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a b s t r a c t

Soil microbes play a key role in soil health, and understanding the functional role of this living component
of soil organic matter is critical to developing sustainable systems in major vegetable production regions
like Salinas, California. Soil microbial community size and composition was evaluated after six years of
commercial-scale production in five organic vegetable systems in a long-term systems experiment. All
systems produced lettuce, and spinach or broccoli annually, and differed in yard-waste compost inputs
(none or 15.2 Mg ha�1 year�1), winter cover crop frequency (annually or every 4th year), and cover crop
type (legume-rye, mustard, or rye). The same levels of irrigation, and supplemental fertilizer were applied
to all systems. Cumulative organic matter inputs from compost and cover crop shoots over the six years
ranged from 7.4 to 136.8 Mg ha�1 and caused differences in microbial biomass C (MBC) and N (MBN), and
soil organic C (SOC). MBC increased by 40 mg C kg�1 soil with compost and infrequent cover cropping,
and to levels that were relatively high (200e250 mg C kg�1 soil) for a loamy sand soil in systems with
annual cover cropping. Changes in SOC between systems were caused primarily by compost while
changes in MBC and MBN were more related to cover cropping frequency. Fatty acid methyl ester (FAME)
analysis revealed differences in microbial community structure that were consistent with differences
between systems in MBC and MBN. Across systems, the ratio of fungal: bacterial FAME indicators
decreased over time while indicators of invertebrates, and gram positive bacteria increased. High-
throughput sequencing revealed relatively few differences in bacterial phyla between systems, but the
increase in cropping intensity across all systems changed the relative abundance of some bacterial phyla
(Bacteroidetes, Deinococcus-Thermus) and genera (Flavobacterium, Nocardioidetes). Cover crop type and
frequency also influenced the abundance of two bacterial genera (Pseudomonas, Agromyces). These results
provide evidence that carbon (C) inputs from frequent cover cropping are the primary driver of changes
in the soil food web and soil health in high-input, tillage-intensive organic vegetable production systems.

Published by Elsevier Ltd.
1. Introduction

Soil health depends on the soil food web which is a complex
community of interacting organisms - bacteria, fungi, protozoa,
nematodes, arthropods, and earthworms e that rely on inputs of
energy-rich plant residues (Ball, 2006; Thies and Grossman, 2006;
Ferris and Tuomisto, 2015). Microbial-mediated decomposition of
these residues releases energy and nutrients that enables soil or-
ganisms to function and provide essential soil ecosystem services
(i.e., nutrient transformation and cycling, soil aggregation).
ennan).
Comparisons of organic and conventional management have pro-
vided critical insights of soil food web dynamics and the benefits of
organic matter inputs (Drinkwater et al., 1995; Ferris et al., 1996;
Bossio et al., 1998; Gunapala and Scow, 1998; van Diepeningen
et al., 2006; Briar et al., 2007; Birkhofer et al., 2008; Overstreet
et al., 2010; Reganold et al., 2010; Cao et al., 2011; Williams and
Hedlund, 2013; Henneron et al., 2015). However, there are many
ways to farm organically and conventionally for a given cash crop
and also many ways to add organic matter to the soil (i.e., compost,
cover crops, cash crop residue) which may have different effects on
soil health. The terms ‘soil health’ and ‘soil quality’ are often used
interchangeably (Romig et al., 1995; Karlen et al., 1997) however, in
this paper we chose to use ‘soil health’ because we consider it a
more intuitive concept that is akin in many ways to understanding
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the concept of human health (Doran and Parkin, 1996).
To develop more sustainable vegetable systems, long-term

research is needed on the effects of specific organic matter inputs
and management practices on microbial aspects of soil health. This
need is particularly important in high intensity, organic systems in
regions such as the central coast of California that provide a large
proportion of the organic vegetables that are sold throughout the
U.S. (Klonsky and Healy, 2013; USDA-ERS, 2013). Unfortunately, in
such systems, ‘best management practices’ like cover cropping can
reduce the number of cash crops produced and complicate man-
agement (Hartz, 2006; Klonsky and Tourte, 2011; Brennan, 2017).
This helps explain troubling reports (Guthman, 2000; Bowles et al.,
2014) of infrequent cover cropping in many organic farms in
California.

Vegetable farmers in central coast region of California that
practice sustainable soil management typically add large amounts
of organic matter to the soil (>5 Mg oven-dry material ha�1

annually) from yard-waste compost or frequent cover cropping.
These C inputs are important in high-value, intensive vegetable
systems because common management practices (i.e., intense
tillage, multiple crops annually, frequent irrigation, relatively high
nitrogen fertilization rates) may exacerbate C losses from the soil.
Furthermore, many leafy vegetables (i.e., lettuce, spinach) return
relatively little post-harvest residue to the soil (Mitchell, 1999), and
such residues decompose rapidly because of their high nitrogen (N)
and moisture content.

Compared with cover cropping, applying compost is a conve-
nient and rapid way to add large amounts of C to the soil. An on-
farm survey of row and perennial crop systems in California
found positive effects from compost on several soil characteristics
(i.e., bulk density, water infiltration, SOC, microbial biomass)
(Brown and Cotton, 2011). A two year, vegetable experiment in
Salinas, California found that organic matter inputs from compost
(made from manure, straw, and vegetable waste) and rye cover
crop prolonged soil MBC, and the researchers hypothesized that
compost provided a ‘slow-release’ source of nutrients relative to
the more labile (i.e., biologically active) C added by cover crops
(Jackson et al., 2004). Labile pools of SOC, specifically the living (i.e.,
microbial biomass) and non-living fractions (i.e., particulate
organic matter), are sensitive indicators of soil quality, whereas
total SOC is a relatively crude indicator (Haynes, 2005)

To our knowledge there are no previous reports of the longer-
term (>5 years) effects of various combinations of yard-waste
compost and cover crops on the soil microbial communities in
tillage-intensive, organic or conventional vegetable systems in
California. Given the economic importance of agriculture in the
Central Coast region of California, there has been considerable
research focused on controlling soil borne disease organisms (Koike
et al., 1996; Subbarao et al., 2007; Bensen et al., 2009; Njoroge et al.,
2009; Fennimore et al., 2014; Muramoto et al., 2014), however, few
studies (Klose et al., 2006) on how these agricultural practices
affect the soil microbial community size or structure.

An ongoing, long-term study known as the Salinas Organic
Cropping Systems (SOCS) experiment began in 2003 to evaluate the
effects of cover crops and yard-waste compost on various aspects of
high-value organic crop production (Brennan and Boyd, 2012). It
includes several organic management systems that differed in the
quality, quantity, and frequency of organic matter inputs for the
same sequence of vegetable crops, and is the longest running sys-
tems study in the U.S. focused on high-value, tillage-intensive, cool-
season organic crops. The initial evaluation of soil health in this
study was based on nematode community analysis during 8 years
of vegetable production and found that cover crop frequency (i.e.,
annually versus every 4 years) had a greater effect on the soil food
web than compost additions (Ferris et al., 2012). In the present
paper, we extend this work to characterize bacterial and fungal
components of the soil food web to further understand soil health
changes during the first 6 years of the experiment. The microbial
community size was estimated from soil MBC and MBN. We used
fatty acid methyl ester (FAME) indicators to evaluate microbial
community composition, and high-throughput sequencing to
characterize the bacterial diversity and distribution at different
taxonomic levels (phyla, genus). Our objectivewas to determine the
impact of winter cover cropping frequency (i.e., annually versus
every 4th year), cover crop type (legume-rye, rye, mustard), and
yard-waste compost on microbial community size and composition
over a 6 year period.

