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oil health conservation efforts in many regions of

the world have achieved unprecedented attention,

with the recognition that maintaining the func-
tion of soil for crop production is a major requirement
for global food security (Amundson et al. 2015; Wall
et al. 2015). Over 10 years ago, the USDA’s Natural Re-
sources Conservation Service (NRCS) kicked off “Un-
lock the Secrets in the Soil” at the Carroll, Ohio, farm
of a long-time no-tillage and cover crop farmer, David
Brandt. This national education campaign aims to raise
awareness about the core principles of conservation
agriculture and soil health. California NRCS provided
over $160 million in funding assistance for soil-health-
related conservation activities from 2017 to 2021,
supporting over 2,000 projects through the Environ-
mental Quality Incentives Program and Conservation
Stewardship Program (Programs NRCS California).
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A public field day was held at the
Conservation Agriculture Systems study
site in Five Points on March 18, 2010.
Results from a 2-year study indicate
that soil‘health management systems
result in improved soil properties and in
greater ecological and environmental
services from soil. Photo: Jeff Mitchell.
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Abstract

A long-term annual crop study in Five Points, California, shows that the
combined use of no-tillage, surface residue retention, and cover crops
improves soil health compared to conventional practices common

to the region. Several chemical, biological, and physical soil health
indicators were improved when these practices were combined. Our
data suggest that farmers stand to gain multiple synergistic benefits
from the integrated use of these practices by increasing soil structural
stability, water infiltration and storage, and agroecosystem biodiversity,
and improving the efficiencies of the carbon, nitrogen, and water cycles
of their production systems.
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The California Department of Food and Agriculture’s
(CDFA) Healthy Soils Program, started in 2017, has
invested over $40 million on 618 projects incentivizing
adoption of soil health management practices.

These efforts have defined critical soil health prin-
ciples that include (1) reducing soil disturbance, (2)
retaining surface residues, (3) enhancing biological
diversity, and (4) maximizing growth and longevity of
living roots in the soil (USDA NRCS 2012). Together,
these principles have become internationally known
as the basis for “conservation agriculture” systems
(Mitchell et al. 2019; Reicosky and Kassam 2021). These
systems, intended to enhance soil fertility, quality, and
health, share many of the same properties as “regenera-
tive agriculture” (Newton et al. 2020).

Adherence to soil health principles has been
shown to increase water infiltration and stor-
age (Franzluebbers 2010), decrease soil erosion
(Ranaivoson et al. 2017), reduce soil water evapora-
tion (Klocke et al. 2009), optimize soil moisture
utilization (Nielsen et al. 2005) and nutrient cycling
(Franzluebbers 2010), and increase soil carbon stocks
(Liptzin et al. 2022). In short, applying these principles
regenerates a soil’s ability to produce food and fiber,
while performing vital ecosystem services. They have
fueled a farming renaissance in several regions of the
world (Anderson 2005; Anderson 2011; Crabtree 2010;
Lindwall and Sonntag 2010; Peiretti and Dumanski
2014).

Government initiatives, however, tend to incentiv-
ize individual practices rather than systems-based ap-
proaches. For instance, CDFA’s Healthy Soils Program
and NRCS’s Soil Health Campaign use soil carbon (C)
as the primary metric of success, rather than consider-
ing a suite of soil health indicators. Because the full

complement of soil health principles are not being im-
plemented through these programs, the comprehensive
systems goals for soil health that these agencies endorse
may not be achieved. For example, cover crops typically
are incorporated into the soil using intensive tillage
methods that can disrupt soil structure (Kladivko 2001;
Six et al. 2002) and increase compaction (Hamza and
Andersol05), which diminishes the benefits of cover
crops (Mitchell et al. 2017). Until recently, informa-
tion in California has been lacking on the impacts of
production systems that combine multiple soil health
practices, especially in regard to co-benefits and soil
function.

Several studies have demonstrated the importance
of deep soil inventories of C (Haddaway et al. 2017;
Tautges et al. 2019), as well as the use of long-term
studies to reveal “consistent dynamics and emergent
outcomes” and avoid inaccurate conclusions about
soil C accumulation (Cusser et al. 2019; Powlson et al.
2016). The Conservation Agriculture Systems (CAS)
study in Five Points, established in 1999, is the only
site in California that incorporates all four soil health
principles in its experimental design. This provides a
unique opportunity to measure the long-term impacts
of alternative management practices on soil biodi-
versity, physical and chemical properties, and overall
function (Mitchell et al. 2017).

Our objectives were to measure changes in physical,
chemical, and biological indicators of soil health after
20 years of no-tillage and cover crop management in
the historically productive San Joaquin Valley (SJV).
We hypothesized that soil health indicators would
improve with reduced disturbance and increased cover
cropping, but that changes in C would be modest

i ’% A e R e e ) Lhﬁ% B R : TR e P »
A disk plow and ring roller prepares seed beds in the standard tillage with no cover crop system. Photo: Jeff Mitchell.
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given the region’s aridity and warm temperatures
(Humphrey et al. 2021).

