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Climate smart management
practices add value to mature
organic almond production
system

Raquel J. Krach*, Cynthia A. Daley and Garrett C. Liles

Center for Regenerative Agriculture and Resilient Systems, College of Agriculture, California State
University, Chico, Chico, CA, United States

This study assessed the impact of compost applications and multispecies cover
crops on almond production and soil health with the working hypothesis that
one or both practices would improve soil structure and fertility and therefore
increase the overall productivity of the orchard. Treatments were applied to a
17-year-old organic almond orchard in a randomized complete block design for
three consecutive years. Treatments included: (1) Fall-applied compost (COMP),
(2) Fall-seeded multispecies cover crop (MSCC), (3) both compost and cover crop
combined (COMP + MSCC), and (4) a non-treated control (CONT). Soil samples
were collected in the fall of year one, before treatments were applied, and again in
the fall of year three. Samples were analyzed for physical, chemical, and biological
characteristics at the Center for Regenerative Agriculture & Resilient Systems’
(CRARS) Regenerative Agriculture Demonstration Lab and at a commercial soil lab.
Almonds were harvested by row to determine yield within each plot and kernels
were analyzed for nutrient content after the third growing season. Understory
forage was collected in the spring of year three and analyzed for quality and dry
matter production. After 3 years, soil in all treatment plots (COMP, MSCC, and
COMP + MSCC) had higher quantities of soil organic matter (SOM), and therefore
carbon, nitrogen, and other nutrients, as compared to CONT, with compost
increasing SOM content more than the cover crop treatment (p < 0.05). Microbial
biomass was higher in COMP + MSCC plots compared to CONT plots (p < 0.05) and
microbial activity (soil respiration rate and % microbially active carbon) was higher
in the COMP plots compared to CONT plots (p < 0.05). Understory forage biomass
and nutritional quality were significantly higher in the MSCC and COMP + MSCC
treatment plots compared with plots without cover crops (p < 0.05). This is an
important benefit since orchard understory grazing with sheep is an important
component of this farm’s normal operation. Finally, almond yields and kernel
nutrient densities were significantly higher in treatment plots compared to control
plots (p < 0.05). Collectively, these results demonstrate the multiple benefits of
these regenerative/climate-smart practices in an organic orchard system.
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multispecies cover crop, compost, almond, regenerative agriculture, soil health,
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1 Introduction

Agriculture must adopt climate-smart management practices to
reduce the detrimental environmental impacts of modern farming
(Intergovernmental Panel On Climate Change (IPCC), 2023) mitigate
climate change through soil carbon sequestration (Paustian et al.,
2016) and provide resiliency for our current food production system
(Altieri et al., 2015; Lal, 20105 Li et al., 2019). While modern organic
farming has been shown to improve water quality (Rad et al., 2022;
Sivaranjani and Rakshit, 2019) and reduce the use of pesticides and
other inorganic inputs, additional soil health management practices
will be needed to slow the rapid loss of topsoil, conserve water, and
mitigate climate change. In fact, a recent analysis with biogeochemical
modeling determined that large-scale transition to organic production
with “normative” practices would result in a net loss of soil organic
carbon stocks (Gaudaré et al,, 2023).

Evidence is accumulating that agricultural management practices
that regenerate and maintain healthy soil improve agroecosystem
function, provide more farm resiliency, and mitigate environmental
problems including climate change (Blanco-Canqui and Francis, 20165
Lietal, 2019; Paustian et al., 2016). The primary mechanism for this
is increasing soil organic carbon, and the practices that achieve this,
sometimes referred to as “Regenerative or Climate Smart,” do so by
adding organic matter to the system and preventing the organic matter
already in the system from being lost. This is done by minimizing
chemical and mechanical disturbance; growing more plants, either in
time or space; importing organic matter in the form of organic
amendments; increasing biological diversity; and integrating livestock.

Organic amendments such as compost and multispecies cover
crops are two climate-smart practices amenable to orchard crop
management. They are known to provide ecosystem services such as
increased nutrient cycling, increased water use efficiency, decreased
pest pressure, and increased biodiversity (Fenster et al., 2021; Khalsa
etal, 2022; Lepsch et al., 2019; Wilson et al., 2022). This is critical, as
almonds and other orchard crops are of high importance in California
agriculture, both economically and environmentally, especially in the
context of increasingly unpredictable weather and water availability.

Previous research has shown that compost may provide myriad
benefits. Recent studies have found that, in general, organic matter
amendments (OMA) improve soil physical, chemical and biological
properties; increase crop nutrition, growth, and yield; and by
increasing the soil organic matter, increase plant available nutrients
and soil carbon sequestration (Diacono and Montemurro, 2011; Urra
et al., 2019). While there has been less research in perennial crop
systems compared to annual crops, these benefits have occurred in
nectarines and citrus in Italy (Baldi et al., 2018; Canali et al., 2004),
avocados in Spain (Lopez et al., 2014), apples in Arkansas and the
Pacific Northwest (Forge et al., 2013; Mays et al., 2014; Sharaf et al,
2021), vineyards in British Columbia (Hannam et al., 2016), and
almonds in California and Spain (Hodson et al., 2021; Khalsa et al.,
2022; Lepsch et al.,, 2019; Pérez-Murcia et al., 2021; Villa et al., 2021).

The use of compost in orchards and other perennial systems has
been found to improve the soil physical characteristics such as
compaction (Mujdeci, 2011) cation exchange capacity (Thompson and
Peck, 2017; Villa et al., 2021), dissolved salts (Pérez-Murcia et al.,
2021), bulk density (Mays et al., 2014), and aggregate stability (Khalsa
and Brown, 2017; Peck et al., 2011). When applied in almond orchards,
composted dairy manure was found to increase soil water retention
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which reduced tree water stress (Lepsch et al., 2019). Similarly,
increased water infiltration and higher water use efficiency were
achieved when compost was applied in peach production in Spain and
apple orchards in New Zealand and New York (Goh et al., 2001;
Lordan Sanahuja et al., 2015; Oliveira and Merwin, 2001).

Studies on compost in California almond orchards have found soil
organic carbon (SOC) increased more with green waste compost
compared to composted manure (Khalsa et al., 2022; Villa et al., 2021)
and fall compost applications resulted in greater soil organic matter
accumulation than spring compost applications (Lepsch et al., 2019).
Composted food processing wastes and sheep manure applied in
almond orchards in Spain led to a 25-50% increase in soil organic
matter compared with plots receiving no amendments (Pérez-Murcia
etal., 2021).

Compost application results in increased soil biological activity in
orchard systems (Baldi et al., 2018; Forge et al., 2013; Lopez et al,,
2014; Neilsen et al., 2014; Pérez-Murcia et al., 2021; Sharaf et al., 2021).
Higher microbial biomass carbon was associated with composted
materials compared to non-composted materials such as raw manure,
synthetic fertilizers, or no amendments (Baldi et al., 2018; Canali et al,,
2004; Neilsen et al., 2014; Pérez-Murcia et al., 2021). Enzyme activity
was found to be highest in the mulch treatment in avocados (Lopez
etal,, 2014). When soil bacteria, fungi, and nematode abundances and
diversity were evaluated, distinct communities were found to
be associated with compost use compared to the use of synthetic
fertilizer alone or no amendment in almond and apple orchard
systems (Forge et al., 2013; Hodson et al., 2021; Neilsen et al., 2014;
Peck et al., 2011; Sharaf et al., 2021; Thompson et al., 2019).

Finally, compost use has been found to have a positive or neutral
effect on crop growth and production. In almonds its application led to
faster young tree growth (Hodson et al., 2021), and higher soil and
kernel nutrient content with no reduction in overall yield (Pérez-Murcia
etal., 2021). Sharaf et al. (2021), Forge et al. (2013), and Thompson et al.
(2019) found that OMA maintained yields compared to conventional
production and/or led to increased above-ground apple tree growth. In
other long-term studies, Nectarine yield was maintained [compared to
mineral fertilizer (Baldi et al,, 2018), and peach (Lordan Sanahuja et al,,
2015) and avocado (Lopez et al., 2014)] yields increased with OMA.

Cover crops are another practice shown to provide numerous
benefits. They increase the health of the ecosystem and improve soil
health by armoring the soil, increasing ecosystem primary productivity,
and increasing biodiversity above and below ground. Planted between
the tree rows, cover crops become an understory for the orchard systems
like a natural system and provide vital ecosystem services for both the
farmer and the planet (Blanco-Canqui and Francis, 2016; Blesh et al,
2019). The list of services provided by cover crops has been well
documented: carbon sequestration; nutrient cycling; weed and pest
suppression (Finney et al., 2017; Wilson et al., 2022); provision of habitat
for pollinators and other beneficial animals (De Leijster et al., 2019);
reduced erosion, thus reduced soil and nutrient loss (Martinez-Mena
etal, 2020); and better water holding capacity as a result of improved
soil structure (Blanco-Canqui and Francis, 2016; Blesh et al., 2019;
Chapagain et al., 2020). There are financial benefits for the producer
when the use of cover crops allows for the reduction in chemical inputs
or provides additional income streams when grown for grazing, forage,
seed, or straw while maintaining or increasing the primary crops yields
(Chapagain et al., 2020; De Leijster et al., 2019; Fenster et al., 2021;
McKenzie et al., 2017; Ramos et al., 2011). Because different cover crop
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species provide different benefits, such as biomass production, nitrogen
fixation, reduction of soil compaction, weed, and pest suppression, and
pollinator habitat a mixture of species from different functional groups
may provide the most benefit (Blesh et al., 2019; Chapagain et al., 20205
Finney et al., 2017; Haring and Hanson, 2022; Moukanni et al., 2022).