2. Materials and methods

2.1. Site characteristics, climate, management, experimental design

Adetailed description of the field site and ongoing experiment is
in Brennan and Boyd (2012) and will only be described here briefly.
The experiment is located at the USDA-ARS farm in Salinas, Cali-
fornia, on the central coast region of the state. Salinas Valley opens
to the Pacific Ocean which moderates the climate such that the
average air temperature from 2003 to 2009 was 11 �C from October
to March when the cover cropping or winter fallows occurred, and
15 �C during the most typical vegetable production period (April to
September) (wwwcimis.water.ca.gov, Station #89, South Salinas).
The average annual rainfall from 2003 to 2009 was 285 mm and
occurred mostly between October and March. The soil is a Chualar
loamy sand (fine-loamy, mixed, thermic Typic Argixerol) with 77%
sand, 15% silt, and 8% clay. Prior to the experiment, the field was in
hay production, and mixed vegetable and sugar beet trials
(1990e1996), and from 1997 to 2003 was frequently fallowed with
occasional cover crops and vegetables that includedminimal inputs
of fertilizers or compost. The field has been certified organic by
California Certified Organic Farmers since 1999, and to USDA Na-
tional Organic Program standards since they were implemented in
2002.

The experimental designwas a randomized complete blockwith
8 systems arranged in each of four blocks in an area 49 mwide and
156 m long. Each system plot was 19.5 m long and 12.2 m wide.
Only 5 systems with optimal seeding rates for weed suppression
(Brennan, unpublished data) of 8 total systems in the study were
included in the current paper (Table 1). These 5 systems of interest
were the same ones that were used to evaluate soil phosphorous
dynamics (Maltais-Landry et al., 2016), whereas in the analysis of
the soil nematode community of the experiment (Ferris et al.,
2012), all 8 systems were included with the data pooled across
optimal and lower seeding rates.

The experiment began in October 2003 with either a winter
fallow (Systems 1 and 2) or winter cover crop (System 3, 4, and 5).
The cover crops were planted as a solid stand with a grain drill with
15 cm row spacing; the grain drill included cones (Brennan, 2011)
that facilitated planting the different types of cover crops at
different seeding rates. During the first 6 years, Systems 1 and 2
were fallow during all winters except the 4th winter (2006e2007),
when they were cover cropped with the legume-rye mixture. In
contrast, System 3, 4, and 5 were cover cropped every winter with
the legume-rye mixture, mustard, or rye, respectively (Table 1).
These differences between systems resulted in large differences in
organic matter inputs from compost and cover crops over the six
years (Fig. 1). Each year, the cover crops were incorporated with a
soil spader in February or March to prepare the plots for bed for-
mation; the winter fallowed systems were also spaded at this time.
Weeds were controlled during the winter fallow by hand weeding
or flaming, and shallow tillagewith a rototiller as needed to prevent
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Table 1
Description of five systems in the Salinas Organic Cropping Systems experiment that were evaluated for soil microbial changes over six years.

System ID Compost Rate (Mg ha�1 year�1)a Cover Crop

Typeb Seeding ratec (kg ha�1) Frequency

1 0 Legume-rye 420 Every 4th Winter
2 15.2 Legume-rye 420 Every 4th Winter
3 15.2 Legume-rye 420 Annually
4 15.2 Mustard 11 Annually
5 15.2 Rye 90 Annually

a Yard-waste compost applied on an oven-dry weight basis and split application (7.6 Mg ha�1) prior to each spring and summer vegetable crop.
b By seed weight, the legume-rye mixture included 10% Rye (‘Merced’ Secale cereale L.), 35% Faba bean, (Vicia faba L.; small-seeded type known as ‘bell bean’), 25% Pea,

‘Magnus’ Pisum sativum L., 15% common vetch, V. sativa L., and 15% purple vetch, V. benghalensis L.; Mustard was mixture of 61% white mustard, ‘Ida Gold’ Sinapis alba L., and
39% India mustard, ‘Pacific Gold’ Brassica juncea L. (Czern.); System 5 used ‘Merced’ rye.

c Seeding rates were those for optimal weed suppression by the cover crops in the experiment (Brennan, unpublished data).
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weed seed production. After a cover crop decomposition period of
30e42 days (except during an unusually wet spring in 2006 when
the period was 72 days) a tractor with lister plows was used to form
peaked beds that were 101.6 cm wide. Yard-waste compost
(7.6 Mg ha-1 oven-dry weight, C:N ratio z22) was applied to the
peaked bed tops of all systems except System 1, and supplemental
pelleted organic fertilizer at a rate of 56e66 kg N ha�1 was injected
into all beds. The beds were then shaped down to incorporate the
compost and create a flat bed top that was approximately 50 cm
wide and ready for transplanted lettuce that was the first of two
vegetables each year; additional liquid organic fertilizer was
applied to the lettuce by drip irrigation to bring the total N appli-
cation rate up to 73 kg ha-1. The lettuce was planted in May or June
and harvested approximately 45 days later and was followed by a
summer crop of either spinach (JulyeAugust 2004) or transplanted
broccoli (JulyeSeptember/October 2005 to 2009). Yard-waste
compost (7.6 Mg ha�1) was also applied to all systems (except
System 1) before the summer vegetable crops, such that the total,
annual compost application rate was 15.2 Mg ha�1 in System 2, 3, 4,
and 5. The N fertilizer rates from supplemental fertilizers did not
differ between systems and was 22 kg ha�1 for spinach (pelleted
fertilizer only) and 134e170 kg N ha�1 (pelleted and liquid fertil-
izer) for broccoli. Beds for broccoli were the same width as for
lettuce, but the spinach beds were twice as wide. Irrigation was
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Depending on field conditions following the commercial harvest of
the lettuce, the lettuce beds were either reshaped with a reduced-
tillage disc or flattened with a tandem disc or spader before being
reformed for the summer crop. Deep tillage with a tractor with
ripper shanks to approximately 1 m deep was used as needed after
the vegetable crops to break up compaction caused by the com-
mercial harvest operations. Lettuce, and broccoli crops were har-
vested and marketed by collaborating farms, resulting in export of
nutrients from the field; the spinach crop of 2004 and the broccoli
crop of 2005 did not meet market standards due disease or insect
damage and were not harvested for commercial sale (Brennan and
Boyd, 2012).

2.2. Soil sampling and organic carbon analysis

Soil samples in each of the 4 replicates for each system were all
collected from bare, flat plots (i.e., without beds) that had been
uniformly tilled to at least 30 cm depth with a disc harrow, chisel or
spader to prepare the plot for winter cover crops or fallow. Soil
samples for microbial analysis at time zero were collected on
October 13, 2003 from six cores that were 6.5 cm in diameter to a
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mbols for Systems 3, 4 and 5 for all periods of year 1.
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depth of 6.7 cm that were mixed together and frozen at �25 �C;
these six cores were evenly distributed within each plot and were
2m ormore from the plot edges. Soil samples for microbial analysis
after 6 years were collected on 30 October 2009 to the same depth
and using the same sampler used for the 2003 samples, but were
taken in an ‘x’ pattern across each plot to obtain 8 cores that were
mixed together and frozen. Soil organic C after 6 years was deter-
mined in air-dried samples that had been taken to 30 cm deep and
collected in an x pattern across each plot on 26 October 2009 and
subjected organic matter analysis using the loss on ignitionmethod
(Nelson and Sommers, 1996) at the Analytical Laboratory at the
University of California, Davis. To convert organic matter to organic
C we used a conversion factor of 0.5 rather than 0.58 as suggested
by Pribyl (2010). All microbial analyses were determined for both
2003 and 2009 samples at the same time.

2.3. Assessment of soil microbial community size (microbial
biomass)

MBC and MBN were determined in 15-g field moist equivalent
soil using the chloroform fumigationeextraction method (Brookes
et al., 1985; Vance et al., 1987). Each sample was fumigated in lab
duplicates for 24 h in the dark at ambient temperature. The C and N
in fumigated and non-fumigated soil samples were extracted by
adding 75 ml of 0.5 M K2SO4 and shaking for 1 h. Extractants were
analyzed using a Shimadzu Model TOC/VCPH-TN C/N analyzer
(Shimadzu, Kyoto, Japan). Values for non-fumigated samples were
subtracted from fumigated samples, and a KEC of 0.45 for C and KEN
0.54 for N were used (Jenkinson, 1988; Wu et al., 1990; Jenkinson
et al., 2004; Joergensen et al., 2011). The percentage of soil micro-
bial C of SOC was calculated by dividing MBC after 6 years by the
SOC after 6 years and multiplying by 100; while the MBC samples
were from a shallower depth (6.7 cm) than for total organic C
(30 cm), we assume that these differences would have relatively
little if any effect on the results given the high intensity of tillage in
the study.

