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Impacts of winter cover cropping on soil
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Results from a 3-year study suggest that processing tomato and almond growers can adopt winter
cover cropping without changing irrigation practices.
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W

ater usage for agricultural production has
become a focus of attention among researchers, growers, policymakers and the
general public as the combination of climate change
and population growth threatens the availability of
freshwater resources (IPCC 2014). For irrigated agriculture to be sustainable, land use decisions must
consider water as a limiting factor; however, empirical data on water implications of many sustainable
agricultural practices is lacking (Iglesias and Garrote
2015; Rodriguez et al. 2009). The lack of such information can lead to low adoption of sustainable agricultural practices, such as with winter cover cropping in
California (Carlisle 2016).
Although winter cover crops — a wide variety of
plants that includes native grasses or seed mixes of
annual grasses and legumes — have emerged as a sustainable agricultural management practice, they are
not yet commonly adopted in the semi-arid Western
states and are grown on less than 5% of farmland in
California (Soil Health Institute 2019), potentially due
to uncertainties about the water required to establish
and maintain a cover crop and the costs associated
with cover cropping. Winter cover crops grow in the
cool season between specialty crop production cycles
— when the land would otherwise be left fallow — and
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end of the winter seasons, while evapo-transpirative losses due to winter
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suggest that winter cover crops in the Central Valley may break even in
terms of actual consumptive water use. California growers of high-value
specialty crops can likely adopt winter cover cropping without altering
their irrigation plans and management practices.

Co-authors Alyssa DeVincentis and Sloane
Rice install surface renewal equipment at
Davis. New UC field research indicates that
growers who farm processing tomatoes
and almond trees in the Central Valley
can potentially benefit from soil health
advantages associated with winter cover
cropping without increasing their water
footprint. Photo: Jose Pablo Ortiz Partida
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offer extensive soil-related benefits (e.g., soil health and
erosion control) for agriculture in many climates and
production systems (Delpuech and Metay 2018; Keating
et al. 2010; Lu et al. 2000; Pieters and McKee 1938;
Shackelford et al. 2019).
Two of the most prominent crops in California in
terms of acreage, processing tomato and almond, are
produced amidst a combination of pressures that affect
their management decisions (California Department
of Food and Agriculture 2018). Growers must manage
water resources to meet the unique agronomic requirements of their crops within a highly engineered system
of surface water deliveries, while complying with environmental regulations, and under a changing climate
that is creating increasingly variable, more expensive
and often unreliable water supplies (Aguilera et al.
2013; Hanak et al. 2019; Pathak et al. 2018). To compound the situation, major institutions responsible for
designing and implementing agricultural management
policies, such as government agencies that manage
water or promote land conservation, may push farmer
priorities in opposing directions if their recommendations are not in agreement with each other.
Previous research suggests that cover crops may
cause increased soil moisture depletion and calls for a
more comprehensive analysis of the impacts of winter
cover cropping on soil moisture and evapotranspiration
in California’s specialty crop industries (Mitchell et al.
2015; Mitchell et al. 2008). However, past research is
often dated or has been conducted in temperate regions
of the United States not facing similar agricultural
challenges as California (McVay et al. 1989; Prichard
et al. 1989). While growers anticipate benefits from
winter cover cropping, they lack concrete information
to decide if the potential water footprint is worth the
operational costs and potential hurdles associated with
this practice (DeVincentis et al. 2020; Sarrantonio and
Gallandt 2003).
As a result of recurrent drought conditions in
California, there is a need to quantify how winter cover

cropping affects soil moisture and evapotranspiration
on agricultural production fields across specialty cropping systems and climate gradients in California. This
is a critical step in understanding the water-related
implications of winter cover cropping and barriers to
adoption of this sustainable farming practice in semiarid irrigated systems. Our findings have implications
for growers, water resource planners and managers,
and policy makers working at the interface of agricultural production and resource conservation in the
water-limited context of California and other western
U.S. states.

Quantifying water budget
components
Winter cover crops may affect the water budget on
farms in the short-term through improved infiltration
and rainfall capture, soil erosion control, changes in
actual evapotranspiration losses, dew capture, and soil
cooling; or in the long-term through increased organic
matter content that improves soil-water dynamics (Basche et al. 2016; Lu et al. 2000; Tautges et al. 2019; Ward
et al. 2012). Our goal was to assess how winter cover
crops affect two of these components, i.e., soil moisture
and field evapotranspiration, during the period from
late fall to early spring on irrigated tomato and almond
production fields in California’s Central Valley. To
quantify these parameters, we established comparative
plots of winter cover crops and bare ground (clean-cultivated soil), serving as control, in the two crop systems
across California’s broad climate gradient. Study sites
were located in the northern Central Valley near Chico,
an area that has an average annual precipitation of 30
inches, and the southern San Joaquin Valley, where precipitation is about 5 inches per year. Our research team
first analyzed the soil water content using soil moisture
measurements, and then determined water losses due
to actual evapotranspiration (ETa) using the residual of
the energy balance (REB) method on a subset of fields
(fig. 1). The resulting data sets were then analyzed and
interpreted to estimate the impacts on soil water content and water losses by comparing cover cropped and
control plots at each study site.

