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Limited Economic-Ecological
Trade-Offs in a Shifting Agricultural
Landscape: A Case Study From Kern
County, California
Ariani C. Wartenberg*, Diana Moanga, Matthew D. Potts and Van Butsic

Department of Environmental Science, Policy and Management, University of California, Berkeley, Berkeley, CA, United States

Increasing global food production and livelihoods while maintaining ecosystem health

will require significant changes in the way existing farming landscapes are managed.

To this end, developing a systemic understanding of the economic and ecological

impacts of different cropping systems, and identifying trade-offs and synergies between

them, is crucial to inform decision-making for policy makers and landowners. Here, we

investigate the impacts of agricultural land-use change for 15 distinct crops in Kern

County, California, by looking at spatial and temporal changes in ecosystem indicators.

We focus our analysis on three agricultural ecosystem pressures (water use, soil erosion,

and pesticide use) and three agricultural ecosystem services (profits, calorie production,

and C sequestration). Between 2002 and 2018, agriculture in Kern County underwent a

shift from annual row crop to nut tree crop production. At the landscape-scale, we found

high increases in ecosystem service provision (total profits, calorie production, and annual

C sequestration increased by 105, 29, and 37%, respectively), coupled with smaller

changes in ecosystem pressures (total soil erosion and evapotranspiration increased

by 10 and 5%, respectively, and total pesticide use declined by 4%). We identified

no salient trade-offs or synergies among crops. Our results illustrate that in the highly

productive agricultural hotspot of Kern County, a combination of changes in land-cover

allocation or land-use efficiency may have mitigated stronger negative environmental

impacts following a broad shift from annual to perennial crops.

Keywords: agriculture, ecosystem pressure, ecosystem service, land-use change, synergies, trade-offs

INTRODUCTION

Global agricultural systems, situated at the nexus of human-nature interactions, are indispensable
for human survival while also being a leading environmental stressor (Ramankutty et al., 2018).
Beyond food production, agriculture systems are critical to global energy production (biofuels) as
well as other commodities (Swinton et al., 2007). In addition, they currently provide 26% of direct
global employment (World Bank, 2020). Today, agricultural systems worldwide are estimated
to occupy 1.9 billion ha, equivalent to a third of all ice-free terrestrial land (Ramankutty et al.,
2008; Teluguntla et al., 2015). They represent a major driver of global environmental degradation:
agricultural irrigation is the biggest contributor to global water use (Wisser et al., 2008); poorly
managed agricultural systems directly contribute to soil degradation (Lal, 2015) and declining
pollinator populations (Potts et al., 2010); and rapid expansion of agricultural frontiers are driving
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forest loss and fragmentation, greenhouse gas emissions and
biodiversity loss (Foley et al., 2011; Ramankutty et al., 2018).
Minimizing the negative impacts of agriculture, while supporting
farmer livelihoods and maintaining food and commodity crop
production, remains one of the greatest challenges of the twenty-
first century. Doing so will require prioritizing the preservation
and restoration of remaining natural ecosystems, and improving
the ecological health and resilience of existing agricultural
landscapes (Rockström et al., 2017).

Today, much of the world’s crops are produced in already-
established farming regions (Rudel et al., 2009; Ramankutty
et al., 2018). In these landscapes, land-use change and
resulting impacts are driven by complex feedback interactions
between technological, socioeconomic and ecological factors,
which center around farmers’ decision-making and landscape
responses to these decisions (Benoît et al., 2012; van Vliet
et al., 2015; Thomson et al., 2019). To “optimize” agricultural
landscapes, for instance bymaximizing nutritional and economic
benefits while minimizing environmental degradation, requires
an understanding of how such land-use decisions may influence
essential ecosystem functions over time. Here, we aim to
gain a systemic understanding of trade-offs and synergies in
an agricultural context—characterized by a shift from annual
to perennial crops over a 16-year period. We do this by
assessing biophysical and socioeconomic indicators, selected
to represent a range of agricultural ecosystem pressures and
services, across a broad range of crop classes, and across temporal
and spatial scales.

Field-based comparisons between crop systems and
management practices show variable impacts on specific
ecosystem functions, yield, and profitability levels. For example,
agrobiodiverse farming systems, managed with a focus on
promoting genetic, varietal or species diversity of field crops and
surrounding plants, can support higher carbon sequestration,
improved soil fertility and water-holding capacity, and better
natural pest control and pollination services compared to
non-diversified systems (Kremen and Miles, 2012; Rosa-
Schleich et al., 2019). No-tillage farming similarly improves
ecosystem resilience, carbon sequestration, nutrient and water
cycling processes and biodiversity compared to conventionally
tilled systems (Lal, 2013). There is a wealth of localized
agronomic research which has assessed ecological functions and
socioeconomic dimensions associated with farm-management
decisions in many agricultural regions of the world (e.g., Eldon
and Gershenson, 2015; Himmelstein et al., 2016; Daryanto et al.,
2017). Often, however, quantitative studies focus on only one or
two well-studied ecosystem services across different cropping
systems or management regimes (Power, 2010; Leh et al., 2013),
or focus on the provision of several services across a small
number of cropping systems (Kearney et al., 2019). Scaling up
these types of analyses across an entire agricultural landscape can
provide new insights regarding ecological and socioeconomic
values associated with different crops.

Despite an increase in research investigating multiple
ecosystem functions in agricultural landscapes, spatially-explicit
assessments of multiple ecosystem indicators remain limited
(Barral et al., 2020; Chan and Satterfield, 2020). This may

be exacerbated by the time- and labor-intensive nature of
field-data collection, and frequent incompatibility of different
datasets across a range of indicators, time points, scales,
and geographic locations (Rindfuss et al., 2004; Feld et al.,
2009). The development of spatially explicit ecosystem service
models, like the Integrated Valuation of Ecosystem Services
and Tradeoffs (InVEST) models (Natural Capital Project, 2019),
allows researchers to circumvent this issue by integrating land-
cover data with ecosystem service projection maps (Nelson
et al., 2009; Tallis and Polasky, 2009; Leh et al., 2013). Often,
large-scale ecosystem service assessments focus on comparisons
between “cropland” and other land-use classes (Lawler et al.,
2014). While this provides important insights regarding the
potential consequences of unmitigated conversion of natural
ecosystems, such approaches are not designed to address wide-
ranging cropland heterogeneity. There is thus a knowledge gap
in our understanding of how factors like crop- or management-
choices may act as important, but potentially overlooked, drivers
of landscape-scale changes in agroecosystems.

