RESEARCH ARTICLE

No-tillage, surface residue retention, and cover
crops improved San Joaquin Valley soil health
in the long term

The use of conservation agriculture practices in combination improves soil health, including soil
stability and water retention.
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pdl health conservation efforts in many regions of
S the world have achioved unprecedented attention, Abstract
with the recognition that maintzining the func
tion of soil for crop production is & major requirement A kong-term annual crop

for glebal foed security (Amundson et al. 2005; Wall

et al, 2005y, Over 10 vears ago. the USDA's Mataral Re- 50} th compared t antion: CONTITIC
sources Conservation Service | MRCS) kacked oft “Un NETT ail health
lock the Secrets in the Soil™ &t the Carrall, Chio, farm i WENE Imp : mbaned, Cur

at @ lomg-time no-tillage and cover crop farmer, David data suggest that farmear:
Brandt. This national education campaign alms to raise from the integrated ws
awareness ahout the core principles of conservation stability, water infiltratix
agriculture and soil health, Califerni HWRCS provided f
over 3160 million in funding assistance for soil-health
related conservatbon activities from 2007 1o 2021,
supporting over 2,000 projects through the Environ
mental Quality Incentives Program amd Conservation
Stewardship Program {Programs MECS Calitornia).




The California Department of Foed and Agriculiure’s
{CDEA) Healthy Spils Program, started in 2017, has
inwested cver S400million on 618 projects incentivizing
adaption of soil health management practices

These efforts have defined critical soll lealth prin-
ciples that include (1] reduocing soil disturbance, [2)
retalning surface residuss, (3) enbancing biological
diversity, and (4} maximizing growth and longevity of
liwing ronds in the sobl (US04 HRCS 3020, Tegether.
these principles have become internaticnally known
as thi basis for “conservatkon agriculiure” systems
i Mlitchell et al. 2009; Reicosky and Kassam 2021). These
aystems, intended to enhance soll fertility. quality, and
health, share many of the same properties as “regenera
tive agricalture” (Mewton et al. 20200,

Adherence to soil health principles has been
albrwrn 1o [ncresse water infiltration and ster-
age |Franzluebbers 2010}, decrease soil erosion
{Banaivason ot al. 2007), reduce soll water evapora-
tion { Klocke et al. 20091, optimize sodl maoisture
uthlization (Biclsen ¢t al, 2005) and muirlent cycling
{Franzluebhers 2010}, and increase soil carbion stocks
{Liptein et al. 20223, In short, applying these principles
regenerates a sail s ability to produce tood and hther,
while performing vital ecosystem services. They have
fueled a farming renaissance in several regions of the
warld {Apndersan 2005; Anderson 2011; Crabtree 2000
Lindwall and Sonntag 204; Peiretti ard Domansk
IR0,

Gowvernment initiatives, owever, tend 10 incentiv
ize individual practices rather than systems-based ap-
proaches. For instance, CHFAS Healthy Spils Program
amd MRCSs 508l Health Campakgn use sodl carbon (C)
as the primary metric ol swocess, rather than consider

ing a sulte of soil bealth indicators, Because the full

complernent of sotl health principles are not being lm-
plemented throwgh these programs, the comprehensive
aysterns Eoals for sodl health that these agencies endogse
may niet be achieved. For examiple, cover crops typically
are incorporated Inte the seil using intensive tillages
methnds that can disrupt soil strocture (Kladivko 2001;
Sixet al, J002) and increase compaction {Hamza and
AndersallS), which diminishes the benehts of cover
croge (Mitchedl en al, 20075 Until recently, informsa-
tien in California has been lacking on the impacts of
production systems that combine multiphe sedl health
practices, especially in regard to co-benefits and soil
function

Several studies have demanstrated the importance
af deep sobl inventories of C (Haddaway et al, 2007
Tautpes et al. 2019}, as well as the use of lang-term
atuedics to reveal “conslstent dymamibcs and emergent
outcomes” and avoid insccurate conclagions aboul
sofl C acoumulation (Cusser et al. 201% Powlsen ¢ al,
2] The Conservation Agricofiure Systems (CAS)
atuady in Five Points, established in 1995, §s the anly
site in Calitornia that incorporates all towr soil health
principles in its cxperimental design, This provides a
unigue oppartunity to measure the long-term impacts
of alternative management practices on soil biodi-
versily. phy=sical and chemical properties, and averall
function (Mitchedl et al. 2007}

Chur phjectives were to measurne changes in physical,
chemical, and Mological indicators of soil health after
2l years of no-tillage and cover crop management in
the historically productive San feaquin Valkey (5]%)
W hypothesized that spdl health indicators wouald
improve with reduced disturbance and Incressed cover
cropping, bat that changes in C would be modest

A disk plove and
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glven the reglon’s arkdity and warm temperatures
| Humphrey et al. HI2E).