A long-term field experiment

The CAS study was established in the fall of 1999 on
an 8.8-acre (3.56 hectare [ha]) field at the UC West
Side Research and Extension Center in Five Points,
California. The goal of the study was to compare no-
tillage (NT) and standard tillage (ST) crop rotations
with winter cover crops (CC) and with no cover crop
(NC). This region of the SJV receives approximately 7
inches (178 millimeters [mm]) of annual precipitation
and has mean maximum air temperatures of 75°F and
minimum of 46°F (7.8°C). Over the 20-year project du-
ration, recurring drought was common (fig. 1). The soil
is a Panoche clay loam (fine-loamy, mixed superactive,
thermic Typic Haplocambids) (Arroues 2006). Before
the CAS study, the field had been variably cropped for
over 40 years with wheat, tomatoes, cotton, and veg-
etables. Most recently, barley (Hordeum vulgare L.) was
planted to reduce known variation in soil water and
fertility due to previous research. The field was evenly
divided into a cotton-tomato and a tomato-cotton rota-
tion (Solanum lycopersicum L. for tomato, Gossypium
hirsutum L. for cotton). Each year for 12 years (1999 to
2014), each crop was grown on separate halves of the
experimental field. This was followed by rotation of
garbanzo and sorghum (Cicer arietum and Sorghum bi-
color L.) from 2015 to 2018, and finally tomato in 2019.

Each 0.2-acre (0.08 ha) treatment plot (30 feet by
300 feet) (9.1 meters by 91.4 meters [m]) was replicated
four times in a two-factor (tillage and cover crop) ex-
periment arranged as a randomized complete block
design in each half of the field. The four systems were
no-tillage with a cover crop (NTCC), standard tillage
with a cover crop (STCC), standard tillage without
a cover crop (STNC), and no-tillage with no cover
(NTNC).

Tillage practices were described in detail in Mitchell
et al. (2015). In summary, conventional or standard
intercrop tillage (ST) consisted of (1) residue shred-
ding; (2) before the tomato and cotton crops were
planted, multiple disk passes to incorporate residues
to a depth of eight inches; (3) after the tomatoes were
harvested, use of a subsoiling shank to a depth of about
12 to 18 inches (0.3 to 0.46 m); (4) additional disking
to eight inches (0.2 m) to break up soil clods created by
the subsoiling shank; (5) listing beds; and (6) surface
residue incorporation (top four inches of soil) using
a cultimulcher (BW Implement Co., Buttonwillow,
Calif.). These conventional intercrop tillage practices
break down and establish new beds following harvest
and represent normal SJV operations in terms of tillage
intensity, depth, and timing.

In the NT systems, planting beds were not moved
or disturbed during the entire study period. Controlled
traffic farming, or zone production practices, were used
to restrict tractor traffic to certain furrows. The only
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FIG. 1. Total annual precipitation (2000-2019) and the 30-year average precipitation
(represented by the dotted line) at the University of California West Side Research and
Extension Center in Five Points, California.

soil disturbance in the NT systems was shallow cultiva-
tion during the first eight years for the tomato crops
and root pulling or shallow root severing for cotton;
the root pulling was much less disruptive than con-
ventional tillage and was done only to a depth of four
inches in the soil. By 2012, the NT treatments became
zero-tillage systems, with soil disturbance reduced to
seeding or transplanting traffic only. We use the term
“no-tillage,” or direct planting with no primary or
secondary tillage after a previous crop harvest (SSSA
1996), because this characterizes this system more aptly
than previously used terms such as “reduced tillage,”
“minimum tillage,” or “conservation tillage” (Mitchell
et al. 2019; Reicosky 2015).

Tomato and cotton crops were furrow-irrigated
from 2000 to 2012. They were converted to subsurface
drip irrigation in 2013 with 1.34-inch (3.4 centimeter
[cm]) diameter tape buried 12 inches (0.3 m) deep in
the center of each 5-foot-wide (1.5 m) planting bed.
Drip tape installation involved a tillage operation to all
systems.

The CC treatments were a mix of Juan triticale
(Triticosecale Wittm.), Merced cereal rye (Secale cereale
L.), and common vetch (Vicia sativa L.). The legume
species was inoculated with Rhizobium leguminosarum
biovar viciae before seeding. They were seeded using
either a 15-foot (4.6 m) John Deere 1530 no-tillage
single-disc opener seeder (Moline, Ill.) or a 15-foot
(4.6 m) Sunflower 1510 double-disc opener no-till drill
(Beloit, Kan.). In CC plots, seeds were planted 1 inch
(2.5 cm) deep, at 7.5-inch (19 cm) row spacing, and at
a rate of 80 pounds (Ibs) acre™ (30% triticale, 30% rye,
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Conservation Agriculture Systems study researcher Jeff Mitchell (right) and USDA ARS soil
scientist Lauren Hale (left) examine soil health properties in a no-tillage and cover crop
plot. Photo: Jeff Mitchell.
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and 40% vetch by seed weight) in late October prior to
winter rains.

The CC were irrigated with 4 inches (10 cm) of water
in 1999 and again with 2 inches (5 cm) in 2012, 2017,
and 2018, for a total of 10 inches (25 cm) over the en-
tire 20 years. Precipitation provided an additional 127
inches (0.32 m) of water over the 20-year period (fig. 1).
From 2000 to 2012 and 2013 to 2016, no irrigation was
applied to the cover crops.