2.4. Soil microbial community structure with fatty acids methyl
esters (FAME) analysis

FAME analysis was performed on a 3-g field-moist equivalent
soil sample from each replicate plot using the ester-linked FAME
procedure of Schutter and Dick (2000). To redissolve FAMEs, 200 ml
of 1:1 methyl tert-butyl ether and hexane containing methyl non-
adecanoate (19:0) as an internal standard (0.5 mg ml-1) was added.
Samples were vortexed and transferred to a 250-ml glass insert in a
2-ml GC vial. FAME analysis was conducted using an Agilent 6890 N
gas chromatograph with a 25 m� 0.32 mm� 0.25 mm (5% phenyl)-
methylpolysiloxane Agilent HP-5 fused silica capillary column
(Agilent, Santa Clara, CA) and flame ionization detector (Hewlett
Packard, Palo Alto, CA) with ultra-high purity hydrogen as the
carrier gas. The temperature program ramped from 170 �C to 270 �C
at 5 �Cmin�1 then ramped to 300 �C for 2 min to clear the column.
Peak identification and area calculation was performed using the
TSBA6 aerobe program from MIDI (Microbial ID, Inc., Newark, DE).
FAMEs are described by the number of C atoms, a colon, the number
of double bonds, then the position of the first double bond from the
methyl (u) end of themolecule. Other notations are used for methyl
(Me), cis (c) isomers, and iso (i) and anteiso (a) branched FAMEs.
Selected FAMEs were used as microbial markers according to pre-
vious research (Zelles, 1999), and included: Gram-positive (Gramþ)
bacteria (i15:0, a15:0, i17:0, a17:0), Gram-negative (Gram�) bac-
teria (cy17:0, cy19:0), actinomycetes bacteria (10Me16:0,10Me17:0,
10Me18:0), saprophytic fungi (18:1u9c, 18:2u6c) and arbuscular
mycorrhizal fungi (AMF) (16:1u5c); however, Frostegard et al.
(2011) pointed out that 18:1u9c may not be a good indicator of
fungi in all soils. A single marker (20:4u6c) was used for in-
vertebrates (Ruess and Chamberlain, 2010). Absolute amounts of
FAMEs (nmol g�1 soil) were calculated according to Zelles (1996)
using the 19:0 internal standard and these values were subse-
quently used to calculate mol percent. The fungal:bacterial ratio
was calculated by dividing the fungal sum by the bacterial sum.

2.5. Soil bacterial diversity and distribution according to
pyrosequencing

DNA was extracted from approximately 0.5 g of soil (oven-dry
basis of field-moist soil) from using the Fast DNA Spin Kit for soil
(QBIOgene, Carlsbad, CA, USA) following the manufacturer's in-
structions. Due to funding constraints, this DNAwas only extracted
from the first three of four replications of the study. The DNA
extracted was quantified (2 mL) using Nanodrop ND-1000 spec-
trophotometer (Nanodrop Technologies,Wilmington, DE, USA). The
integrity of the DNA extracted from the soils was confirmed by
running DNA extracts on 0.8% agarose gel with 0.5 � TBE buffer
(45 mM Tris-borate, 1 mM EDTA, pH 8.0).

The 16S universal Eubacterial primers 530F (50- GTG CCA GCM
GCN GCG G) and 1100R (50- GGG TTN CGNTCG TTG) were used for
amplifying the 600 bp region of the 16S rRNA genes. SampleDNAwas
amplified using a single step reaction (35 cycles) and 1U of HotStart
HiFidelity Polymerase was introduced to each reaction (Qiagen). A
two-region 454 sequencing run was performed on a 70 � 75 GS
PicoTiterPlate (PTP) via Titaniumsequencingplatform(Roche,Nutley,
New Jersey; Research and Testing Laboratory, Lubbock, TX) and the
sequences acquired from the FLX sequencing run were further
trimmed via a custom scripted bioinformatics pipeline (Handl et al.,
2011; Ishak et al., 2011). In summary, each individual sequence was
trimmed to a Q25 average, short reads <300 bp depleted, sequences
with ambiguous base calls depleted, sequences with homopolymers
exceeding 6 bp depleted, until only quality sequence information
remained; tags were then extracted from the FLX-created multi-
FASTA file while being parsed into individual sample specific files
based on the tag sequence. Tags with less than 100% homology,
compared to the original sample tag designation, were considered
questionable in quality and were not considered. Based upon
sequence identity, eachbacteriumwas identified to its closest relative
and taxonomic level. Sequence collectionswere depleted of chimeras
using B2C2 software for batch depletion of chimeras from bacterial
16S datasets. Bacterial taxawere identified using Krakenblast (www.
krakenblast.com) and compared to a customhighly curated database
(Research and Testing Laboratory, Lubbock, TX). After the best hit
processing, genus and higher level taxonomic designations were
compiled using a secondary post-processing algorithm and relative
percentages of bacterial taxa were determined for each individual
sample. The sequences data used for this study have been deposited
in NCBI under Bioproject PRJNA344674 with accession numbers:
SRR4300068, SRR4300077, SRR4300078, SRR4300079, SRR4300080,
SRR4300081, SRR4300086, SRR4300087, SRR4300089, SRR4300094,
SRR4300095, SRR4300138, SRR4300139, SRR4300140, SRR4300145,
SRR4300149, SRR4300150, SRR4300151, SRR4300152, SRR4300153,
SRR4300154, SRR4300155, SRR4300156, SRR4300242, SRR4300243,
SRR4300244, SRR4300264, SRR4300272, SRR4300284, SRR4300294.

2.6. Statistical analyses

Data for microbial biomass and FAME indicators for different
microbial groups were analyzed using SAS (ver. 9.2) (SAS Inst. Cary,
NC). The analysis was focused on using 95% confidence intervals
(CI) of paired differences (i.e., effect sizes) from time zero to six
years later; the difference within each replication was calculated,
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followed by the CI of the mean paired difference. This CI based
approach to our analysis helped us make practical inferences about
our results and their reproducibility (Kirk, 1996; Cumming, 2012).
The overlap between CI of independent groups (i.e., systems in our
study) can be used as a robust graphical approach to compare in-
dependent group means using the ‘rule of eye’ method (Cumming
et al., 2007), whereby the smaller the overlap between confidence
intervals, the stronger the evidence of a true difference. Using this
method, 95% confidence intervals of independent groups can
overlap considerably and still be considered different. For example,
where n � 10, intervals that overlap by half of a confidence interval
arm are different at Pz 0.05, and where n ¼ 3 (less than in our
study), Pz 0.05 if confidence intervals of two groups overlap by
one confidence interval arm (Cumming et al., 2007). This confi-
dence interval comparison method is not adjusted to control the
family-wise error rate. We chose this statistical approach based on
valid criticisms of null-hypothesis significance testing (Anderson
et al., 2000; Fidler et al., 2006; Nakagawa and Cuthill, 2007;
Hubbard and Lindsay, 2008; Lambdin, 2012; Campbell et al.,
2015) that can lead to misinterpretations of results and dichoto-
mous thinking. To help us and readers understand the patterns in
our data (variability, skewness and scatter), we plotted the raw
data with their CI as suggested by Drummond and Vowler (2011);
where CI are reported in the text they are within square brackets
[ ]. Exploratory principal component analysis (PCA) was performed
on the correlation matrix using the Vegan package (ver. 2.0e2) in R
(Oksanen et al., 2011) for all FAMEs. The PCA plot was generated
showing 95% confidence interval polygons to compare these five
systems according to vectors for 14 FAME markers only (mol
percent) as previously done to compare microbial community
structure in soils (e.g. Cotton et al., 2013).
Fig. 2. Microbial biomass carbon at time 0 and after 6 years (A), and the difference (B) in fiv
versus 15.2 Mg ha�1 annually), and cover crop type (legume-rye, mustard, or rye) and cover
intervals with the mean at the central horizontal line. Data points are clustered around the
3. Results

3.1. Organic matter inputs over 6 years

During the first six years of intensive vegetable production there
were large differences between systems in the cumulative organic
matter inputs from cover crop shoots and compost (Fig. 1). These
differences ranged from 7.4 Mg ha�1 in System 1 that never
received compost and was only cover cropped once (4th year
winter) to 136.8 Mg ha�1 in System 3 that was cover cropped every
winter and also received compost before each of the two vegetable
crops annually. In Systems 3, 4, and 5 that received organic matter
inputs from compost and cover crops annually, 25e33% of this
came from cover crop shoots. Whereas System 2 that received
relatively large inputs of organic matter, obtained only 8% of this
from cover crops shoots during the 6 years. Of the three systems
that had cover crops every winter, System 4 had lower organic
matter inputs because the mustard cover crop was less productive
over the six years (30.9 Mg ha�1) than the rye in System 5
(43.1 Mg ha�1) or legume-rye mixture of System 3 (45.6 Mg ha�1).