Cover crops physically, chemically, and biologically alter soil
structure. Their roots create macropores by penetrating the soil and
micropores when soil particles are aggregated by the photosynthates
they exude (Bacq-Labreuil et al., 2019; Haruna et al., 2018). This
increased porosity results in less soil compaction and improved
hydraulic conductivity and water-holding capacity (Blanco-Canqui
and Francis, 2016). The soil aggregates are protected by cover crops
when they intercept the direct impact of rain or irrigation water. The
cover crop catches and holds on to the water, which also prevents the
loss of sediment through erosion (Kaspar and Singer, 2011). The soil
microbial community is fed by cover crop roots, residues, and
exudates and as they decompose these substrates soil organic carbon
and soil aggregation are increased (Moukanni et al., 2022).

Cover crops can facilitate carbon sequestration in the soil through
increases in net primary productivity. This increased above- and
below-ground biomass translates into more stored carbon in the soil
organic matter (on average 12% more compared to no cover crop
control) (McClelland et al., 2021; Poeplau and Don, 2015). Mixtures
of cover crop species are more likely to result in greater primary
productivity and biomass accumulation (Bainard et al., 20205 Isbell
etal, 2017; Tilman et al,, 1996). Just a handful of orchard studies have
documented increases in soil organic carbon with the growth of cover
crops (almond—De Leijster et al., 2019; Martinez-Mena et al., 20205
Ozbolat et al., 2023; citrus—Castellano-Hinojosa and Strauss, 2020).

Cover crops enhance the soil microbiome when they create soil
environments that provide more abundant and diverse resources to
support soil biology (Muhammad et al., 2021). Certain types of
microbes protect crops from disease and pests, facilitate the acquisition
of nutrients, improve photosynthetic efficiency, and improve their
tolerance for adverse environmental conditions such as drought and
salinity (Fenster et al., 2021; Finney et al., 2017; Pommier, 2023).
Studies of tree cropping systems with cover crops have found more
nitrogen-fixing bacteria, ammonia-oxidizing bacteria, and archaea, as
well as the genetic identification of enzymes needed for these processes
(Castellano-Hinojosa and Strauss, 2020; De Leijster et al., 2019).

Finally, this study aims to look at the impact of stacking
regenerative practices. While both organic amendments and cover
crops have shown promise to benefit orchard systems, few studies have
examined the effects of combining practices. The purpose of this
research was to determine the impacts of applying compost and
growing a multispecies cover crop in a mature organic almond
orchard on productivity of the orchard and soil health as individual
practices, and combined, in comparison to the farm’s standard
management which included neither practice.

2 Materials and methods
2.1 Study site and system
The study system for this field experiment was the mature, 12.14

Ha, almond orchard, owned and farmed by Massa Organics, located
adjacent to the Sacramento River in Glenn County, California
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(Figure 1). This certified organic orchard was established in 2005,
planted with Nonpareil (50%), Price (25%), and Carmel (25%)
varieties on Lovell peach rootstock. The trees are spaced 6.1 m apart,
within and between rows and irrigated with solid set sprinklers. The
orchard’s typical management practices are low disturbance, with no
tillage, herbicides, pesticides or chemical fertilizers used in production.
The farm’s flock of Dorper sheep are used to graze the orchard’s
permanent vegetative ground cover and the almonds are harvested
with above-ground equipment, i.e., nuts are shaken onto catching
frames and placed in an adjacent field to dry. The soil is alluvial, type
Wyo Silt Loam (Wn and Wsw), and while considered “well-drained”
it belongs to the Hydrologic Group C, which is considered to have
high susceptibility to erosion due to water runoff (NRCS, USDA,
S.5.5., 2024). The climate at this location is characterized by hot, dry
summers and cool, wet winters. The average precipitation is 22 in.
(56 cm) per year (US Department of Commerce, n. d.), however,
during the study (2019-2022) it averaged <9 in. (21 cm) per year
(Figures 1, 2).

2.2 Experimental design and treatments

The orchard was the focus of a California Department of Food
and Agriculture Healthy Soils grant that cost-shared the climate-smart
practices of growing a multispecies cover crop and applying compost
from October 2019 to October 2022. To measure the impacts of these
practices, individually and in combination, a 2x2 factorial,
randomized, complete block experiment was established in a 5.7 Ha
rectangular section of the orchard. The area was divided into 16 plots,
each with four rows of 22-24 trees. Each plot had one of four
treatments applied in October of each year: compost (COMP),
multispecies cover crop (MSCC), compost plus multispecies cover
crop (COMP + MSCC), and control (CONT), where neither treatment
was applied (Figure 3). The compost was derived from green waste
with a 16:1 C:N. It was broadcast, to include both the tree row and
alleyways, at 18 metric tons per hectare. The cover crop, which
included legumes, brassicas and grasses/cereals (Table 1), was planted
between the tree rows using an eight-foot Great Plains No-Till drill.
All plots were grazed by 75-100 sheep three times each year, February,
late April/early May, and September. For each grazing event,
temporary fencing was used to contain the sheep within a plot for
24 h. At the end of the 24 h, the sheep were moved to the next adjacent
plot. The 24-h time frame was determined, from previous observation,
to be the amount of time required for the sheep to graze approximately
50% of the forage. All plots were mechanically mowed in late July each
year in preparation for August harvest.

2.3 Data collection

2.3.1 Soil sampling

Orchard soil was collected at the end of the study in September
2022 after the treatments had been applied for 3 years. Composite
samples were collected from two depths (0-15 and 15-30 cm) at three
locations within each plot, between the two middle tree rows near the
6th, 12th, and 18th trees (Figure 4). A separate, 2-in soil core
(8.25 cm®) was collected at each of the three sites to determine surface
bulk density.
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FIGURE 1
Map showing the location of the study site, the almond orchard of the Massa Organics Farm, adjacent to the Sacramento River in Glenn County of
California; inset is map of average precipitation across the state.

Analyses of bulk density and wet aggregate stability were
completed at the Chico State Regenerative Agriculture Demonstration
Lab. To determine soil bulk density, samples were dried at 80°C and
weighed to determine the mass per volume (NRCS, 2008). The percent
of stable aggregates of soil from each depth was determined with a
method adapted from Mikha and Rice (2004).

Further soil analyses were performed by Regen Ag Lab, LLC in
Pleasanton, Nebraska, for the 0-15 cm samples, including pH, soluble
salts, soil organic matter, total organic carbon, the Haney test and
Phospholipid fatty acid (PLFA) analyses (Haney et al., 2006, 2008,
2018; NRCS, 2008; White, 1988; Zelles et al., 1992; Zelles and Bai,
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1993). In addition to traditional chemical extraction methods to
quantify soil Nitrogen and Phosphorus, the Haney soil test which uses
extracts that mimic the natural soil environment: water that mimics
the aqueous solution resulting from rain or irrigation and weak acid
(H3A) that mimics the organic acids released from living plant roots.
This test is thought to be a more accurate assessment of soil nutrients
in plant-available form (Haney et al., 2018). The Haney test also
measures carbon produced by respiration (CO,-C) and determines
percent Microbial Active Carbon (MAC), defined as the amount of
CO,-C relative to the amount of water-extractable organic carbon.
Phospholipid Fatty Acid analysis determines the relative amounts of
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FIGURE 2
(A) Climate chart of accumulated precipitation, both normal and actual, over the three-year project period between initial implementation and 2022
almond harvest; (B) Normal average temperature and precipitation by month. Data is from the NOAA National Weather Service’ Willows 6 W station
located approximately 10 miles from the study site (National Oceanic and Atmospheric Administration National Weather Service; https://www.weather.
gov/wrh/Climate?wfo=sto accessed 2025-01-31).

soil microbial phospholipid fatty acids as a snapshot of the quantity of
microbes present in the soil (ng PLFA/g soil) (Zelles et al., 1992; Zelles
and Bai, 1993).

2.3.2 Orchard understory productivity and quality
analysis

To access orchard understory biomass production and forage
quality, vegetation samples were collected from each plot in late
April 2022. Total biomass production was determined according
to the NRCS method of estimating cover crop biomass (NRCS,
2018). Vegetation within a 30 cm x 30 cm frame was cut at ground
level at three sites within each plot and dried at 65°C until all
moisture was removed. The combined dry weights of the three
samples per plot were used to calculate dry matter per hectare for
each plot.