From 2010 to 2014, the basic CC mixture was
changed to include a greater diversity of species, in-
cluding pea (Pisum sativum L.), fava bean (Vicia faba
L.), radish (Raphanus sativus), and Phacelia (Phacelia
tanacetifoli) (40% pea, 40% fava bean, 10% radish, and
10% Phacelia by seed weight) (Mitchell et al. 2015).
Cover crops were typically seeded by mid-November
and terminated by glyphosate application and mowing
in mid-March of the following spring, resulting in a
120-day growth period. Fertilizer and pesticide inputs
were similar across the treatments in all years.

Measuring crops and soil

Cover crop biomass was determined each year in mid-
March by harvesting all aboveground plant material
inan 11 ft> (1 m?) random area in each plot, drying the
material to constant weight, and weighing it (Mitchell
etal. 2015). After harvests and subsequent intercrop
tillage (on August 10, 2014, March 19, 2016, and March
20, 2017), the percent surface residue was estimated
using the line-transect method over 100 feet (30.5 m)
per plot (Bunter 1990). Cash crop yield was measured
annually using weighing gondolas and crop-specific
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commercial harvest equipment on loan from neighbor-
ing farmers.

Soils were sampled after the 2018 fall harvest at
four depths: 0-6 inches, 6-12 inches, 12-24 inches,
and 24-36 inches (0-15 cm, 15-30 cm, 30-60 cm,
and 60-90 cm). Four 2-inch-diameter cores were col-
lected per depth for each plot and composited before
air-drying, sieving (< 0.08-inch sieve), and grinding
(soil pulverizer) to pass through a 60-sieve screen with
0.25-mm-size openings, and then dried to constant
weight. Protocols of the University of California, Davis,
Analytical Laboratory were used to determine total
soil C and nitrogen (N) using the combustion method.
Surface soil aggregate slaking scores (18 determinations
per plot) and water infiltration rate (four measure-
ments per plot) were determined in 2019 using NRCS
Soil Quality Test Kit procedures (USDA NRCS 2013).
Slaking was visually assessed, on aggregates exposed to
rapid wetting using 0.59-inch-diameter (1 cm) sieves,
to determine aggregate stability. Slaking index was also
measured using the Jornada Experimental Range Soil
Stability Test Kit 222 (Synergy Resource Solutions), a
recently developed smartphone application, SLAKES
(Bagnall and Morgan 2021), and three other methods
tested by the Soil Health Institute (Rieke et al. 2022).
After summer cropping (soil dry), soil water infiltration
was determined using a single ring (6-inch diameter)
(15 cm) inserted to a soil depth of ~3 inches (7.5 cm).
A volume equivalent to 1 inch of water (400 milliliters
[ml]) was applied inside the ring, and repeated four
times, recording the time to infiltrate for each inch.

Additional surface soil samples (0-6 inches) (0-15
cm) were collected in March 2019 and submitted as
part of the Soil Health Institute’s North American
Project to Evaluate Soil Health Measurements.
Sampling and laboratory protocols are detailed in
Norris et al. 2020. Biological community analysis in-
cluded 16S and ITS amplicon sequencing, functional
metagenomics (Reike et al. 2022), and phospholipid
fatty acid analysis (MIDI Labs, Newark, Del.). We used
the sum of all phospholipid fatty acid biomarkers with
C chain length of 14 to 20 as an estimate of microbial
biomass (Zhang and Rock 2008). Biological activity
was assessed using a suite of potential enzyme activities
and carbon mineralization incubations, including a 24-
and 96-hour rewetting test (Franzluebbers et al. 2018;
Haney et al. 2008).

Assessing statistical validity

Data were analyzed using PROC Mixed procedures
in SAS statistical software with tillage and CC as
fixed variables, and years and replication as random
variables (SAS Institute 2002). Year was considered a
random variable because crops rotated between the
two experimental blocks each year. Interactions be-
tween years and factors were also tested. Where there
was significant interaction between years and factors,
data were separated by years and re-analyzed. The
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significance level for variables and their interactions
was set at 0.05. Prior to the analysis, assumptions of
ANOVA were tested. Data for total C and total N were
log transformed for analysis to meet the assumption of
homogeneity of variance. Means were separated using
either Fisher’s Protected Least Significant Difference
method or the “pdiff” option in SAS. Mean separation
was based on transformed data, but non-transformed
means were presented for clarity.