3.2. Microbial community size (MBC and MBN)

MBC across all systems at the beginning of the experiment in
2003 ranged from an average of 74e92 mg C kg�1 soil, and after 6
years of intensive vegetable production with different organic
matter inputs from compost and cover crops, the upper range of
MBC had more than doubled (Fig. 2A). The changes in MBC over-
time were most obvious in Systems 3, 4 and 5 that received
compost and cover crop annually, with average increases in these
three systems ranging from 87 to 155 mg C kg soil�1 (Fig. 2B). In
e organic vegetable management systems that differed in annual compost additions (0
cropping frequency (annually versus every 4th winter). Error bars are 95% confidence
mean in order of replicates 1 to 4.
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contrast, MBC in System 2 with infrequent cover crops plus
compost annually had only increased by an average of 40mg C kg�1

in 6 winters. Whereas MBC declined by an average of 18 mg C kg
soil�1 in System 1 that had only been cover cropped once without
compost (Fig. 2B). The average differences in MBC after 6 years
ranged from�18 to 40e147 mg C kg soil�1 in the legume-rye cover
cropped Systems 1, 2, and 3, respectively. The nearly identical in-
crease in MBC over the six years in System 3 with legume-rye and
System 4 with mustard (Fig. 2B) suggests that differences between
these systems in cover type, and 14.7 Mg ha�1 greater cumulative
cover crop shoot biomass in System 3 did not affect soil microbial
biomass. System 5, cover cropped with rye, was the only annually
cover cropped system where the confidence interval of the differ-
ence in MBC after 6 years overlapped with the confidence intervals
of System 1 and 2. While the data for System 5 with the rye cover
crop tended to cluster with that of the other annually cover cropped
systems (Fig. 2A), the difference in MBC of System 5 after 6 years
was more variable and overlapped with zero (Fig. 2B).

MBN ranged from an average of 7 to 11 mg N kg�1 soil at the
start of the experiment and changed in a similar overall pattern to
MBC, although there was more overlap of the confidence intervals
between systems for MBN (Fig. 3A and B) than occurred with MBC
(Fig. 2A and B) suggesting that MBN was less responsive than MBC
to differences in management between systems. There was a pos-
itive linear relationship between soil MBC and MBN at the begin-
ning of the experiment (y ¼ 6.4x þ 27.9, r2 ¼ 0.64, P < 0.001, where
y is MBC and x is MBN) and 6 years later (y ¼ 5.2x þ 43.7, r2 ¼ 0.72,
P < 0.001), however, the upper range of the data was much wider
after 6 years than at the start of the experiment primarily due to
changes in Systems 3, 4, and 5 that were cover cropped annually.
There was a general trend across systems for the MBC:MBN ratio to
decrease slightly after 6 years (data not shown).

After 6 years of the different management approaches, SOC
ranged from an average of 8.1 g kg�1 soil (System 1) to 12.3 g kg�1

(System 3) and was clearly affected by compost inputs and cover
cropping frequency (Fig. 4). For example there was a positive, linear
relationship between MBC and SOC across all 5 systems (r2 ¼ 0.64).
However, within Systems 1, 2, and 3 that received the legume-rye
cover crop, there was a quadratic relationship between MBC and
SOC (r2 ¼ 0.80).

There were clear differences between some systems in the ratio
of MBC:SOC that ranged from an average of 0.9%e1.9% (Fig. 5). In
general, the MBC:SOC ratio increased due to cover crop inputs
because they were lowest in System 1 and 2, and highest in System
3, 4, and 5. While the average MBC:SOC was higher for System 2
than 1, the large amount of overlap in the confidence intervals for
these systems and the scatter of the raw data, suggest that the
annual compost additions in System 2 had relatively little effect on
this ratio after 6 years. Within the frequently cover cropped sys-
tems (3, 4, 5), there was considerable overlap in the confidence
intervals of MBC:SOC which provides strong evidence that differ-
ences in cover crop type between the systems had little effect on
this ratio.

3.3. Soil microbial community composition via FAME indicators

The biplot of the principle component analysis (PCA) of 13 FAME
indicators of bacterial, fungal, and invertebrate groups revealed
that the PCAmodel described 44.8% of variability in the data at Year
6 (Fig. 6). In this plot, the infrequently cover crops systems (1 and 2)
clustered together in the negative region of both principal
component (PC) axes and were more closely associated with FAME
indicators for Gram positive bacteria (i15:0, a15:0), actinomycetes
(10Me16:0, 10Me17:0, 10Me18:0), and one fungi indicator
(18:1u9c; not for all soils as indicated by Frostegard et al., 2010). In
contrast, the frequently cover cropped systems (3, 4, and 5) clus-
tered in the positive region of both PC and were more associated
with FAME indicators for saprophytic fungi (18:2u6c), arbuscular
mycorrhizal fungi (16:1u5c), a gram negative bacteria (cy19:0), and
invertebrates (20:4u6c). It is noteworthy that the scatter of the data
for System 2 overlapped somewhat with that of System 1, and was
situated between System 1 and the other three systems; further-
more, there was considerable overlap in the data for System 3 with
legume-rye cover crops and System 5 with rye cover crops, but
neither of these overlapped with the data for System 4 that had
mustard cover crops. This overall distinction of the five systems in
the PCA is relatively consistent with the differences in MBC, MBN
and SOC (Figs. 2e5); these patterns are most obvious within the
three legume-rye cover cropped systems (1, 2, and 3).

The FAME indicators show some general changes in the soil
microbial community structure over time across all systems (Fig. 7).
For example, while fungal indicators were most abundant at the
beginning of the study, averaged across systems they declined from
29 to 22 mol percent over the 6 years (Fig. 7G). This pattern was
relatively consistent across systems although the overlap of the
confidence interval of System 5 with zero provides some evidence
that the decline was less consistent for System 5. With the arbus-
cular mycorrhizal fungi (Fig. 7B), the majority of the data suggest an
overall decline. In contrast, for saprophytic fungi, most systems
indicate no change over time with exception of the System 5 with
rye cover crops, where there was an increase from 6.9 to 8.6 mol
percent (Fig. 7A). However, there was an overall increase in fungal
populations according to FAME profiles (18:2u6c, 16:1u5c) and
MBC in System 3 to 5 that were cover cropped annually (Figs. 2, 6).

Bacterial indicators showed an average increase in abundance
over time (21e23% averaged across systems) across all systems and
this increase was most obvious within the Gram positive bacteria
(Fig. 7E, H). There were no clear changes in actinomycete or gram
negative bacteria across systems (Fig. 7D and F), although there is
some evidence of a small increase in gram negative bacteria in
System 3. There is strong and consistent evidence that the fungal:
bacterial ratio declined over time from approximately 1.4 to 1.0
across all systems (Fig. 7I) due to an overall increase in total bacteria
and decrease in total fungi.