Separate samples were collected for forage quality analysis
according to the directions from the Dairy One commercial forage
testing laboratory in Ithaca, New York. A composite sample of
vegetation was collected from each plot by clipping vegetation at
grazing height (approximately 15 cm) every 2 m along a transect from
tree #6 to tree #12 between the two middle tree rows. The vegetation
was chopped with clippers into small pieces, mixed thoroughly, and
then a 0.45 kg sample was packaged, frozen for 12 h, and shipped for
analysis at Dairy One. To assess the nutritional value of the vegetation
as forage, components (Table 2) of the vegetation were analyzed using
Near Infrared Reflectance Spectroscopy (NIRS) with the Foss
NIRSystems Models XDS and 6,500 with ISIScan v.4.6.12 (Foss North
America, 6,509 Flying Cloud Drive, Suite 130, Eden Praire, MN
55344)" (FOSS analytical solutions for food quality improvement and
control, n.d.).

1 www.foss.us
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2.3.3 Almond crop yield

Almonds were harvested using catch-frame harvesting equipment
and yields determined in August 2020, 2021, and 2022. The two
middle rows of each plot, one row of Nonpareil and one row of Price,
were harvested individually, dried, and weighed to the nearest pound
(0.45 kg) using a standard weigh cart (Figure 4). The total material
weighed included nut kernels, hulls and shells, and the total weight
was divided by the number of trees in the row for a yield value in mass
per tree.

2.3.4 Almond kernel collection and nutrient
analysis

Composite samples of approximately 50 almond kernels of the
Price variety were collected from each plot during harvest 2022. The
kernels were analyzed for nutrient content (Ca, Mg, K, P, N, Zn, Cu,
Fe, Mn, B) by Fruit Growers Laboratory in Santa Paula, California.
They were treated as “whole fruit” botanical samples and analyzed
primarily with a dry ash method, except for total nitrogen which was
determined with an automated combustion method (Miller
etal., 2013).

2.4 Statistical analysis

Statistical analyses were performed in R (Fox and Weisberg,
2018; Kassambara, 2023; R: The R Project for Statistical
Computing, n.d; Wickham et al, 2023). Comparisons of
treatments were made using analysis of variance after checking for
assumptions of normality of residuals (Shapiro-Wilk test) and
homogeneity of variances (Levene test). Because it was a 2 x 2
factorial design, a two-way ANOVA was first performed to
determine if there was an interaction effect between cover crop
and compost. When no interaction was found, one-way ANOVAs
were performed to determine if there were compost or cover crop
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FIGURE 3

treatment applied in randomized complete block design.

Study site and experimental design. Glenn County, CA, USA. Aerial photo of almond orchard with overlay of plot map, color-coded according to

main effects. Additional ANOVAs were run followed by a Tukey
HSD test to determine if there were significant differences
between treatment combinations. When the data did not meet the
assumptions, data were transformed and retested. If the
assumptions could still not be met, the Kruskal-Wallis test
followed by pairwise comparisons using Wilcoxon rank sum exact
test were substituted for the ANOVAs. Variables for which the
data did not meet normality of residuals and homogeneity of
variance assumptions are noted within the results tables.

3 Results
3.1 Soil health

3.1.1 Soil physical properties

Measures of soil structure, pH, and soluble salts are found in
Table 3. While soil bulk densities did not differ significantly among
treatments, there were differences in wet aggregate stability. The
two-factor analysis for compost and cover crop showed a significant
compost main effect for wet aggregate stability in the 0-15 cm soil
samples (p < 0.05; Table 3). Plots that had compost applied (COMP
& COMP + MSCC) had on average, a 9% higher percentage of stable
aggregates compared to soils that did not receive compost (MSCC &
CONT). There were no significant main or treatment effects for
aggregate stability at the 15-30 cm soil depth, yet, the soil soluble salt
concentration showed a significant interaction between compost and
cover crop, with cover crop reducing the impact of compost on
soluble salt concentration (p < 0.05; Table 3). The one-way analysis
determined that soluble salts were significantly higher (43% higher)
for COMP compared to CONT (p < 0.05; Table 3).

Frontiers in Sustainable Food Systems

3.1.2 Soil organic matter and other carbon
metrics

Results for soil organic matter (SOM) and other carbon (C) metrics
are presented in Table 4. Compost and cover crop treatments showed
(1) a significant compost main effect for SOM, percent total organic C
(TOC), water extractable organic C and soil respiration (CO,-C), with
up to 13, 19, 8 and 41% more, respectively, in plots with compost
applied compared to those without compost; (2) a significant
interaction effect between compost and cover crop for % Microbial
Active Carbon (MAC); and (3) a significant cover crop main effect for
C:N, where C:N was significantly lower, 4.6%, in plots with cover crops
compared to plots without cover crops (p < 0.05; Table 4). The One-way
analysis showed significantly higher values for COMP compared to
CONT for SOM, TOC, CO,-C and MAC, and for C:N, both COMP
and CONT were significantly greater than COMP + MSCC (p < 0.05;
Table 4).

3.1.3 Soil nitrogen, phosphorus, and other
macro- and micro-nutrients

Results for soil Nitrogen, Phosphorus, and other essential nutrients
are presented in Tables 5, 6. For nitrogen (N), the measures included
concentrations of both organic N and inorganic N, water and acid
extracted N, the Haney test for available N, and the traditional test for
nitrate-N~. Values for available N and traditional Nitrate-N are expressed
in kg/ha to support the direct comparison of crop requirements and the
quantification of the N dollar value in the soil (Figure 5). The two factor
analysis for compost and cover crop showed a significant compost main
effect for all measures except for the significant cover crop main effect
for ammonium (p < 0.05; Tables 5, 6). There was more soil N in plots
with compost applied compared to those without compost; 22, 60, 34,
60% more of Total N, Nitrate, Available N and Traditional N, respectively.
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There was 17% less in plots with cover crop growing compared to plots
without cover crop. The one-way analysis showed: (1) water extractable
total N was greater in COMP than CONT; (2) organic N Release and
Available N was greater in COMP than both MSCC and CONT; (3)
Nitrate, Inorganic N, and Traditional N were greater in COMP than both
MSCC and CONT and COMP + MSCC was greater than both MSCC
and CONT (p < 0.05; Tables 5, 6).

TABLE 1 Multispecies cover crop species list.

Cover crop mix species list

10.3389/fsufs.2025.1527898

Phosphorus (P) variables (inorganic, total, and available P)
trended toward a compost main effect (p < 0.07; Tables 5, 6), with 23%
more soil P when compost was applied. There were no significant
specific treatment differences.

Tables 5, 6 includes Potassium plus nine other nutrients. There was
a significant compost main effect for Calcium, Magnesium, and Zinc,
with 8, 5, 24% higher concentrations of these nutrients in composted
plots compared to non-composted plots (p < 0.05) but lower for Copper
in composted plots (p < 0.05) by 13%. The only significant cover crop
main effect was for Sulfur, which was 23% lower with cover crops
compared to without (p < 0.05). The one-way analysis showed that there
were significant (p < 0.05) differences for Calcium (COMP > MSCC)

\'jv‘zicirt‘t by ig‘;fées common f’,‘;f,f;es SCEREUEE 750 - (COMP > both CONT and MSCC; COMP + MSCC > MSCC) and
J Sulfur (COMP > CONT, MSCC, and COMP + MSCC).
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54 Annual ryegrass Lolium multiflorum both SHS and NV (p < 0.05; Table 7), where both were higher (15 and
10 Forerunner triticale Triticosecale 25%, respectively) in compost-applied plots compared to non-compost
) S plots. The One-way analysis showed that for SHS, COMP scores were
12 Crimson clover Triflium incarnatum significantly greater than both CONT and MSCC and the NV of COMP
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Living); 22% greater with cover cropped versus non-cover cropped
i Peas Pisum sativum (p <0.01; Table 8). Cover cropped plots also had significantly more gram
® © 0 000 0000000 00000 00 00 0 0 0
® © ® © © 0 0 © 06 0 0 0 00 0 0 0 0% 0 0 0 0
....‘..%....Q".....f.....
® © 0 00000000 000000000 00 0 0 0
™= (lot border . Soil sample locations
® almond tree — Carmel variety . :
Understory vegetation sample locations
» almond tree — Nonpareil variety , yves o
almond tree - Price variety
Middle rows harvested for yield data
o0
FIGURE 4
Schematic of a representative plot, including layout of almond trees and varieties; soil, and understory vegetation sampling.
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TABLE 2 Forage quality by treatment.