A long-term field experiment

The CAS stady was established in the Rl of 199% on
am 8.8-acee (3,56 hectare [hal) field at the LC West
Side Research and Extension Center in Five Painis,
Califormia. The goal of the study was 10 conmpare mo-
tillage {MNT) and standard tillage {5T} crop rotations
with winter cover crops (CC) and with no cover crop
{MC). This region of the §]Y receives approximately 7
inchs (178 millimeters [mm]) of anmual precipitatien
amd has mean maximum air temperatures of 75°F and
mikninwm of 46°F (T8°Ch Over the 20-year project du-
raticn, recusring dmughl: Wils COITLITGN Hig_ 1} The soil
isa Pamoche clay loam (fime-leamy, mined superactive,
thermic Typic Haplocambids) (Arrowes 2006 ) Biefore
the CAS study, the field had been variably cropped for
over 4 years with wheat, tomatoes, cotton, and veg-
etables. Mast recently, barley (Hordewns vilgase L) was
plamted to reduce known variation in soil water and
fertilivy due to previous research, The field was evenly
divided into a cotton-tomato and a tomato-cotton rota-
tion {Solamen lycopersioust L. for tomabe, Gossypiusi
hirsutum L. for cotion). Each year bor 12 years (1999 top
2014, cach crop was groaw on separate halves of the
experimental field. This was fallowed by rotaticm of
garbanzo and sorgham (Cheer arietins amd Sorghim -
cmlor L) drom 2005 to 2018, and Anally tomate in 2014,

Each 0. 2-gcre (.08 ha) treatment plost €30 feet by
M) feet) (9.1 meters by 914 meters [m|} was replicated
four times in a two-Eactor (tilkage and cover crop) ex-
periment arranged as a randomized complete bleck
design in each half of the feld, The four systems were
na -lil]aﬂ;e with a cower crop (NTCC), standard tillage
with a cover crop (STCCK standard thllage without
a caver crap [STRCE and no -Ii|]aﬂ;|: withi mo cover
{MTHMC).

Tillage practices were described in detail in Mitchell
et al, (2005 [n summary, cenventional of standard
intercrop tillage (3T consisted of (1) residue shred-
ding: (2 before the tomate and cotton crops were
planted, multiple disk passes to incorporate residues
o a diepth of eight inchess {3) afier the tomatoes were
harvested, use of a subsoiling shank ve a depth of about
12 b 18 inches {003 1o 046 m); (4 additkonal disking
1o eight inches (0.2 m) to break up soil clods created by
the subsolling shank: {5} lsting beds: and (6) surface
residue incorporaim (bap tour inches of sel) usinﬂ:
acultimulehser (BW Inplement Co.,, Buttomnswillow,
Calif.). These conventional intercrop tillage practices
brvak doswen and cstablish mew beds following harvest
and represent normal 5]Y operations in terms of tillage
intensity, depth, and timing.

In the NT systems, planting heds were naot maved
af distarbed during the citire study period, Contrelled
traffic farming, or zone production practices, were used
o pestrket ieackor traffic 1o certain Furrews, The only
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FiG., 1. Total annual precipiation (2000-201 % and the -year average precipitation
[represented by the dotted line} at the Uiniversity of Califarnia West Side Research and
Extension Center in Free Points, Califomia,

sofl disturbamce in the NT syeterms was shallow cultiva-
tion during the first eight years for the tomato crops
arnd root pulling o shallow reet severing for cotbon;
the roat pulling was much less disruptive than con-
ventional tillage and was done only o a depth of four
inches in the spil. By 2012, the NT treatments became
vere-tillage systenss, with sobl disturbance reduced 1o
seeding or transplanting traffec anly. We use the term
“no-tillage.” or direct planting with no primary or
secondary tillage afber a previcus crop harvest (3554
14954a), because this characterizes this svstem mose apily
than previously used terms such as “reduced tillage
“mimimam tillage” or “conservation tillage” (Mitchell
etal. 20149; Reicosky 2015).

Tamato and cotton crops were furrow-irrigated
froan 2000 o 201 2. They were converted to subsurface
drip irrlgation in 2003 with 1L.34-inch (34 centlmeter
[em|] diameter tape buried 12 inches (0.3 m} deep in
the center of each 5-foot-wide (1.5 m) planting bed.
Dirip tape instaliation involved a tillage operation to all
aystems,

The CC treatmients were a mix of fuan triticale
[ Trittcosecale Wittm, ), Mercoed cereal rye (Secale cerale
L.b, amd common veich (Vicia saftvr L), The Izﬂ_u me
spiecies was bvculated with Shlzobiue bgumiiosnsiim
bigwar viciae belore seeding. They were seeded wsing
cither a 15-foot (4.6 m) John Deere 1530 no-tillage
single-disc opener seeder (Moline, [11) or 2 15-fon
(4.6 mp Sunflewer 1510 double-disc opener no-1ill drill
{Beloit, Kan.k In CC plots, seeds were planted | inch
(2.5 ey ey ab 7.5-inch (19 cm) pow spacing, and at
a rate of B0 pounds {lbs) acre! (30% triticale, 30% rye,
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Carservation Agriculture Systems study researcher Jeff Mitchell [right) and US04 ARS soll
sckendist Lauren Hale {left] examine soil health properties in a no-tllage and cover crop
plot. Photo: Jaff Mitchall,
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and 40% vetch by seed weighth In late Octeber prion to
winter rains.