The single FAME indicator (20:4u6c) for invertebrates averaged
across systems nearly doubled from 0.39 to 0.82 during the study
(Fig. 7C). System 1 that received the least organic matter input was
the only system where the confidence interval of the difference of
the invertebrate FAME overlapped with zero, whereas Systems 3
and 5 that both include rye cover crop were the only systemswhere
the average change exceeded 0.5. This overall pattern is consistent
the overall relative arrangement of the systems for the PCA (Fig. 6)
noted above.

3.4. Bacterial population composition with high-throughput
sequencing

High-throughput pyrosequencing of the bacterial component of
the microbial community at time 0 and 6 years later identified 24
phyla across years including 13 phyla in all system plots (Acid-
obacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Deferribacteres,
Deinococcus-Thermus, Firmicutes, Gemmatimonadetes, Nitrospirae,
Planctomycetes, Proteobacteria, TM7, and Verrucomicrobia), and 11
phyla that were less common (Aquificae, Chlamydiae, Chrysiogentes,
Cyanobacteria, Dictyoglomi, Fibrobacteres, Fusobacteria, Lenti-
sphaerae, Spirochaetes, Synertistetes, Tenericutes) (Fig. 8). Proteo-
bacteria and Actinobacteria comprised more that 60% of the phyla
followed by Bacteroidetes (System 1 and 3), Firmicutes (System 2),
and Chloroflexi (Systems 4 and 5). There were relatively few
changes in the relative abundance of the bacterial phyla after 6



Fig. 3. Microbial biomass nitrogen at time 0 and after 6 years (A), and the difference (B) with 5 organic vegetable management systems that differed in annual compost additions (0
versus 15.2 Mg ha�1 annually), and cover crop type (legume-rye, mustard, or rye) and cover cropping frequency (annually versus every 4th winter). Error bars are 95% confidence
intervals with the mean at the central horizontal line. Data points are clustered around the mean in order of replicates 1 to 4.
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Fig. 4. Microbial biomass carbon versus soil organic carbon after 6 years (A) in five
organic vegetable management systems that differed in annual compost additions (0
versus 15.2 Mg ha�1 annually), and cover crop type (legume-rye, mustard, or rye) and
cover cropping frequency (annually versus every 4th winter). Means and 95% confi-
dence intervals (error bars) for soil organic carbon are in the lower plot (B). The raw
data points for the four replicates are shown in the upper plot (A).
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years of intensive vegetable production with a few noteworthy
exceptions (Fig. 9). For example, among the top six phyla, averaged
across all systems, the relative abundance of Bacteroidetes increased
from 6 to 8.5% and the confidence interval for this change did not
include zero which provides strong evidence for this increase. For
the three replicates evaluated, this pattern was most consistent in
System 3 (2.8e11.9% increase) and System 4 (2.0e3.3% increase),
whereas in the other three systems there was one replicate with a
Fig. 5. Microbial biomass carbon in soil organic carbon after 6 years (B) in five organic
vegetable management systems that differed in annual compost additions (0 versus
15.2 Mg ha�1 annually), and cover crop type (legume-rye, mustard, or rye) and cover
cropping frequency (annually versus every 4th winter). Error bars are 95% confidence
intervals with the mean at the central horizontal line. Data points are clustered around
the mean in order of replicates 1 to 4.



Fig. 6. Principal component analysis of the soil microbial fatty acid methyl ester (FAME) profiles after six years of 5 different organic vegetable management systems that differed in
annual compost additions (0 versus 15.2 Mg ha�1 annually), and cover crop type (legume-rye, mustard, or rye) and cover cropping frequency (annually versus every 4th winter). For
each system, the larger symbol in the center (bigger size) represents the centroid of the 95% confidence interval polygon of the four replicates. Arrows indicate the location of scores
for selected FAME indicators of microbial groups (see Materials and methods for further details).
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negative change. There is also some evidence supporting an overall
decline in the abundance of Actinobacteria particularly with System
3 that ranged from a 3e6% decline. Within the less abundant bac-
terial phyla (Planctomycetes, Gemmatimonadetes, Nitrospirae, Ver-
rucomicrobia, Deinococcus-Thermus) there was strong evidence of
an overall average decline with Deinococcus-Thermus from 0.6 to
0.3% and this patternwas most consistent with System 3 and 5 that
both included rye cover crop. While detecting consistent patterns
in the relative abundance of the bacterial phyla is difficult given
that only three replicates were analyzed for each system, it is
interesting to note that within Gemmatimonadetes there was a
consistent increase across all replicates in System 1 and 2 that were
seldom cover cropped, versus a consistent decline in System 4 with
mustard cover crop. A decline across all replicates of System 4 was
also apparent in Nitrospirae and Verrucomicrobia.

We identified 501 bacterial genera in this loamy sand soil at the
beginning of the experiment including 86 genera that were in all
three of the tested replicate plots for all systems. After 6 years of
intensive vegetable production, 493 genera were detected
including 109 in the three tested replicates of all systems. Acid-
obacteria was the dominant genus and averaged across systems
there was no evidence that its abundance changed over time as was
the case with two other abundant genera (Anthrobacteria, Chloro-
flexus) (Fig. 10). In contrast, there is strong evidence across most
systems of a decrease in the abundance of Nocardiodes, Balneimo-
nas, and Streptomyces, while others (Agromyces, Flavobacterium)
increased. It is important to note that the magnitude of these
changes differed somewhat by systems as is well illustrated with
Agromyces where all three replicates increased by approximately
1.5e2% in System 3 compared with the replicates for System 2 that
were below 1%. Furthermore with Streptomyces, among the
frequently cover cropped systems, all three replicates declined in
System 1 and 3, while there was not a consistent pattern with the
other three systems.
4. Discussion

4.1. Unique features of this study

There are several features of this systems study that can
contribute to improving our knowledge of soil food web dynamics
in high-input vegetable production systems: (1) The relatively
long-time frame of our study can provide insights into the
complexity and resilience of the soil food web and expand on the
information from shorter-term studies of microbial changes in
Salinas vegetable production soils that ranged from 2 to 6 weeks
(Lundquist et al., 1999; Calderon et al., 2000, 2001; Jackson et al.,
2003), 5e9 months (Wyland et al., 1995, 1996; Jackson, 2000),



