (pumping) cost, we computed the
change in groundwater head for several groundwater well locations. Finally, we assessed
the possible impact of crop acreage trend on crop water use, by using crop-specific crop
water use computed for the region by Reference [19].

3. Results and Discussion
3.1. Trends in Crop Acreage at Central Valley Level

Figure 3 shows the time series (and fitted linear trend and significance test results) of
active cropland, fallow cropland, and pasture and forest areas. Figures 4 and 5 display the
time series of acreages (as well as crop yield and crop price) for each of the 12 dominant
crop types. Figure 6 presents the percentage change in crop acreage in 2016 relative to 2007,
for each crop type.

https://water.ca.gov/Programs/Groundwater-Management
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Figure 3. Time series of (a) active cropland, (b) fallow cropland, and (c) pasture land and forest land,
for Central Valley, and its two sub-basins, Sacramento Valley and San Joaquin Valley. In addition,
shown are fitted linear equations (in dotted lines), coefficient of determinations (R2), and Mann-
Kendall trend test p values. p-values (PMK) less than 0.1 indicate trend is statistically significant at
10% significance level.
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Figure 4. Time series of crop acreage, yield, and price for the most six dominant crops in Central
Valley: (a–f) crop acreage (× 1000 hectare), (g–l) crop yield (metric ton/hectare), and (m–r) crop
price (US $/metric ton). In addition, shown are fitted linear equations (in dotted lines), coefficient
of determinations (R2), and Mann-Kendall trend test p values. p-values (PMK) less than 0.1 indicate
trend is statistically significant at 10% significance level.
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Figure 5. A continuation of Figure 4 for the remaining dominant crops.
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Figure 6. The change in crop acreage (in hectares) in Central Valley between 2016 and 2007 for each
crop type, and the total cropland. The change is calculated as the acreage in 2016 minus the acreage
in 2007.

Active/Used Cropland Area: The active cropland acreage in Central Valley averaged
at 2.3 million ha during the 2007–2016 period and remained relatively stable with no
statistically significant linear trend according to the Mann-Kendall test (Figure 3a). Com-
pared to 2007, the active cropland acreage showed a slight reduction by 57,000 ha (or
2.6%). Approximately, three-fourths of the Central Valley cropland area were located in
San Joaquin Valley.

Fallow/Idle Cropland Area: Although cropland area remained stable, fallow land
acreage in Central Valley sharply increased (with statistical significance, p < 0.05), and
tripled during the 10-year period, from about 180,000 ha in 2007 to 450,000 ha in 2016
(Figure 3b). Both San Joaquin and Sacramento Valleys showed statistically significant
increasing trends. The fallow land increment rate for San Joaquin Valley was twice as much
as for Sacramento, which could be attributed to the relatively more severe water shortage
problem in San Joaquin Valley [17].

Conversion to Cropland: The increased fallowed land, while the active cropland was
about the same, indicates that additional cropland was gained through conversion of land
used previously for other purposes, such as conversion of oak woodlands to vineyards [40].
To assess the source of land conversion, we looked at the time series of pasture/grass land
and forest in Central Valley (Figure 3c). The forest land did not show any decreasing trend.
However, we see a decreasing trend for the pasture land acreage with moderate coefficient
of determination (R2 = 0.46 ± 0.07), although the confidence is slightly lower (p = 0.1).
Therefore, the conversion to cropland possibly came from pastureland [41].

Crop-Specific Acreages: In the following sections, we describe the trend in crop-
specific acreages. The time series of crop-specific acreages is presented in
Figures 4a–f and 5a–f, with crops ordered according to their dominance by acreage. In
addition, shown in Figures 4g–l and 5g–l are crop yield per hectare. For our discussion, we
have grouped the crops into two categories: perennial (almond, alfalfa, walnut, pistachios,
oranges, grapes) and annual (cotton, rice, oats, corn, wheat, tomatoes).