The GO were reigated with 4 inches {10 cm) of water
in 1999 and again with 2 inches (5 cm) in 2002, 317,
and D018, for 4 total of 10 inches (25 cmb over the en-
tire 20 years. Precipitation provided an additional 127
inches (0,32 m) of water over the 20-year perbad (fig, 10,
From 300 to 2002 and 2003 w0 2014, no irrigation was
applied o the cover crops,

Fram M to 2004, the basic COC mixture was
changed to dnclude 4 greater diversity of species. in-
cluding pea [Prswm sadiviem L.}, lava bean {¥Vicia foha
L., radish {Raphasis safivas), and Phacelia {Phacelin
tanacetifodi) (A0% pea, 40%: fava bean, 10% radish, and
1% Phaceiin by send wetghitl (Mitchell et al, 2005)
Cover crops were typically seeded by mid-Movember
and termilnated by gly phosste application and mowing
in mid-March of the tollowing spring. resulting in a
FE0-day groswth period, Fertilizer and pesticide inputs
were similar across the treatments in all years

Measuring crops and soil

Caver crop biomass was determined each year in mid
March by harvesting all abovegroand plant material
iman L1 % {1 m*) randam area in each plot, drying the
msaterial b comstant welght, aod weighing i {&litchell
et al. 2005) After harvests and subsequent indercrop
tillage fon Aagust 10, 304, March 149, 2006, and March
), B17), the percent surtace ressdue was estimated
using the line-transect method over 100 feet (3005 m)
per plot [Bunter 19910). Cash crop yield was measured
annually using weighing gendolas and crop-specific
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cammierclal harvest equipment on laan fram netghbor-
g farmers.

Sndls were sampled after the 2018 fall harvest at
four depths: =6 inches, =12 inches, 12-24 inches,
and 24-36 inches (0-15 om, 15-30 cim. 30-&00 cm,
and &= cm). Fowr 2-imch-diameter cores were cod
bected per depth for each plot and composited before
air-drying, sieving (< 0.08-inch sieve), and grinding
{0il pulverizer] to pass through a alk-sieve screen with
0.25-mm-size openings, and then dried te constant
weight, Frobogals of the University of California. Davis,
A malytical Laboratory were used to determine total
sl O and mitrogen (M) wsing the combustion method,
Surface soil aggregate slaking scores (18 determinations
pet ploth amd water infiltration rate (Four measare-
mends per phi) were determined in 200% using MRCS
Sl Quaaliny Tt Kt procedunes (US04 NRCS 2013),
Slaking was visually assessed, on aggregates exposed to
ripid wetting using 40.59-inch-diamter (1 cm) sbeves,
to determine aggregate stability. Saking index was also
micasared nsing the lornada Expertmental Range 5ol
Stability Test Kit 222 [Synergy Resowrce Solutions), a
recently developed smartphone application, SLAKES
{Bagnall and Morganm 2021}, and three other methods
tested by the Seil Health [nstitute (Rbcke et al, 2022)
Aer summer cropping (soil dry), soil water inhltration
wiks determined wshng a singhe ring (8-inch diamter)
115 cm inzerted to a soil depth ot -3 inches (7.5 cm)

A vodume equivalent te 1 inch of water (400 milliliters
|ml]) was applied inside the ring, and repeated four
tienes, recording the time to infiltrate for cach bsch

Additional surface soil samples (=6 inches) (k=15
crh wiere collected in March 2005 and submitted as
part of the Soil Health Institute’s Morth American
Frodect 1o Evaluate 5oil Health Measurements
Sampling and labaratory protocols are detailed in
Morris et al, 2020, Blological commnyunity analysis in-
cluded 165 and I'TS amplicon sequencing, tunctional
mctagenaics (Reike ot al. 2022, and phosphclipid
fatty ackd analysis [MIDI Labs, Newark, Del). We ased
the sum of all phospholipid famy acid bomarkers with
C chain length of 14 boe 20 as an estimate of microbial
biomass (Ehang and Rock 2008} Biolegical activity
was assessed using a suite of potential enzyme activities
and carbon mineralization incubations, icleding a 24-
and Mi-hour rewetting test (Franzluebbers «t al. 201§;
Haney et al, 2008)