Cover cropping biomass

The total aboveground cover crop (CC) biomass pro-
duced and retained across these 20 winter growing
seasons was 37 tons per acre (83 metric tons [mt] ha™!)
averaged for the STCC and NTCC plots (fig. 2). This
represented 1,580 Ibs (717 kilograms [kg]) N and 14.8
tons of C per acre (33.1 mt ha™) or 0.74 tons of C per
acre (1.66 mt ha™) annually (Pribyl 2010). Year-to-year
variability in CC biomass was quite large, ranging from
alow of 54 Ibs per acre (60 kg ha™) (2007, no irrigation)
to a high of 8,818 Ibs per acre (9,884 kg ha™1) (2000,
supplemental irrigation applied). Nonetheless, the CC
systems had an additional 90 days annually of “green
ground cover,” which captures solar energy, as well as
living roots. By contrast, the NC systems were bare.
Residual soil moisture following summer crops was
assumed to be negligible. Adding water, if available,
during dry winter periods produces additional growth
and C inputs. Based on CC growth during years with
supplemental irrigation, we estimate that an average
0f 6,082 Ibs per acre (6,818 kg ha™') of dry CC biomass
could be produced over the 20-year period at this site
with a modest 2 inches (5.1 cm) of irrigation water.
Management that more closely mimics cash crop man-
agement (i.e., earlier planting dates, strategically timed
irrigation) could produce even greater CC biomass.
Local dairies typically produce approximately 12,000
1bs of dry matter per acre per year (13,450 kg ha™!),
with winter silage triticale used as a double crop system
(Miller et al. 2018; Wright et al. 2015).

Soil health indicators

As anticipated, the combination of no tillage and cover
cropping resulted in improved soil health across several
metrics, relative to conventional tilling and no cover
crops.

Soil physical properties

Aggregate stability increased by at least twofold in the
NTCC over the STNC treatment (fig. 3), using all five
methodologies. The absolute value of each method
differed, but the intermediate treatments, NTNC and
STCC, consistently produced intermediate values com-
pared to the extremes of full conservation treatment
(NTCC) and fully conventional treatment (STNC).
Both NT and CC increased aggregate stability (relative
to ST and NC, respectively) using all methods, except
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FIG. 2. Cover crop dry aboveground biomass (lbs/ac) (0.89 Ibs/acre is 1 kg/ha) for 2000
through 2019 at the study site in Five Points, California.
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FIG. 3. Aggregate stability results as box and whisker plots using methods tested by Soil
Health Institute. Within each method, result means with the same letter under the box
plot are not significantly different (at a = 0.05) according to Fisher's PLSD post-hoc test.
(A) The wet sieve method measures the aggregates between 1 and 2 mm that remain on
a sieve after repeated dunking in water, developed by the ARS. (B) Cornell measures the
aggregates between 1 and 2 mm that remain on a sieve after a simulated hard rain by a
sprinkle infiltrometer used in the Cornell Assessment of Soil Health. (C) Slakes measures
the change in area of three soil aggregates, 4-10 mm in size, submerged in water for

10 minutes using a smart phone application called SLAKES. Treatments that start with
NT are no-till, ST are standard tillage. Treatments that end in CC had cover crops and NC
indicates no cover crops.
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SLAKES, where some replications were discarded for
quality control. The formation of stable soil aggregates
could be a result of stabilization and sequestration of
C and/or a reduced rate of aggregate turnover (i.e., ag-
gregate formation vs. disruption) (Six et al. 2000; Six et
al. 2002).

Water infiltration rates were enhanced in the NT
systems regardless of cover crop presence. Combining
soil health practices (NTCC) had the greatest impact
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FIG. 4. Soil water infiltration times (seconds) for 1, 2, 3, and 4 inches of water into
standard tillage no cover crop (STNC), standard tillage with cover crop (STCC), no-tillage
no cover crop (NTNC), and no-tillage with cover crop (NTCC) soils.
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FIG. 5. Soil carbon in tons per acre at 0-6 inch, 6-12 inch, 12-24 inch, and 24-36 inch
(0-15 ¢cm, 15-30 cm, 30-60 cm and 60-90 cm) depths for standard tillage no cover crop
(STNQ), standard tillage with cover crop (STCC, no-tillage no cover crop (NTNC), and no-
tillage with cover crop (NTCC) systems. Capital letters represent statistically significant

(P < 0.05) differences between treatments at one depth; small letters represent significant

differences between depths.
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on water infiltration (fig. 4), and STCC improved in-
filtration compared to STNC. There was a difference
of almost two orders of magnitude between the least
disturbed NTCC (45 seconds) and the STNC system
(1,620 seconds) in the time it took for infiltration. The
results indicate that considerable improvements in wa-
ter infiltration and movement in soils may be achieved
through the combined use of CC and NT.

Soil chemical properties

For the 0-6 inch (0-15 cm) depth, soil C content in

the NTCC system (12.4 tons acre™'; 27.9 t ha™') was
statistically different (P < 0.05) from NTNC (8.7 tons
acre™!; 19.6 mt ha™') and from STNC (8.5 tons acre™;
19.1 mt ha™!), but not from STCC (10.3 tons acre™;

23.0 mt ha™!) (fig. 5). Though tillage and cover crop
management changed the distribution of C throughout
the soil profile (fig. 5), the systems were not statisti-
cally different (P < 0.05) over the entire profile (0-36
inches). The two systems that most diverged in terms of
C inputs — the full conservation treatment NTCC and
the fully conventional treatment STNC — contained
similar amounts of C stocks in the 0 to 36 inches (0-90
cm) depth: 33.1 tons acre™! (74.3 mt ha™!) and 31.8 tons
acre”! (71.3 mt ha™!), respectively (fig. 5). Soil N pools
also did not differ between treatments over the whole
profile (table 1).