10.3389/fsufs.2025.1527898

Control Compost Cover crop Compost + Cover crop
Moisture, feed value, total nutrients and energy
Moisture % 79.7* + 0.65 81.0° + 0.64 84.0° + 0.70 84.4° +0.44
Relative feed value* 106* + 3.49 113 +2.04 125% +5.58 134°+9.14
Total digestible nutrients** 65.5 £ 0.50 65.5+0.29 67.8£0.25 68.0 + 1.68
Net energy for maintenance (Mcal/Ib)** 0.64 £ 0.005 0.65 + 0.004 0.69 £ 0.005 0.69 + 0.026
Net energy for gain (Mcal/lb)** 0.38 £0.004 0.39 +£0.003 0.42 +0.005 0.42 £0.023
Protein, carbohydrates, starch and fat
Crude protein 15.5% + 1.44 17.1* + 0.67 20.8°+1.19 21.8" +1.50
Available protein 14.5* £ 1.40 16.0 + 0.78 19.2°+1.22 20.0° +1.34
Water soluble carbohydrates 13.8"+1.18 13.1* +0.79 9.65" + 1.08 10.5® +0.90
Acid detergent fiber 33.7+£0.99 33.2+0.64 31.6 £0.81 29.7 £ 1.68
Neutral detergent fiber 55.0° + 1.22 51.8" + 0.65 48.0°+1.72 46.1°+2.23
Lignin 4.00 £0.39 4.55+0.27 3.98£0.40 4.22 £0.58
Non-fiber carbohydrates 16.0 £ 1.03 16.7 £ 0.82 17.4+0.84 17.8 £2.04
Starch 0.78 £0.18 0.83 £0.09 0.58 £0.22 0.43 £0.19
Crude fat 3.12+0.27 3.52+0.20 322+0.25 3.50+0.20
Minerals
Potassium 2.62°+£0.11 2.96™ + 0.06 3.38°+0.08 3.07* +0.17
Calcium 0.60° + 0.07 0.72" + 0.04 0.82" + 0.04 0.87°+0.05
Magnesium 0.25% + 0.01 0.28*+ 0.01 0.22° +0.01 0.22° +0.02
Phosphorus 0.38 +£0.03 0.41 £0.01 0.40 £ 0.03 0.37 £0.04
Chloride 0.90 £0.08 0.84 +0.06 0.63 £0.22 0.73 +£0.22
Nitrogen 248+ 0.23 2.75 +0.10 3.30°+0.19 3.50° +0.24
Ash 10.3£0.28 10.8 £0.21 10.7 £ 0.35 10.8 £0.38

n =4 per treatment; values are mean + standard error; units are percent of dry matter unless otherwise specified.
*Relative Feed Value is an index based on intake and digestibility, with a score of 100 considered average. Blue indicates a cover crop main effect with either 2-way ANOVA or **Kruskal Wallis,

P <0.05; Gray indicates a significant compost * cover crop interaction; different letters indicate significant differences between means with Tukey HSD, p < 0.05.

positive, gram negative, actinomycetes, total fungi, arbuscular
mycorrhizal fungi (p < 0.05). A marginally significant result was also
detected for total bacteria (p = 0.06) and saprophytic fungi (p = 0.08) in
cover cropped plots. There was a significant compost main effect for
gram negative (p < 0.05), and a marginally significant effect for both total
bacteria and saprophytic fungi (p <0.1) was detected. There was a
significant compost * cover crop interaction for the “undifferentiated”
category, which includes all microorganisms that could not be identified,
as there were far fewer undifferentiated microorganisms in the COMP
plots than the other treatments (p < 0.05, Table 8).

3.2 Orchard understory productivity and
quality

3.2.1 Orchard understory primary productivity

The understory biomass of cover cropped plots was significantly
greater than non-cover cropped. The two factor analysis showed a
significant cover crop main effect on dry weight (p < 0.05) and the
one-way analysis determined that MSCC and COMP + MSCC were
both significantly higher than COMP or CONT (p < 0.05, Figure 6a).
When combined, MSCC and COMP + MSCC produced 35% more
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understory biomass compared to CONT and COMP (8.22 Mg Ha™'
and 5.78 Mg Ha™' respectively).

3.2.2 Orchard understory forage quality

Table 2 contains forage quality analysis results for quantified
individual components (protein, carbohydrates, fiber, fat, and
minerals), and calculated composite measures (Relative Feed Value,
Total Digestible Nutrients, and Net Energy for Gain and
Maintenance). In general, forage quality from cover cropped plots
(MSCC and COMP + MSCC) was higher than non-cover cropped
(CONT and COMP). The two factor analysis showed that cover crops
had significantly higher moisture (5%), Relative Feed Value (RFV,
17%), Total Digestible Nutrients (4%), Net Energy for Gain (9%) and
Maintenance (7%), crude and available protein (27 and 25%),
nitrogen (26%), and calcium (25%; p < 0.05, Table 2). Water soluble
carbohydrates and fiber measures (Acid Detergent Fiber and Neutral
Detergent Fiber) were significantly lower with cover crop, 29, 9 and
13%, respectively, (p<0.05, Table 2). The one-way analysis
determined that MSCC had significantly higher RFV versus CONT,
reflecting the greater potential intake and digestibility of the
multispecies cover crop forage. The forage RFV of COMP + MSCC
was 23% higher than CONT (Figure 6b). Both MSCC and
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TABLE 3 Soil physical properties.

10.3389/fsufs.2025.1527898

Control Compost Cover Crop Compost + Cover Crop
Soil structure
Bulk density 1.45 +0.04 1.44 +0.04 1.48 £0.03 1.44 £ 0.04
% Stable aggregates (0-15 cm)** 86.88 + 3.03 89.99 +2.21 81.04° +3.19 93.40° + 1.78
% Stable aggregates (15-30 cm) 49.9£4.12 59.6 + 4.47 55.7 +5.42 53.1+5.48
Soil chemistry
pH* 8.15+0.04 8.09 +0.04 8.22+0.05 8.17 +0.03
Soluble salt (mmho/cm)** 0.22* £ 0.02 0.34" + 0.03 0.29 + 0.03 0.26* £ 0.02

n =12 per treatment; values are mean + standard error; ““Indicates non-parametric test required; Gold indicates compost main effect, 2-way ANOVA p < 0.05; Gray indicates a significant

compost * cover crop interaction; * different letters represent significantly different means with **Kruskal-Wallis Test with Wilcoxon rank sum test for pairwise comparisons, p < 0.05.

TABLE 4 Soil carbon metrics by treatment.

Control Compost Cover crop Compost + Cover crop
Organic matter (% LOI) 3.28°+0.11 3.75° +0.14 3.35% +0.14 3.58% +0.10
Total organic carbon (%) 1.71* + 0.08 2.07°+0.10 1.75* + 0.10 1.98® + 0.08
Water extractable organic C (ppm) 273.70 £ 12.98 300.68 + 11.56 264.22 +10.89 284.88 +7.73
CO,-C (ppm) 41,53+ 5.07 63.18°+7.32 41.39* +2.45 44,54 +3.71
% Microbial active carbon 14.82' £1.33 20.69" £ 1.81 15.69® £ 0.79 15.60® + 1.20
Organic C: Organic N 10.20* + 0.17 10.29° + 0.22 10.03* +0.17 9.54° +0.08

n =12 per treatment, values are mean + standard error; Gold indicates compost main effect p < 0.05; Gray indicates significant compost * cover crop interaction; Blue indicates cover crop

main effect p < 0.05; ** different letters represent significantly different means with Tukey HSD after 1-way ANOVA p < 0.05.

COMP + MSCC had significantly more nitrogen, crude protein, and
available protein compared to CONT (p < 0.05); up to 34, 34 and
32%, respectively. For minerals: Potassium was significantly higher
(25%) in MSCC than CONT; Calcium was higher in both MSCC and
COMP + MSCC than CONT by 34% on average; Magnesium was
27% lower in MSCC and COMP + MSCC than COMP (p < 0.05,
Table 2).

3.3 Almond crop yield

The almond crop yields are presented by year and variety in
Table 9 and Figure 7. While no significant differences were found in
years one and two of the study, year three (2022) showed substantially
higher yields from all treatment plots (COMP, MSCC and
COMP + MSCC). The two-factor analysis showed a compost effect
for Price (9% higher, p < 0.05) and Nonpareil (19% higher, p = 0.07)
and cover crop main effect for Price (44% higher, p < 0.05). The one
way analysis found that for the Price variety, yield was significantly
higher in COMP + MSCC compared to CONT (49% higher, p < 0.05,
Figure 7).