Assessing statistical validity

Data were analyzed using FROC Mined procedures
in 5AS% statistical saftware with tillage and CC as
fixed variables, and years and replicatkon as randem
variables (SAS [nstitwte M02). Year was considered a
random variable because crops rofated between the
two experimental blocks each year. [nteractions be
tween years and factors were also tested. Where there
was significant interaction between years and factors,
data were separated by years and se-analyeed, The



slgnificance bevel for variables and their interactions
was set at 0005, Prior o the analysis, assumptions of
AMOVA were tested. Drata for total C and total N wene
log transformed for analysis to meet the assumiption of
hamopeneity of varlance, Means were separated using
either Fisher's Prodected Least Significant Diflerence
micthad or the “pdifi™ option in 5AS5, Mean separation
was bassd on transtormed data, bat non-transéormed
micans were paesented for clarity,

Cover cropping biomass

The toedal aboveground cover crop (OO} bbomase pro-
duced and retained across these 20 winber growing
SEAEONE Wk 37 1ons per acre {83 metric tons [naf] ha ')
averaged for the STCC and NTCC plots H'ig. 2y Thix
represented 15840 hs (717 Kilograms [kgll W and 14.8
tons of C per acre (33.1 mt ha ") or .74 tons of O per
acre (166 mi ha™') anmually (Pribyl 20000, Year-to-vear
variability in CC biomass was quite large, ranging from
a Jow of 54 Tbs per acee (60 kg ha™ '} (2007, no brrigation)
1o a high of 8,818 [bs per acre {9,884 kg ha™") (2000,
supplemental irvigation applied), Nonetheless, the CC
systems had an additional 90 days annually of “green
grownd cover,” which captures solar energy. as well as
living ronds. By contrast, the N systems were bare.
Regidual sobl polsture following sumimer crogs was
azzumed 1o be negligible. hd.d:ing water, it availahle,
during dry winter pericds produces additional growth
arad C inputs. Based on CC growth during years with
supplernental irrigation, we estimate that an average
of 6,082 Ibs per acre (6,818 kg ha™) of dry CC biomass
could be praduced over the 20-year period at this site
with a madest 2 inches (5.1 cm} of ircigation water.
Mlaragement that mere closely mimics cash crop man-
agement {i.e., earlier 'phnl:img dates, sl:raﬂ.egin:nll]r tirmed
irrhgation) could produce even greater CC biomass,
Lacal dairies bypically produce approximately 12,000
Tba of dry matter per acre per vear (13,450 kg ha™')
with winter silage triticale used a5 a double crop system
{MLiller e al. 2008; Wirlght et al, 20050

Soil health indicators

As anticipated. the combination of no tillage ard cover
cropping resulted in improved soil health across several
mietrics, relative o corventional tilling and pa cover

CIOps.

Soil physical properties

Appregate stability increased by at least twafold in the
MNTCC over the STNEUEII:MEI:H:HE. 3), wsing all fve
micthadelegies, The absolute value of cach method
differed, but the imtermediate treatments, WTHC and
STOC, consistently produced intermediate values com-
pared to the extremes of full conservation treatment
{HTCE) and fully comventional teeatement (STRC)
Both NT and CC increased aggregate stability [relative
to AT and MC, respectively) using all methods, exoept

g
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FIG. &, Caver crop dry aboveqround bicemass (lbe/ac (.89 Ibsfacre is 1 kg'ha) for 2000
thraugh 2019 at the study site in Five Peants, Calfomia,
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FiG, 3. Aggregate stalbility resubts a5 box and whisker plots wsing methceds tested by Sod
Health Instifute. Within each methed, resislt means with the same letter under the bos
plot ae not significantly different [at a = 0.05) accoeding to Fisher's PLAD post-hoc test
1A Thee weet skeve methad measunes the aggregates betwesn 1 and 2 mm that remain on
a skeve after repaated dunking in water, developed by the ARS, (Bl Carnell maasures the
Fqgregates betwean 1and 2 mm that remain an a sheve after a simlated hard rain by a
sprinkle infiltrometer used in the Cornedl Sssessment of 5Sall Health, (€] Slakes measures
the change in area of three soll aggregates, 4-10 mm in size, submerged in water for

10 mirtes using a smart phone appication called SLAKES, Treatmsents that stan with
T are no-till, 5T are stardard tillage, Treatmerts that end in 0 had cower crops and N
ndicates na cover oraps,
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SLAKES, where soane replications were discarded for
quality controd. The formation of stable soil aggregates
coild be a pesult of stabalization and sequestration of
C and/or a redwced rate af aggregate twrnover (e, ag-
gregate formation ve, disraption) (S et al, 20065 Six e
al. J0E)

Water infiltratbon rates were enhanced in the NT
systerns regardless of cover crop presence. Combining
sl health practices (NTCC) bad the greatest Empact
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FiG. &, 50d water infiltration times (seconds) for 1, 2, 3, and 4 inches of walter info
standard tillage ng cover orap (STHEL, standard tillage with cover crop (BTOCL no-tillage
no cover crop (NTMC], and no-tillage with cover crop (NTCL) soils
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FIG. 5. Soil carban in tons per sone at §-6inch, 612 indh, 12-24 inch, and 24-36 inch
10-15 omy, 15-30 cm, 30-60 cm and 60-30 cm] depths for standand @lage no cowver crog
1STRC], standard tillage with coner crog [STCC, no-tillage fo cover crop [NTHC), and na-
tillage with coner crog MTCC) systems. Capitsl l=tiers reprasent statistically sigrificant