Experimental design

Cover crop and control side by side in Firebaugh. Photo: Jeffrey Mitchell
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The study was conducted over a 3-year field campaign
on commercial production farms and research sites
throughout the Central Valley from 2016 to 2019. We
established 10 field sites through partnerships with
eight commercial farms (in Orland, Chico, Durham,
Dixon, Merced, Firebaugh, Shafter and Arvin) and
two experimental facilities located at University of
California Agricultural Experimental Stations (Davis
and Five Points) to represent the diversity of tomato
and almond operations within the Central Valley (fig.
2). Variables differing among sites included annual
precipitation, average temperature, past use of winter
cover crops, soil type and management history, and
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FIG. 1. Schematic of data collection on winter cover cropped and control (bare
ground) fields. Illustration: Larken Root.
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whether it was an annual (tomato) or perennial (almond) cropping system.
To represent the distinct priorities and management preferences between processing tomato and
almond orchard systems, we selected sites that manage
three types of winter cover crop systems: (1) cover crop
(usually a mix of peas and oats) planted in fields where
processing tomatoes are grown in rotation with other
annual crops, referred hereafter to as annual rotation
fields, (2) cover crop planted in the tree inter-rows of
almond orchards and (3) native vegetation (grasses)
allowed to grow in tree inter-rows in almond orchards,
which represents the simplest orchard floor management practice.
A replicable experimental design was implemented
at each study site while working within the grower’s
capacity and means to accommodate the data collection process. On-farm experimental design included
a cover cropped area to be compared with a control
area (clean-cultivated) of at least 4 acres in the annual
rotation fields, and at least four rows in the almond
orchards (table S1 in the online technical appendix).
Vegetative growth in the control areas was suppressed
with herbicide application once in the fall at most sites.

Data collection
The soil moisture data collection process generally
started in late fall for all sites (as early as October)
and continued until early spring (as late as March) for
the annual rotation fields and early summer (as late
as June) for almond orchards from 2016 to 2019. We
used a neutron hydroprobe (Campbell Pacific Nuclear, Martinez, Calif.) to measure seasonal changes
in soil moisture between winter cover cropped and
control plots at all sites with replications in time to
varying degrees. A minimum of four neutron hydroprobe access tubes were installed in each treatment
area at each study site to enable soil moisture readings
between 0.15 meter [m] below the soil surface and
2.7 m deep at 0.30-m increments if site conditions
permitted. Soil samples were taken during the installation of the access tubes and sporadically throughout
the field campaign (Grismer et al. 1995). Analytical
determinations of the gravimetric water content were
conducted on 2,755 soil samples to validate results
from the neutron hydroprobe readings.
The ETa of the winter cover cropped and control
plots was determined for two sites (Davis and Five
Points) for a period across 2017–2018 with the REB
method using the surface renewal (SR) technique and
equipment. The REB method calculates the latent
heat flux (LE) as the residual of the surface energy
balance, which is then used to determine ETa. Further
information on the methodology and equipment
used to collect data on changes in soil moisture and
evapotranspiration are provided in the online technical appendix.