Soil C at 12-36 inches (30-90 cm) represented 50%
of total stocks across the entire soil profile (43% in
NTCC to 54% in STNC), highlighting the importance
of deeper monitoring (fig. 5). Subsoil C has been shown
to be sensitive to management; losses can offset surface
layer gains, resulting in incorrect estimation of climate
impacts (Cai et al. 2022; Tautges et al. 2019). We did not
collect deep samples at the start of the study and were
unable to compare changes in C stocks at 12-36 inches
(30-90 cm). For the two shallow depths, however, C in-
creased in all treatments over the 20 years, likely due to
the overall intensification of cropping (i.e., irrigation,
fertility) (Rosenzweig et al. 2018). At 0-6 inches (0-15
cm), the NTCC (full conservation) increase was almost
two times that of STNC (fully conventional). Smaller
increases occurred at 6-12 inches (15-30 cm), with sig-
nificant increases between NTCC and STNC.

Microbial biomass

We found that total microbial biomass (by PLFA) was
significantly higher by almost 50% in systems with CC
than without, regardless of tillage (table 2). Similarly,
most biomarkers for specific microbial groups were sig-
nificantly higher with CC than in NC treatments. The
most abundant values were from CC treatments and
the least abundant was the fully conventional STNC.
Analyzing the two treatment factors separately, most of
the biological indicators were improved by CC but not
by tillage reduction. This underscores the importance
of carbon inputs, in this case from roots and residues,
for soil biology to thrive in our semi-arid Mediterra-
nean climate.



TABLE 1. Soil carbon (C) and nitrogen (N) stocks in tons per acre (followed in brackets by real units) for standard tillage
(STNC), standard tillage with cover crop (STCC), no-till no cover crop (NTCC), and no-till with cover crop (NTCC) at 0-6
inches, 6-12 inches, 12-24 inches, and 24-36 inches (0-15 cm, 15-30 cm, 30-60 cm, and 60-90 cm) depths in Five

Points, Calif.
Total C
tac™! Mg ha™!
Tillage
ST 320+46 71.8+10.3
NT 325+49 728 +11.0
Cover crop
cC 33.0+4.7 73.9+10.6
NC 31.6+47 70.8+10.5
Depth
0-6in 9.9 +2.7a% 22.1 +6.0a
6-12in 6.0+ 1.5b 13.5+3.4b
12-24in 8.1+1.7c 18.1+3.7c
24-36in 8.5+ 2.0c 19.0 £ 4.4c
Treatment
STNC 31.8+£5.0 713113
STCC 328+44 73.6+9.8
NTNC 314+46 70.3+104
NTCC 33.1+£54 743+122
ANOVA DF Total C P-value
Replication 7 0.0084
Tillage 1 0.82
Cover 1 0.21
Depth 3 <0.0001
Tillage:Cover 1 0.56
Tillage:Depth 3 0.35
Cover:Depth 3 0.029
Tillage:Cover:Depth 3 0.28

tac!

34+04
35+0.5

35%£0.5
34+04

1.14+0.27a
0.74 £0.16b
0.85+0.17¢
0.75+0.12c

34+03
35+04
34+05
3605

Total N
Mg ha™!

77+0.8
78+1.2

79+1.1
76+09

2.6+0.6a
1.7 +0.36b
1.9+0.38c
1.7 £0.27c

7.7+0.7
7.8%+1.0
75%£1.2
81+£1.2

Total N P-value

0.0002
0.83
0.17

<0.0001
0.36
0.94
0.011
0.20

* + indicates standard error of the mean. For each measurement, means with the same letter are not significantly different by depth (at a = 0.05) according to Fisher's PLSD

post-hoc test.

New management insights

Because of the unique and long-term nature of the Five
Points study site, we provide additional perspectives
here from previously published work. We also offer an
in-depth discussion of our new findings on manage-
ment impacts of reduced tillage, cover cropping, and
surface residue preservation practices.

Surface residue management

Getting rid of residues is the norm in California
(Mitchell et al. 2012). However, generating and preserv-
ing residue are indispensable to conservation agricul-
ture systems in several parts of the world (Crovetto
1996). Following 20 years of seasonal planting, harvest,
and tillage (where applicable), surface residue averaged
over 90% of the cover for NTCC, 40%-70% for NTNC,
10%-20% for STCC, and below 5% for STNC (Mitchell
etal. 2019). In NT systems, the resulting increase and
retention of surface residues mitigates the impacts of
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No-till planted sorghum in
cotton, tomato and cover
crop residue. Photo: Jeff
Mitchell.