The increasing accuracy and range of spatially explicit
and publicly available datasets constitutes an opportunity to
develop an interdisciplinary assessment of agricultural land-
use impacts within already developed agricultural areas. Here,
we conceptualize land-use change as a combination of two
types of farm-level decisions: land-cover allocation and land-
use efficiency. We define land-cover allocation as the spatial
distribution of crop species and commodities across a landscape,
reflecting crop selection choices by farmers (Caiserman et al.,
2019). Our concept of land-use efficiency extends the idea
of crop yields (e.g., Quaye et al., 2010). Here we define
land-use efficiency as a measure of resource use per given
area of land: for instance, the amount of water used, or of
carbon sequestrated, on one hectare of tomato cultivation. This
reflects variability in factors like farm management practices,
yield efficiency, or environmental parameters. Where satellite
imagery and/or public records are available, changes in land-
cover allocation are relatively straightforward to assess. However,
changes in land-use efficiency are more difficult to capture, as
they are driven by complex interactions between many factors.
Rather than approximating these complex interactions, we use a
mathematical approach to disentangle impacts related to changes
in land-cover allocation or other factors.

The consequences of changes in land-cover allocation and
land-use efficiency in developed agricultural landscapes are not
well-understood. On the one hand, innovative technology or
policy tools promoting improved land-use efficiency may lead
to higher outputs without diminished ecosystem services. In
parallel, environmental degradation through agricultural activity
continues to be well-documented (Clark and Tilman, 2017;
Thomson et al., 2019). We evaluate concrete outcomes of
these dynamics by focusing on agricultural indicators which
assess the positive effects (e.g., services) or negative effects
(e.g., pressures) of agricultural activities on socioeconomic and
ecological dimensions of agricultural systems. We specifically
focus on a suite of indicators measurable at the landscape
scale: pesticide use, water use, erosion risk, profit, calorie
productivity, and carbon sequestration. Thus, in our study we
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attempt to better understand landscape-level outcomes by (i)
assessing how agricultural land-cover change drives ecological
and socioeconomic impacts over time; (ii) evaluating interactions
between changes in land-cover allocation and land-use efficiency
across agricultural indicators; and (iii) identifying synergies
and trade-offs at landscape and individual crop scales. We
examine these dynamics across a range of cultivation systems
in California’s southern Central Valley, a hotspot of agricultural
production in the United States.

METHODS

Study Region
We selected a study area in Kern County (Figure 1), located
in the Southern Central Valley of California, and established
on predominantly Yokuts and Chumash territory (Native
Land Digital, 2020). Kern County is characterized by a semi-
arid climate; during the period of our study (2002–2018) it
experienced major drought events in 2007–2009 and 2012–2016
(Schauer and Senay, 2019). Climate change and reliance on
agricultural irrigation, shown to contribute to local groundwater
and surface water depletion (Faunt et al., 2016), have contributed
to increasing local water-use concerns. In parallel, Kern’s
agricultural production has seen significant perennial crop
expansion and decreases in annual crop production in recent
years (Mall and Herman, 2019). Kern County is a hotspot
for agricultural production and has consistently been ranked
among the top agricultural counties in California (California
Department of Food and Agriculture, 2021). Today, the county’s
agricultural production spans over 120 unique crop species (see
Supplementary Table 1), cultivated on over 350,000 hectares
of agricultural land (∼16.5% of the county’s land area), and
contributing a gross value of $7.5 billion annually (Kern County
Department of Agriculture and Measurement Standards, 2020).

Data Collection and Integration
For this study we developed detailed crop-boundary maps of
Kern County at the parcel-level for 2002 and 2018 (Moanga,
2020). We identified six locally relevant agricultural ecosystem
indicators representing three agricultural ecosystem pressures
(water use, erosion, and pesticide contamination) and three
agricultural ecosystem services (profits, calorie production,
and annual carbon sequestration). We define agricultural
ecosystem pressures to refer to pathways through which
human activity in agricultural systems may negatively impact
ecosystem functioning (similar to “ecosystem disservices” as
defined in Power, 2010), and agricultural ecosystem services
to refer to services or benefits from agricultural systems
that support human livelihoods or well-being (e.g., Costanza
et al., 1997). We compiled datasets from multiple sources,
including satellite-based data layers, spatially explicit farm survey
results, county crop reports, pesticide safety datasheets, crop-
specific literature, and agricultural extension estimates (see
Supplementary Tables 2–4 for details). For the 2 study years
(2002 and 2018) we converted all data to metric units and used
ArcGIS Pro to combine them with our crop boundary maps. The

FIGURE 1 | Study area in Kern County, California.

resulting dataset contained spatially explicit data for each parcel
and each crop in 2002 and 2018.

Land-Cover
Our land-cover maps were developed by integrating two publicly
available datasets: annual crop data from Kern County, depicting
parcel boundary polygons and crop commodities cultivated
in each parcel for a given year; and bi-annual land-cover
data detailing 11 broad land-use categories, developed by
the California Farmland Mapping and Monitoring Program
(FMMP). We created continuous land-cover shapefiles by
merging both of these datasets using ArcGIS Pro (Moanga, 2020;
Supplementary Table 2). The land-cover data presented in this
study are therefore based on Kern County parcel boundaries and
identify 18 distinct agricultural land cover classes. Most of these
represent individual crops selected based on their identification
as top-20 agricultural commodities in 2002 and/or 2018 in
official Kern County crop reports (Kern County Department
of Agriculture and Measurement Standards, 2020). Our data
includes annual row crops (Alfalfa, Cotton,Wheat), horticultural
crops (Carrot, Garlic, Onion, Potato, Tomato), fruit and nut tree
crops (Apple, Citrus, and Peach; and Almond and Pistachio), and
grapes (Grape). Other field and tree crops were aggregated into
two separate categories (Other field crops and Other tree crops);
we further identify unplanted agricultural land (Fallow) and land
used for livestock feed (Pasture/Forage) (Table 1). To estimate
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TABLE 1 | Total area (in hectares), and proportion of total agricultural land-cover in the study area (in percentages) for 18 distinct land-cover classes for 2002 and 2018 in

Kern County, which represent the dominant agricultural land-cover classes in the county.

