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ABSTRACT

Variability in the activity and composition of soil microbial communities may have important implica-
tions for the suite of microbially-derived ecosystem functions upon which agricultural systems rely,
particularly organic agriculture. An on-farm approach was used to investigate microbial communities
and soil carbon (C) and nitrogen (N) availability on 13 organically-managed fields growing Roma-type
tomatoes, but differing in nutrient management, across an intensively-managed agricultural landscape
in the Central Valley of California. Soil physicochemical characteristics, potential activities of nine soil
enzymes involved in C, N, phosphorus (P), and sulfur (S) cycling, and fatty acid methyl esters (FAMEs)
were measured during the growing season and evaluated with multivariate approaches. Soil texture and
pH in the 0—15 cm surface layer were similar across the 13 fields, but there was a three-fold range of soil
Cand N as well as substantial variation in inorganic N and available P that reflected current and historical
management practices. Redundancy analysis showed distinct profiles of enzyme activities across the
fields, such that C-cycling enzyme potential activities increased with inorganic N availability while those
of N-cycling enzymes increased with C availability. Although FAMEs suggested that microbial community
composition was less variable across fields than enzyme activities, there were slight community dif-
ferences that were related to organic amendments (manure vs. composted green waste). Overall, how-
ever, the general similarity among fields for particular taxonomic indicators, especially saprophytic fungi,
likely reflects the high disturbance and low complexity in this landscape. Variation in potential enzyme
activities was better accounted for with soil physicochemical characteristics than microbial community
composition, suggesting high plasticity of the resident microbial community to environmental condi-
tions. These patterns suggest that, in this landscape, differences in organic agroecosystem management
have strongly influenced soil nutrients and enzyme activity, but without a major effect on soil microbial
communities. The on-farm approach provided a wide range of farming practices and soil characteristics
to reveal how microbially-derived ecosystem functions can be effectively manipulated to enhance
nutrient cycling capacity.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Agricultural landscapes exhibit a high degree of spatial vari-
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ability, including variation in soil physicochemical characteristics
and agroecosystem management (Drinkwater et al., 1995; Vasseur
et al., 2013), which can affect the activity and composition of the
soil biota (Acosta-Martinez et al., 2008; Schipanski and Drinkwater,
2012). Soil microbes mediate the biochemical transformations of
organic matter that underpin essential ecosystem functions,
including decomposition, mineralization of plant available
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nutrients, and nutrient retention. Organic production relies on
these microbially-derived ecosystem functions and thus may be a
model system for ecological intensification of agriculture (Jackson
et al,, 2012). By focusing on building and utilizing soil organic
matter (SOM) as opposed to using synthetic fertilizers, organic
production systems differ greatly from conventional systems;
organic management in many research station trials has been
shown to improve soil fertility (Burger and Jackson, 2003; Gattinger
et al,, 2012), reduce nutrient losses (Drinkwater and Wagoner,
1998; Kramer et al., 2006; Syswerda et al., 2012), and reduce
global warming potential (Burger et al., 2005; Cavigelli et al., 2013)
while supporting similar crop yields in certain contexts (Seufert
et al., 2012).

Yet, such research station-based experiments may belie the
challenge of evaluating multiple ecosystem services on working
organic farms across actual landscapes that vary in topography,
soil type, commodities, and motivations of farmers for making
the organic transition (Darnhofer et al., 2005; Williams and
Hedlund, 2013). Organic farms also use many different nutrient
management strategies (Guthman, 2000; Darnhofer et al., 2010)
even when growing the same crop in the same region (e.g.
Drinkwater et al., 1995; Garcia-Ruiz et al., 2008). While this
heterogeneity could help explain some of the ambiguous results
of landscape-scale comparisons of organic and conventional
farms relative to site-specific experiments (e.g. Williams and
Hedlund, 2013), we lack basic understanding of how heteroge-
neity affects soil microbial activity and community composition
and the implications for soil ecosystem functions and agro-
ecosystem management.

The quantity and quality of SOM and carbon (C) and nitrogen (N)
inputs are the overriding controls on soil microbial biomass and
activity (Fierer et al., 2009; Kallenbach and Grandy, 2011). Thus,
distinct organic amendments (e.g. manure, leguminous cover
crops, and composted materials) can stimulate microbial biomass
differently through increases in labile organic matter (Marriott and
Wander, 2006; Smukler et al., 2008; Kallenbach and Grandy, 2011)
and/or total soil C on time frames from months to decades
(Drinkwater and Wagoner, 1998; Kong et al., 2005). However, little
is known about how the quantity and composition of SOM and
nutrient inputs (e.g. C:N ratio) affect microbial communities and
their enzyme activities, and in turn, transformations of C, N,
phosphorus (P), and sulfur (S) on organic farms. The total enzy-
matic activity of soil, derived from active microorganisms and the
stabilized pool in clay—humus complexes (Tabatabai, 1994; Burns
et al., 2013), plays a major role in the depolymerization of struc-
turally diverse polymeric macromolecules, which is considered the
rate-limiting step in decomposition and nutrient mineralization
potential of soil (Schimel and Bennett, 2004).

Organic management increases overall enzyme activity (Mdder
et al., 2002; Garcia-Ruiz et al., 2008; Moeskops et al., 2010), but
activities of specific enzymes may change depending on the
composition of the amendments and the relative availability of
nutrients, as well as other factors, such as soil type and its unique
characteristics, e.g. pH and texture (Acosta-Martinez et al., 2007;
Sinsabaugh et al., 2008; Stursova and Baldrian, 2010). Given the
relatively constrained C:N:P ratios of microbial biomass (Cleveland
and Liptzin, 2007), enzymatic activity might be expected to
enhance the availability of the most limiting nutrients in order to
meet microbial metabolic demands (Sinsabaugh et al., 2008;
Allison et al., 2011). For instance, in grassland and forest soils,
long-term N fertilization increased the activity of soil enzymes
involved in labile C breakdown (Ajwa et al., 1999; Saiya-Cork et al.,
2002; Tiemann and Billings, 2010) with similar trends in
conventionally-managed agricultural soils (Bandick and Dick, 1999;
Piotrowska and Wilczewski, 2012).