(P 0U05) differences between treatments at one depth; small keiters repressnt significant

differenced batween dapths.
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an water infilteation (fig. 43, and STCC improved in-
filtration compared bo STNC. There was a difference
af almsost two arders of magnitude between the least
disturhed BTOC (45 seconds) and the STHNC system
(1,620 seconds) L the time it ook for infiltration. The
results indicate that considerable improvements in wa
ter infiftration and movement in sobls may be achieved
through the combined use of COC and M.

Soil chemical properties
For the 0-a inch (3-15 cm} depth, soll © content in
the MTCC system (12.4 tons acre™; 179 t ha™") was
astatistically different (£ = (L05) from MTHNC (8.7 tons
acre¥; 186 mt ha™') and from STRC (8.5 tons acre™Y;
1900 it e bt ot Froin STOC (L tons acre ™
23.00mt ha '} {fig- 5). Though tillage and cover crop
management changed the distribution of C throughou
the soil profile (g, 5), the systems were not statisti
cally different (F = 0.05) over the entine profile (0-36
inches). The two systems that most diverged in terms of
Clinputs — the full conservation treatment NTCC and
the fully conventipnal treatment $THC — contained
aimillar amouwnts of C stocks in the 01 36 inches (D-90
=131 d:pth: 320 tons acret (743 mt ha ) and 318 tons
acre™ (713 mib ha™"), respectively (fig. 5k Sedl N pools
alsa did not differ between treatments over the whaole
profile (tabde 11

Sndl Cat 12-36 inches (3-%90 cm) represented 50%
af total stocks across the entire sodl profile (43% in
NTCC bt 54% in ST, hiﬂhliglu:ing_ the importance
af deeper monitaring (fig. 53 Subsail © has been shown
io be sensitive to management; losses can offset surface
baver pains, resafting in bncorrect estimatbon of climate
impacts {Cad et al. 2022; Tautges et al. 20095 We did ot
colbect deep samiples at the start of the study and were
unable te compare changes in C stocks at 12-36 inches
{30490 ¢m). For the two shallow depths, hewever, Cin-
creased in all treatments over the 20 vears, likely due o
the eoverall intensification of cropping {he., irFigatin,
fertility) (Hosenzweig et al. 2018). At0-6 inches (B-15
cinh, the NTCC (full conservatbon) incresse was al meost
two times that of STHC (fully conventional), Smaller
increases eoourmed at 6-12 inches (15-30 cm), with sig-
nificant increases between WTOC and STRC.

Microbial biomass

Wit founad than cotal microbdal biomass (by FLEA) was
significantly higher by almost 50% in systems with CC
than withouwt, regardless of tillage (rable 23, Similarly,
must biomarkers for specific microbial groups were sg-
nificantly higher with CC than in NC treatiments. The
must abandant values were From CC treatments and
the least sbandant was the fully comventional 5THC,
Analyzing the two treatment factors separately, most of
the biclogical Indicatars were improve by CO but not
by tillage reduction. This underscores the importance
af carbon inputs, in this case from roots and residues,
for sail bickygy te thrive in our semi-arid Mediterra-
nean climate.



TABLE 1. 5oil carbon (1C) and nitragen (M) stocks in tons per acre {lolloeeed in brackets by real units] far standand tillage
1STMC), standard tillage with cover amap (STCCL, ro-till na eawer crop INTCC], snd no-till with cover crap (NTCC) a1 06
mches, 612 inches, 12-24 inches, and 24-36 inches (0-15 em, 15-30 cm, 30-60 cm, and 60-%0 cm) depths in Free

Points, Calif,
Tillage
ST 320+ 46
NT 325+ 49
Cover crop
o CEAVE 3
i ANG+AT
Depth
[ @0z 172"
E-12in a0+150
13-24 it B1+1.7¢
24=36 In BE £330
Trestment
STHC 318+ 50
LT J2H+ 44
WTNE IALAE
331+ 54

A+ 13
TiBx11.0

739 1068
TOB & 105

2060
1354 34b
18,1+ 3.7¢
190+ 44c

M3azxna
Tig+98
Mt 104
T3+ 132

F4 104
35405

35+05
34404

1.14 £ 03273
074 4016
OuBS £ 0,07
OTE £ 012

24+03
3504
34105
ZE+05

Fr+048
TB+12

Tat 1.0
TH+09

205 £ 0Ea
EETkL
19 £ (38
1.7 £0Z7c

Tr£07
FTE:10
ot
B.l+12

Replication

Tikage 1 0.EZ
Caver i 21
Depth 3 = uDOON
Tilage Cover 1 .58
Tikage Depth k3 035
CaverDapth 3 U0z
Tilage CoverOapeh 1 1|