3.4 Almond kernel nutrient analysis

Almond kernel nutrient concentrations are listed in Table 10. The
two-factor analysis showed compost main effects for Phosphorus,
Nitrogen, and Zinc (p < 0.05) and Calcium and Magnesium (p < 0.07).
Almond kernels from plots where compost was applied had 4% more
Phosphorus, 8% more Nitrogen, 4% more Zinc and 14% more Ca,
compared to plots without compost.
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4 Discussion

The application of compost and/or multispecies cover crop improved
soil health and overall productivity of this mature organic almond
orchard. Results showed that both compost and multispecies cover crop
treatments added carbon to the system, with the addition of composted
organic matter and via photosynthesis-driven increases in plant and
microbial biomass. The increase in carbon correlated with improved soil
structure, more active soil microbiology and enhanced nutrient cycling
throughout the orchard system. The multispecies cover crop produced
more understory biomass with higher forage quality compared to
resident vegetation, which when grazed by sheep, translates into more
kg of lamb harvested per Ha. Both almond crop yield and kernel nutrient
density were significantly higher after 3 years of regenerative treatment.
These whole-system benefits result in a more resilient agroecosystem.

4.1 Soil health

4.1.1 Soil biology: respiration and phospholipid
fatty acid analysis

In this study, soil respiration rates (CO,-C) and % microbial
active carbon (%MAC) (Table 4) were substantially higher (up to
41 and 17% respectively) in the COMP plots compared to all other
treatments, revealing higher microbial activity associated with
compost application. In contrast, the PLFA analysis found greater
quantities of microbial biomass associated with the multispecies
cover crop; up to 25% more in MSCC and COMP + MSCC
compared to CONT and COMP (Table 8). The different soil nutrient
profiles of each treatment (Table 7) provided different resources for
microbes resulting in different microbial community structures and
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TABLE 5 Soil nutrient metrics by treatment.

10.3389/fsufs.2025.1527898

Control Compost Cover crop Compost + Cover crop

Nitrogen metrics

H,0 Extract Total N 35.95%+2.25 48.69" £ 4.25 37.96 £ 2.75 43.82% £2.72
Organic N 27.02 £ 1.55 29.51 + 1.63 26.52 +1.35 29.91 + 0.90
Org.N:Inorg.N 3.18 £0.19 2.27 +0.31 2.87 £ 0.36 2.58 +0.22

H3A Extract Nitrate"* 5.96* % 0.71 15.98 + 4.53 8.78% £ 2.13 11.38" +2.71
Ammonium 2.97 £0.18 3.20 £0.29 2.66 % 0.13 2.52£0.11
Inorganic N** 8.93* £ 0.86 19.17° £ 4.55 11.44% +2.15 13.90° £ 2.71

Organic N release

(H,0 extract Org N, CO,-C, C:N) 16.4* +2.15 23.5 +2.38 16.6® + 1.04 18.7% +1.58

Available N (kg/ha)

(Organic N Release + Nitrate + Ammonium) 40.73* £ 4.49 68.44° + 8.30 45.00" £ 4.50 52.27% + 6.17

Traditional N (kg/ha)* 9.57*+ 1.14 25.66° +7.27 14.09% + 3.43 18.28" + 4.36

Phosphorus metrics

H3A Extract Organic P 2.80 £ 0.31 3.46 £ 0.41 3.10 £0.30 3.30 £0.35
Inorganic P 27.43 £3.09 3458 £4.11 26.78 £2.62 32.99 + 3.46
Total P 30.24 + 3.89 38.04 + 4.52 29.88 + 2.86 36.29 + 3.80

Available P (kg/ha) 58.98 + 6.71 75.74 + 9.41 58.01 + 5.68 70.98 £ 7.53

Other macro- and micronutrient metrics

H3A Extract Potassium 76.70 £ 5.38 104.45 £10.15 90.27 £ 7.00 92.16 % 10.07
Calcium 685.9® + 17.26 734.0° + 17.48 652.2° + 14.06 713.8% + 23.44
Magnesium 294.6 +5.16 307.2 +4.53 290.4 +4.94 305.8 + 3.30
Sodium 54.62 + 1.68 58.56 + 1.47 55.31 +2.04 54.84 +2.06
Zinc 0.75® £ 0.05 0.96° + 0.06 0.73* + 0.05 0.92% + 0.04
Manganese 2.64 £0.29 2.32+0.15 2.63£0.29 2.70 £0.25
Iron 97.60 + 2.43 95.98 + 3.84 100.82 + 3.49 92.88 £ 1.50
Copper 1.28 +0.06 1.10 £ 0.08 1.16 + 0.08 1.05 £ 0.03
Aluminum 95.82 +3.21 95.37 £3.71 101.59 + 2.84 93.32 +2.59
Sulfur ** 13.63* £ 1.00 19.18" + 2.80 13.47° £ 0.79 12.60° + 0.53

Available K (kg/ha) 82.11 +19.94 111.80 + 37.65 96.64 + 25.93 98.65 + 37.34

n =12 per treatment; values are mean + standard error; units are parts per million unless otherwise specified; using 2-way ANOVA or *"Kruskal-Wallis: Light gold indicates compost main
effect p < 0.07; Gold indicates compost main effect p < 0.05; Blue indicates cover crop main effect p < 0.05; * different letters represent significantly different means with Tukey HSD p < 0.05 or

“*Wilcoxon rank sum test for pairwise comparisons.

function (Hartmann and Six, 2022; Pommier, 2023). While some
research has found microbial biomass to be correlated with
microbial activity (Finney et al., 2017). Pérez-Murcia et al. (2021)
found that soil respiration did not correlate with soil microbial
biomass quantities when different types of compost were applied in
almond orchards.

Our finding that microbial biomass was greatest in the
multispecies cover crop plots (MSCC and COMP + MSCC) is
consistent with previous research. One meta-analysis of 81 studies
comparing cover crops to no cover crop found that the quantity of
PLFA was 24% higher with cover crops (Muhammad et al., 2021).
Since understory vegetation in these plots was more productive and
species rich, the greater soil microbial biomass found in them is
consistent with two general relationships found in the agricultural and
ecological literature: (1) greater plant biomass (PB) is associated with
greater microbial biomass (MB) (Bainard et al., 2020; Finney et al.,
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2017, 2016); and (2) higher plant diversity (PD) is associated with
greater MB (Lange et al., 2015; Prommer et al., 2020).

Quantities of bacteria, as well as the Saprophytic fungi, were also
strongly impacted by the application of compost (Table 8). This is
consistent with previous orchard-compost studies that found either
higher microbial activity or microbial biomass associated with
compost use (Baldi et al., 2018; Forge et al., 2013; Hodson et al., 20215
Lopez et al., 2014; Neilsen et al., 2014; Pérez-Murcia et al., 2021; Sharaf
etal., 2021; Thompson et al., 2019).

The highest PLFA in the MSCC+COMP plots might indicate that
the multispecies cover crop supported an increased size of the soil MB,
and that the compost provided additional resources to enhance this
growth. Moukanni et al. (2022) proposed that much of the movement
of carbon through the soil is directed by the microbial carbon pump.
This carbon is the base of the myriad trophic interactions that facilitate
the nutrient mining from the soil and generate availability to the crop
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TABLE 6 Plant available NPK vs recommended application rates.

10.3389/fsufs.2025.1527898

Soil nutrient Control Compost Cover crop Compost + Cover UC/CDFA/FREP
concentration, post- crop recommended yearly
harvest year 3 (kg/ha) application (kg/ha)*
Available N 40.73 68.44 45 52.27 91.88

Available P 58.98 75.74 58.01 70.98 0

Available K 82.11 1118 96.64 98.65 66.9

*Recommendations based on average yields for this farm.

#*UC does not recommend addition of phosphorus as the approximate removal via harvest is 8 kg/ha.
https://www.cdfa.ca.gov/is/flldrs/frep/FertilizationGuidelines/ Almonds.html#:~:text=With%20measured%200r%20predicted %20July,) %20%5BN12C20N4%5D.
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TABLE 7 Haney soil health score, nutrient value, and organic C:N.

Cover crop Compost + Cover crop
Haney soil health score 12.33" + 0.86 15.11° +0.93 12.08" + 0.52 13.14% + 0.53
Nutrient value ($/ha) 303.70° + 25.41 448.15" + 45.63 337.04% + 26.74 377.28" + 34.37

n =12 per treatment, values are mean + standard error; Gold indicates compost main effect p < 0.05; * different letters represent significantly different means with Tukey HSD after 1-way

ANOVA p <0.05.

(Kallenbach et al., 2016). MB was greater in COMP or MSCC versus
CONT, but greatest for the combined treatment (COMP + MSCC
(Table 8)). This additive, or synergistic effect of the two practices was
also evident for total bacteria and total fungi. For Actinomycetes, the
individual treatments led to minimal increases whereas the combined
treatment resulted in 27% more biomass versus CONT (Table 8). For
Arbuscular mycorrhizal fungi (AMF), COMP plots had lower biomass
versus CONT, which could indicate that compost inhibited the growth
of AME However, when combined with the multispecies cover crop
this was no longer the case. Vasilikiotis et al. (2020) surveyed multiple
almond orchards using different practices to determine which factors
were most important for tree root AMF colonization and found the
presence of cover crops or native vegetation between the tree rows to
be the most important factor. They also found that colonization was
not affected by compost use (Vasilikiotis et al., 2020).
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Finally, the soil biology indicators highlight the added value of the
multispecies cover crop over resident vegetation, which is less
productive and diverse. Other studies have found similar increases in
microbial biomass, activity and diversity associated with cover crops
compared to resident vegetation (Castellano-Hinojosa and Strauss,
2020; Jiao et al., 2023; Moreno et al., 2009; Rodriguez-Ramos et al.,
2022; Vasilikiotis et al., 2020; Wang et al., 2020).