Fig. 7. Changes in the relative abundance of FAME indicators of fungi, bacteria and invertebrates in soil in 5 organic vegetable management systems that differed in annual compost
additions (0 versus 15.2 Mg ha�1 annually), and cover crop type (legume-rye, mustard, or rye) and cover cropping frequency (annually versus every 4th winter). Error bars are 95%
confidence intervals with the mean at the central horizontal line. Raw data points are clustered around the mean in order of replicates 1 to 4. The two numbers separated by an
arrow error above each data cluster are the mean mol percent of the FAME indicators for each group at the beginning of the experiment (i.e., Time 0) and six years later.
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and 2e3 years (Fennimore and Jackson, 2003; Jackson et al., 2004;
Smukler et al., 2008). While short-term studies can indicate
changes that may occur soon after adoption of a practice, we
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Fig. 9. Changes in the relative abundance of bacterial phyla after 6 years for the top 11 phyla in the soil in 5 different organic vegetable management systems that differed in annual
compost additions (0 versus 15.2 Mg ha�1 annually), and cover crop type (legume-rye, mustard, or rye) and cover cropping frequency (annually versus every 4th winter). Error bars
are 95% confidence intervals with the mean at the central horizontal line. Raw data points are clustered around the mean in order of replicates 1 to 3. The percentages separated by
an arrow above the labels for each phyla are the relative abundance at the beginning of the experiment (time 0) and 6 years later. Phyla where the confidence interval of the change
does not include zero have underlined labels.
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2006; Schjonning et al., 2007; Smith et al., 2008; Overstreet et al.,
2010; Briar et al., 2011; Ferris et al., 2012; Williams et al., 2013;
Murugan et al., 2014; Henneron et al., 2015; Ito et al., 2015;
Mbuthia et al., 2015; Montecchia et al., 2015; Jimenez-Bueno
et al., 2016; Quist et al., 2016) are critical to identify changes that
may accumulate as the practice continues over multiple years. (2)
In contrast to previous multi-year studies in this region (Fennimore
and Jackson, 2003; Jackson et al., 2004; Smukler et al., 2008) that
occurred on loam soils, our study is unique in that it evaluated
changes in a sandy soil. This is important because soil texture is
known to affect MBC (Franzluebbers et al., 1996), and decomposi-
tion rates of organic materials. Decomposition rates are generally
higher in sandy than clay soils (Ladd et al., 1995; Sakamoto and
Hodono, 2000). This suggests that it would be more difficult to
detect changes in microbial biomass in a loamy sand soil like in our
study than in a finer textured soil. (3) Another important distinc-
tion is that our study represents a transition to increased cropping
intensity within an organically managed soil. Thus, although the
land on the research farm where the study occurred had been in
cultivationwith regular tillage for decades, and certified organic for
several years before the study began, it had not been intensively
managed to produce two, commercial-scale, for-profit vegetable
crops annually until the study began in 2003. Despite this, it is
interesting and somewhat surprising that the soil MBC at the
beginning of our study (i.e., z50e125 mg C kg�1 soil, Fig. 2A) was
within the range of those for sandy loam (151 mg C kg�1 soil) and
silt loam (75e125mg C kg�1 soil) soils in Salinas with a long history
of intensive vegetable production (Jackson et al., 2004; Steenwerth
et al., 2005). Steenwerth et al. (2005) found that MBC was
approximately 6 times greater in sandy loam soils in this region
that were in annual grass pasture than under intensive vegetable
production. These differences highlight the profound negative
impact on the soil food web that occurs when rainfed pasture is
converted to vegetable production. (4) To our knowledge, our study
is the first, field-based experiment in California to evaluate the
effects of compost made only from yard-waste (i.e., municipal solid
waste) in tillage-intensive systems. Compost in previous vegetable
studies in California was made primarily from animals manure
(Fennimore and Jackson, 2003; Jackson et al., 2004), or a mixture of
household organic and green waste (Suddick and Six, 2013). The
C:N ratios of compost in those studies was considerably lower (i.e.,
10e17) than the compost in our study (22), and unfortunately the



Fig. 10. Changes in the relative abundance of bacterial genera after 6 years for the top 12 genera in the soil in 5 organic vegetable management systems that differed in annual
compost additions (0 versus 15.2 Mg ha�1 annually), and cover crop type (legume-rye, mustard, or rye) and cover cropping frequency (annually versus every 4th winter). Error bars
are 95% confidence intervals with the mean at the central horizontal line. Data points are clustered around the mean in order of replicates 1 to 3. The percentages separated by an
arrow above the labels for each genus are the relative abundance at the beginning of the experiment (time 0) and 6 years later. Genera where the confidence interval of the change
does not include zero have underlined labels.
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compost application rates, on an oven-dry basis, were not reported.
These differences make it difficult to compare the effects of
compost in these previous studies with our results. Prior to our
study, the only data on the long-term impacts of yard-waste
compost in California agricultural systems came from a farm sur-
vey that provided weak evidence that compost affected soil C levels
in vegetable systems at typical application rates after more than
nine years of application (Brown and Cotton, 2011).

4.2. Microbial changes across systems during the transition to
increased cropping intensity

Several changes occurred to microbial communities across all
systems over the 6 years that are likely reflective of the increased
tillage, nutrient inputs, and irrigation that were required for
commercial-scale vegetable production. This management in-
tensity helps to explain why soils under vegetable production often
show dramatic reductions in soil physical, chemical, and biological
attributes over long time periods (Haynes and Tregurtha, 1999).
Perhaps the most consistent change in our study was the reduction
in the fungal FAME indicators (Fig. 7G), comparedwith the bacterial
indicators (especially for Gram þ) that tended to increase (Fig. 7E),
and consequently reduce the fungal:bacterial ratios substantially
(1.4e1.0 averaged across systems, Fig. 7I). The final ratio of fun-
gal:bacterial FAMEs, averaged across systems, are similar to those in
an organic on-farm survey with less tillage intensive tomato sys-
tems in a warmer region of California (Bowles et al., 2014). Fun-
gal:bacterial ratios are ecologically interesting because theymay be
related to agricultural system sustainability, C storage, and
ecosystem self-regulation (Bardgett et al., 1996; Bardgett and
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McAlister, 1999; Frey et al., 1999; Bailey et al., 2002; de Vries et al.,
2006; Six et al., 2006; Malik et al., 2016). Furthermore, a global
analysis across a range of biomes found a positive linear relation-
ship between soil C:N ratios and the fungal:bacterial ratios (Fierer
et al., 2009). The ratio of fungal to bacterial biomass was higher
in systems receiving cover crops in California (Bossio et al., 1998),
and it has been hypothesized that systems with greater fungal
dominance may be better at storing C (Six et al., 2006). It is known
that standard tillage practices cause large reductions in fungal
biomarkers in cover cropped vegetable systems in California
(Minoshima et al., 2007). It is interesting to note the differential
response of the fungi indicators in our study - AMF declined across
all systems (Fig. 7B) whereas saprophytic fungi showed little
change or a slight increase (i.e., System 5, discussed below, Fig. 7A).
Allison et al. (2005) found that the response of saprophytic fungi to
tillage was not as strong as the response of AMF to tillage which is
consistent with our results. A survey of organic tomato farms in
California reported slightly higher levels of AMF (z3e7 mol
percent) and several times higher levels of saprophytic fungi
(z20e30 mol percent) than in our study (Fig. 7A), and found a
negative relationship between AMF indicators and plant available P
(Bowles et al., 2014). Research on AMF colonization of lettuce roots
in the central coast region of California where our study occurred
found greater colonization in organic than conventional fields, and
that colonization was positively correlated to the number of AMF
hosts in the rotation (Miller and Jackson, 1998). While cover crops
can increase AMF levels in the soil (Kabir and Koide, 2002; White
and Weil, 2010; Lehman et al., 2012), the similarity in AMF levels
across all systems in our study after six years indicates that the
presence of AMF hosts (i.e. rye, legumes, lettuce), non-hosts
(broccoli, mustards, spinach), or bare fallow did not affect AMF
levels. Although vegetable production soils in the Salinas Valley
have a history of excessive P fertilization (Johnstone et al., 2005),
there was a gradual increase in AMF colonization of summer and
winter vegetables (but not spring or fall vegetables) during a three
year transition to organic certification (Smukler et al., 2008). Over
fertilization with P can be an important and serious problem in
organic systems in California, particularly when there is a heavy
reliance on organic fertilizers that typically supply far more P than
is needed to replace what was removed in harvests (Maltais-Landry
et al., 2015, 2016).

The increased cropping intensity had clear effects on the bac-
terial population composition with increases in the relative abun-
dance of several taxa (phyla Bacteroidetes; Agromyces,
Flavobacterium) and decreases with others (phyla Deinococcus-
Thermus; Nocardioides, Balneimonas) (Figs. 9 and 10). These patterns
provide evidence that in this soil type, these taxa may act as useful
indicators of changes in cropping intensity across a range of man-
agement scenarios represented by the five systems in our study.