Properties of SOM and organic amendments may also influence
microbial community composition and in turn, microbial activity
and associated ecosystem processes (Fraterrigo et al., 2006; Reed
and Martiny, 2013). Increases in the fungal:bacterial ratio have
been linked to increases in soil C and the C:N ratio across land-
scapes (Fierer et al., 2009; de Vries et al., 2012) and in response to
organic management (Bossio et al., 1998) as well as various organic
amendments, such as conifer-based compost (Bernard et al., 2012)
and vetch cover-cropping (Carrera et al., 2007). Other studies have
shown increases in phospholipid fatty acid biomarkers for arbus-
cular mycorrhizal fungi (AMF) in response to composted green
waste as well as long-term organic management (Bossio et al.,
1998; Moeskops et al., 2010, 2012). While management that sup-
ports fungal communities has been suggested as a means of
increasing agroecosystem N retention and other functions (de Vries
and Bardgett, 2012; Jackson et al.,, 2012), changes in microbial
community composition may be relatively constrained in agricul-
tural landscapes with a legacy of intensive agricultural manage-
ment (Fraterrigo et al., 2006; Culman et al., 2010), even in response
to organic management (Williams and Hedlund, 2013). Indeed, in
agricultural soils that are intensively managed, microbial activity
tends to change more quickly in response to organic management
than community composition (Burger and Jackson, 2003).

The overall objective of this study is to examine how soil
physicochemical characteristics and nutrient management prac-
tices affect soil microbial activity and microbial community
composition in organic agricultural systems, using an on-farm
approach with several participating farmers. This study is part of
a larger project examining plant—soil—microbial interactions and
multiple ecosystem functions across a set of organic farms selected
to be representative of the local landscape using geographic in-
formation system (GIS) techniques (Bowles et al., ms. in prepara-
tion). Thirteen organically-managed fields growing Roma-type
tomatoes (Solanum lycopersicum L.) were selected in Yolo County,
part of the Sacramento Valley of California, an agricultural land-
scape dominated by high-input conventional agriculture with a
diverse array of crops. The focus is on the period of maximal tomato
nutrient demand when microbial activity is most important for
crop productivity. There were two main hypotheses. First, farm
fields would differ in soil microbial biomass and enzyme activities,
and these differences would depend on the quantity and compo-
sition of SOM as well as other factors related to the type of organic
amendments. Second, microbial community composition would be
influenced by nutrient management practices but with fewer dif-
ferences across the fields relative to enzyme activities given the
overall lack of diversity in the soil biota in this landscape, which
appears to be related to high disturbance and low complexity
(Culman et al., 2010).

The specific objectives of this study are to: 1) characterize the
variability of soil properties and organic management practices
across a number of organically-managed Roma-type tomato fields;
2) determine patterns of soil enzyme activities and fatty acid
methyl esters (FAMEs) to indicate microbial community composi-
tion and relate them with soil properties and management prac-
tices; and 3) consider the implications for microbially-derived
ecosystem functions for management of different types of organic
farms across this landscape. On 13 organic fields differing in
nutrient management practices, soil physicochemical characteris-
tics; microbial biomass C and N; activities of soil enzymes involved
in C, N, P, and S cycling; and FAMEs were measured and analyzed
with multivariate techniques to model the relationships among
these factors. The on-farm approach provided a wide range of
farming practices and soil characteristics to reveal how microbially-
derived ecosystem functions can be effectively manipulated to
enhance nutrient cycling capacity.
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2. Materials and methods
2.1. Agroecosystem characteristics

The organically-managed fields in this study were on similar
parent material (mixed alluvium) in a 1579 km? landscape
including all of the arable land in Yolo County, California, which is
situated along the western side of the Sacramento Valley. Yolo
County has a Mediterranean-type climate with cool, wet winters
and hot, dry summers. Annual precipitation in 2011 was 403 mm
and the mean maximum and mean minimum temperatures were
21.7 and 7.3 °C, respectively, compared to 462 mm, 23.1 °C, and
8.4 °C for the previous 20 years (CIMIS, 2013). Organic farming has a
long history in this area, with roots over 30 years ago (Guthman,
2004), and is relatively widespread and continuing to grow
(Jackson et al., 2011). Different land use histories (e.g. history of
cultivation, time in organic agriculture) and natural edaphic vari-
ability provide a range of soil characteristics.

Roma-type tomatoes are widely grown in this region for con-
ventional and organic markets, and for both processing and direct-
marketing to local consumers. The California Certified Organic
Farmers (CCOF) directory was used to identify certified organic
farming operations growing tomatoes in the study area (CCOF,
2011). CCOF is the primary organic certifier in this region of Cali-
fornia (Guthman, 2004). All growers identified from this directory
were contacted during winter 2010—11 to assess plans for growing
Roma-type tomatoes and to gauge interest in the project. Eight
growers expressed interest and we identified a total of 13 fields in
which they expected to transplant tomatoes in early April 2011. All
fields were transplanted within two weeks of one another. Nutrient
inputs varied across farms (Table 1) with two general groups based

Table 1
Field management and soil types at the 13 organic tomato fields in Yolo County,
California, USA.

Field Years Primary organic ~ Secondary nutrient  Soil type®
in organic®  inputs® inputs®

1 4 Manure None Tehama loam

2 8 Manure None Tehama loam

3 NA Manure None Capay silty clay

4 3 Vetch Guano, soluble Tehama loam

5 8 Manure, vetch None Capay silty clay

6 11 Manure, vetch Guano Brentwood silty
clay loam

7 3 Compost, vetch  Pellets, soluble Yolo silt loam

8 2 Compost Pellets, soluble Yolo silt loam

9 11 Manure, vetch Guano Yolo silt loam

10 8 Compost Chilean nitrate Yolo silt loam

11 5 Compost Chilean nitrate Yolo silt loam

12 26 Compost Soluble Yolo silt loam

13 8 Compost Chilean nitrate Yolo silt loam

2 Years since certification (does not include transition years). This information
was not available for field 3, but it is certified organic.

b Compost and manure were applied in fall 2010, with the exception of field 5, in
which manure was applied in early spring prior to tomato transplanting. Winter
vetch cover crops were incorporated prior to transplanting. Compost was com-
posted green waste with a C:N ranging from 15 to 18. Manure was poultry manure
or poultry litter with a C:N ranging from 9.8 to 15.