PUBLISHED ONLINE MAY 1,2024 7


http://Californiaagriculture.org

TABLE 2. Soil total carbon for 0-6 inch and 6-12 inch (0-15 ¢cm and 15-30 cm) depths
at the start of the study in Five Points, Calif., and in 2019

Treatment

STNC
STCC

NTNC
NTCC
STNC
STCC

NTNC
NTCC

Treatment
STNC
STCC

NTNC
NTCC

STNC

STCC

NTNC
NTCC

Depth
0-6in
0-6in
0-6in
0-6in
6-12in
6-12in
6-12in
6-12in

Depth
0-15cm
0-15cm
0-15cm
0-15cm
15-30cm
15-30cm
15-30cm
15-30cm

Total C (tac™")

Change in TC
1999 2019 (%)
3.9+04 85+13 117%P
41405 103+1.6 149%2°
42405 87+3.1 110%P
41+04 12.4+3.1 204%?
40+0.5 6.0+0.7 48%2
44+1.1 57+15 30%?
46+1.1 60+1.7 30%?
42+03 65+22 55%?
Total C (Mg ha™")
Change in TC
1999 2019 (%)
8.8+0.9 19.1+3.0 117%®
93+1.1 23.0+36 1499%¢b
93+1.1 19.6+7.0 110%P
92+038 27.9+7.0 204%?
9.1+1.2 134+15 48%?
9.8+25 12.8+3.4 30%?
10326 13.4+3.8 30%?
94+0.7 145+ 4.9 55%?

Numbers are means for each tillage/cover crop treatment + standard error (n = 8). The relative increase in total carbon from 1999
t0 2019 is indicated as a percentage in the right column. In the 1999 to 2019 change, different letters within the same soil layer
indicate statistically significant difference (P < 0.05). Numbers following + are standard errors of the means.

For all the soils sampled in 1999, only average bulk density of 1.24 was available for the entire field site. In converting C
concentration to C stock, we used the constant value. Plot-level measured values were available for 2019. We used the 2019
data to develop a pedotransfer function to estimate the plot level bulk density. However, this analysis did not change the
conclusion, so it is not reported.

8 CALIFORNIA AGRICULTURE

water shortfalls and reduces local soil disaggregation,
leading to reduced erosion (Barrios 2007). Retention

of residue also decreases soil surface temperatures
(Mitchell et al. 2012) and increases moisture reten-
tion (Klocke et al. 2009), as well as soil C and nitrogen
(Crovetto 1996). A meta-analysis of surface residues in
no-till systems in other regions (Ranaivoson et al. 2017)
found similar results as NTCC, with annual surface
soil C gains (0.17 tons acre™) (420 kg ha™), decreased
soil water evaporation (30%), and increased water
infiltration (two-fold). Potential drawbacks of high-
residue retention include difficulties operating planting
equipment in heavy residues (i.e., seed drills) and pest
issues, which may become a serious issue in high-value
vegetable crops.

Soil carbon

No statistical difference in total soil C between NT and
ST treatments was observed. We explain this in light of
the two pathways for maintaining or increasing soil C:
a reduction in losses or an increase in C inputs. First,
NT and ST had similar crop yields (as discussed below),
and higher yields imply higher inputs of C to the soil.
Second, although increased soil disturbance has been
known to decrease soil C (Reicosky and Archer 2007),

DOI: https://doi.org/10.3733/001¢c.94714

California's intensive agriculture has been more pro-
ductive than the previous dryland grasslands. The net
result of soil disturbance and increased yield has been
a slight increase in soil C in California since the mid-
1900s (DeClerck and Singer 2003).

Thus, while eliminating tillage is an effective prac-
tice for reducing erosion and conserving water, alone
it cannot provide the increase in C inputs necessary
to increase overall soil C (Blanco-Canqui et al. 2021;
Powlson et al. 2016). Instead, the presence or absence of
CC appears to be more important for year-round veg-
etative cover, buffering soil temperature, and increased
above- and below-ground C inputs (Mitchell et al. 2015;
Poeplau and Don 2015). Roots, which may be more im-
portant than residues in contributing to soil C (Rasse et
al. 2005; Schmidt et al. 2011), may be restricted in soils
where compaction is aggravated by conventional tillage
(Martinez-Mena et al. 2008).

Further, soil C may accumulate more slowly under
NT in semi-arid climates (Francaviglia et al. 2017;
Franzluebbers 2010; Six et. al. 2002). This is because
periods of low winter rainfall can limit CC productiv-
ity (and thus C inputs). In addition, summer irrigation
is typically accompanied by warm temperatures that
can speed up decomposition (Blanco-Canqui 2020).

In these conditions, soil microbes may exhibit higher
specific respiration rates (unit of C respired/unit con-
sumed) (Doetterl et al. 2015).

Our findings for soil C agree with other no-till stud-
ies that have reported enrichment of C in the surface
layer, but no change when analyzing to a depth of 1 me-
ter (Haddaway et al. 2017; Syswerda et al. 2011). Several
meta-analyses have similarly reported that soil C in-
creases under no-till are limited to topsoil layers (Luo
etal. 2010; Ogle et al. 2019; Powlson et al. 2014). Cai et
al. (2022) found that, although soil C increased from 0
to 10 centimeters under NT, losses at 10 to 60 centime-
ters resulted in an overall decline in soil C that did not
recover until 14 years after NT had been implemented.
In contrast, a recent global study using the equivalent
soil mass method to calculate bulk density found that,
while C increases associated with N'T were reduced
with depth, NT soils contained higher C to at least 100
centimeters (39.3 inches) (Sun et al. 2020). In addition,
Sun et al. (2020) reported that both soil C and crop
yields were highly climatic-region dependent, and spe-
cifically that NT in warm, dry regions like California’s
Central Valley typically led to increases in both soil C
and crop yield. However, our results show that irriga-
tion mitigates water deficits and tillage effects in dry
climates. Kravchenko and Robertson (2011) warned
that C stock measurements are highly variable and that
a common mistake is to “interpret a lack of statistical
significance for the absence of differences” between dif-
ferent management systems.