4.1.2 Soil carbon

Compost application had the biggest impact on SOM and SOC as
compared to controls over the course of this 3 years study (Table 4).
The change translates to 0.64 Mg Ha™', or 21%, more SOC due to
compost application (at 18 Mt./Ha) versus control. This is consistent
with previous research that has also found compost application
associated with increased SOC to varying degrees depending on
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TABLE 8 Quantities of soil phospholipid fatty acid (ng PLFA/g soil) by treatment and group.

Control Compost Cover crop Compost + Cover crop
Total living
Total living ‘ 4,828 + 426 ‘ 4,263 + 396 ‘ 5,439 + 346 ‘ 5,949° + 317
Bacteria
Total bacteria 1,654 + 213 1,913 + 207 1,917 + 117 2,242 £ 158
Total bacteria % 33.27°+ 191 44.7° £ 1.46 35.80* + 1.88 37.56" + 1.38
Gram positive 834+ 90 894 + 110 942 + 60 1,067 + 74
Gram positive % 17.07* £ 0.76 20.59" + 1.03 17.63* +1.03 17.88% +0.59
Gram negative™ 482 + 86 673 + 68 608 + 44 746 + 63
Gram negative %" 9.34*+0.95 15.98" + 0.70 11.25%* +0.59 12.46°+ 0.75
Gram + to Gram-Ratio 2.76*+0.18 1.84°+0.12 2.20°+0.10 2.08°+0.12
Actinomycetes 337 £ 40 347 £ 36 367 £22 429 + 30
Actinomycetes % 6.86 + 0.36 8.14 £ 0.33 6.92 +0.45 7.22+0.29
Fungi
Total fungi** 395 + 87 393 + 50 441 + 40 505 + 44
Total fungi % 7.42 £ 1.08 9.08 +£0.52 8.03+0.43 8.40 £0.49
Arbuscular mycorrhizal fungi 256 + 46 210 +28 275+ 27 281 +20
Arbuscular mycorrhizal fungi % 4.98 £0.59 4.84 +0.36 5.00 £0.27 4.71 £0.20
Saprophytic fungi** 140 +44.18 183 +24 165+ 19 224 +25
Saprophytic fungi % 2.44*+0.57 4.24°+0.25 3.03® +0.29 3.66" +0.33
Protozoa
Protozoa 9.92 +5.37 8.44 +2.64 10.10 +2.45 11.22 +2.64
Protozoa % 0.14 +£0.08 0.20 £0.07 0.17 £ 0.04 0.18 £ 0.04
Other measures
Undifferentiated 2,770* £ 176 1,949 + 167 3,071°% + 262 3,190 + 185
Undifferentiated % 59.17° + 2.84 46.01° + 1.15 56.00" + 1.94 53.87°+ 1.72
Fungi to bacteria ratio 0.22 +0.02 0.21 +£0.02 0.23 +£0.02 0.22+0.01
Functional group diversity index 1.41 £0.03 1.44 +0.02 1.45 +0.01 1.46 £ 0.01

n =12, values are mean + standard error; % = Percent of Total Biomass; Gold indicates Compost main effect p < 0.05; Blue indicates cover crop main effect p < 0.05; Green indicates both
compost and cover crop effect p < 0.05; Light green indicates both compost and cover crop main effects p < 0.10; Gray indicates compost * cover crop interaction, 2-way ANOVA p < 0.05;
*different letters represent significantly different means with Tukey HSD after 1-way ANOVA or **Kruskal-Wallis Test with Wilcoxon rank sum test for pairwise comparisons, p < 0.05.

compost source material, soil texture, and farming practices (KChalsa
etal, 2022; Villa et al,, 2021). In their literature review across a range
of agroecosystems, Diacono and Montemurro (2011) found that
compost increased SOC by 90% when compared to non-compost
treatments and up to 100% when compared to chemical fertilizer
treatments. Numerous orchard system studies have documented
increased SOC with compost applications (Baldi et al., 2018; De
Leijster et al., 2019; Hodson et al., 2021; Khalsa et al., 2022; Lepsch
et al,, 2019; Lopez et al,, 2014; Mays et al., 2014; Neilsen et al., 2014;
Pérez-Murcia et al., 2021; Thompson et al., 2019; Villa et al., 2021) and
a 2016 meta-analysis found an average increase in SOC of 4.07 Mg
Ha™" Yr~' with the use of organic amendments in woody crop systems
(Vicente-Vicente et al., 2016).

Although the multispecies cover crop captured more atmospheric
CO, through photosynthesis, it did not yet translate into increased
soil carbon stocks in the MSCC treatment plots. However, other
studies have documented increases in soil carbon with the use of
cover crops, the degree of which depended on cover crop species,
growing period, and termination method (Moukanni et al., 2022;
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Poeplau and Don, 2015; Vicente-Vicente et al., 2016). Poeplau and
Don (2015) found that the average increase of SOC with the use of
winter cover crops was 0.32 Mg Ha™' Yr™' compared to fallow
cropland, and Vicente-Vicente et al. (2016) found the average
increase in SOC was 1.03 Mg Ha™' Yr™! with the use of cover crops in
Mediterranean woody crop systems. The unique practices of the farm
in this study make comparisons to the literature difficult. First, the
orchard system used had been under no-till management with a
permanent non-seeded vegetative cover, for 18 years. Most orchard
studies that have shown increases in SOC have compared the impact
of cover crop to a control defined by frequent tillage and bare soil
(Almagro et al,, 2013; Martinez-Mena et al., 2020; Ozbolat et al.,
2023; Ramos et al., 2011; Sastre et al., 2020). In two previous studies
that observed differences between seeded cover crops and
spontaneous vegetation, both documented slight increases of SOC in
the top 5 cm of soil (Repullo-Ruiberriz de Torres et al., 2021; Sastre
etal,, 2020). Second, the farm uses sheep to terminate the cover crop.
This method, where the sheep remove some of the vegetation and
trample the rest, is much less common than mowing and/or
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incorporating the cover crop. Finally, it is possible that the three-year
length of this study was not long enough for the multispecies cover
crop to affect a difference in SOC. The greater production of PB of
the cover crop and the associated MB represents an increase of
carbon to the system that may eventually translate into more SOC.

We did not find an increase in SOC in the combination treatment
compared to compost alone. Similarly, Vicente-Vicente et al. (2016)
found that, on average, the combination of compost and cover crop
use in woody crops produced an intermediate level of carbon
sequestration of 2.62 Mg Ha™' Yr™!, lower than compost applications,
and higher than cover crop when each was an independent practice.
This would indicate that cover crops can contribute to soil carbon
accrual, but do so more slowly, even when combined with
organic amendments.

Frontiers in Sustainable Food Systems

4.1.3 Soil nitrogen and other macro- and
micro-nutrients

All measures of soil nitrogen were significantly higher in COMP
and COMP + MSCC compared to MSCC and CONT, except
5, 6). The
annual application of compost resulted in the accumulation of

ammonium, which was only higher in COMP (Tables

nitrogen, both organic and inorganic, in the soil over 3 years. This is
consistent with previous studies of orchards using compost or other
organic amendments that have observed increases in soil nitrogen,
including studies in almonds (De Leijster et al., 2019; Hodson et al.,
2021; Khalsa et al., 2022; Villa et al., 2021), avocados (Lopez et al.,
2014), and apples (Thompson et al., 2019).

The use of the multispecies cover crop had mixed effects on soil
N. For instance, soil nitrate levels were significantly higher while soil
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TABLE 9 Almond yield by variety by year by treatment.

10.3389/fsufs.2025.1527898

Control Compost Cover crop Compost + Cover crop
Nonpareil 2020 12.83 £ 0.40 12.79 £ 0.37 12.83 £ 0.51 12.06 + 0.88
Nonpareil 2021 7.44 +0.84 8.03 +0.58 8.98 +0.29 7.66 + 1.09
Nonpareil 2022 7.71 % 0.59 9.71 £0.49 8.16 £ 0.68 9.39+1.28
Price 2020 11.29 +0.54 10.2£0.76 10.98 +0.25 11.66 + 0.81
Price 2021 8.21+0.74 8.62 +0.80 7.89 +1.29 7.85 +0.94
Price 2022 7.26* £ 0.76 9.34 +0.78 9.43* +0.21 11.93°+0.82

n = 4 per treatment; values are mean * standard error; units are kg/tree; Weight measured included kernels, hulls and shells; Light gold indicates compost main effect, 2-way ANOVA p = 0.072;
Green indicates both compost and cover crop main effects, 2-way ANOVA, p < 0.05; different letters represent significantly different means with Tukey HSD p < 0.05.
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FIGURE 7
Almond yield by variety (NP = Nonpareil; P = Price), treatment and production year. Different letters indicate a significant difference between means
(p < 0.05).