FIG. 2. Map of data collection sites at eight commercial production farms and two
University of California research farms. Source: USGS.
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Data processing
The substantial set of experimental data provided an opportunity
to estimate the effects of cover cropping on soil moisture and ETa
despite its inconsistencies in time and space, which were due to
the inherent challenges faced in a field research study covering a
large geographic area and involving dozens of on- and off-farm
collaborators.
Analyzing soil moisture. We analyzed (1) statistical differences
between soil moisture for each individual day and depth of data collection, (2) trends in a study site’s soil moisture ratio and (3) trends in
the change of fractional soil moisture over the winter season for each
winter cover cropping system.
Data sets were first analyzed to determine the percent of time
and depth along the soil profile when soil moisture content differed
between winter cover crop and control plots at each study site. This
was done using two measurement methods: neutron hydroprobe
and gravimetric soil moisture. A series of t-tests were conducted using R software package (version 3.6.0; R Foundation for Statistical
Computing, Vienna, Austria) to evaluate the significance of the treatment factor (i.e., winter cover crop versus control) on soil moisture
using all measurements collected on a given day and at a given depth
for a particular site. We conducted a total of 3,755 tests from the neutron hydroprobe and 323 tests from gravimetric soil determination of
soil samples.
Based on the results of our analysis, the neutron hydroprobe data
was used to analyze trends in soil moisture over time. Neutron hydroprobe counts were first aggregated by study site, day, depth and
treatment. The counts were used to calculate soil moisture ratios by
dividing the average neutron hydropobe count from each depth of
the winter cover cropped plot by the average count from the corresponding control plot. A soil moisture ratio greater than 1 indicated
relatively more water in the cover cropped plot compared to the
control.
Then, fractional soil moisture was calculated for the top 1.2 m of
the soil profile to identify trends in cover crop systems. To calculate
fractional soil moisture at each site and each day of data collection,
we normalized the average neutron hydroprobe count by the maximum soil moisture measured at the corresponding treatment, site
and season. The maximum soil moisture was determined separately
for each treatment to account for potential differences in soil hydraulic properties between the individual plots. This process identified a
point of relative saturation, i.e., the day when soil in each treatment
plot reached its maximum moisture content and allowed us to see
how the soil moisture content in each treatment changed over the
season. The resulting data set of fractional soil moisture was used
to compare the percentage of peak soil moisture retained by cover
cropped and control plots at the end of the winter season, providing a
method to identify trends in a heterogeneous data set.
Analyzing evapotranspiration. Data sets of the surface energy
balance parameters collected using micro-meteorological measurements were analyzed and the REB method was used to quantify the
actual water losses (ETa) in winter cover cropped and control plots.
We compiled and used three data types for the analyses: weather, preflux and energy balance data (Paw U et al. 1995; Snyder et al. 1996).
Further information on the methodology used to quantify the ETa is
provided in the technical appendix. Additional information on the
SR and sonic anemometer analysis used in this research are fully discussed by Shapland et al. (2012).
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Co-author Alyssa DeVincentis taking baseline soil samples in Davis in
2016. Photo: Sloane Rice

To compare ETa of cover crop and control fields with reference
grass surface, reference evapotranspiration (ETo) values were obtained from the nearest weather stations of the California Irrigation
Management Information System network (https://cimis.water.
ca.gov/): number 6 (Davis) and number 2 (Five Points).

Soil moisture
Soil moisture was generally not statistically different (P-value < 0.05)
between cover cropped and control plots at individual sites during the
winter season (table 1, fig. 3). Of the 3,785 unique depth-day combinations from the neutron hydroprobe data set, 520 (14%) were statistically different; of the 337 unique combinations from the gravimetric
soil water content data set, 39 (12%) were statistically different. The
trend of minimal difference in soil moisture from the neutron hydroprobe data set was confirmed with results from the gravimetric soil
moisture determination (fig. 3); therefore, the remainder of analyses
were based on the neutron hydroprobe data set, which is more extensive and detailed in time and space.
We found different patterns of soil moisture trends for each cover
cropping system (fig. 3). Annual rotation fields with a winter cover
crop showed the widest range of soil moisture, with percentage of time
when soil water content differed ranging from 2% to 29% with respect
to control plots. This high variability may be a function of the specific
management history on each field, which differed among the four annual rotation field sites, as well as the soil- and crop-specific impacts
on soil moisture and evapotranspiration of winter cover cropping.
Almond orchards with winter cover crop showed a more consistent
behavior, possibly because almonds are grown on a narrower range of
soils than processing tomatoes in California with low to no soil disturbances. The soil moisture at these almond sites was not statistically
different (P-value < 0.05) between the winter cover cropped area and
the control over 95% of the time. These sites had the fewest depth-date
combinations to analyze (959) and did not grow winter cover crops
before the present experiment. Almond orchards that allowed growing native vegetation as a winter cover crop showed differences in soil

TABLE 1. Summary of neutron hydroprobe data collected from 10 Central Valley research sites, 2016 to 2019
Percentage of depth-dates combinations with
more water in each treatment