Perennial Crops: The perennial crops in Central Valley discussed below consist of tree
nuts (almond, walnut, and pistachios), fruit crops (oranges and grapes), and alfalfa.

With an acreage of about 400,000 ha in 2007, almonds were the second dominant crop
(alfalfa being in the first place) in Central Valley, representing 18% of the Valley’s total
cultivated cropland. In 2016, almond acreage increased to 600,000 ha, accounting for 28% of
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the Valley’s total cultivated cropland acreage, and overtaking alfalfa as the most dominant
crop in the Valley (Figure 6). According to the 2007–2016 time-series plot (Figure 4), almond
acreage showed a statistically significant increasing trend. The majority of the almond
acreage (85% in 2007, and 83% in 2016) was located in San Joaquin Valley, where water
resources are limited compared to Sacramento Valley. Almonds were the most dominant
crop each year in San Joaquin Valley. In contrast, in Sacramento county, almonds were the
fourth dominant crop in 2007 (after rice, alfalfa, and walnuts), and the second dominant
crop in 2016 (after rice). Walnuts were ranked eighth by acreage in 2007 with an acreage of
121,000 ha, and their acreage increased to 168,000 ha in 2016, taking the fifth rank (Figure 6).
According to the Mann-Kendall test, the walnut acreage showed a statistically significant
increasing trend during the 2007–2016 (Figure 4). Walnut acreages were spread equally
in both Sacramento and San Joaquin Valleys. Pistachios were ranked tenth in 2007 with
an acreage of 60,000 ha, and their acreages doubled in 2016, taking fifth rank (Figure 6).
Pistachio acreage showed a statistically significant increasing trend during the 2007–2016
period (Figure 5). The pistachios were predominantly (98%) grown in San Joaquin Valley.
The crop production is a function of not only crop acreage but also crop yield. The trend in
crop yield per hectare (Figures 4g–l and 5g–l) showed mixed results: no-trend for almonds
and pistachios (with the exception of 2015 for pistachios), and increasing trend for walnuts.
Therefore, the increase in tree nut crop would overall translate to increase in tree nut
production. Many additional factors including pollination, dormancy, and crop infection
may jointly contribute to crop yield [42]. For example, almond trees are considered as
moderately alternate bearing crops, and, as such, they may have a higher yield in one year
followed by lower yield the next year [43]. The record-low crop yield for pistachio in 2015
was attributed to lower chill hour in that year [44].

With regard to perennial fruit crops, grape acreage was 242,000 ha in 2007, ranking
fourth, and increased to 304,000 ha in 2016, jumping to second place (Figure 6). Grape
acreage showed a statistically significant increasing trend during the 2007–2016 period
(Figure 4). Grape was predominantly (over 90%) grown in San Joaquin Valley. The other
fruit crop, orange, had the lowest acreage (19,000 ha) of all counties in 2007 but saw its
acreage tripled to 57,000 ha (Figure 6). During the 2007–2016 period, the orange acreage
showed an increasing trend with moderate coefficient of determination value but with a
relatively lower confidence due to p-value around 0.3 (Figure 5). Almost all orange acreages
were located in San Joaquin Valley. Grape had a stable crop yield during the study period,
while orange had high fluctuations.

The perennial crop that did not follow the acreage trends of nuts and fruit crops was
alfalfa. Alfalfa was one of the dominant crops in Central Valley, with an acreage of 411,000
ha in 2007 ranking as the top dominant crop by acreage. However, its importance decreased
over time, as its acreage reduced to 240,000 ha, falling to third place, after almonds and
grapes (Figure 6). During the 2007–2016 period, alfalfa acreage showed a decreasing trend
but with stable yield (Figure 4). The majority (82%) of alfalfa acreage was located in San
Joaquin Valley.

Annual Crops: The annual crops discussed below consist of cereals (rice, oats, corn,
winter wheat), cotton, and tomatoes.