TABLE 10 Almond kernel nutrient density, mg/100 g, by treatment.

Control Compost Cover crop Compost + Cover crop

Calcium 288.50 + 15.03 299.00 + 16.88 272.75 +13.51 31638 +9.32
Magnesium 27825 +2.74 286.13 + 4.02 280.63 + 4.13 287.75 + 4.87
Potassium 777.75 + 8.09 771.50 + 7.81 777.88 + 12.34 790.25 +9.78
Phosphorus™ 560.00 + 8.37 577.88 +9.21 558.50 + 7.55 583.38 +7.93
Nitrogen™ 3,790.0° + 93.7 4,008.7* + 106.9 3,550.0° + 83.41 3,962.5" + 64.16
Zinc 3.14+0.04 3.28+0.07 3.12 £0.07 3.24+0.05
Copper 1.34+0.04 1.24 +0.02 1.24 +0.03 1.26 +0.04
Iron 3.35+0.08 3.48 +0.07 3.36 +0.06 337 +0.05
Manganese 1.29+0.03 1.23+0.04 1.28+0.03 1.26 +0.04
Boron 2.26 £0.04 2.18£0.03 2.24+0.07 2.22+£0.04

n = 8 per treatment; values are mean + standard error; Light gold represents significant compost main effect, 2-way ANOVA, p < 0.07; gold signifies compost main effect 2-way ANOVA or

**Kruskal-Wallis p < 0.05; Different letters indicate means are significantly different p < 0.05 by the Wilcoxon rank sum test.
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ammonium levels were lower in MSCC versus CONT. It is possible
that the MSCC and the associated increase in total microbial biomass
improved N cycling, compared to control, facilitating conversion of
ammonium to nitrate. More likely, the elevated soil nitrate may be the
result of nitrogen fixation by legumes within the mix; almost half of
the multispecies cover crop species were nitrogen fixing legumes.
Several studies have demonstrated an increase in soil nitrate levels in
response to legume rich multispecies cover crops in orchard systems
(Almagro et al, 2013; Castellano-Hinojosa and Strauss, 2020;
Martinez-Mena et al., 2020; Ozbolat et al., 2023; Repullo-Ruiberriz de
Torres et al., 2021; Thompson et al., 2019).

While the treatment interaction was not statistically significant,
the data suggest that the multispecies cover crop slowed the
accumulation of soil nitrate (COMP > COMP + MSCC). It’s possible
that excess nitrate from the compost was utilized to produce more
both plant and microbial biomass, as both of these metrics were
significantly higher in MSCC and COMP + MSCC plots compared to
COMP and CONT. These differences also highlight enhanced nutrient
cycling with multispecies cover crop compared to the control plots
where only resident vegetation was present.

Soil nutrients (P, Ca, Mg, and Zn) were significantly higher in
COMP and COMP + MSCC compared to MSCC and CONT (Tables 5,
6). Like this study, soil P has frequently been found to increase with
compost application in perennial cropping systems (Hannam et al.,
2016; Lopez et al., 2014; Pérez-Murcia et al., 2021; Thompson et al.,
2019) and Thompson et al. (2019) found that Ca, B, Mg, Mn were also
higher when composts were used in apple production. Potassium (K),
however, was not statistically different between treatments, but was
highest in COMP. There was also a probable interaction effect (p = 0.10)
where MSCC appeared to reduce the accumulation of potassium from
the compost in the COMP + MSCC treatment. Potassium was still
higher in MSCC versus CONT, indicating that the multispecies cover
crop was facilitating more K-cycling compared to CONT’s resident
vegetation. Some previous studies have found soil K to be higher with
compost application in orchard systems (De Leijster et al.,, 2019; Pérez-
Murcia et al., 2021; Thompson et al., 2019).

Finally, the multispecies cover crop did not appear to reduce soil
nutrient availability for the almonds. MSCC did not have lower soil
total or available N, P K, or most trace minerals (Ca, Mg, Zn, Mn, Co,
Fe, S, and Al) compared to CONT (Tables 5, 6). This is not consistent
with the hypothesis that cover crops compete for available nutrients
with cash crops, a finding of studies of single species cover crops
(Sastre et al., 2020). This could be an important advantage of using a
multi-species cover crop mix (Table 1).

4.1.4 The Haney test

The Haney test provides a holistic chemical and biological
assessment of soil health. Soil nutrient extractions are accomplished
with water and organic acids, which more closely mimic the soil
solution versus the traditional soil extractants. Values are
determined by integrating one-day soil respiration values, a
measure of the soil microbial activity, and water extractable C and
N into the formulas for plant-available nutrients, the Soil Health
Score (SHS), and the Nutrient Value (NV) (Tables 4-7; Haney
etal., 2018).

Available N, P and K and Soil Health Scores were highest in
COMP and COMP + MSCC plots. The soil respiration rate (CO,~C)
was significantly higher for COMP compared to all other treatments.
This higher level of soil respiration, the greater concentrations of water
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extractable organic carbon, and plant available N, P and K demonstrate
that there was more biological activity, and thus, more nutrient cycling
occurring in COMP and COMP + MSCC (Tables 4-7; Haney et al.,
2018). Since there was also evidence of nutrient cycling in the cover
crop plots (higher forage quantity and quality, higher MB, and
increased almond yields), it is possible that increases in SHS for MCSS
may have a 2-3-year lag compared to the COMP treatment
(L. Gunderson, Regen Ag Soil Laboratory, pers. comm.). Fenster et al.
(2021) found that regeneratively farmed almond orchards had higher
SHS than conventionally farmed almond orchards.

The higher availability of nutrients in all treatment plots (COMP,
MSCC, and COMP + MSCC) is reflected in their higher Nutrient
Value (NV) dollar amounts in Table 7, compared to CONT plots. This
represents 11-48% more nutrients being supplied by the compost or
the multispecies cover crop. This is an example of why this measure is
useful for crop nutrient management and could provide an opportunity
for reductions in nutrient applications by growers. The Haney test
offers an advantage over traditional chemical extraction tests that
underestimate the availability of N, P and K (Figure 3). Underestimating
available soil nutrient levels may lead to the overapplication of external
inputs. This is not only an unnecessary financial expense, but
potentially, also nutrient loss to the environment. All soils samples were
collected in September, just after almond harvest, and before the
annual fall compost application and winter cover crop planting. Thus,
the soil nutrients detected were what remained after harvest. These
concentrations represent a substantial soil nutrient reserve for the
following year (Table 6), especially considering the recommended
fertilizer application rates for the almond production (CDFA — FREP -
CA Fertilization Guidelines - Almonds, n.d.).

4.1.5 Soil structure

Compost application and multispecies cover crop had mixed effects
on soil structure. Soil bulk density (BD) was not affected by compost or
cover crop, however, aggregate stability (in the top 15 cm of soil) did
improve with the application of compost (Table 3). Although previous
studies have found BD to be improved (reduced) with the use of compost
and cover crops (Blanco-Canqui and Ruis, 2020; Mays et al., 2014),
certain characteristics of this orchard may explain its observed lack of
response. As a mature, organic, perennial system with clay soils
(estimated at 35% clay), bulk density may not respond quickly or
dramatically to soil health improvement. In addition, some compaction
may result from equipment use (seeding, compost application, mowing,
and harvest) and sheep traffic in the orchard. Finally, the permanent
no-till status of this orchard could be a factor, as it has been found that
long term no-till can lead to increases in BD (Li et al., 2020).

In contrast to BD, the aggregate stability of the top 15 cm of soil
was 9% higher in plots where compost had been applied (COMP and
COMP + MSCC) versus non-compost (CONT and MSCC). This
result is consistent with the review by Diacono and Montemurro
(2011) which showed improvement in aggregate stability due to
compost application in multiple farming systems. This is also
consistent with the studies by Almagro et al. (2013) and Soto et al.
(2021), that found aggregate stability was improved with regenerative
practices such as ground covers and organic amendments, compared
to conventional practices in almond orchards in Spain. The increased
microbial presence and activity in these soils likely improved soil
aggregation with increased glue-like exudates and enhanced
mycorrhizal and mycelial networks and that are favored by no-till
management (Kabir, 2005).
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4.2 Orchard productivity
4.2.1 Understory vegetation

4.2.1.1 Understory primary productivity

Growing vegetation in the alleys between tree rows is one way to
maximize photosynthesis and to increase the overall orchard
productivity. Research has shown that instead of competing for water
and nutrients, orchard floor plants facilitate the enhanced movement
and uptake of these resources through the soil via root and fungal
networks (Castellano-Hinojosa and Strauss, 2020). In this study the
cover crop treatments (MSCC and COMP + MSCC) produced greater
plant biomass versus plots without cover crops planted (CONT and
COMP). This greater PB is what we would expect with the multispecies
cover crops greater number of plant species due to niche partitioning,
complementarity, and over yielding as these effects are well
documented in the literature in both natural and managed systems
where increased plant species richness is correlated with higher
primary productivity (Isbell et al., 2017; Tilman et al., 1996; Weisser
etal., 2017).