03
oAz
o (00aN]
03s
0154
onl
0.
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New management insights

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

Surface residue management

Getting rid of residues is the norm in California
(Mliechell en al. 2002 However, generating and presery-
ing residue are ind ispenzable to conservation agricul
ture systems in several parts of the workd (Crovetts
19960, Folloawing 20 vears of seasonal planting, harvest,
amd tillage twhere applicable), surface residus averaged
aver 2% of the cover for NTCC, 40%-70% for NTHC,
10%-20% for STCC, and bedow 5% for STMC (Mitchell
etal. 2009 In WT systems, the resulting increase and
rebentbon of surface residues mitigates the impacts of

Mo-till planted sorghurm in
cottan, tomato and cowver
crog residise, Ahodes Jerf
Minchedi
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TABLE . Soil totad carbon far 0-6 nch and £-12 indh (0-15 om and 15-30 cm) depths
&1 the start of the study in Five Paints, Califd, and in 201%
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water alortfalls and reduces local soil disaggregation,
I-e:l.d.'inﬂ;ln reduced erosson (Barrios Hi07). Betention
aof reskdue also decreases sodl surface temperatures
iMitchell et al. 2002} and increases maoistere reten-

then (K lecke of al. 2000, as well as sall C and nitrogen
{Cravetts 19563, A meta-analysis of surface residues in
no-til systems in other reghons {Banaivoson et al. 2017
found similar results as W TOC, with anowal surface
ol C gains (017 tons scre ™) (420 kg ha™), decreased
soil water evaporation {30%), and increased water
infiltration (hwo-foldh Potential drawbacks of high-
residue rebention include difficulties operating planting
equipment in heavy residaes (e, seed drills] and pest

issues, which may become a serious issue in high-valoe

wepgetable crops,

Soil carbon

Mo statistical difference in total soil C between NT and
ST treatmieits was observed, We explain this in light of
the two pathways for maintaining or increasing sedl C:

a reduction in besses or an increase in O inputs, Fiest,

MT and 5T had similar crop yields {as discussed below],

and higher ylelds imply higher inputs of C to the sall,
Second, although increased soil disturbance has been
Enown te decrease soll C [Resoosky amd Archer 2007,

= DN hRtpe Y oolorg/ 103733001 . RE 714

California's intenstve agriculione has been maorne pro-
ductive than the previous dryland grasslands. The net
result of sedl distarbance and increased yield las been
a slight increase in seil C in California since the mid-
1aidls {DeClerck and Singer 26035

Thus. while dLrl:liml:ing 1:iH:|g.- iz an effective pracs
vice for reducing erosion ard conserving water. alone
it cannot provide the increase in C inpuls necessary
o Increase overall sobl C (Blanco-Cangui et al, 20215
Powlson et al, 20061 Instead, the presence or absence of
CC appears to be more impertant for year-round veg-
efative cover, buf!:rinﬂ sl temperature, and increased
abiove- and bedow-grownd C inputs (Mitchell ¢t al, 2015;
Paeplau and Don 20015). Roets, which may b= e ime
portant than pesldies Ly contributing to soil C (Rasse et
al. M005; Schmide et al. 2001}, may be rextricted in znils
where compaction b5 aggravated by conventiomal tillage
{ Martinez-klena et al. 2008)

Farther, soil C may accumubate mese slowly ander
MNT in semi-arid climates { Frar.u:m"lﬁliu etal 2007,
Franzluebbers 2000; Skx et al, 2002). This is because
periods of low winter rainfall can limit ©C productiv-
ity fand thus C inputsh, In sddition, summer irrigation
is typically accompanied by warm temperatures that
can speed up decomposition {Blanco-Cangui 2020),

In these conditions, soil microbes may exhihit |'|i.3|1-:r
apecific respiratbon eates funit of C respired/winlt con-
sumed) ([oetted =t al. 20151,

Onar fird ings for seil © agree with other no-till stod-
ies that have reported enrichment of Cin the surface
baver, bt e change when analyzing tea depth of | me-
ter { Haddaway et al. 2007; Syswerda et al. 2011}, Several
s ta-analyses have asimilarly reported that seil Cin-
creases under no-till are limited to topsoil layvers {Luo
et all, 2000; Oiple o1 al, 2009; Powlson et al. 2004), Cal et
al. (2022} found that, althaugh soil C increased from Q)
o 10 centimcters under NT, losses at 10 to Al centime-
ters resulbed in an overall decline in sodl © that did not
recover until 14 vears afier NT had been implemented.
In contrast, a recent ﬁlnbn.l rlud:.r uging the eguivalent
sl myass method o caloabate bulk density found thar,
while C increases associated with NT were reduced
with depth. NT sobls contained higher C to at kst 100
centimeters (393 inchesl (Sun et al. 20200, In addition,
Sun et al, (0200 reported that koth soll C and crop
yields were highly climatic-region dependent, and spe-
cifically that MT in warm. dry regbons like California’s
Central Valley typically bed to increases in both sail C
and crop yield. However, our results shos that irriga-
tion mitigates water debicits and tillage efects in dry
climtes, Kravchenko and Bobertson (2000 warned
that C stock measurements are highly variable and that
a commasn mistake is to " interpret o lack of stanistical
significance for the abzence of diferences” between dif.
ferent managensent systems,