Land-use area (ha)

Group Class 2002 2018

Annual row crops Alfalfa 41,751 (6.0%) 20,080 (2.8%)

Cotton 69,879 (10.0%) 11,579 (1.6%)

Wheat 33,878 (4.8%) 33,967 (4.8%)

Sum 145,508 (20.8%) 65,626 (9.3%)

Horticultural crops Carrot 19,934 (2.9%) 17,625 (2.5%)

Garlic 2,868 (0.4%) 2,686 (0.4%)

Onion 4,715 (0.7%) 3,281 (0.5%)

Potato 14,102 (2.0%) 12,755 (1.8%)

Tomato 7,575 (1.1%) 3,557 (0.5%)

Sum 49,195 (7.0%) 39,902 (5.7%)

Fruit trees Apple 1,534 (0.2%) 200 (0.0%)

Citrus 24,398 (3.5%) 29,129 (4.1%)

Peach 1,135 (0.2%) 321 (0.0%)

Sum 27,068 (3.9%) 29,651 (4.2%)

Nut trees Almond 49,092 (7.0%) 97,863 (13.9%)

Pistachios 21,546 (3.1%) 57,035 (8.1%)

Sum 70,638 (10.1%) 154,898 (22.0%)

Other field crops Other field cropsa 41,170 (5.9%) 52,318 (7.4%)

Other trees Other treesa 6,661 (1.0%) 7,380 (1.0%)

Grape Grape 43,595 (6.2%) 45,810 (6.5%)

Livestock feed Pasture/Forage 221,379 (31.7%) 238,785 (33.9%)

Fallow Fallow 93,893 (13.4%) 70,248 (10.0%)

Total 699,107 704,618

Arrows represent land-use area change (positive, negative or none) from 2002 to 2018.
aSee Supplementary Table 1 for a full description of the crops included in these two land-cover classes.

total cultivation areas for all land cover classes, we converted
continuous land-cover shapefiles to 30m resolution rasters and
applied pixel-counting methodologies in ArcGIS Pro. Land-
cover change dynamics over time were established by calculating
differences from 2002 to 2018.

Agricultural Ecosystem Pressure
Indicators: Water Use, Erosion Risk,
Pesticide Contamination
Our assessment focuses on three agricultural ecosystem pressures
in Kern County: water-use, soil erosion risk, and pesticide
contamination. We use actual evapotranspiration (ETa) rates as
an indicator for water use. ETa rates account for evaporation
from land surface plus transpiration from plants, and have been
successfully used to estimate crop-water use at the parcel-level
in Kern County by Schauer and Senay (2019). For this study,
we used the spatially explicit dataset developed by Schauer
and Senay (2019), available in 30m resolution raster format
(see Supplementary Table 2 for details). We used ArcGIS Pro
geoprocessing tools to convert this data to a 30m resolution
raster depicting mean hectare meters of ETa per parcel polygon
for 2002 and 2018.

We quantified total soil loss as an indicator for soil erosion
risk across the study area by applying the Natural Capital

Project’s InVEST (Integrated Valuation of Ecosystem Services
and Tradeoffs) Sediment Delivery Ratio (SDR) model (Natural
Capital Project, 2019). The SDR model is a process-based,
spatially explicit model which computes annual soil loss per
pixel based on Renard et al. (1997)’s revised universal soil loss
equation (RUSLE):

uslei=Ri·Ki·LSi·Ci·Pi

where Ri is rainfall erosivity, Ki is soil erodibility, LSi is a
slope length-gradient factor, Ci is a crop-management factor
and Pi is a support practice factor. To run the SDR model, the
following input layers are required: a digital elevation model
(DEM), rainfall erosivity Ri, soil erodibility Ki, land cover maps,
watershed boundaries, and Ci and Pi values per land cover
class (see Supplementary Table 2 for a detailed methodology
description). We applied the model to our land-cover maps for
2002 and 2018, and converted output raster datasets to 30m
rasters depicting predicted soil loss per parcel polygon, in tons
per hectare.

Pesticide use intensity constitutes a significant indicator in
an agricultural context, as pesticides are commonly used to
improve yields but also pose many ecological and human
health risks (Van Der Werf, 1996). To reflect this, we estimate
toxicity-adjusted pesticide application rates across our study
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area, based on publicly available pesticide application rates
and oral toxicity levels for commercially available pesticide
compounds (Supplementary Table 2). We calculated toxicity-
adjusted pesticide application per parcel (in kgeq ha−1) according
to the following equation:

Pea =

n
∑

p=1

(

R

T

)

p

with toxicity-adjusted pesticide application Pe, application rates
R, and toxicity levels T, based on US EPA guidelines, determined
for each parcel a and pesticide p. We used ArcGIS pro to integrate
the resulting output table with our land-cover maps, and to
generate 30m resolution rasters containing pesticide application
values per parcel polygon for 2002 and 2018.

We then used ArcGIS Pro spatial analysis tools to integrate
spatially explicit, parcel-specific datasets for all three agricultural
ecosystem pressure indicators with our 2002 and 2018 land-cover
maps, and to determine (i) total ETa, soil loss and pesticide
application attributed to each land-cover class; and (ii) mean
ETa, soil loss and pesticide application rates per hectare for each
land-cover class. Changes in indicator levels per unit of land over
time were determined by calculating differences (%1) from 2002
to 2018.