Although increases in total C stocks were not de-
tectable under NT alone, improvements in other soil
health parameters indicate improvements in C cycling
and potential for future soil C storage. Greater soil



aggregate stability under NT provides increased pro-
tection of soil C against decomposition (Schmidt et al.
2011). Previous studies at the same site have also found
an increase in minerally associated soil C, indicating a
potential for greater stabilization and preservation of
soil C (Mitchell et al. 2015; Mitchell et al. 2017).

Soil structure and biology

The long-term combination of NTCC altered soil
structure, as well as the soil hydraulic properties and
water storage, compared to STCC. Our previously pub-
lished determinations of soil hydraulic properties over
time — as opposed to static analysis such as Araya et
al. (2022) — indicated that reduced disturbance with
cover cropping led to a bimodal pore size distribution
in surface soils (0-2 inch) (0-5 cm) and a 20% increase
in water storage. Increased aeration and higher satu-
rated hydraulic conductivity allow more water to be re-
tained in the root zone without becoming waterlogged
(Araya et al. 2022). While variability was too high to
show a statistical difference (P < 0.05), the mean satu-
rated hydraulic conductivity of the STNC treatment
was roughly three times slower than each of the other
treatments (Araya et al. 2022).

Our soil biology results are consistent with previ-
ously published work (Schmidt et al. 2018; Schmidt et
al. 2019) at the same site, which demonstrated major
shifts in soil biology in response to CC. The presence
of CC was the most important factor determining soil
biota’s contributions to ecosystem services. Enzyme
potential activity for B-glucosidase and N-acetyl-p-
glucosaminidase were both elevated under NT, indi-
cating that microbes are more actively breaking down
residues in these systems (table 3). Increases in micro-
bial activity and associated biomass and C turnover
may far outstrip observed increases in the C content
(Don et al. 2013; Marks et al. 2022). It is this increased
turnover that may be critical for increased soil resil-
ience, as microbial activity improves soil structure,
reduces erodibility, increases water infiltration and
water holding capacity, and enhances adaptability and
resistance to climatic perturbations.

The long-term combination of reduced disturbance
and increased plant cover led to a more diverse, symbi-
otroph-enriched fungal community, and a more diverse

bacterial community; these conditions are generally
associated with more efficient resource utilization and
greater competition (Schmidt et al. 2018; Schmidt et

al. 2019). Positive benefits of cover cropping on the
abundance and activities of microbivore nematodes
outweighed any negative effects of the environmental
perturbation caused by tillage (Zhang et al. 2017).
Finally, we found that soil macrofauna abundance in-
creased by 93% with the addition of cover crops and by
50% with elimination of tillage (Kelly et al. 2021).

Productivity and economics

The impacts of reduced disturbance, surface residue,
and CC on crop yields varied by crop (Mitchell et al.
2015; Mitchell et al. 2016). While it is not the intent of
this paper to provide overall productivity data, we pro-
vide the following summary. Tomato yields were 9.5%
higher in N'T versus ST systems and 5.7% higher in NC
versus CC systems. Cotton yields were 10.0% higher

in ST than NT and 4.8% higher in NC systems in the
early years of the study, largely due to problems in
establishing crop stands with NT. Yield patterns were
not, however, consistent from 2005 to 2009 (Mitchell et
al. 2015), and there were no yield differences between
the STNC and NTNC from 2010 to 2013 (Mitchell et al.
2015). Neither tillage nor cover crop had an effect on

TABLE 3. Biological soil health indicators demonstrate consistently higher values in treatments that include cover crops

MB Cmin POXc
nmol g=' mgCO,-C
soil g 'day’!
Cover crop CcC 127 FxX 62 Hxx 548 Hxx
NC 88 44 417
Tillage NT 105 ns 50 ns 506 *
ST 110 56 460
Interaction ns * ns

WEOC ACE PMN B-gluc
pmn
240 ** 3.5 ** 84 e 198 FxX
178 26 58 103
213 ns 33 * 71 ns 180 **
206 2.7 71 121
ns ns ns ns

Soil health technical
training field course

for USDA NRCS
conservationists at the
long-term conservation
agriculture study site in
Five Points, Calif,, June 19,
2014. Photo: Jeff Mitchell.

NAG ArylS
mgPNP kg~ hr!
14 21
22 * 31 ns
18 26
ns ns

Numbers are means for each factor from a two-way ANOVA. *** = P-value of < 0.0001, ** = P-value of < 0.001, * = P-value of < 0.05. MB is microbial biomass as the sum of PLFA biomarkers, Cmin is potential carbon
mineralization with a 24-hr burst test, POXc is potassium permanganate oxidizable carbon, WEOC is water extractable organic carbon, ACE is autoclaved citrate extractable protein, PMN is potential nitrogen
mineralization with a 7-day anaerobic incubation, B-gluc is B-glucosidase, NAG is N-acetyl-B-D-glucosaminidase, ArylS is arylsulfatase, ns is not significant.
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Conservation Agriculture
Systems researcher Jeff
Mitchell stands behind
winter cover crop in the
no-tillage with cover crop
system. Photo: Jeff Mitchell.