Rice was the third dominant crop in 2007 with an acreage of 247,000 ha. Its acreage
slightly reduced to 225,000 ha, dropping to fourth place (Figure 6). During the 2007–2016
period, rice saw a slightly decreasing trend (Figure 4). The rice acreage was low at the
peak of the drought periods (2008 during drought 1, and 2014 during drought 2) and
high during the intervening non-drought years (e.g., 2011), indicating that the rice acreage
declined during drought periods and rebounded when normal rain conditions occurred.
Rice has the highest crop water requirement of all the crops considered here and grows
predominantly (98%) in Sacramento Valley, a region which has more dependable water
resources availability than San Joaquin Valley. Winter wheat had an acreage of 227,000 ha
in 2007 (ranking sixth in acreage), and saw its acreage decreased to 152,000 ha in 2016, drop-
ping to sixth place. The Mann-Kendall test for winter wheat acreage showed statistically
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significant decreasing trend at 10% significance level (Figure 4). The majority (75% to 85%)
of winter wheat acreage was located in San Joaquin Valley. Corn acreage was 186,000 ha in
2007, and dropped to one-third of it in 2016 (Figure 6). Corn acreage showed a statistically
significant decreasing trend during the 2007–2016 period (Figure 5). About 80% of the corn
acreage was located in San Joaquin Valley. Oat acreage was 71,000 ha in 2007, ranking ninth
by acreage, and reduced to half of its size in 2016, becoming the least dominant crop of all
the twelve crops considered. Oat acreage showed a decreasing trend during the 2007–2016
period (Figure 5). The majority (85% to 90%) of oat acreage was located in San Joaquin Val-
ley. As far as crop yield is concerned, a decreasing crop yield trend was observed for cereals
(winter wheat, oats, and corn) grown predominantly in the water-stressed San Joaquin
Valley, whereas an increasing crop yield was observed for rice which grows predominantly
in the relatively water-abundant Sacramento Valley (Figures 4 and 5).

Cotton had an acreage of 207,000 ha in 2007, ranking sixth, and its acreage reduced
to half of its size in 2016, dropping to ninth rank (Figure 6). During the 2007–2016 period,
cotton acreage showed a statistically significant decreasing trend at 10% significance level
(Figure 5). Almost all cotton acreage (>99%) was located in San Joaquin Valley. The crop
yield for cotton showed large fluctuations during the study period (Figure 5).

Tomato was an exception of all the annual crops, as its acreage showed statistically
significant increasing trend during the period 2007–2016 (Figure 5). Its acreage in 2007 was
38,000 ha but tripled to 123,000 in 2016 (Figure 6). Almost all tomatoes were grown in San
Joaquin Valley.

3.2. County Level Analyses

Figure 7 shows the change in crop acreage for each county by comparing data for the
ending year of the study period (2016) to the beginning year (2007). All counties exhibited
a similar shift in cropping pattern: acreage reductions in alfalfa, cotton, and cereals, and
acreage increases in nut and fruit tree crops. However, the magnitude of change was much
larger for counties in San Joaquin Valley, a region with less dependable water resources.
Striking changes in crop acreages include the following: (1) Kings county showed the
highest loss in cultivated cropland acreage 55,000 ha, whereas Madera county showed
the highest gain in active cropland acreage by 24,000 ha, and (2) cotton acreage in Fresno
showed the highest loss in acreage by 57,000 ha, whereas pistachio acreage in Kern county
showed the highest gain in acreage by 30,000 ha.