Agricultural ecosystem service indicators:
profit, calorie production, annual carbon
sequestration
We identified three agricultural ecosystem services in our
study region: profit, calorie production, and annual carbon
sequestration. Similarly to Goldstein et al. (2012), we
selected profits as an indicator to represent current direct
economic benefits arising from agricultural ecosystems (e.g.,
contribution to farmer livelihoods and to regional revenues).
Total profit per land cover class was determined according to the
following equation:

Pi,y=Ri, y−Ci,y

with profit P, revenue R and cost C distinct for each land cover
class i and year y. Profits were calculated based on county-level
crop-specific total revenue values for 2002 and 2018, and crop-
specific total cost values (which included production operating
costs as well as cash and non-cash overhead expenses). We note
that cost values for the land-cover classes Other field crops and
Other tree crops were based on the five individual crops with
greatest cultivation area contained within each class in each
study year (see Supplementary Table 2 for details). To ensure
comparability of values across study years we converted data
from 2002 to reflect 2018 prices (U.S. Bureau of Labor Statistics,
2020).

Another significant benefit arising from agricultural
ecosystems is related to food provision; here we focus on
calorie (kcal) production, which has previously been used as
an indicator for food provision (Mitchell et al., 2020). For
all agricultural crops except alfalfa and pasture/forage, we

determined the average kcal content per 100 g of non-processed
crops based on USDA estimates and converted this value to
kcal per ha based on reported crop yields. For alfalfa and
pasture/forage we used a conversion factor of 7.5% (Shepon
et al., 2016) to translate kcal contents from fodder to meat and
dairy products destined for human consumption.

Soil carbon sequestration constitutes an important indicator
for soil fertility, which underpins the healthy functioning of
agricultural ecosystems (Lal, 2018); here, we focus on annual C
sequestration, based on soil and litter components (in Mg C ha−1

yr−1). We consider that annual change, rather than absolute C
storage, is particularly relevant in an agricultural context as this
metric reflects changes in agricultural soil management practices
over time (Mitchell et al., 2020). Our assessment of annual C
sequestration is based on crop-specific reference values from
existing literature, which we applied to our 17 land-cover classes
(Supplementary Table 2).

We used ArcGIS spatial analysis tools to integrate tabular,
crop-specific datasets for all three agricultural ecosystem service
indicators with our 2002 and 2018 land-cover maps, and to
determine (i) total profits, calorie production, and annual C
sequestration attributed to each land-cover class; and (ii) mean
annual profit (in USD$2018), calorie production, and annual C
sequestration rates per hectare for each land-cover class. Changes
in indicator levels per unit of land over time were determined by
calculating differences (%1) from 2002 to 2018.

Contributions of Land-Cover Allocation
and Land-Use Efficiency to Overall
Changes in Indicators
At the scale of our study area, changes in agricultural indicators
(water use, soil erosion, pesticide use, calorie production, profits,
and annual carbon sequestration) are driven by changes in land-
cover allocation (i.e., how much land is planted in each crop and
where it is planted) and changes in land-use efficiency (i.e., the
mean observed indicator values per hectare). For example, during
our study period, almonds expanded their extent, increasing their
land cover allocation. At the same time, per hectare indicator
values for almonds also changed due to a wide range of factors
including management, climate, market-prices, water-prices, etc.
The total change in indicators at the study scale, therefore, is
composed of both changes in allocation and changes in efficiency.
To decompose how land-cover allocation vs. land-use efficiency
contributed to changes in total ecosystem pressures or service
provision, we developed a technique to calculate the contribution
of allocation and efficiency to overall changes.

We calculated the effect of land-cover allocation changes,
An,j as the change from observed 2018 values, due to changes in
land allocation only. To do this, we first calculated the observed
indicator change for each indicator between 2002 and 2018 for
each crop at the county scale.

Tn,j = In,j,2018∗ han,2018 − In,j,2002∗ han,2002

Where T is the landscape scale change in indicator j and crop n.

I represents the efficiency (i.e., per hectare) measure of indicator
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j and crop n; ha, represents the land allocation of crop n; and the
year subscript indicates the time period (2002 or 2018).

Second, we calculated two measures of changes, where land
use efficiency is held steady, but land use allocations changes. The
first measure varies land allocation (ha) but keeps efficiency at
the 2018 levels. The second varies land allocation (ha) but keeps
efficiency at the 2002 levels. Taking the mean of these values
isolates the change in T that is attributed to land use allocation.
We here call this value A.

An,j =

(In,j,2018∗ han,2018 − In,j,2018∗ han,2002)
+ (In,j,2002∗ han,2018 − In,j,2002∗ han,2002)

2

The output indicator, An,j, is the contribution of change in
land-use allocation toward the change in indicator value. For
example, taking the crop and indicator pair of nut trees and
water use, A indicates the contribution of nut tree expansion
from 2002 to 2018 toward the total change in water-use on
almond cultivation areas. By dividing An,j by Tn,j, we can
calculate the percent of change attributed to land allocation,
%1A (Table 2).

We use the same technique to calculate the change in total
indicator values attributed to changes in efficiency, holding land
use values constant while changing land use efficiency.

En,j =

(In,j,2018∗ han,2018 − In,j,2002∗ han,2018)
+ (In,j,2018∗ han,2002 − In,j,2002∗ han,2002)

2

Where En,j is equal to the amount of Tn,j attributed to changes
in land use efficiency. For example, taking the crop and indicator
pair of nut trees and water use again, E indicates the contribution
of changes in nut tree efficiency from 2002 to 2018 toward
the total change in water-use on almond cultivation areas. By
dividing En,j by Tn,j, we can calculate the percent of change
attributed to changes in efficiency, %1E (Table 2). We note that
the total change in the indicator value is the sum of the two
components A and E.

Tn,j=An,j+En,j.

Index Transformation for Trade-Off and
Synergy Assessment Across Land-Cover
Classes
To facilitate comparison between indicators and to
assess potential trade-offs and synergies across land-
cover classes, we transformed all agricultural indicator
values into composite index values at both the land-
cover class level and the parcel level, using a methodology
developed by Kearney et al. (2019). For indicators with
desirable outcomes (e.g., ecosystem services), we used the
following transformation:

Yi = 0.1+

(

Xi − bi

ai − bi

)

∗ 0.9

Where Y is the transformed index value for each indicator i,
X is the original value, and a and b are the maximum and
minimum values, respectively, observed across both study years
for each indicator. For indicators with non-desirable outcomes
(e.g., ecosystem pressures), a similar approach was used to obtain
a reverse transformation:

Yi = 1.1−

(

0.1+

(

Xi − bi

ai − bi

)

∗ 0.9

)

As a result, for all indicators, values closer to 0 represent non-
desirable outcomes, whereas values closer to 1 represent desirable
outcomes. For example, a value of 1 for pesticide-use indicates
low pesticide use, and a value of 1 for profit indicates high profits.