¢ Guano refers to seabird guano (12-12-2.5). Pellets were pelletized poultry
manure (6-3-2). Chilean nitrate (16-0-0) is NaNOs, a mined mineral product. Soluble
refers to solubilized organic fertilizers, especially fish emulsions, which have a range
of nutrient concentrations. Guano, pellets, and Chilean nitrate were all applied as a
sidedressing close to tomato transplanting. Small amounts (less than 7 kg-N ha—') of
soluble fertilizers are applied through the drip line periodically throughout the
growing season.

4 Tehama loam: fine-silty, mixed, superactive, thermic Typic Haploxeralfs; Capay
silty clay: fine, smectitic, thermic Typic Haploxererts; Brentwood silty clay loam:
fine, smectitic, thermic Typic Haploxerepts; Yolo silt loam: fine-silty, mixed,
superactive, nonacid, thermic Mollic Xerofluvents

on primary organic matter amendment (manure or composted
green waste). Several farms also used a vetch winter cover crop
alone or in conjunction with other amendments and some applied
other nutrient sources (e.g. seabird guano, Chilean nitrate, fish
emulsion) as a sidedressing or through drip irrigation. Tillage was
used on all fields and was of similar intensity. Soil series identified
from the SSURGO database are all considered highly productive
(Table 1; Soil Survey Staff, Natural Resources Conservation Service,
2011) and had similar mineralogy (Schafer and Singer, 1976).

2.2. Soil sampling and analyses

Surface soil samples were collected in June 2011. Sampling was
timed to coincide with tomato anthesis and early fruit develop-
ment, a critical phenological and agronomic period in which to-
mato nutrient demand is high and growers often add supplemental
nutrients. Fields were all sampled within two weeks of one another,
an average of 68 days after transplanting. In each field, six plots
were established at random locations within a 0.25 ha area to
monitor soil and plants over the course of the season. An intact soil
core (15 cm in diameter, 0—15 cm deep) was removed from each
plot in between two tomato plants, situated 15 cm from the
centerline of the planting row.

Soil samples were kept on ice until processing within 4 h for
different analyses. After thoroughly mixing the soil sample, field-
moist soil was used in determination of microbial biomass C
(MBC) and N (MBN) within 24 h of sampling (see below). Inorganic
N was extracted from moist soils with 2 M KCl and analyzed
colorimetrically for ammonium (NHZ) and nitrate (NO3; Foster,
1995; Miranda et al., 2001). Olsen P was determined using the
methods outlined by Olsen and Sommers (1982) at the University
of California Agriculture and Natural Resources (ANR) Analytical
Laboratory. Soil pH was determined on air-dried samples using a
1:2.5 soil/water ratio. Gravimetric water content (GWC) was
determined by drying at 105 °C for 48 h. Air dried soil samples were
sieved to 2 mm, ground, and analyzed for total C and N at the UC
Davis Stable Isotope Facility. Particle size was determined by the
laser diffraction method according to Eshel et al. (2004). Addi-
tionally, a ~50 g subsample was immediately frozen at —80 °C for
subsequent analysis of FAME profiles and potential soil enzyme
activities (see below).

2.3. Microbial community analyses

MBC and MBN were determined by the chloroform fumigation
extraction method (Vance et al., 1987; Wu et al., 1990). Organic C
was quantified using a Dohrmann Phoenix 8000 UV-persulfate
oxidation analyzer (Tekmar-Dohrmann, Cincinnati, OH) and
organic N was quantified using alkaline persulfate oxidation
(Cabrera and Beare, 1993). No correction factors were applied.
K5SO4 extractable organic carbon (EOC) and nitrogen (EON) were
calculated as organic C or N, respectively, quantified in non-
fumigated samples (Ros et al., 2009).

Soil microbial community composition was characterized using
FAME profiles. FAME analysis was performed on a 3-g field-moist
equivalent sample using the ester-linked FAME procedure of
Schutter and Dick (2000). FAME analysis was conducted using an
Agilent 6890 N gas chromatograph with a
25 m x 0.32 mm x 0.25 pm (5% phenyl)-methylpolysiloxane Agi-
lent 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. Absolute amounts of
FAMEs (nmol g~! soil) were calculated according to Zelles (1996)
using the 19:0 internal standard and these values were subse-
quently used to calculate mol percent by dividing each individual
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FAME by the total sum of all FAMEs. Selected FAMEs were used as
microbial markers according to previous research (Zelles, 1999),
and included Gram-positive (Gram+) bacteria (i15:0, a15:0, i17:0,
a17:0), Gram-negative (Gram-) bacteria (cy17:0, cy19:0), and ac-
tinomycetes (10Me16:0, 10Me17:0, 10Me18:0). Fungal markers
included saprophytic fungi (18:1w9c, 18:2w6¢c, and 18:3w6c) and
AMF (16:1w5c). FAME 20:4w6c was used as a marker for soil
microfauna (protozoa and nematodes) and mesofauna (e.g. Col-
lembola) (Stromberger et al., 2012 and references therein). Bacterial
sums were calculated using the Gram+, Gram—, and actinomycete
markers; fungal sums were calculated using both saprophytic and
AMF fungal markers, and the fungal/bacteria ratio was calculated
by dividing the fungal sum by the bacterial sum.

Activities of nine soil enzymes indicative of C-cycling (a-galac-
tosidase, p-glucosidase), C/N-cycling (B-glucosaminidase), N-
cycling (aspartase, L-asparaginase, urease), P-cycling (acid phos-
phatase, alkaline phosphomonoesterase) and S-cycling (arylsulfa-
tase) were evaluated. These enzyme activities were assayed using
1 g of air-dried soil with their appropriate substrate and incubated
for 1 h (37 °C) at their optimal pH as described by Tabatabai (1994)
and Parham and Deng (2000). Enzyme activities were assayed in
duplicate with one control, to which substrate was added after
incubation and subtracted from the sample value.