3.3. Synthesis and Discussion
3.3.1. Crop Acreage Changes

During the 2007–2016 period, tree nuts (almonds, walnuts, and pistachios) and fruits
(grapes, tomatoes, and oranges) increased by a total of 485,000 ha (or 21.7% of the cultivated
land in 2007). Of this expansion, tree nuts contributed 62%, and fruits the remaining 38%.
The contribution of individual crops to the total increment was as follows (ordered by
magnitude of increment): almond (194,000 or 40%), tomatoes (84,000 ha or 17%), grapes
(62,000 ha or 13%), pistachios (59,000 ha or 12%), walnuts (48,000 ha or 10%), and oranges
(38,000 ha or 8%). With regard to the spatial distribution, almost 80% of the acreage increase
in tree nuts and fruits occurred in San Joaquin Valley. All counties showed increases in nuts
and fruits, but counties with the largest acreage increment were: Fresno (leading the list by
102,000 ha), followed by Kern (68,000 ha), Madera (52,000 ha), and Tulare (49,000 ha).
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Figure 7. The change in crop acreage (in hectares) in each of the Central Valley counties between
2016 and 2007 for each crop type, and the total cropland.

On the other hand, during the same period, alfalfa, cotton, and cereals (rice, winter
wheat, cotton, corn, and oats) decreased by a total of 542,000 ha (or 24.3% of the cultivated
land in 2007). Of this, the contribution of different crops was as follows: alfalfa (32%),
cotton (21%), and cereals (47%). With regard to spatial distribution, 80% of the total acreage
reduction occurred in San Joaquin Valley. Although all counties were affected, counties
with the largest acreage reductions were: Kern (by 95,000 ha), Fresno (by 94,000), Kings
(by 89,000), Merced (by 56,000 ha), and San Joaquin (by 50,000 ha). During the 2007–2016
period, the net cultivated area also decreased by 57,000 ha (or 2.6% of the active cropland
acreage in 2007).

3.3.2. The Role of Crop Prices

Table 1 shows the crop price per unit area (in $ US per hectare), obtained by multi-
plying 10-year average crop yield (metric ton per hectare) with crop price per unit weight
($ US per metric ton). We find the prices of fruit/nut crops per hectare to be much higher
than field crops. While the prices of tree nuts and fruit crops were estimated to be between
$8000 and $25,000 per hectare (Table 1), the field crops were estimated to be much less
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between $800 to $5000 per hectare. Such high market profits from producing fruits/nuts is
likely the primary motivation for the shift to tree nuts and fruit crops.

Table 1. The 10-year (2007–2016) average crop yield (metric ton per hectare), crop price ($ US per metric ton), crop price ($
US per hectare), and crop price ($ US per hectare-m), for each crop type. The crop prices are adjusted for inflation.

Crop Type Annual Crop Yield
(Metric Ton Per Hectare)

Crop Price
($ US Per Metric Ton)

Crop Price
($ US Per Hectare)

Crop Price
($ US Per Hectare-m)

Perennial Crops

Almonds (utilized, shelled) 2.45 5610 13,745 15,983

Walnuts 4.20 2811 11,806 13,889

Pistachios 3.15 5632 17,741 37,747

Grapes (fresh market) 18.14 1431 25,958 50,898

Oranges 29.30 297 8702 13,185

Annual Crops

Alfalfa 15.56 218 3392 4463

Cotton 1.65 2617 4318 6643

Rice 9.46 418 3954 3766

Winter Wheat 5.41 226 1223 3058

Corn 11.35 215 2440 3813

Oats 3.13 262 820 1491

Tomatoes (processing) 103.4 97 10,030 12,696

Figures 4m–r and 5m–r displays the time series of crop prices (in $ US per metric
ton) for each crop. During the 2007–2016 period, the prices of nuts and fruits were rising,
whereas the prices of cereals were falling and the prices of alfalfa did not change signifi-
cantly. Therefore, in addition to their higher prices, their increasing price trends have made
nuts and fruits lucrative cash crops to grow.

The increasing price trend for tree nuts and fruit crops was largely driven by in-
creased global demand (often surpassing global supply), as most of these crops were
exported worldwide, primarily to European Union, Canada, China, Japan, and Mex-
ico [45]. In addition, California dominates the supply sector, accounting for 90% of the
world’s almond production, 75% of the world’s walnut production, and 25% of the world’s
pistachio production.