Although increases in total C stocks were ot de-
tectable umder MT alene, improvements in ather sodl
health parameters indicate improvements in C |::|r|:|.ir|E
and potential for future soil © storage, Greater sofl



agpregate stability under NT provides increased pro-
tectxmn of spdl  against decompositicn {Schmidt et al
2001 ) Previous studbes af the same site have also found
am increase in minerally associated soil C, indicating a
patential for greater stabilization and preservation of
sl O { Mitchell et al. 2005; Michell et al. 2017,

Lol structure and biclogy
The lomg-term combination of NTCC altered sail
structure, as well as the soil bydraulic properties and
wiber storage, companed to STOC, Our previeusly pub-
lished determinations of soil hydraalic properties over
time — a8 oppased te static analvsis such as Arava ¢l
al. (3022} — indicated that reduwced disturbance with
cover crapping led 1o 8 Bimodal pore size disteibution
in zurface soils (k-2 inch) {0-5 cm) and a 20%; increase
in water storage, Increased aeration and higher satw-
rabed hydraulic conductivity allmy more water o be re-
tained in the root 2one without becoming waterdogped
{hraya etal. 2022) While varizbility was too high to
alvrw a statistical diference (F = 0.03), the mean satu-
rabed hydraulic conductivity of the STNC treatment
wins roughly theee times slower than each of the other
treatments (Araya et al. 2022y

Ouir soil beebopy results ane consistent with previ-
ously published work (Schmidt et al. 2008; Schmidt et
al. 201%) at the same site, which demonstrated meajor
shifts in sail bicksgy in respanse b OF. The presence
af CC was the mrost important factor determining soll
biota's contributiong 1o ecosystem services, Enzyme
patential activity for f-glucosidase aod M-acety]-ff-
glucosaminidase were both elevated under NT, indi-
cating that microbss are more actively breaking down
resiclues in these systems [table 3). Increases in micro
bial activity and sssociabed biomass and C turnover
may tar outstrip observed increases in the © content
(Dan etal, 2003; Marks eval. 20220, 1t i this increased
turnover that may be critical for increased sail resil
bence, s micrabial sctivity improves sobl strocture,
reduces eradibality, increases water inhltration and
water holding capacity, and enbances adaptability and
resistance bo climatic perturbations.

The lomg-term combination of reduced disturbance
and increased plant cover led to 2 more diverse, symbi
atraph-enriched fungal community, and a more diverse

TABLE 3. Biclegical soil health indicators demonsirate consistenily higher vabues in treatments that include cover crops

MmOy L

F-? Ifﬂj"l
Cavar crap L 137 gl ar - 548
M a8 L 417
Tilage NT s i 50 ré S04
aT 1 55 40

Interaction ns E

bacterial community; these conditions are generally
assockated with more effickent ressunce uthlization and
greater competiteon (Schmidt et al. 2018; 3chmide et

al. 2019, Positive benefits of cover cropping on the
zhbundance and activitses of microbivare nematodes
oubwelghed any negative effects of the environmental
perturbation caused by tillage (Zhang et al. 2007)
Fimally, we found that sedl macrofaana abusdance in-
creased by 83% with the addition of cover crops and by
5 with eliminatkon of tillage (Kelly et al. 2021}

Productivity and economics

The impacts of reduced disturbance, surtace residue,
ard OO on crop vichis varbed by crop (Mitchell e al,
2005; Mitchell ot al, 20165 While it is ot the intent af
this paper w0 provide overall productivity data, we pro-
vide the tollowing summary. Tomato yields were 9.5%
higher in T versus 5T systems and 5.7% higher in MG
versus OO systems. Cotton vields were 1000% higher

in 5T than WT and 4.5% higher in 8O systems in the
early vears of the study, largely due to problems in
establishing crop stamds with NT. Yield patierns were
nat, however, consastent from 2005 4o 2009 (Michel] e
al. 20 5), and there were no viehd differences between
the STHC and MTHC from 2000 10 2005 (Michell et al.
2015k Meither tillage nor cover crop had an effect on

P
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Conservation SAgnculbure
Lystems rescarcher Jeff
Mitchell stands behind

winter cover orap in the
no-tillage with cowver croge
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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sghum grain yield, indicating that similar viekds can
bie odbtained with BT as with 5T (Midchell =t al. 2016).
Mitchell et al. (20024} similarly foand poe difference

in cotion and tomato vields between MT and 5T. Gar
banzo vichis tn T matched or exceedsd ST, depending
on the vear (Mitchell et al. 2020).