Statistical Analysis
We conducted two statistical analyses to investigate trade-offs. At
the landscape scale, we conducted a principal component analysis
(PCA) to composite index values for all measured indicators.
This analysis was carried out at the land-cover class level,
with the goal of assessing trade-offs and synergies of ecosystem
indicators between land-cover classes. We carried out separate
PCA analyses for 2002 and 2018 datasets, using the “FactoMineR”
package in R Studio version 1.3.1073 (Lê et al., 2008). The results
of this analysis suggest whether there are specific trade-offs
between land-cover classes.

To assess relationships between ecosystem pressure and
service indicators, we additionally applied a spatially explicit pair-
wise correlation to our parcel-level datasets. All parcels with
one or more missing indicator values were excluded; our final
dataset included 6,070 individual parcels. For each indicator (n
= 6 per parcel), we computed differences between 2002 and
2018 composite index values. We then computed a spatial-weight
matrix using the “spdep” package in R Studio (Bivand andWong,
2018). This matrix was applied to our parcel-level indicator
dataset to transform original value to distance-lagged values,
with the aim of correcting for potential spatial autocorrelation.
Pearson correlations for all possible pairs of indicators were
then calculated using the “corrplot” package in R Studio (Wei
and Simko, 2017). The results of this analysis show parcel-level
correlations between ecosystem service indicators, adjusted to
account for spatial autocorrelation.

RESULTS

Crop Composition Shifts: Increased
Perennial Cultivation, Decreased Cotton
and Alfalfa
The total land-use footprint of active and fallow agricultural
parcels and rangeland in Kern County remained relatively stable
at ∼700,000 hectares from 2002 to 2018. Annual row crops
saw the greatest decline in cultivation area from 2002 to 2018
(Table 1, Figure 2). While the area of wheat cultivation did not
vary significantly, the spatial footprint of alfalfa decreased by
52% (from 41,751 to 20,079 ha), and cotton decreased by 83%
(from 69,879 to 11,579 ha). Nut trees saw the greatest increase in
cultivation area from 2002 to 2018 (Table 1, Figure 2). Almond
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TABLE 2 | Change (2002–2018) in total indicator value (%1), as well as contribution of change in indicator values driven by changes in land-use efficiency (%1 E) and

land-use allocation (%1 A), for three agricultural ecosystem pressure indicators: actual evapotranspiration (ha-m), predicted soil loss (tons), and pesticide use (kg).

Land use Agroecological pressure indicators

Evapotranspiration Soil loss Pesticide use

% 1 % 1 E % 1 A % 1 % 1 E % 1 A % 1 % 1 E % 1 A

Annual row crops −55% 1% 99% −60% 14% 86% −49% −19% 119%

Horticultural crops −28% 36% 64% 26% 192% −92% 1% 2410% −2310%

Other field crops 18% −49% 149% 70% 55% 45% −37% 154% −54%

Grapes 19% 71% 29% 41% 85% 15% −3% 244% −144%

Fruit trees −5% 287% −187% 97% 86% 14% 19% 48% 52%

Nut trees 115% −3% 103% 113% −4% 104% 92% −21% 121%

Other trees −8% 222% −122% 123% 87% 13% −49% 116% −16%

Livestock feed 99% 89% 11% −69% 107% −7% −11% 162% −62%

Fallow −27% 9% 91% 63% 164% −64% −4% −576% 676%

Total 5% 10% −4%

cultivation area increased by 99% (from 49,092 to 97,863 ha)
and pistachio cultivation area increased by 165% (from 21,545
to 57,035 ha). The areas used for grape cultivation and livestock
feed remained relatively constant.

Agricultural Ecosystem Pressures:
Marginal Increases in Total Impact,
Fluctuating Land-Use Efficiency Rates
Total actual evapotranspiration (ETa) on agricultural land
increased by 5% (from 256,438 to 269,422 ha-m) between 2002
and 2018. Total ETa attributed to annual row crop cultivation
decreased by 55% (Table 2), accounting for a combined 14%
of total crop water use in 2018 (Supplementary Table 5). In
contrast, total ETa attributed to nut tree cultivation increased
by 115%, accounting for 39% of total crop water use in 2018.
For annual row crops and nut trees, the observed change in
total ETa (%1) was driven predominantly by changes in land-
use allocation ((%1A) (Table 2). In contrast, increased water-use
from livestock feed and grape production appeared to be mostly
driven by increases in per-hectare ETa rates, represented by%1E.
For fruit trees (particularly citrus) orchards, despite opposing
contributions of land-use allocation and water-use efficiency,
higher magnitudes in %1E may indicate that decreased per-
hectare ETa rates may have contributed to low total water-
use increases (Table 2, Supplementary Table 5). Annual water
productivity, calculated as the ratio of metric tons of crop
produced per m3 of water use (Van Halsema and Vincent, 2012),
decreased by 10% for almonds, 23% for alfalfa, and by 75% for
tomato production, but increased by 32% for apple cultivation
and by 109% in livestock feed areas.

Total annual soil loss across the study area increased by 10%
(from 277,359 metric tons in 2002 to 304,351 metric tons in
2018). Total annual soil losses from tree orchards saw large
increases. Increases in land-cover allocation (%1A) appeared
to contribute to higher total soil loss from nut tree orchards;
in vineyards and fruit tree orchards, per-hectare soil loss rates,
represented by %1E, may have had a higher contribution to
increases in soil loss (Table 2). Total soil loss from livestock feed

areas decreased by 69%; total soil loss from grape cultivation and
fallow land increased by 41 and 63%, respectively (Table 2).