2.4. Statistical analyses

Box plots were graphed using the default settings from the
ggplot2 package in R (Wickham, 2009; R Development Core Team,
2012). The horizontal line is the mean, and upper and lower
“hinges” are the first and third quartiles, respectively. Upper and
lower “whiskers” extend to the highest or lowest value, respec-
tively, within 1.5 times the inter-quartile range (the distance be-
tween the first and third quartiles). Data beyond this range are
plotted as points.

Linear relationships between selected soil physicochemical
characteristics were tested with the Im() function in R using field
averages (i.e.n = 13) in order to examine broad relationships across
the fields. Field was considered an explanatory factor (13 levels) in
analysis of variance (ANOVA) models with separate analyses for
each response variable, including 9 enzyme activities and 9 taxo-
nomic groups compiled from indicator FAMEs. All models were
statistically significant at the p < 0.001 level. F-statistics, i.e. the
ratio of variance among fields to variance within fields, derived
from these analyses were used to compare the relative magnitude
of the field effect for each variable. Hence, greater between field
variability for a given enzyme (or taxon) relative to other enzymes
(or taxa) is reflected by a larger F-statistic.

Principal components analysis (PCA) was performed in the
vegan package in R (Oksanen et al., 2012) using a correlation matrix.
Component scores for each of the six plots within a field were used
to generate 95% confidence ellipses around each field using the
ordiellipse() function within vegan. PCA of FAMEs used data
expressed as mol percent.

Since the PCA showed patterns among fields for the FAME and
soil enzyme data, a constrained ordination technique was then
used to evaluate relationships between these data and soil physi-
cochemical factors through redundancy analysis (RDA). RDA com-
bines regression and PCA and allows the direct analysis of how a set
of response variables is structured by a set of explanatory variables
(Borcard et al., 2011). RDA constrains ordination axes to be linear
combinations of explanatory variables. Soil NHZ, NO3, and Olsen P
were In(x + 1) transformed to help correct positive skewing and all
variables were standardized prior to analysis. Forward selection of
soil physicochemical factors (i.e. 15 variables: soil C and N, soil C:N,
clay, silt, sand, pH, Olsen P, MBC, MBN, EOC, EON, NH;" — N,

NO3~ — N, and GWC) was performed independently for each set of
response variables (either enzymes or FAMEs) to derive a parsi-
monious set of explanatory variables based on a double stopping
rule of both alpha level (p < 0.05) and adjusted R? (Blanchet et al.,
2008). RDA was performed with the rda() function in the vegan
package.

Canonical variation partitioning (Borcard et al., 1992) was used
to determine the relative importance of soil physicochemical
properties and FAMEs in explaining variation in soil enzyme ac-
tivities using adjusted R? values to obtain unbiased estimates
(Peres-Neto et al., 2006). Soil factors were the same as used in RDA,
as identified in the forward selection procedure. The same selection
procedure was used to derive a parsimonious set of indicator
FAMESs (mol percent) to explain enzyme activities. The analysis was
performed in R using the varpart() function in the vegan package.
Significance of the fractions (i.e. explained fractions of variation
accounted for by the sum of the canonical axes) was tested by
partial redundancy analyses and permutational significance tests
(1000 permutations).

3. Results
3.1. Soil properties and C and N pools

The 13 organically-managed Roma-type tomato fields had
similar soil texture; measurements classified three fields as loams
and ten as silt loams (Table 2). Clay content ranged from 9.7 to 21.4%
and had a coefficient of variation (CV) of only 20.2 (Table 2). A
three-fold range of soil organic C (6.7—20.0 g C kg~! soil) and N
(0.8—2.1 g N kg~ soil) occurred across the set of fields, and soil C:N
ranged from 8.1 to 9.8 (Table 2). Soil C and N were highly correlated
with one another (p < 0.0001, 1? = 0.95). Soil pH was near neutral
(6.3—7.2) and varied the least of all measured soil properties with a
CV of 3.7. Soil NHZ, NO3, and Olsen P had the most variation of all
measured variables with CVs of 70.8, 127.5, and 76.7, respectively,
and were positively skewed, especially NO3 (Table 3). Field 4 had
the highest level of NO3 (44.9 pg-N g~ ! soil) while field 1 had the
lowest (0.2 ug-N g~! soil).

MBC ranged from 67.7 ug-C g~ ! soil in field 1, to 165.8 ug-C g~
in field 13, but it did not consistently increase across the C gradient
(Table 3). Overall, MBC had a positive relationship with soil C
(p = 0.03, R? = 0.36), soil N (p = 0.02, R> = 0.41), and silt (p = 0.05,
R? = 0.31), although the low R? values indicate that none of these
variables was highly associated with the variation in MBC. MBN was
not significantly related to any soil variable other than MBC
(p = 0.003, R? = 0.56) and showed more variability than MBC with a
CV of 39.8 vs. 21.9 for MBC. Total FAMEs, which can be considered
an alternative measure of microbial population size, had a positive
but weak relationship with MBC (p = 0.05, R? = 0.31) and similar
associations with soil Cand N as MBC. Total FAMEs also had positive
relationships with EOC (p = 0.02, R?> = 0.41) and EON (p = 0.02,
R? = 0.40).

3.2. Patterns of soil enzyme activities

The activities of nine soil enzymes showed different trends
across the 13 fields (Fig. 1). Phosphodiesterase activity showed the
strongest field effect (F-statistic = 27.3); higher F-statistic values
indicate the relative magnitude of the “field effect”, i.e., a higher
ratio of variance among fields to variance within a field (see
methods section). Six out of nine enzyme activities had an F-sta-
tistic greater than 20. pB-glucosaminidase activity was the least
variable of the measured enzymes (F-statistic = 8.2), followed by
the activities of L-asparaginase (F-statistic = 14.1) and urease (F-
statistic = 19.1). The geometric mean of enzyme activities (Table 2),
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Table 2

T.M. Bowles et al. / Soil Biology & Biochemistry 68 (2014) 252—262

Soil properties measured at the 13 organic tomato fields in Yolo County, California, USA in the 0—15 cm surface layer (se = standard error).