The primary markets for alfalfa and cereals were domestic, and a number of factors
were at play determining the domestic crop prices, including competition from other
agricultural regions in the U.S. The alfalfa hay and silage corn prices were affected by losses
in the dairy sector [46]. Reduced alfalfa production within Central Valley had already
prompted expansion in other western States [47]. The prices for rice, corn, and grains have
been declining for a number for years [48].

Cotton is an exception for which its acreage trend cannot be explained by price trend:
its price showed an increasing trend yet its acreage was decreasing (Figure 5). Its relatively
lower price ($4300 per hectare), growing pest problems [49], and high operational cost [50]
have made cotton less attractive, especially when compared to high-value cash crops. The
reduction of cotton acreage in Central Valley had been going on for several years including
periods before the current study period. There was a decreasing trend in cotton acreage
since the mid-1990s [49], as well as a staggering loss of 75% in cotton acreage from 1997 to
2008 [50].

To investigate the role of water extraction (pumping) cost in crop choice decisions,
we present the change in groundwater head derived from groundwater well observations
across Central Valley during drought 1 (Figure 8a) and drought 2 (Figure 8b). During
drought 1 (moderate drought), 75% of the wells showed head depletion over 4 m, whereas,
during drought 2 (severe drought), 75% of the wells showed more severe head depletion
over 9 m. The groundwater depletion rate increased as one goes from north to south
direction, with severe groundwater withdrawal (more than 30 m) in the southern region.
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In addition, shown in Figure 8 are the time series of groundwater depth obtained at three
selected wells, located along a north-south transect in Central Valley. The water table drop
between 2007 and 2016 varied from 5 m (in Sacramento county), to 13 m (in San Joaquin
county), and to 37 m (in Tulare county), confirming that the groundwater depletion is
severe in the southern region, which was characterized by large crop acreage changes.
The high drawdown occurred due to intensive pumping during the drought events when
surface water availability for irrigation was scarce. The pumping cost during the drought
period increased by around $1000/year, on average, for Central Valley, and by a much
higher amount in San Joaquin Valley [17]. Such a drawdown level in the southern part of
Central valley incurred increasing pumping costs. Farmers in the southern part of Central
Valley were, therefore, more likely to choose crop types that justify the additional water
pumping cost. This seemed to favor the expansion of more profitable crops, mainly tree
nuts and fruits, in which crop prices are increasingly high, compared to alfalfa, cereals, and
cotton. Particularly, high water demand by alfalfa combined by its low value was unlikely
to be a good crop choice during drought.

Figure 8. The groundwater head change during (a) drought 1 and (b) drought 2, and (c) time series
of depth to groundwater for three wells located in Sacramento county, San Joaquin county, and
Tulare county.

3.3.3. Impact on Water Resources

Table 2 shows the cropland water use (for each county and total) calculated by sum-
ming up the water used for each crop, which in turn was obtained from the product of
the crop acreage and average crop water use. During the 2007–2016 period, the total crop
water use remained about the same, despite the reduction in cropland area by 57,000 ha
(or 2.6%). This can be explained by the cropping pattern shift from annual crops to more
profitable perennial crops. Perennial crops, like almond and walnut trees, use more water
per hectare—less than rice, but more than any of the other crops, especially cereals. During
the 2007–2016 period, the field crops lost a total crop acreage of 543,000 ha, which translates
to water reduction of 357,000 ha-m, or 658 mm of water per hectare, whereas tree nuts and
field crops gained a total crop acreage of 485,000 ha, which translates to increased water
use by 359,000 ha-m, or 739 mm of water per hectare. The water saved due to a reduction
in cropland acreage was, therefore, compensated by cropping pattern shift to nuts and
fruits, resulting in a similar level of total crop water use every year.
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Table 2. Impact on cropland water use estimates. Columns 2 and 3: cropland water use estimates (in
ha-m) for years 2007 and 2016; columns 3 and 4: difference in cropland water use estimates between
the two years (ha-m), and as a percentage of the 2007 cropland water use. The cropland water use was
estimated by summing up the water use for each crop, which in turn was calculated by multiplying
the crop-specific acreage with the mean crop-specific water use provided in Reference [19].