Total pesticide application in the Kern County watershed
decreased by 4% (from 4.2 metric tons applied in 2002 to 4.0
in 2018). Pesticide application was high in grape and livestock
feed production areas, contributing a cumulative 40 and 39% of
total pesticide use in 2002 and 2018. In nut-tree orchards, an
increase in land-cover allocation (%1A) may have contributed
to a high (92%) increase in pesticide application (Table 2). For
horticultural crops and fallow land, we note that themagnitude of
%1A and %1E were similar, but occurred in different directions,
potentially leading to low changes in total pesticide application.
Rates of pesticide applied per metric ton of harvested crop
decreased for almond (7%), grapes (33%), and pistachios (41%),
which are all crops with an important 2018 land-use footprint
(Table 1).

Agricultural Ecosystem Services: Large
Increase in Total Impact, Fluctuating
Land-Use Efficiency Rates
Total calorie production increased by 29% (from 154 to 200
million kcal in 2018). Nut tree calorie production increased
by 147%; this increase appeared to be driven primarily by
increased land-cover. Calories from grape cultivation increased
by 44% and may have been driven primarily by increased per-
hectare production, represented by %1E (Table 3). We note
that the 740% increase in calorie production for “Other Trees”
is predominantly driven by an increase in high-calorie species
like olives and pecans in this category, along with increases
in yield production per area. For horticultural and annual row
crops, significant decreases in land-cover area, represented by a
high magnitude for %1A, may have been mitigated by increases
in per-hectare calorie production, represented by a high, but
oppositional, magnitude for %1E (Table 3).

Total profits across the study area increased by 105% (from
3.5 billion USD in 2002 to 7.1 billion USD in 2018). We
found large profit increases for nut trees, which contributed a
cumulative 32% to total 2018 profits; this increase may have
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FIGURE 2 | Land-use maps and Sankey diagram illustrating changes in land-cover allocation from 2002 to 2018 for predominant agricultural land-cover types in Kern

County. Areas depicted in white in our maps correspond to non-agricultural or no-data areas excluded from our analysis.

been driven primarily by increased land-cover, represented by
% 1A (Table 3). For annual row crops, a decrease both in
cultivation area and per-hectare profitability contributed to a
59% decrease in total profits. From 2002 to 2018, increases
in per-hectare profitability contributed to notable increases in
total profits from citrus (55%), garlic (135%), and grape (113%)
(Supplementary Table 6). Decreased per-hectare profitability for
pasture/forage areas may have contributed to their decline in
terms of total profitability (108%).

Total annual C sequestration in the study area increased
by 37% (from 236,178Mg C in 2002 to 322,598Mg C in
2018), despite significant losses in annual C sequestration from
annual row crops (65%) and horticultural crops (17%). Annual
carbon sequestration potential was highest for nut-trees, and
landscape-wide increases in annual C sequestration were driven
by the expansion of tree-crop cultivation (Table 3). Almond,
citrus and pistachio cultivation contributed to 69% of annual C
sequestration in 2018. We note that the 5% reduction in annual
C sequestration for fruit tree cultivation (Table 3) was driven
by an increase in the proportion of citrus trees in relation to
apple and peach trees, which were associated with higher annual
C sequestration rates in the literature (Supplementary Table 4).
Based on county-level yield reports, the carbon sequestration
potential per unit of crop produced increased by 368% for apples
and by 13% for pasture/forage and decreased by 13% for almonds
and 32% for peaches from 2002 to 2018.

Trade-Offs and Synergies
For 2002, the first two principal components of our analysis
explained 55.7% of the variance in composite indices, with

remaining principal components explaining 16% and less of
additional variance. Along the X-axis, corresponding to principal
component 1 (PC1), pesticide and water use were negatively
related to other indicators. We note an apparent synergy between
minimized soil erosion and maximized ecosystem services.
Our results also indicate synergies among water use, calorie
production and profits on the one hand, and pesticide use, soil
erosion and carbon sequestration on the other; as well as trade-
offs (indicated by negative relationships along PC2, represented
by the Y-axis) between these two groups (Figure 3).

For 2018, the first two principal components explained 49.9%
of the variance, with remaining principal components explaining
19% and less of additional variance. Along the X-axis, pesticide
and water use were again negatively related to other indicators,
whereas along the Y-axis profitability and calorie production
were negatively related to all other indicators (Figure 3). A
comparison of composite index values across individual land-
cover classes further indicated a lack of clear trade-offs and
synergies among land-cover classes: no crop groups had high
scores (index values > 0.75) for more than two indicators
simultaneously, and crops with one or more high index values
for ecosystem pressure indicators showed low index values for at
least one ecosystem service indicator (Supplementary Table 7).

Pearson correlation values between pairs of indicators
across both study years further confirm the existence of
significant trade-off dynamics between ecosystem services. We
found significant (p < 0.05) negative correlations between
improved water use and increased annual C sequestration (R2

= 0.33), increased profits and annual C sequestration (R2 =

0.28) and increased profit and improved pesticide use (R2
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TABLE 3 | Change (2002–2018) in land-use allocation (%1 A), actual total indicator value (%1), and contribution of change in indicator values driven by land-use

efficiency (%1 E), for three agricultural ecosystem service indicators: profit, calorie production, and annual carbon sequestration.

Land use Agroecological service indicators

Profit Calories Annual C

% 1 % 1 E % 1 A % 1 % 1 E % 1 A % 1 % 1 E % 1 A

Annual row crops −59% 11% 89% −16% −403% 503% −65% 0% 100%

Horticultural crops −19% −1% 101% 1% 2389% −2289% −17% 0% 100%

Other field crops 311% 82% 18% −19% 219% −119% 27% 0% 100%

Grapes 113% 93% 7% 44% 86% 14% 5% 0% 100%

Fruit trees 169% 90% 10% 2% −292% 392% −5% 0% 100%

Nut trees 251% 38% 62% 147% 14% 86% 103% 0% 100%

Other trees 75% 81% 19% 740% 94% 6% 11% 0% 100%

Livestock feed −108% 103% −3% −5% 250% −150% 8% 0% 100%

Fallow

Total 105% 29% 37%

FIGURE 3 | Principal component loadings and distribution of agricultural land-cover classes in Kern County, based on mean per-hectare variation in six agricultural

ecosystem indicators (evapotranspiration, soil loss, pesticide use, profits, caloric content, and annual C sequestration) for 2002 (A) and 2018 (B). Land-cover classes

were grouped into five land-use (LU) groups: field crops, tree crops, vineyards, pasture, and fallow.