Field Total C (g kg™ 1) Total N (gkg™ ") C:N pH Clay (%) Silt (%) Sand (%) Soil texture
Mean se Mean se Mean se Mean se Mean se Mean se Mean se

1 6.7 0.17 0.8 0.03 8.2 0.16 6.7 0.11 139 0.80 471 2.77 39.1 3.57 Loam

2 9.6 0.23 1.2 0.02 83 0.08 6.8 0.10 214 0.27 59.3 0.36 193 0.56 Silt loam

3 10.7 0.17 13 0.03 8.2 0.07 6.7 0.08 19.4 0.12 55.6 0.45 25.1 0.40 Silt loam

4 11.1 0.22 14 0.03 8.1 0.09 6.6 0.06 17.6 0.36 61.4 1.30 21.0 1.35 Silt loam

5 11.2 0.22 14 0.03 8.1 0.06 6.3 0.06 18.1 0.45 60.1 0.67 219 1.04 Silt loam

6 12.5 0.53 14 0.07 9.2 0.14 6.3 0.04 16.2 0.19 63.5 0.45 203 0.52 Silt loam

7 12.8 0.52 14 0.05 9.0 0.10 7.2 0.04 14.6 0.29 52.1 0.59 333 0.86 Silt loam

8 13.2 0.38 1.5 0.04 9.0 0.07 6.8 0.02 9.7 0.21 48.4 043 419 0.49 Loam

9 139 0.24 1.6 0.03 9.0 0.15 6.4 0.04 14.0 0.06 58.1 0.26 27.8 0.31 Silt loam

10 16.5 0.33 1.7 0.04 9.7 0.24 6.6 0.06 15.7 0.16 63.8 0.48 20.6 0.62 Silt loam

11 17.1 0.48 1.8 0.04 9.8 0.12 6.9 0.04 17.5 0.16 67.3 0.34 153 0.45 Silt loam

12 18.1 0.76 2.0 0.08 9.3 0.05 6.8 0.04 11.2 0.21 47.8 0.40 41.0 0.52 Loam

13 20.0 0.56 2.1 0.05 9.7 0.10 6.5 0.04 164 0.38 66.4 1.15 173 141 Silt loam

Mean 133 1.5 8.9 6.7 15.8 57.7 26.4

cv 28.0 22.1 7.2 3.7 20.2 12.2 353

an indicator of the overall metabolic potential, showed a strong
positive relationship with MBC (p < 0.001, R? = 0.72) but weaker
relationships with MBN (p = 0.02, R> = 0.40) and soil C (p = 0.02,
R? = 0.40).

When soil physicochemical factors were used to constrain the
ordination of all nine enzyme activities with RDA (Fig. 2), the model
accounted for 65% of the total variation (p < 0.001). Based on per-
mutation tests, all explanatory variables retained in the model were
significant (p < 0.05) in constraining enzyme activities.

Increases in all enzyme activities along axis 1 (42% of total
variation, 60% of fitted variation) were positively correlated with
MBC, which was more highly associated with this axis than any
other variable (Fig. 2a), as indicated by the length and direction of
its vector. Axis 2 (14% of the total variation and 20% of the fitted
variation) largely differentiated C- vs. N-cycling enzymes, with P-
and S-cycling enzymes falling intermediate. Activities of C-cycling
enzymes f-glucosidase and «-galactosidase and C/N-cycling
enzyme B-glucosaminidase loaded positively on axis 2 and were
associated with soil inorganic N, especially NO3, and MBN. Activ-
ities of N-cycling enzymes aspartase and L-asparaginase loaded
negatively along axis 2 and were associated with soil C and N, soil
C:N, and EOC and EON.

Non-overlapping confidence ellipses for most of the fields
indicated a unique suite of enzyme activities within each field
(Fig. 2b). Clusters of fields reflected the primary organic

amendment used. Fields 1 and 2, with the lowest soil C and N and
receiving manure, had the lowest values along axis 1 while field 13,
with the highest soil C and N and receiving composted green waste,
had the highest values. Other fields had similar, positive values
along axis 1 (except field 7) but were strongly differentiated by axis
2. Fields 10, 11, 12, and 13, in which composted green waste was
applied, had negative values along axis 2, such that increases in N-
cycling enzyme activities corresponded with indicators of higher
SOM pools. The remaining fields, in which manure or vetch was
used (with the exception of field 8), had positive values along axis 2,
such that increases in C-cycling enzyme activities corresponded
with higher inorganic N and MBN. The pattern of sites and enzyme
activities in the RDA resembled that of an ordination by PCA
(Supplemental Fig. 1).

3.3. Patterns of FAMEs

Overall, the relative abundance of indicator FAMEs (Fig. 3) was
less variable across fields than soil enzyme activities, as reflected by
smaller F-statistics. Based on relative abundance, markers for
Gram+ bacteria showed more variation across fields (F-
statistic = 11.5) than that of Gram— bacteria (F-statistic = 5.4) or
actinomycetes (F-statistic = 8.2). Markers of saprophytic fungi were
generally similar across the fields (F-statistic = 3.7) while that of
AMF showed more variation (F-statistic = 15.2) with the highest

Table 3
Soil nutrient and biological properties measured at the 13 organic tomato fields in Yolo County, California, USA in the 0—15 cm surface layer (se = standard error).
Field  MBC MBN Total enzyme  Total FAME EOC” EONP NH,© —N NO;~ —N Olsen P
(ngg™") (ngg™") activity® (nmol g ' soil)  (pgg ") (ngg™" (ngg™" (ngg™" (ngg™"
Mean  se Mean se Mean  se Mean se Mean  se Mean se Mean  se Mean se Mean se