Latitude

No. days of data
collection

No. depth-date
combinations used
in analysis

Davis

38.55

47

423

0.2

2.1

Dixon

38.51

32

288

2.8

4.2

Firebaugh

36.73

21

208

18.8

0.5

Five Points

36.34

41

342

3.2

25.4

Chico

39.8

29

199

0.0

3.0

Merced

37.37

45

450

0.9

2.0

Arvin

35.20

31

310

3.2

1.6

Orland

39.67

62

519

0.0

11.2

Durham

39.61

60

553

0.7

27.8

Shafter

35.53

50

463

6.9

15.1

3.7

9.3
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FIG. 3. Percent of observations (depth-date combinations) when soil moisture differs between treatments (winter cover
cropped and control plots, P-value < 0.05). Values are based on all available data for each site over the entire time period
of data collection from 2016 to 2019.
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moisture with a slightly higher frequency, i.e., an average of 20% of the time.
In this study, rootzone depths for cover crops vary
due to the different types of cover crops grown. Despite
this variation, there are interesting trends in the instances where soil moisture differed between winter
cover cropped and control plots. Difference in soil
moisture occurred most often in the cover crop active
uptake water zone between 0 cm and 120 cm, averaging
83% across the study sites (table 2). Future studies may
only need to look at this part of the soil profile to further investigate the soil moisture and evapotranspiration impacts of winter cover crops over time.
For almond orchards, the instances when soil
moisture differed reveal contrasts between the use of
winter cover crop and native vegetation. Orchard plots
with winter cover crop show infrequent differences

relative to the control plots (fig. 3). These sites had not
used winter cover crop before the present study and
may provide insight into what growers can expect during the transitional period when a farm starts implementing this practice. When native vegetation was
used as a winter cover in almond orchards, the soil
moisture in the control area is often greater. During
the data collection campaign, we noticed that during
intense winter precipitation events, water pooled on
the surface of those orchard rows in control plots more
than in cover cropped plots. Pooled water creates unfit
farming conditions that could prevent or complicate
the use of machinery or trigger the occurrence of
anaerobic conditions in almond orchards during the
winter. The presence of a winter cover may be reducing
compaction and improving infiltration, facilitating
vertical and lateral water movement.

TABLE 2. Summary of instances when soil moisture differs between winter cover crop and control (bare ground)
agricultural fields in California’s Central Valley
Percentage of depth-dates where soil moisture differs
between treatments

Winter cover crop system

0–120 cm
Cover crop in annual rotation fields

93

7

Cover crop in almond orchards

85

15

Native vegetation in almond orchards

78

22

Average of all sites

83

17

Almond orchards with native vegetation
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FIG. 5. Box plots of fractional soil moisture averaged across 1.2 m at the end of the winter cover crop season offer a
comparison of the percentage of peak soil moisture retained by cover cropped and control plots in annual rotation fields
and almond orchards.
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FIG. 6. Bi-weekly and cumulative actual evapotranspiration (ETa) for winter cover cropped and control (bare ground)
plots on annual rotation fields and reference evapotranspiration (ETo). Data was collected during the winter cover
crop season of November 2017 to February 2018.
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A closer look at the individual sites within a single cover crop
system reveal important differences between sites that are similar
in cover cropping practice, location and precipitation patterns. The
aggregated soil moisture ratios for seasons 1 and 2 show that winter
cover crops or native vegetation can impact soil moisture on neighboring production fields in different ways (fig. 4). Examining sites
with similar pedoclimatic conditions shows significant differences
based on vegetative growth and diversity of cover crop mix. For
instance, in the almond orchards the plots with thicker vegetation
showed a lower ratio (i.e., more water in the control plot), while in the
tomato fields the plots with a mixture of over a dozen cover crop seed
species showed a higher ratio (i.e., more water in the cover crop plot)
than the plots with a three-seed mix (technical appendix).
Given the differences between study sites, in particular sites in
similar climates and soils as previously discussed, there are not significant differences in soil moisture at the end of the winter season
when results from all seasons and sites are aggregated (fig. 5). On
average, the production fields in this study never lost more than 15%
of fractional soil moisture from peak soil moisture by the end of
the winter cover crop season, for either winter cover crop or control
treatments. This result reveals that soil moisture retention was not
observably different between treatments in aggregate.