=0.24). We also found a positive correlation between increased
profit and improved soil erosion (R2 = 0.23) (Figures 4, 5).
Our analyses also suggest weak, albeit statistically significant,
synergies between indicator pairs: pesticide and water use, calorie
production and profits, and carbon sequestration and soil erosion
(Figures 3, 4).

DISCUSSION

The aim of our study was to leverage recent availability
of spatially explicit, high resolution data in an agricultural
context to document land-use change and assess impacts on
agroecosystems. In doing so, we examine potential trade-offs

and synergies between indicators for agricultural productivity
and agroecosystem function. We focused our analysis on Kern
County, a well-established agricultural production hotspot in
which market and environmental factors strongly coincide. We
find that in Kern, crop composition shifted from a landscape
mostly dominated by annual crops to a landscape dominated
by perennial orchards from 2002 to 2018. For this time-period,
we found that, at landscape-scales, the total magnitude of
ecosystem services provided increased, while the total magnitude
for measured ecosystem pressures decreased or increased
marginally in comparison. This finding suggests that, in our
study region and for the indicators that we examined, landscape-
scale economic-ecological trade-offs remain a significant issue.
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FIGURE 4 | Matrix depicting pair-wise Pearson correlation outcomes for

temporal change (between 2002 and 2018) across six agricultural ecosystem

indicators (evapotranspiration, soil loss, pesticide use, profits, caloric content,

and annual C sequestration), at the parcel-level. Positive correlations are

depicted in purple, negative correlations are depicted in orange. Circle sizes

are proportional to the correlation coefficients; circles for non-significant

relationships (p > 0.05) are not displayed.

However, measured ecosystem pressures did not increase linearly
with ecosystem service benefits; negative impacts of land-
cover allocation shifts may have been mitigated by changes
in land-use efficiency—and vice versa. Our results do not
point toward clear economic-ecologic trade-offs or synergies
at the crop level. However, we find evidence of trade-
offs between ecosystem service indicators: for instance, we
observed increased evapotranspiration rates in crops with higher
carbon sequestration potential. These findings illuminate the
role of land-use change within already established agricultural
landscapes, where shifts in crop allocation andmanagement drive
significant ecological and socioeconomic change. Our results
provide evidence that minimizing trade-offs in an agricultural
context is a possibility, as our observations in Kern County
indicate the landscape as a whole has gotten much better at
producing profit and food, with relatively low increases in
agricultural water-use and soil erosion. This positive effect might
be enhanced in the future by improved incorporation of natural
habitats into the agricultural landscape (e.g., Bryant et al., 2020).

Shifts in Crop Composition Over Time
While the total agricultural land area in Kern County remained
relatively stable from 2002 to 2018, the cultivation area of
perennial crops (particularly almonds and pistachios) expanded,
displacing annual row crops such as alfalfa and cotton (Table 1;
Schauer and Senay, 2019; Arellano-Gonzalez and Moore, 2020).
Significant increases in the area footprint of fruit and nut
trees during California’s 2012–2016 drought (Schauer and Senay,

2019) may have been related to perceptions of new orchards
as a more stable, long-term investment than annual crops
during drought conditions (Howitt et al., 2015; Sanchez, 2017;
Moanga, 2020). In conjunction, global increases in demand for
nut products, subsequent price increases (Arellano-Gonzalez and
Moore, 2020), and a concentration of global almond production
in California’s Central Valley (Huang and Lapsley, 2019), likely
contributed to the observed increase in almond and pistachio
cultivation areas in our study region. At the landscape scale, we
found that this shift contributed to higher profitability, calorie
production and annual carbon sequestration.

In Kern County, landscape-wide shifts from more flexible,
annual-crop dominated agriculture toward more permanent
tree orchards may illustrate how interactions between climate
factors (e.g., drought) and market-drivers (e.g., almond demand)
influence the configuration of entire landscapes at relatively
short timescales. More research is needed to understand
how these drivers interact with other factors (technological
advances, labor policy, etc.) to ultimately determine farmers’
crop selection choices. Nevertheless, anticipating and managing
crop composition shifts based on known risk factors could allow
farmers and policymakers to get a head-start on “optimizing”
agricultural landscapes for the future.

Potential for Minimizing Landscape Level
Economic-Ecological Trade-Offs
As noted above, observed crop composition shifts from
2002 to 2018 were associated with significant increases in
calorie production, annual carbon sequestration and profits at
the landscape scale (Table 3). In parallel, total pesticide use
decreased, and actual evapotranspiration and projected soil
loss increased marginally (Table 2). There is ample evidence
of significant economic-ecological trade-offs associated with
conversion of natural ecosystems for agricultural use, and
with shifts from traditional to more intensively managed
agricultural systems in land-use transition frontiers (Clough
et al., 2016; Barral et al., 2020; Grass et al., 2020). Our findings
confirm the continued existence of such trade-offs in already
intensively managed agricultural regions. They also suggest that
mitigating negative impacts and managing for healthy ecosystem
functioning and economic and calorie production, may be
possible through a focus on improved land-use efficiency for
relevant agroecological indicators.

Our results are in line with other findings that illustrate
the possibility of limited economic-ecological trade-offs in
agricultural landscapes (Nelson et al., 2009; Clough et al., 2011).
In Oregon, a scenario-based projection of land-use change
impacts in an established agricultural landscape predicted limited
trade-offs between biodiversity conservation and a range of
ecosystem services (Nelson et al., 2009). The study found a
notable exception in trade-offs linked to commodity production
values. However, this outcome assumed that farmer decisions
are driven primarily by market-returns, and did not account for
market valuation of ecosystem services. In Kern County, water
scarcity risks already have direct economic impacts, including
significant crop losses and the need for increased investments
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FIGURE 5 | Maps depicting mean per-hectare change from 2002 to 2018 for six agricultural ecosystem indicators: (1) evapotranspiration, (2) soil loss, (3) pesticide

use, (4) profits, (5) calories, and (6) annual C sequestration. For all indicators, positive (green) values represent desirable outcomes, whereas negative (brown) values

represent non-desirable outcomes. For example, a positive (green) value for evapotranspiration indicates low water-use, and a positive value for profit indicates high

profit. Areas depicted in white correspond to areas of no change, and areas in black correspond to non-agricultural or no-data areas excluded from our analysis.

in groundwater-pumping infrastructure (Medellín-Azuara et al.,
2015). Farmers may have sought to address such increased costs
by converting to perennial tree crops, which can consume less
water than annual crops if managed appropriately, and can
generate higher returns despite high initial establishment costs,
for instance for irrigation and water storage (Arellano-Gonzalez
and Moore, 2020). Our results may signal that in landscapes
where environmental stressors already constitute limiting factors
for agricultural production, landowner decisions inherently
reflect attempts to address acute environmental constraints.