1 67.7 4.95 7.2 0.67 285 1.26 80.5 363 229 1.96 29 045 028 0.02 0.19 0.13 200 1.25
2 76.1 3.03 4.6 079 382 1.02 80.6 738 329 0.94 5.0 0.20 038 0.03 0.54 0.08 303 2.65
3 142.7 491 140 1.73 673 273 1145 6.48 489 423 9.5 0.72 037 0.03 4.07 125 565 5.57
4 1269 1125 19.2 277 613 1.83 1059 539 366 2.50 4.8 0.37 116  0.26 4491 1276 292 1.11
5 119.5 5.67 9.8 122 775 353 137.6 467 443 2.16 7.2 0.34 119 0.07 10.54 156 283 3.36
6 1223 941 153 094 66.5 395 1186 16.09 403 414 5.8 1.10 0.51 0.03 18.45 8.12 329 415
7 108.5 459 117 224 492 2.87 86.5 555 414 2.18 8.2 0.65 143 0.18 13.12 319 292 1.78
8 121.6 444 230 143 731 3.81 92.7 9.73 416 1.75 4.1 0.18 034  0.06 4.27 1.81 49 0.21
9 1229 6.53 16.1 0.70 62.6 2.02 100.6 537 432 2.03 5.8 1.06 0.54 0.12 18.13 7.00 183 0.86
10 1322 726 135 127 625 123 1594 853 57.8 1.77 109 0.29 044 0.03 1.48 026 16.1 1.80
11 1204 6.84 125 138 59.8 250 1185 7.53  57.0 337 125 043 024 0.05 2.89 055 128 1.41
12 100.1 8.88 7.9 1.60 66.8 375 1320 1076 919 4.07 18.0 0.83 0.18 0.03 2.94 036 931 2.70
13 165.8 1192 20.0 1.14 838 339 1263 1045 730 240 127 0.52 042 0.04 4.21 0.57 15.8 1.03
Mean 1175 134 61.3 111.8 48.6 8.2 0.57 9.67 29.8

cv 21.9 39.8 24.7 21.2 371 52.3 70.8 127.5 76.6

2 Total enzyme activity is calculated as the geometric mean of activities of all nine enzymes tested here (Garcia-Ruiz et al., 2008).

b EOC: K>S0, extractable organic C; EON: K,SO4 extractable organic N.
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Fig. 1. Box plots of soil potential enzyme activities at the 13 organic tomato fields in Yolo County, California, USA in the 0—15 cm surface layer.

relative abundance in fields 8, 10, 11, 12, and 13. A marker for soil
micro/mesofauna showed the most variation of the FAME in-
dicators (F-statistic = 19.4). The sum of all biomarkers for fungi (i.e.
total fungi) was relatively consistent across the fields (F-
statistic = 3.5), while the sum of all markers for bacteria (i.e. total
bacteria) was more variable (F-statistic = 16.9). Biomarkers for total
fungi and total bacteria accounted for a mean of 30.1 and 32.2% of
the total FAMEs, respectively, which reflected a fungi:bacteria
FAME ratio close to one (mean = 0.94) for most fields, except in
fields 12 and 13, where it was appreciably lower.

When soil physicochemical factors were used to constrain the
ordination of the relative abundance of 14 indicator FAMEs with
RDA (Fig. 4), the full RDA model accounted for only 29.3% of the
variation (p < 0.001). The first two RDA axes accounted for 13.1 and
11.5% of the overall variation and 36.7 and 32.1% of the fitted model
(Fig. 4a). All explanatory variables retained in the model were
significant (p < 0.05) in constraining indicator FAMEs based on
permutation tests. Olsen P, GWC, and pH played a role in the
dispersion of fields along the first axis, while soil texture variables
(clay and silt) and EOC varied mainly along the second axis (Fig. 4b).
While it was retained in the selection procedure and significant,
MBC did not appear to play a strong role in the ordination of in-
dicator FAMEs, based on the length of its vector. Higher Olsen P was
associated with bacterial markers while higher GWC and pH were
associated with fungal and micro/mesofaunal markers. EOC was
correlated with the gram-positive bacterial marker i17:0.

The first axis of a PCA of relative abundances of these indicator
FAMEs showed a similar pattern as the RDA, with three out of four
fungal markers as well as the micro/mesofaunal marker grouping
away from all other markers, while axis 2 did not yield any clear
pattern (Supplemental Fig. 2). In general, the fields were more
dispersed in the RDA ordination relative to the PCA, reinforcing a
role of soil physicochemical factors in explaining variation among
fields in the microbial community.

The pattern of FAME biomarkers was also somewhat related to
the type of primary organic amendment that was applied in the
past year in both the RDA and PCA (Fig. 4b and Supplemental Fig. 2).
Fields using manure as the primary organic amendment and
several fields using composted green waste formed separate

clusters (except field 12), with both groups containing fields that
also used a vetch cover crop. The only field using a vetch cover crop
without compost or manure clustered with compost.

3.4. Relative influence of soil physicochemical factors and FAMESs on
enzyme activities

Canonical variation partitioning showed the relative influence of
soil physicochemical factors and microbial community composition
on potential enzyme activities by quantifying both the unique and
shared proportion of variability accounted for by each set of
explanatory factors (Table 4). Soil physicochemical factors and the
relative abundance of indicator FAMEs together explained 64.9% of
the total variation in soil potential enzyme activities, compared to
37.7% for soil factors alone (p < 0.001). Indicator FAMEs uniquely
explained only 6.1% of the variation (p < 0.001). The remaining
variation, which cannot be attributed uniquely to either explana-
tory dataset, totaled 27.2%.

4. Discussion

This research approach provides insight into how microbial
community function and composition respond to the variation that
exists across organic farm fields where farmers are growing the
same crop in a single landscape. The two hypotheses were sup-
ported in the following ways. First, distinct profiles of soil potential
enzyme activities indicated unique potential metabolic capacities
across the fields, such that C-cycling enzyme activity increased
with inorganic N availability while N-cycling enzyme activity
increased with C availability. Second, although FAMEs suggested
that microbial community composition was less variable across
fields than potential enzyme activities, there were slight commu-
nity differences that were related to the use of compost vs. manure
as the primary organic amendment. Overall, however, the general
similarity among fields for particular taxonomic indicators, such as
saprophytic fungi, is consistent with another nearby study in this
intensively managed landscape (Young-Mathews et al, 2010).
These patterns suggest that differences in organic agroecosystem
management have strongly influenced soil nutrients and potential
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Fig. 2. Redundancy analysis of soil potential enzyme activities constrained by soil
physicochemical properties (0—15 cm) at the 13 organic tomato fields in Yolo County,
California, USA. A parsimonious set of explanatory factors was generated using a for-
ward selection procedure (see methods; Blanchet et al., 2008). (a) Vectors represent
selected soil physicochemical properties. Axes 1 and 2 represent 42 and 14% of the
total variation, respectively, with the whole model accounting for 65% of the variation.
(b) 95% confidence ellipses (see methods) for RDA field scores (6 per field), numbered
by field and colored by primary organic amendment. Dotted lines indicate fields where
a vetch cover crop was grown in addition to the organic amendment (either manure or
composted green waste) used.

enzyme activity, but without a major effect on soil microbial
communities in this landscape. Development of better indicators of
microbial functions in organic systems may help farmers evaluate
and discover management options that continue to improve the
nutrient cycling capacity of the soil.