County 2007 Water Use 2016 Water Use 2016–2007 Change in Water Use

(ha-m) (ha-m) (ha-m) (%)

Shasta 3625 1748 −1877 −52

Tehama 11,546 17,735 6189 54

Glenn 74,070 77,844 3774 5

Butte 67,613 79,751 12,138 18

Colusa 101,124 99,849 −1275 −1

Sutter 78,963 79,469 506 1

Yuba 26,137 26,243 106 0

Yolo 70,468 70,127 −341 0

Placer 11,314 7633 −3681 −33

Sacramento 30,974 27,861 −3112 −10

Merced 132,687 121,212 −11,475 −9

San Joaquin 132,275 132,665 389 0

Stanislaus 82,348 89,033 6685 8

Fresno 243,690 249,656 5965 2

Madera 72,978 91,108 18,130 25

Kern 194,461 184,275 −10,186 −5

Kings 117,492 87,152 −30,339 −26

Tulare 148,375 158,468 10,092 7

TOTAL 1,600,141 1,601,829 1688 0.11

Although the total crop water use remained the same, the shift from annual (cereals
and cotton) to perennial (nuts and fruits) had important implications on water resources.
Perennial crops require watering throughout the year, whereas annual crops use water
only during their growing season. In addition, the expansion of perennial crops—which
need to be watered every year—lowers flexibility to reduce water use during drought
years, unlike annual crops that can be fallowed or rotated as needed on a yearly basis. For
example, during the 2012–2016 drought, some farmers bought million-dollar drilling rigs
to access deep groundwater aquifer, just to protect their massive investments in almond
plantations [51].

At the county-level, the impact of crop acreage change on water use was highly
variable, indicating that the importance of water use is highly context-specific. Among
San Joaquin Valley counties, water use for Madera county increased by 25% (in 2016
compared to 2007), whereas water use for Kings county decreased by 26%. Madera
was primarily characterized by large expansion of almonds (by 5000 ha) and grapes (by
16,000 ha), and modest reduction of alfalfa (by 13,000 ha). In contrast, Kings county was
primarily characterized by large reductions of alfalfa (by 24,000 ha), cotton (21,000 ha),
and corn (by 16,000 ha) and modest increases in tomato acreage (by 12,000 ha). Amongst
Sacramento Valley counties, water use for Tehama increased by 54%, while it decreased for
Shasta by 25%. Tehama saw large increases in almonds and walnuts (each increased by
about 5000 ha), whereas Shasta saw its rice acreage (which was dominant in 2007) being
completely wiped out in 2016. These water use changes can be integrated into water
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balances of the areas in order to further relate their impacts to the available surface and
groundwater water resources.

4. Summary and Conclusions

This study has examined the agricultural land use changes in Central Valley, California,
during 2007–2016, in response to two consecutive droughts (drought 1: 2007–2009, and
drought 2: 2012–2016), and associated drivers and impacts on water resources. The analyses
were performed both at Central Valley, as well as county levels.

At the Central Valley level, from 2007 to 2016, acreages of tree nuts (almonds, walnuts,
and pistachios) grew by 371,000 ha ( +64%), and acreages of fruit crops (grapes, oranges,
and tomatoes) grew by 217,000 ha ( +72%). On the other hand, alfalfa acreage reduced by
197,000 ha (−48%), cotton acreage reduced by 112,000 ha (−54%), and acreage of cereal
crops (corn, winter wheat, oats) reduced by 338,813 ha (or −46%). Overall, the active
cultivated land decreased by 57,000 ha (or −2.6%). The shift in this cropping pattern
was likely driven by high crop prices, increasing trend in price trend, and increasing
water pumping cost, particularly in the relatively water-stressed San Joaquin Valley. The
total cropland water use remained the same during the 2007–2016 period (whether it was
wet or dry year), despite a reduction in irrigated land acreage (by 57,000 ha or −2.6%),
indicating that the water saved due to the reduced irrigated land was compensated by the
cropping pattern shift. This practice resulted in substantial drawdown of groundwater
during drought years, by up to 30 m in some southern parts of the Central valley. This
is unsustainable and requires solutions (policy, management, and technology) to manage
California’s agriculture and water resources.