Evapotranspiration
Our research team measured ETa over the course of two winter cover
crop seasons from 2016 to 2018. The measurements conducted during
the first year of data collection provided a proof of concept for monitoring ETa over a winter cover crop and allowed the research team to
refine the data collection protocols and data management system. We
report ETa values determined from the data collection period of the
second year (November 2017 to February 2018), where a ten-fold difference in precipitation between the two sites, Davis (125 millimeters
[mm]) and Five Points (12 mm), allow for a climatic comparison from
November 15, 2017, to February 20, 2018.
The difference in seasonal cumulative ETa between winter cover
cropped and control ground is negligible in both Davis (3 mm) and
Five Points (18 mm) (fig. 6). The cumulative ETa in Five Points is
greater than the amount of precipitation in the same time period, but
may have been fed by preceding rainfall and some stored soil moisture, and these differences in evapo-transpirative water use can be
considered insignificant in the scheme of annual water requirements
for processing tomatoes, which are between 450 mm and 500 mm.
The bi-weekly cumulative ETa values in Davis reveal that during
periods of abundant precipitation, such as in January 2018, consumptive water losses are actually greater in the control plot and are
mainly due to soil evaporation from bare ground. During wet years,
it would be advantageous to have a winter cover crop to slightly
reduce evapo-transpirative water losses from the top soil layers. In
the drier climate in Five Points, the bi-weekly ETa from the winter
cover crop was always slightly higher than the control; however, this
measured ETa may also include condensed moisture that the cover
crop captured from dew and fog and the cumulative water losses are
minimal overall.

Applications and limitations
The findings from this study may be useful for specialty crop growers in the Central Valley for several reasons. Growers with annual
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fields in rotation with processing tomatoes may experience a variety
of changes in soil moisture resulting from winter cover cropping
depending on their unique characteristics, such as soil type or management history. Their fields may experience some extra consumptive
water losses through evapotranspiration during dry winters, but the
water used by winter cover crops amounts to less than a single irrigation event (1 inch) and less than 10% of field ETo. This small cost
may be offset by the possibilities of increased soil moisture, increased
organic matter content, reduced erosion and nutrient losses, and improved soil health after cover cropping for multiple years, which this
study did not capture.
Additionally, cover crops can improve the effectiveness of applying water during the dormant season to refill the soil profile and
leach salts. These combined potential management implications
could incentivize winter cover cropping for specialty growers of annual crops that are concerned with late winter rains delaying cover
crop termination, thereby preventing complications with contractual
obligations (DeVincentis et al. 2020).
Almond sites showed slightly more frequent differences in soil
moisture due to winter cover, but the inter-row cover and almond
trees mostly occupy different spatial niches. Growers with young almond orchards (fewer than 3 years old, before they produce almonds)
can take advantage of the soil health benefits of winter cover crops
while their orchards are not yet producing almonds without experiencing any changes in soil moisture due to winter cover cropping.
Growers with almond orchards who lease their farmland can allow
native vegetation to grow as a winter cover crop to enhance their
rhizosphere ecology without incurring costs that may impact their
business schemes. However, it is important to note that timing of
winter cover crop termination is key to having these benefits realized,
avoiding delays in normal farming operations, and preventing soil
moisture depletion due to extra ET when the temperature increases.
Because the research sites included commercial production fields,
these findings are representative of the reality that farmers experience in California. However, our study is limited by the inherent
challenges of field-based agricultural research. There are limitations
to the extent of control in the experimental design when conducting research on commercial farms. Additionally, our sites differed
in management history, years of cover cropping, motivations for
growing cover crops, operational resources, type of cover cropping,
location, rainfall, timing of cover crop termination, and soil characteristics, just to name a few variables. Despite these limitations,
however, collecting data at each of these sites allowed researchers to
create a diversified data set with thousands of measurements and to
design a careful data analysis process.
The aforementioned limitations can be addressed in future studies
that will benefit from the analytical results obtained and the lessons
learned during our field research. Future research efforts aiming to
better understand soil moisture changes that result from winter cover
cropping could target only soil depth up to 1 m (estimated maximum
active rootzone for cover crops), and at the same time increase the frequency of data collection, including before and after rain events. Such
research should look into the rain response impacts of winter cover
crops that could be captured with in-situ soil moisture sensors, which
do not require the regular site visits that are necessary when using
neutron hydroprobes.
Future research efforts to monitor how winter cover crops affect
actual field ET are necessary to build on the initial conclusions drawn
in this paper. The ET data presented here is limited in its scope of

annual rotation fields for 2 years, and future work should aim to (1)
produce longer time series of data up to and including the summer
months and (2) quantify the impacts of different cover crop types and
practices. However, to our knowledge, the data we presented in this
article is the first of this kind in California and can act as a valuable
starting point to build upon with additional and complementary data
sets and analyses.
Given the combined agronomic, hydrologic, regulatory and climatic pressures facing California specialty crop growers, there is a
need to identify sustainable agricultural practices that reduce the
environmental impacts of farming without complicating other farm
management choices. The results from our study suggest that growers
can potentially benefit from soil health advantages associated with
winter cover cropping with minimal water use by cover crops and
without having to change their spring-summer irrigation plans and
water management decisions. C
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