4.1. Patterns and determinants of soil potential enzyme activity

In this landscape, the majority of the variation in potential
enzyme activities could be explained by soil characteristics related
to nutrient availability and microbial biomass, which are well-
known to be strongly influenced by management on relatively
short times scales, as well as soil properties well-known to be
influenced by both management and soil type at longer time scales

(e.g. soil C and N). Soil variables determined by soil type (e.g.
texture) did not contribute to explaining variation in enzyme ac-
tivities, which may be partly a result of the similar soil types and
relatively narrow range of soil textures sampled. MBC was posi-
tively correlated with increases in the potential activity of most
enzymes, as reflected in the first axis of the RDA, and strongly
related to the geometric mean of enzyme activity, an indicator of
overall microbial metabolic capacity (Garcia-Ruiz et al., 2008). Most
fields showed fairly similar values along this axis, except for fields
at opposite ends of the SOM gradient. At the low extreme are fields
1 and 2 with soil C below 10 g kg~! and much lower MBC and
enzyme activities than other fields. Below a certain level of MBC,
microbial functioning may be reduced. At the high extreme is field
13, with high soil C, MBC, and potential enzyme activities, espe-
cially for those involved in nutrient release. The other fields, with
mid-range values for soil C and MBC, suggest that a diverse set of
soil conditions and nutrient management strategies result in
similar overall soil metabolic capacity, albeit with differences in the
activity of certain enzymes related to C vs. nutrient cycling pro-
cesses. Interestingly, this may also be reflected in tomato yields.
Nine of the 13 fields had similar yields (104.0 &= 3.6 tons ha},
mean + SE) that were above the Yolo County average in 2011
(86 tons ha~!), which included both conventional and organic
Roma-type tomatoes (Bowles et al. ms. in preparation).

More subtle patterns in the potential activity of C vs. N cycling
enzymes were apparent along the second RDA axis. Microbes
regulate extracellular enzyme production to acquire limiting nu-
trients, so changes in enzyme activities may reflect patterns of
microbial nutrient limitations and hence nutrient availability
(Allison et al., 2007, 2011; Sinsabaugh et al., 2008; Burns et al.,
2013). The strong association among soil inorganic N, particularly
NO3, and the activities of C-cycling enzymes (p-glucosidase, a-
galactosidase) and a C/N-cycling enzyme (B-glucosaminidase)
suggest a shift toward increased C acquisition as N becomes readily
available. Other studies have shown increased activity of cellulases
(i.e. enzymes that catalyze degradation of cellulose, including B-
glucosidase and a-galactosidase in this study) in response to N
fertilization (Bandick and Dick, 1999; Sinsabaugh et al., 2005;
Piotrowska and Wilczewski, 2012). Reduced activity of enzymes
involved directly in N mineralization (e.g. urease and amidase) with
higher inorganic N availability has also been shown in agricultural
systems (Dick et al., 1988; Bandick and Dick, 1999) and agree with
our results of reduced potential activity of L-asparaginase and
aspartase in several fields with higher NO3 (e.g. field 4). Higher
levels of soil NO3 were typically found in fields with intermediate
levels of soil C and N in conjunction with application of a labile N
source (e.g. seabird guano), which was likely rapidly mineralized
and nitrified.

In contrast, greater potential activity of two N-cycling enzymes
(L-asparaginase and aspartase) but lower activity of C-cycling en-
zymes occurred in fields with higher soil C and N where composted
green waste was applied as a primary organic matter source. In
such situations, an abundant supply of diverse C sources may have
resulted in N limitation for the microbial community and hence,
greater production of enzymes to mineralize N. The high concen-
trations of EOC and EON and the low concentrations of soil NH4 and
NOs3 in fields 10, 11, 12, and 13 support this hypothesis. EOC and
EON are comprised of a diverse array of organic molecules,
including free amino acids (Yu et al.,, 2002; Paul and Williams,
2005) that would include substrates for L-asparaginase and aspar-
tase (Frankenberger and Tabatabai, 1991; Senwo and Tabatabai,
1996). Furthermore, we hypothesize that rapid microbial and
plant uptake of mineralized N likely kept soil NHf and NO3 con-
centrations low, even while the supply rate may have been high,
given the activity of these enzymes. High rates of both gross
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Fig. 3. Box plots of relative abundance of indicator FAMEs in soil from the 0—15 cm surface layer at the 13 organic tomato fields in Yolo County, California, USA. Each group is
composed of one or more FAMEs shown to be associated with the particular taxon (see methods).

mineralization and microbial immobilization have been observed
in an organic tomato system on similar soil in the same landscape
(Burger and Jackson, 2003). An alternative hypothesis is that
increased C availability increased denitrification and subsequently
lowered soil NO3; however, N,O emissions over two growing sea-
sons were negligible in a separate case study of an organic Roma
tomato field managed by one of the growers involved in this
research (Smukler et al., 2010) as well as in other organic tomato
systems in this area (Burger et al., 2005). Thus, denitrification was
probably low.

The lack of association between P availability, as indicated by
Olsen P, and the potential activity of P-cycling enzymes, phospho-
diesterase and alkaline phosphomonoesterase, is in contrast with
previous work that demonstrates a negative relationship between
phosphatase activity and P availability in non-agricultural systems
(Olander and Vitousek, 2000; Allison et al., 2007). Across the 13
fields, these enzyme activities appear related to microbial biomass;
for instance, phosphodiesterase activity had the strongest positive
relationship with MBC of any enzyme (p < 0.001 R?> = 0.727),
suggesting that soil microbial biomass was more important than P
availability in regulating investments in phosphatases across these
fields.