Optimization Across Crops May Require
Balancing Priorities and Solutions
Our comparison indicated limited synergies and trade-offs
across specific crop groups (Figure 3), with no land-cover
class emerging as a clear win-win or lose-lose solution for
the suite of indicators that we assessed. This points toward
the value of landscape heterogeneity in more ways than
one, as different cropping choices may enhance difference
landscape functions. More research is urgently needed to
accurately evaluate benefits and impacts of different cropping and
management approaches in agricultural landscapes, including for
a broader range of agroecological indicators. For instance, we
found evidence of trade-offs between two “desirable” outcomes
for agroecological function: limited evapotranspiration and high
carbon sequestration. We note that, while we only considered

annual C sequestration potential in our study, consideration
of above-ground biomass carbon storage would likely increase
the magnitude of total C sequestration benefits, potentially
exacerbating this trade-off. In Kern County, high increases in
both metrics were principally driven by the expansion of nut-tree
orchards. Tree plantations in temperate regions have previously
been linked with increased water demands (Jackson et al., 2005),
and trade-offs between water resources and carbon sequestration
appear to be highly dependent on soil characteristics and
vegetation composition (Liu and Li, 2019). Carbon-water trade-
offs are recognized as an inherent part of plant growth processes
(Medlyn et al., 2017). However, carbon-water dynamics at
landscape scales are still poorly understood, and currently
constitute a “hot topic” in ecosystem science research (Maxwell
and Silva, 2020). While we found no direct evidence that nut-
trees’ carbon sequestration potential is a significant driver of
farmers’ crop selection processes in Kern County, this outcome
of our study illustrates that climate solutions such as tree-
planting can have drawbacks, which need to be managed
for appropriately. More generally, this underlines that not all
agricultural ecosystem services are positively correlated (Tallis
and Polasky, 2009), and that in this light, win-win solutions
are elusive. We thus reiterate the need to carefully consider
the local relevance of potential agroecological benefits that
reflect the priorities of different stakeholders (Fischer et al.,
2014).
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We also found that observed changes in agricultural
indicators for different crops were driven by a combination
of changes in land-use allocation and land-use efficiency.
This suggests that farmers’ decisions regarding land-cover
allocation and farm management practices may have interacting
influences on landscape-scale outcomes. For instance, increases
in water demand from almond and pistachio orchards may
have been linked to increases in their cultivation areas (e.g.,
Supplementary Table 5; Schauer and Senay, 2019). For citrus, a
12% decrease in per-hectare evapotranspiration rates in citrus
orchards, potentially driven by improvements in water-use
efficiency, may have contributed to a relatively low increase in
total water-use, despite an 19% increase in citrus orchard area
footprint from 2002 to 2018. At the landscape scale, nut orchards’
high per-hectare impact in terms of agricultural ecosystem
pressures may have been mitigated by lower per-hectare impacts
and distribution of citrus and other crops.

We further note that yield productivity (in US tons per
hectare) increased for some of the county’s more lucrative
crops, notably for grapes (36%), contributing to high increases
in profits at the landscape level. This type of “balancing”
between positive and negative outcomes across the landscape
may further explain why, despite evidence of a correlation
between higher profit and increased pesticide-use across all
crops, we find evidence of minimized trade-offs between these
two indicators at the landscape scale. To continue mitigating
potential trade-offs, agronomic research seeking to understand
the underlying drivers of observed changes in productivity,
evapotranspiration, pesticide-use or soil erosion rates for
different crops, remains invaluable.

We further acknowledge that the outcomes of our study
may be limited, as assessments of other important agricultural
indicators (e.g., biodiversity, pollination, soil fertility, etc.), and
of the impacts of changes in farm management (e.g., planting
density, fertilization regime, tillage regime, etc.), could provide
valuable additional context. In addition, given continued risks
of water-scarcity in the region, more detailed assessments of
irrigation water sources and groundwater depletion patterns
related to different crops would be valuable. Finally, we
acknowledge that the indicators assessed here are not equivalent
or linearly comparable: a 1% increase in profit may not produce
the same level of benefit as a 1% decrease in evapotranspiration.
Nevertheless, our findings illustrate that interacting changes
in land-use efficiency and land-cover change may impact the
magnitude of ecosystem services or pressures across a landscape.
Within an agricultural landscape, targeted improvement of per-
hectare efficiency for sensitive agricultural indicators might
thus mitigate negative impacts associated with crops that are
otherwise desirable due to high market or nutritional values.

CONCLUSIONS

Continued agricultural expansion around the world is without
doubt driving considerable environmental degradation,

and policy solutions are urgently needed to address this
issue. In our study, centered in Kern County, we find
evidence that from 2002 to 2018, farm-level changes in
land-cover allocation and land-use efficiency contributed
to landscape-level increases in profitability and calorie
production, with limited increases in evapotranspiration
and soil loss. Land-use change within industrialized farming
landscapes, even over relatively short time-periods, may thus
lead to significant socioeconomic and ecological impacts.
Focusing on solutions that promote landscape optimization
and minimize ecologic-economic trade-offs, for instance
through improved crop-cover allocation and configuration,
mainstreaming of agroecological farm-management strategies,
or the development of more efficient irrigation, pest-
control and fertilization technology, could therefore have
significant impacts on the environmental footprint of future
farming landscapes.
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