4.2.1.2 Understory forage quality

Understory forage quality is important as a source of feed for
sheep. Multispecies cover crop (MSCC and COMP + MSCC) biomass
had higher protein, net energy, palatability, digestibility, K and Ca
(Table 2). Others have shown the benefits of cover crops as livestock
forage in both annual and perennial systems, with more diverse
mixtures of species and functional groups providing the greatest
benefit for cash crop production, livestock nutrition, and soil health
(Bainard et al., 2020; Farney et al., 2018; McKenzie et al., 2017; Mozea,
2022; Opoku et al., 2024; Ramos et al., 2011; Wortman et al., 2012).
Here, MSCC and COMP + MSCC plots had more plant species and
functional groups along with larger, more diverse soil microbiomes
compared to CONT or COMP which resulted in greater forage
production and quality.

4.2.1.3 Influence of sheep grazing

Integrating livestock into cropping systems benefits soil health
and farm resiliency through ecological intensification (Brewer and
Gaudin, 2020; Cappelli et al., 2022; Franco et al., 2021; Franzluebbers
and Martin, 2022; Peterson et al., 2020). The benefits that ruminant
grazing provide differ from other cover crop termination strategies
such as incorporation, mowing, roller-crimping, and herbicide
application. Ruminants, such as sheep, reduce plant biomass while
stimulating plant growth, provide excreta in the form of feces, urine,
and saliva; and increase the contact between the vegetation and the
soil by trampling (personal observation). With this study, every effort
was made to “equalize” the sheep impact by allowing them to graze an
equal amount of time in each plot. Their behavior of smashing
vegetation that was not eaten made it difficult to gauge exact intake.
Since sheep are known to graze preferentially, having different plants
in each plot may have led to different grazing patterns. Sheep could
have contributed to soil compaction despite the short durations of
their grazing time. Sheep are integrated into almond orchards in Spain
(Ramos et al., 2011) for grazing cover crops or “permanent natural
cover; as well as occasionally in California for the same purpose
(Fenster et al,, 2021). This is an example of the multispecies cover crop
providing nourishment for the soil, the crop and the livestock.
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4.2.2 Almond production and quality

4.2.2.1 Crop yield

While climate smart practices such as compost application and
cover crops are employed because they provide multiple benefits to
farms and the environment, their impact on cash crop yield is a
primary consideration for their adoption (DeVincentis et al., 2020;
Finney et al., 2017; Khalsa and Brown, 2017; Sastre et al., 2020;
Wauters et al., 2023). There were no yield reductions due to treatments
in years one and two; and by year three there were significantly higher
yields in the treatment plots. For the Price variety, COMP + MSCC
produced 60% more while COMP and MSCC produced 25% more
almonds than CONT (Table 3; Figure 3). For the Nonpareil, COMP
and COMP + MSCC yielded 20% more than CONT and MSCC.

Compost application correlated with higher almond yields, which
is consistent with other orchard studies of organic amendment use
where crop yields were either maintained—nectarines (Baldi et al,
2018); almonds (Pérez-Murcia et al., 2021); apples (Neilsen et al,
2014) or increased—peaches (Lordan Sanahuja et al., 2015); apples
(Forge etal., 2013); avocados (Lopez et al., 2014) compared to control
treatments, including controls that included synthetic fertilizers. It
took 3 years to detect, the increased nutrient availability in the
compost plots soil likely translated into our observed higher yields
(Figure 7).

Conversely, for this study, the impact of the multispecies cover
crop was different for the two varieties. While there was a clear benefit
to the Price variety, there was no effect on yield for Nonpareil. Previous
orchard studies have observed mixed yield responses to the use of
cover crops: negative—olives with grass cover (Sastre et al., 2020);
neutral—olives with vetch cover (Sastre et al., 2020), almonds with
oats and vetch (Ozbolat et al., 2023), apples with legume and grass
cover (Sharafetal., 2021), and positive—almonds with oats and vetch
(Martinez-Mena et al., 2020). No studies have addressed the impact
of multispecies cover crops on orchard crop yields, but, in row crop
systems. Finney et al. (2017) and Chalise et al. (2019) each saw yields
of soybeans increase after 3 years in rotations with multispecies (up to
six) cover crops. Additionally, a recent review concluded that
increased plant diversity was associated with increases in crop and
forage yield (Isbell et al., 2017), and the inclusion of the multispecies
cover crop in this system increased plant diversity substantially.

The combination of compost and cover crop showed a seemingly
synergistic effect on the Price yields. Few previous studies have
examined this combination, but those that did found either no
treatment differences [almond (De Leijster et al., 2019; Fenster et al.,
2021)] or increased yields [olives (Sofo et al., 2010)]. While soil
nutrient concentrations were impacted most by compost and the
understory vegetation quantity and quality by multispecies cover crop
seeding, soil biology, as measured by MB, was greatest for all major
groups in the combined treatment plots. The synergistic effect of
combined practices on soil biology may be the mechanism for the
synergistic effect of the combined treatment on Price yields.

Maintaining yields while using regenerative practices will be vital
to their adoption. Yield levels and consistency are important to
maintain cash flow and markets for crops (personal observation) and
may be more likely when using alternative practices that build soil
health compared to conventional reliance on fossil fuels and chemical
inputs. Li et al. (2019) found, in their review of 24 years of data, that
yields of tomato were more consistent and sometimes higher with
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organic management that included cover crops and compost compared
to conventional management. They propose that the slow, steady
buildup of soil organic carbon and the associated slow, steady release
of nutrients allowed tomato yields to be more resilient to environmental
variation, resulting in consistent yields even when conditions would
typically have reduced yields. In this study, these practices were
introduced into an orchard characterized by low disturbance which
may have guarded against a yield drag (due to treatment
implementation) the first 2 years. The higher yields in year three may
have occurred because sufficient time had passed to allow different soil
physical, chemical, and biological processes to boost crop yield.

4.2.2.2 Almond kernel quality

Nuts from the compost-applied plots had higher concentrations of
Ca, Mg, P, N, and Zn than nuts from non-compost-applied plots.
Higher soil nutrient levels in the composted plots, suggests that more
nutrient cycling is happening in the composted soil, making those
nutrients available to the trees. This is consistent with data
accumulating from research in Spain and California showing that
regenerative practices increase the nutritional value of almonds.
Cérceles Rodriguez et al. (2023) found that antioxidant activity and
total polyphenol content of almonds increased with 5 years of legume
cover crop; and Pérez-Murcia et al. (2021) found differences in fiber,
protein, fat, sugar, organic acids, and sterols correlated with the specific
composts used to produce them, and Fenster et al. (2021) found
magnesium content was higher in regenerative nuts compared
to conventional.

4.3 Economic assessment

Some basic financial statements can be made with respect to
practice adoption: (1) The yield increase more than pays for the cost
of compost application and cover crop planting. (2) The increased
forage quantity and quality translates into lower feed costs for lamb
production. (3) Demonstrating higher nutrient content in the nuts
may translate into a price premium. (4) Soil health management
practices that increase soil carbon by enhancing biological and
ecological processes will promote resiliency. (5) The cost of compost
and cover crop seed was subsidized by the California Department of
Food and Agriculture Healthy Soils grant for three full years before
the yields increased. This farm had previously applied compost and
single species cover crops but stopped due to high cost and lack of
immediate return on investment. With this yield increase, farmers
can implement these practices at their own cost for the longer term.

5 Conclusion

This three-year trial demonstrated higher primary productivity,
including almond and forage crop yields, and improved soil health
metrics. Treatment plots produced more and higher quality
understory forage, more and higher quality nuts, and had higher
overall Soil Health Scores which reflected their soils” higher nutrient
content and biological activity. The research highlighted the systems
approach undertaken by the Massa Organics farm to produce
almonds and lamb while enhancing ecosystem services. Both
compost and cover crop practices added carbon, through importing
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organic matter (compost) and capturing more sun by growing
understory biomass (cover crop). Mediated by greater or more
diverse microbial communities, this translated into more soil organic
carbon, increased nutrient cycling, higher soil nutrient availability,
and greater yields and nutrient density of both almonds and forage.
Finally, combined practices generated the greatest benefit. Improved
soil health can increase farm resiliency and improve environmental
and human health. In the face of increasing climate uncertainty;, it
should be the focus of agriculture to promote the benefits to all
(DeVincentis et al., 2020; Wauters et al., 2023), and encourage more
farmers, organic and not, to adopt these climate smart practices.
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