4.3. Importance of cover cropping frequency versus yard-waste
compost

Understanding the importance of organic matter inputs from
cover cropping versus compost in this study is complex because the
experimental design was not a full factorial design. For example,
there was no system with annual cover crops without compost in-
puts. Despite this limitation, within the three systems (1, 2, 3)
receiving the same cover crop (legume-rye) at different frequencies,
the MBC, MBN and FAME data from the first 6 years of the study
provide strong evidence that frequent cover cropping during the
winter had a far greater impact than yard-waste compost additions
on the soil food web in these intensive vegetable systems. This
conclusion is consistent with the results of the nematode commu-
nity analysis from the first 8 years of our study (Ferris et al., 2012).
For example, if C inputs from compost and cover crop were equally
important for soil food web dynamics, we would expect more
similarities between System2 and 3 that both received frequent and
relatively similar amounts of C inputs, primarily from compost
(Fig. 1). However, the results show far more similarities, with a va-
riety of parameters reported here (i.e.,MBC,MBN,MBC:SOC, FAMEs;
Figs. 2e6) and elsewhere (i.e., vegetable yields, Ferris et al., 2012;
Maltais-Landry et al., 2015) between systems 1 and 2 that were
seldom cover cropped, than between systems 2 and 3 that received
compost. This suggests that the frequent inputs of compost that
were the most likely cause of the increased SOC in System 2 (Fig. 4)
had a relatively minimal effect on the soil food web, presumably
because the C added from compost was not readily accessible to soil
organisms. This reasoning is supported by the relatively small in-
crease in MBC (Fig. 2B) over the 6 years in System 2 (40 mg C kg�1

soil, 95% CI [-1, 80]) compared with System 3 (147 [122, 172]). The
overlap in confidence intervals of SOC in Systems 2 and 3 after 6
years (Fig. 4B) suggests that compost had a greater effect than cover
crops on SOC; this reasoning is based on the fact that compost inputs
were the same for these systems (91.2 Mg ha�1) while cover crop
shoot inputs differed by more than 5 fold (System 2, 7.9 Mg ha�1;
System 3, 45.6 Mg ha�1, Fig. 1). However, despite the overlap in
confidence intervals of SOC for System 2 and 3, the majority of the
replicates in System 2 had lower SOC levels than occurred in System
3 indicating that frequent cover cropping in System 3 also contrib-
uted to the higher SOC levels. Comparing the results of our study
with previous research evaluatingmunicipal solid waste compost is
complex due to a variety of factors that differ between our study and
others (i.e., crop rotation, tillage intensity, compost application rate,
compost application frequency, supplemental fertilizer inputs,
compost composition, etc.). For example, a study with barley that
applied municipal solid waste compost with a relatively low C:N
ratio (9) at 20Mg ha�1 annually during 5 of the years found that soil
MBC increased by 10% after 9 years (Garcia-Gil et al., 2000). Inter-
estingly, that study also found a 29% increase in soil MBC with cow
manure (C:N,16) applied at the same application rate. It is important
to acknowledge that a weakness of our study is the absence of a no
compost, frequently cover cropped system.Without such as system,
we are unable to definitively separate the potentially synergistic
effects of compost from cover crop.

The nematode analysis on soil taken at end of several of the
vegetable crops during the first 8 years of this study, found a greater
abundance of three colonizer-persister (cp) structural guilds of
nematodes (cp1, cp2, cp3) in systems that received cover crops
annually than in the infrequently cover cropped systems (Ferris
et al., 2012). In all systems, short-lived opportunist guilds (cp1,
bacteriovores; cp2, bacteriovores or fungivores) that are less sensi-
tive to environmental disturbance were the most abundant nema-
todes followed by cp3 to cp5 guilds that are longer lived, more
sensitive to disturbance, and include a variety of feeding habits
(Bongers and Bongers, 1998; Bongers and Ferris, 1999). The data
from our study on nematodes (Ferris et al., 2012) and soil microbial
biomass from the present paper together provide strong evidence
that the soil food webs in System 1 and 2 that were infrequently
cover cropped were relatively limited by lower inputs of fresh C
compared with the System 3, 4 and 5 that were cover cropped
annually. This apparent C limitation in System2 is remarkablewhen
you consider the large amount of compost that added to this system
annually (15.2Mg ha�1) that clearly increased the SOC levels (Fig. 4)
but had a relatively small impact on MBC and MBN. This suggests
that C inputs from compost were not as important for soil food web
dynamics as were C inputs from cover crops.

Belowground biomass from cover crops (roots and root exu-
dates) are also an important C input from cover crops that was not
included in the cumulative organic matter inputs for the various
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systems (Fig. 1). Based on estimates for small grains and soybean
(Bolinder et al., 2007), we assume that shoot biomass from the
cover crops in our systems accounted for approximately 80% of the
total cover crop C inputs to the soil. Roots exudates represent a
major flow of energy from plants into the soil that have a large
effect on soil food web dynamics, soil health, and interactions be-
tween plants and soil microbes (Fustec et al., 2009; Hartmann et al.,
2009; Chaparro et al., 2012). Based on Bolinder et al. (2007) we
estimate that the cumulative, below-ground C inputs (i.e., roots and
root exudates) in the frequently cover cropped systems over the six
years represent the equivalent amount of C added by cover crop
shoots alone during 1.5 winter cover cropping periods with
approximately 40% of the below ground input coming from root
exudates. We speculate that this substantial input of labile C that
occurred when cover crops were grownwas a primary driver of the
increases in microbial biomass in our study.

Inspection of changes in the relative abundance of the major
bacterial phyla and genera of Systems 1 and 2 that differed in
compost inputs, provides little evidence that compost alone, with
infrequent cover cropping with the legume-rye mixture, had any
impact on the composition of the soil bacterial population
(Figs. 8e10). This lack of effect of compost on soil bacterial popu-
lation structure in our study is consistent with 5e6 year studies
using municipal solid waste compost of different quality (C:N,
10e29) (Crecchio et al., 2004; Sharifi et al., 2014).

By comparing System 2 and 3 that received the same compost
rates, we can see strong evidence that frequent cover cropping as
occurred in System 3 increased the relative abundance of Pseudo-
monas and Agromyces (Fig. 10). Pseudomonas spp. are a diverse
bacterial group that has received considerable research attention
and includes plant pathogens, beneficial species that can act as
biological control agents and plant growth promoting rhizobacteria
(Mercado-Blanco and Bakker, 2007; Lugtenberg and Kamilova,
2009). Interestingly the relative abundance of Pseudomonas also
increased in System 5 with the rye cover crop but decreased with
mustard. We speculate the rye component that dominated the
legume-rye mixture may have caused this increase because recent
work with carrots that found greater abundance of Pseudomonas
spp. following rye cover crops and alsomore isolates of antagonisitic
bacteria and fungi following rye (Patkowska et al., 2016). The greater
increase in the relative abundance of Agromyces in the frequently
cover cropped legume-rye system (3) than occurred in the System 1
and 2 that were usually bare during the winter, is somewhat
consistent with research of bacterial population structure across
forest and grasslands (Nacke et al., 2011). These researchers re-
ported a greater abundance of Agromyces in grasslands than forests,
particularly in an intensively managed and fertilized grassland.
While all systems in our study received the same supplemental
fertilizer inputs during vegetable production, System 3 had the
largest inputs of N from biological fixation over the 6 year period
that may explain the greater abundance of Agromyces in System 3.
For example, based on the shoot biomass production of the total
legume-rye shoot biomass over the 6 years (Brennan and Boyd,
2012; Brennan, unpublished data) and the estimate that
30e40 kg N ha�1 is fixed for 1 Mg ha�1 shoot dry biomass (Peoples
et al., 2009), we estimate that cumulative N inputs from biological
fixation over the 6 years would have been several times greater in
System3 (z320 kgNha-1) than in Systems 1 and 2 (z80 kgN ha�1).

4.4. Cover crop type effects on the soil microbial component

The systems that were cover cropped annually and all received
the same compost inputs, but differed only in cover crop type
(Systems 3, 4, 5) showed similarly trends in microbial community
size and composition with a few exceptions. When the cover crops
were incorporated into the soil in the spring, their shoot C:N ratios
averaged across the 6 years were higher in System 5 with rye
(C:N¼ 31) than System 4withmustard (C:N¼ 22) or System 3with
the legume-rye mixture (C:N ¼ 21) (Brennan et al., 2013).
Decomposition of lower quality materials (i.e., higher C:N) is
favored by fungi, whereas bacteria are better at decomposing
higher quality material (Bossuyt et al., 2001). Therefore, the higher
C:N of the rye in System 5 would presumably make this material
more accessible to fungal than bacterial decomposition. This may
explain why the FAME indicators for saprophytic fungi (Fig. 7A)
increased over the 6 years from 6.9 to 8.6 compared in System 5,
but changed little with the other systems (i.e., the confidence in-
tervals of the difference for saprophytic fungi were centered near to
zero for Systems 1 to 4). This reasoning is also consistent with the
closer proximity of System 5 to the saprophytic fungal indicator
(18:2u6c) than occurred with System 3 or 4 (Fig. 6). Furthermore,
System 5 was the only systemwhere the confidence interval of the
difference over time in total fungi and the fungal:bacterial ratio
overlapped with zero (Fig. 7G, I). Rye biomass in the legume-rye
mixture in System 3 comprised an average of 80% of the total
mixture biomass over the six years, but the C:N of rye in the
mixture was only 24, presumably because of N transfer from the
legume component. This lower C:N of the rye in the mixture in
System 3 than in rye in System 5 (C:N¼31) suggests that rye in the
mixture would decompose more readily than rye growing alone.
This is supported by the lower N mineralization of the rye residue
in System 5 than occurred in System 3 and 4 during the second year
of the study (Brennan et al., 2013).