Our findings
affirm the value
of soil health
management
to improve

soil function
and climate
resilience, while
reducing labor
and fuel use.
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sorghum grain yield, indicating that similar yields can
be obtained with NT as with ST (Mitchell et al. 2016).
Mitchell et al. (2012a) similarly found no difference

in cotton and tomato yields between NT and ST. Gar-
banzo yields in NT matched or exceeded ST, depending
on the year (Mitchell et al. 2021).

It takes time to achieve economically viable yields
with alternative management techniques, and this
ultimately determines whether a practice is adopted
by farmers (Haddaway et al. 2017). Our yield results
should be viewed cautiously, as they reflect the inherent
“learning curve” challenges and mistakes of experi-
ment station work. A meta-analysis by Pittelkow et
al. (2016) found lower yields with NT when no other
amendment or soil health practices were used, but
higher yields with NT when the full suite of conserva-
tion agriculture practices (no-till, cover crop, residue
management) was added. Nonetheless, our findings do
suggest that NT could be profitable to California farm-
ers, as it reduces inputs of energy and the associated
costs (Jackson et al. 2011; Mitchell et al. 2012a), while
increasing the efficiency of resource use and improving
soil function. Cusser et al. (2020) emphasized that the
likelihood of NT systems becoming more economically
profitable increases with longer periods of implementa-
tion. Agronomic improvements and refinements with
the use of cover crops will be needed to consistently
provide adequate cash crop plant populations needed
for expected productivities (Blanco-Canqui 2020).

Policy implications

The remarkable improvements in soil health reported
here were not achieved easily. These improvements rep-
resent opportunities currently not being realized in any
SJV annual crop field of which we are aware. From a
policy perspective, reliance on ecosystem services that
result from healthy, functioning soils — rather than on
synthetic, non-renewable inputs and high-disturbance
approaches — is increasingly seen as a socially impor-
tant and environmentally sustainable way to improve
food production systems (Bowles et al. 2016; Mitchell
et al. 2012a; Mitchell et al. 2012b; Upadhyaya et al.
2001). Reducing tillage and using cover crops may
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reduce not only fuel use, but also nitrogen fertilizer in-
puts, for which costs have risen dramatically in recent
months (Schnitkey et al. 2022). Our results suggest that
SJV annual crop farmers could greatly improve not
only the function and efficiency but also the sustain-
ability of their production systems by adopting reduced
disturbance, residue retention, and cover cropping
practices. Practical progress toward these goals will
involve encouraging farmers to increase residue cover,
reduce tillage intensity, and use CC to add organic mat-
ter to their soils.

It is often less expensive to prevent degradation of
soil function and productivity than to remediate poor
soil conditions after they occur (Barrios 2007). While
the up-front implementation costs may discourage
adoption, the common good costs of achieving such
sustained ecosystem improvement rightly need to be
borne by our food system at large, rather than farmers
themselves. Thus, we recommend market- and out-
come-based mechanisms that enable farmers to change.
While soil C is well recognized as a leading indicator
of soil health, sequestration potential may be limited
in arid climates, soil types, and/or cropping systems.
By contrast, other soil health indicators may still be
sensitive to management. Although whole soil profile
inventories are necessary to provide accurate account-
ing for carbon credits or other climate change mitiga-
tion, we must still incentivize surface C gains and other
improvements in soil health indicators, which are more
relevant for soil function and agricultural productiv-
ity, especially in an increasingly warmer and drier
California.

Value of soil health management

After 20 years of consistent soil health management
with reduced soil disturbance, winter CC, and surface
residue generation and preservation, several indicators
of soil function improved dramatically. Our findings
indicate that implementation of soil health manage-
ment systems results in not only improved soil chemi-
cal, physical, and biological properties, but also in
greater ecological and environmental services provided
by soil. The benefits of these practices included in-
creased C and N sequestration with cover crops in the
surface soil, soil structural stability, water infiltration
and storage, green cover, surface protection (resulting
in reduced soil water evaporation), and biodiversity.
Our findings affirm the value of soil health manage-
ment to improve soil function and climate resilience,
while reducing labor and fuel use compared to current
standard practices (Mitchell et al. 2012b). We demon-
strated that cover crops play a more impactful role than
reduced tillage in improving soil properties and func-
tion, but that the combination of these practices consis-
tently produced the greatest positive effects. Employing
NT or ST plus cover crops increased both soil C and N
in the 36-inch profile, compared to NT and ST with no
cover crop. Equally important are improvements in soil



hydraulic function and their positive impacts on soil
water storage. The uniquely comprehensive nature and
timespan of our work indicates opportunities to greatly
improve soil function and resiliency across this region
with the addition of cover crops and a minimum dis-

turbance approach. [@
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