At the county level, there are similarities, as well as differences, in results among
counties. All counties showed a similar shift in cropping pattern. However, the magnitudes
of the crop pattern changes were much larger in the southern Central Valley regions, where
water resources are relatively more limited compared to the northern Central valley regions.
In addition, the impact of crop acreage changes on total water use varied highly from
county to county. From 2007 to 2016, some counties in San Joaquin Valley (e.g., Kings)
showed substantial reductions in crop water use (by 30,000 ha-m, or −26%), while some
other counties (e.g., Madera) showed an increase in crop water use (by 18,000 ha-m or
+25%). Similarly, in Sacramento Valley, some counties (e.g., Shasta) showed large reductions
in crop water use, while other counties (e.g., Tehama) showed substantial increases in crop
water use. This indicates that water resource management issues vary from county to
county; therefore, the solutions must be county-specific. The change in crop water use was
affected by both the change in the size of irrigated land, as well as the change in the relative
proportion of crop types, indicating that both land management (size of fallow land) and
crop management (choice of crop types) are key factors in water resource management. In
this regard, it is crucial to develop a long-term plan so that farmers know ahead of time how
much water is available to them and so that farmers who need to reduce perennial crop
acreages can do so without large investment losses. Given that farmer profit is the primary
driver of crop type decisions, it should be considered in the development of effective water
resource management strategies.

In addition to policy and management solutions, technological solutions may also
be important; however, research is needed to evaluate the effectiveness of such solutions
from the scientific community’s current understanding of the food-energy-water nexus
framework, as opposed to the traditional water-centric approach [52,53]. For example,
recently, the Alfalfa Project (https://thealfalfaproject.com/) was initiated to enable the
conversion of 95,000 hectares of alfalfa in San Joaquin Valley from traditional flood (and,
in some cases, sprinkler) irrigation to subsurface drip irrigation, with the expectation that
this would reduce water usage by some 47%. However, there are concerns that such high-
efficiency irrigation technologies will reduce the recharge to groundwater and, therefore,
end up exacerbating the water severity problem in the region rather than solving it. For
the Ogallala High-Plains Aquifer region, it was found that efficient irrigation technologies
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reduced groundwater recharge, as irrigated acreages substantially increased after the
widespread introduction of efficient irrigation technologies [52]. Research is, therefore,
needed in Central Valley to assess the impacts of high-efficiency irrigation technologies on
groundwater level.

Another example of technological solution that is currently the priority of California
Department of Water Resources is the Managed Aquifer Recharge (MAR). MAR methods
capture excess winter streamflow from rivers/creeks to recharge groundwater for later
use. MAR projects already exist in few locations of southern Central Valley (e.g., Kern
Water Bank). However, the capacity of MAR to recover southern Central Valley’s existing
groundwater overdraft is limited without transferring water from the delta [54]. MAR can
only recover around 3% to 8% of existing groundwater overdraft in San Joaquin Valley
using excess flow in this region [54]. This indicates the limitation of the supply side to
halt groundwater problem and the necessity of managing the demand side (e.g., land and
crop management).

Sustainable water resource management should also consider other competing water
demands, such as urban and ecological needs, and emerging soil salinity issues in irrigated
agriculture [55,56]. Finally, we note that the findings of this study are based on acreage
data from the Landsat-based CDL products and are valid to the extent that the accuracy of
these products (mainly their trends) are realistic.
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