The data provides no evidence that the relatively large differ-
ences (i.e.,z12e15 Mg ha) in cumulative cover crop shoot biomass
between mustard (30.5 Mg ha�1), legume-legume rye (45.1) or rye
(42.9) (Fig. 1) had any apparent impact on microbial biomass
(Figs. 2 and 3), or SOC (Fig. 4) after 6 years. This is surprising given
that these differences are similar to the amount of shoot biomass
that a vigorous rye or legume rye cover crop would produce during
two winter periods. One explanation for the lack of relationship
between cover crop shoot biomass and the microbial biomass or
SOC is that all of the cover crops provided a minimum threshold
level of fresh C input that was needed to drive changes in the soil
food web. The SOC similarities between Systems 2 to 5 that all
received compost but different amounts of cover crop shoots inputs
provides strong evidence that C inputs from compost, not cover
crop, was the primary factor driving soil organic matter changes
over time. Furthermore, it is surprising that the three annually
cover cropped systemswere similar in terms of MBC,MBN, and SOC
despite the greater input of N from biological fixation that occurred
in System 3 (i.e., z53 kg N ha�1 annually, see calculation details in
above section).

The different types of cover crops had few effects on the relative
abundance of soil bacterial phyla. For example, the abundance of
the phyla Gemmatimonadetes increased in System 5 with rye cover
crops but declined with mustard (System 4) (Fig. 10). DeBruyn et al.
(2011) studied the possible link between soil moisture and the
abundance of this phyla and provided evidence that Gemmatimo-
nadetes is adapted to low soil moisture. This is somewhat consistent
with measurements of moisture in the top 46 cm of soil during the
winter in our study that were lower in the rye than in the mustard
and the legume-rye systems (Cahn and Miyao, 2011). We speculate
that the consistent reduction in the abundance of Gemmatimona-
detes in the Systems 1 and 2 may be related to the bare surface in
these plots that could result in relatively dry conditions in the top
several cm of this well-drained sandy soil particularly during pro-
longed dry periods that occurred somewinters (Brennan and Boyd,
2012); the cover crops were primarily rainfed other than to
establish them early in the fall before the rains began.



E.B. Brennan, V. Acosta-Martinez / Soil Biology & Biochemistry 109 (2017) 188e204 201
The different cover crops also showed some interesting differ-
ences in the relative abundance of major bacterial genera after 6
years of management (Fig. 10). Pseudomonas tended to decline with
mustard cover crops but increased in System 3with the legume-rye
and System 5 with rye. This similarity in rye and legume-rye sys-
tems may be related to the presence of rye. Furthermore, the in-
crease in the relative abundance of Agromyces was approximately
twice as great in System 3 (legume-rye) than in System 5 (rye);
possible reasons for the effect of cover crop type on Agromyces and
Pseudomonas are discussed above in section 4.3.

4.5. Practical implications for soil health

The microbial biomass data presented here combined with the
nematode community analysis (Ferris et al., 2012) from this
ongoing systems study provide compelling evidence of the poten-
tial benefits of frequent cover cropping and compost inputs on the
soil health in high-value, tillage-intensive vegetable production
systems. While C input from yard-waste compost increased SOC
levels by approximately 3 g kg�1 soil after 6 years (Fig. 4), our data
indicate that improvements in the soil food web (i.e., increases in
MBC and MBN) in these systems was primarily driven by inputs of
fresh plant material from frequent cover cropping (Figs. 2 and 3).
We acknowledge that this conclusion is somewhat speculative
because the experimental design lacked systems with frequent
cover cropping without compost inputs, however, if compost was a
major driver of the soil food web we would have expected to more
similarities in microbial biomass in systems that all received
compost (i.e. Systems 2, 3, 4, 5). These results help to explain why
vegetable yields in this our study were greater in the frequently
cover cropped systems compared with yields in the systems that
were infrequently cover cropped regardless of compost inputs
(Ferris et al., 2012; Maltais-Landry et al., 2015); more details of
marketable yields over the first 8 years of vegetable productionwill
be presented in future papers from the study.

Although this study occurred in a certified organic context, we
believe that the results are equally applicable in conventional
vegetable rotations in this region. Given the importance of frequent
cover cropping on soil microbial activity, compared with the sur-
prisingly minimal benefits from yard waste compost, we suggest
that organic and conventional vegetable farms in this region work
to develop soil health management programs that place more
emphasis on frequent cover cropping to add biologically active
forms of organic matter to the soil and less on emphasis on the use
of off-farm sources of organic matter such as yard-waste compost.
This approach would likely improve the sustainability of these
systems in several ways by (1) adding diversity of the crop rotation,
(2) increasing N use efficiency by minimizing N leaching losses
during the winter, (3) increasing soil health with regular inputs of C
from cover crop roots and shoots, (4) achieving more balanced
phosphorous (P) budgets, (5) reducing winter runoff and erosion
potential, and (6) maximizing the on-farm capture of solar energy
to fuel the soil food web. The issue of excessive P application is an
important problem in organic systems in California and one that
could be reduced by minimizing the use of off-farm organic inputs
(compost and fertilizers) that resulted in more than 400 kg ha�1 of
excess P inputs in our cover cropped systems over 8 years of
vegetable production (Maltais-Landry et al., 2016).

Considering the need for a mixture of winter vegetable pro-
duction, and access to bare winter fallowed fields for early spring
plantings, it is unreasonable to expect that most farms in the Sali-
nas region could grow standard, high biomass winter cover crops
like those in the current study on every field during the winter.
However, several alternative and novel cover cropping approaches
for this region were recently proposed that may increase cover
cropping here (Brennan, 2017). We believe that farmers would be
more likely to integrate important best management practices such
as cover cropping into their rotations if they had access to reliable
tests that measure soil biological activity as proposed by
Franzluebbers (2016). These tests could indicate short-term im-
provements in soil health from practices like cover cropping. For
example, within the three systems that received the legume-rye
cover crops (System 1, 2, 3), the measurement of SOC from a
standard soil test suggests that systems 2 and 3 are relatively
similar to each other, and are both substantially different from
System 1 (Fig. 4). In contrast, a biologically-based soil test such as
MBC indicates far more similarities between Systems 1 and 2 that
were infrequently cover cropped (Fig. 2A).

5. Conclusions

This relatively long-term assessment of the soil microbial
changes in tillage-intensive, high-input organic vegetable systems
provides important insights into the effects of increasing cropping
intensity on soil food web dynamics and how these can be altered
by the use of winter cover crops and yard-waste compost. Frequent
cover cropping hadmore impact than compost on the soil microbial
community and this effect was relatively similar regardless of
whether the cover crop was a legume-rye mixture, mustard, or rye.
The benefits of cover cropping to the soil food webweremost likely
the result of inputs of labile C from above and below ground pro-
duction. The bacterial population composition was relatively un-
affected by management differences between the organic systems.
However there is evidence that cover crop type and frequency
altered the relative abundance of some bacteria such as Pseudo-
monoas that includes species that are important biological control
agents and plant growth promoting rhizobacteria. Reductions in
the fungal:bacterial ratio across all systems highlight the need to
develop reduced tillage options for high-value vegetable systems.
This study provides clear examples of large differences in soil heath
within organic production systems for the same vegetable crops.
These results are relevant to organic and conventional systems that
are working to improve soil health and develop more sustainable
rotations.
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