Ivvakes time te achbeve economically viable vields
with altermative management technigues, and this
ultimeately determines whether a praciice is adopted
by tarmers { Haddaway et al. 2007} Our yield resulis
should be viewed cantiowsly, as they reflect the inberent
“learning curve” challenges and mistakes of experi
msend station work, A meta-analysts by Pittelkoe e
al. (2006} townd Jower vields with NT when no other
amemlment or sedl health practices were used, but
higher yields with NT when the full swite of conserva
thon agrkouliuee praciioes (eo-till, cover crop, reskdue
management) was added. Monetheless, our Andings do
suggest that WT could be profitable 1o Califormia Farm-
ers, as it reduces inputs of energy and the associated
costa | fackson et al, 2000; Mitchell et al. 200 Zak while
increasing the efficiency of resource use and improving
sidl famctbon, Cusser et al, (2020 enphasized that the
likelibweod of BT systems becoming more econamically
profitable increases with longer pertods of imphementa-
i, Agronomic improvements and refinements with
the use of cover craps will be peeded to consistently
provide adequate cash crop plant popualations needed
for expected productivithes (Blancoo-Cangui 20200

Paolicy implications

The remarkable improvements in soil health reported
buzre wiere not achicved eastly, These Inmprovensents rep-
resent appariunitses currently not being realized in amy
SIV annual crop field of which we are aware, From a
policy perspective, reliance on ecosystem services that
result from healthy, functionbng soils — rather than on
synthetic, non-renewable inputs and high-disturbance
approgches — s Incrersbgly secm as a socially bnpaor-
tant and environmentally sustainable way 1o improve
fosond prosduction svstems [Bowles et al, 2008; Mitchell
et al. 2002a; Mirchell et al. 200 2h; Upadhyaya et al.
2000), Reducimg tillage and using cover crops may

nitpsdalang/ TOETIZ 00 04T 14

reduce net only fuel use, bat also nitrogen ferthlizer in-
puts, for which costs have risen dramatically in recent
mnthe (Schnitkey et al. 20220 Our results soggest that
5[V annual crop farmers could greatly imiprove not
anly the functkon and efickency but alse the sustain-
ability of their production systems by adopeing reduced
disturbance, residue retention., and cover cropping
practices. Practical progress toward these goals will
involve ercouraging farmers o incresse residee cover,
reduce tillage intensity, and use O 10 add organic matl
ter 1o their soils,

It is oiten less expensive 1o prevent degradation of
sl function and productivity than te remediate poor
soal comditions atter they occur (Barrios Hi07). While
the up-front implernentation costs may discourage
adaption. the comman good costs of achieving such
sustabied ecosystem improvement rightly need to be
boroe by our foed system at LBarge, rather than farmers
themsclves, Thus, we recomimend mearket- and owt-
come-based mechanisms that enable farmers to change.
While sodl © is well recognized &5 a leading idicater
at soil health, sequeestration potential may be limited
in arid climanes, soil types, apdfor cropping systems,
By comtrast, other soil kealth indicators may still be
sensitive to management, Althoogh whale soll profile
inventaries are necessary to provide accurate acosunt
ing for carbon credits or ather climate change mitiga-
tin, we myust still incentivize surface C gains and other
imnproverments b soil health indicators, which are more
relevant tor swil function and agricultural productiy
ity especially inan increasingly warener and drier
Calibormia.

Value of soil health management

After 20 years at consistent soil health management
with reduced soil disturbance, winter COC, and surface
residue generation and preservation, several indicators
af soil function improved dramatically, Our findings
indicate that implementation of sodl health manage
et svstema results bn not enly improved seil chemi-
cal, physical, and biological properties, bat alsoin
greater coological and envirenmental services provided
by =oil. The benefits of these practices included in
cressed C and M sequestration with cover crops in the
surface soil, soil structural stability, water infiltration
and storage, green cover, surfoe protection (resulting
in reduced sodl water evaporation], and biodiversity.
Ohar fina ings afirm the value of soil health manage-
meend to improve =oil function and climate resilience,
whibe reducing labor and fuel use compared te current
standard practices (Mitchell etal. 2012k} We deman
strated that cover crops play a mose impactfal rele than
reduced tillage in improving soil properties and func
then, bt that the comvbimation of these practioss consis-
tently produced the greatest positive effect=. Employing
MT or ST plus cover crops increased bath soll Cand M
in the 36-inch prohle, compared to NT and 5T with no
cover crop, Equally Important are improvenents in sodl



hydraulic function and their positive impacts on soil
water storage. The uniquely comprehensive nature and
tirnespan of our work indicates opportunities te greatly
imprave sail function and resiliency across this region
with the additkon of cover crops and a minimuam dis-
turbance approach.
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