The relative importance of microbial community composition
vs. environmental factors in regulating enzyme expression remains
unclear (Sinsabaugh et al., 2005; Allison et al., 2007; Frossard et al.,
2012; Reed and Martiny, 2013). In this study, microbial community
composition explained little unique variation in potential enzyme
activities relative to soil physicochemical properties. The plasticity
of the resident microbial community to respond to environmental
conditions may be high, as suggested by the relatively large fraction
of variation in potential enzyme activities explained by soil physi-
cochemical characteristics (37.7%). Moreover, a large fraction of
variation was also explained jointly by soil factors and FAMEs
(~27% of the total variation in the canonical variance partitioning
analysis), indicating that microbial communities did influence ac-
tivity under specific environmental conditions, despite the low

variation in community composition across this landscape (see
below).

4.2. Patterns and determinants of microbial community biomass
and composition

Soil microbial community composition, as measured by FAMEs,
was not as strongly differentiated among individual fields as soil
potential enzyme activities, based on F-statistics that were pre-
dominately lower for FAMEs. Rather, FAMEs formed weak clusters
in both the PCA (Supplemental Fig. 2) and RDA (Fig. 4) that were
associated at least in part with the primary organic amendment
used (manure, composted green material, and/or vetch cover crop).
The clusters in the PCA and the RDA, as well as the relatively low
proportion of FAME variation accounted for in the RDA with the
measured soil physicochemical factors (<30%), suggests that un-
measured attributes of the organic amendments may exert strong
effects on the microbial community, or that past management is
still having effects. Microbial communities unique to the type of
organic amendment may also have an inoculating effect and
contribute to the differentiation of the microbial community
composition (Marschner et al., 2003; Lazcano et al., 2008).

Microbial community composition was associated with factors
determined by parent soil type (e.g. clay and silt) as well as those
influenced by a combination of soil characteristics and manage-
ment (e.g. Olsen P and pH). Similarly, Bossio et al. (1998) showed
that soil type followed by specific management operations (e.g.
cover crop incorporation or manure application) were the primary
factors in governing the composition of microbial communities in a
cropping system experiment comparing organic and conventional
management on similar soils in the same landscape. Of these 13
fields, those that used manure as a primary organic amendment
clustered together in the RDA and were associated with increased
Olsen P and increases in Gram+ and Gram— bacteria and with
decreases in fungal and micro/mesofaunal markers. Increased P
availability has been shown to negatively affect fungi in other
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agricultural landscapes (Lauber et al., 2008; Williams and Hedlund,
2013) and can result from manure application over time (Clark
et al.,, 1998). Another example of possible management effects is
field 12, in which the microbial community was strongly differen-
tiated from other fields. It had been in organic management more
than twice as long (26 years) as any other field in the study. High
EOC and EON in this field may be indicative of a diversity of organic
moieties built up over time with organic management (Aranda
et al.,, 2011) and supportive of a more unique microbial commu-
nity composition (Giacometti et al., 2013).

Despite differences in management, the relative abundance of
FAMEs indicative of saprophytic fungi and the fungi:bacteria ratio
was much more consistent across fields than bacterial FAMEs.
Disturbance intensity and frequency appear to be lower in land-
scapes where studies have shown positive relationships between

the fungi: bacteria ratio and soil C and soil C:N (Fierer et al., 2009;
de Vries et al,, 2012). Saprophytic fungi are well-known to be
particularly sensitive to certain management practices, especially
tillage and fertilization (Minoshima et al., 2007). Tillage intensity
was similar across the 13 fields, since these organically-managed
farms rely on cultivation as a means of weed control and for
incorporating organic amendments. While organic management
may increase fungi relative to conventional management (Bossio
et al., 1998), routine soil disturbance may represent a strong filter
for fungi, such that only a resistant subset persist in arable soils in
this area (Calderén et al.,, 2000; Young-Mathews et al., 2010). In
contrast to saprophytic fungi, the relative abundance of a FAME
biomarker for AMF, 16.1w5c, was distinctly different across fields. A
significant negative relationship (p = 0.017, R? = 0.45) was found
between the relative abundance of this marker and Olsen P when
field 12, which has high Olsen P, is excluded from the analysis. This
is in line with other studies in agricultural landscapes (Williams
and Hedlund, 2013) and reflects the sensitivity of AMF to P
availability.

4.3. On-farm approach to microbial community functioning

The on-farm approach used in this study provided a range of
SOM characteristics (e.g. a three-fold range of total soil C and N) and
organic nutrient management practices to investigate how these
factors influence soil microbes and ecosystem functions while
controlling for other factors to the extent possible in a real land-
scape. Narrowing a landscape’s extent to a smaller geographic area
allowed for sampling generally similar soils, in terms of texture,
mineralogy, and parent material, while still encompassing a range
of farming strategies. Focusing on the same crop controlled for the
effect of plant species and plant functional traits, which also
strongly influence the microbial community (Gardner et al., 2011).
Since timing (relative to seasonal and agronomic events) can exert a
strong influence on enzyme activities and microbial community
composition, we carefully sampled during a defined crop pheno-
logical period when nutrient demand was maximal (i.e. anthesis to
early green fruit stage), which provided insight into soil functions at
a crucial time for crop productivity. Furthermore, the fields in this
study were planted within a two-week period, and this minimized
the differential effects of temperature and rainfall on soil biology
and plant growth across fields. Since farmers in this area use irri-
gation and summers are reliably hot and dry, inter-annual vari-
ability may be reduced compared to locations with less predictable
summer weather.

Differing nutrient management practices and SOM characteris-
tics across these fields reinforces the need for robust indicators of
microbially-derived ecosystem functions to support management
decisions, since one-size-fits-all recommendations are not viable in
such heterogeneous systems. While MBC would have differentiated
fields with apparently compromised soil quality (i.e. fields 1 and 2)
from others, it would not have differentiated more subtle variation
related to potential activities of C- and N-cycling enzymes, which
may have important implications for ecosystem functioning, such
as sufficient N availability with low potential for N loss. Differences
in enzyme activities in concert with specific C and N pools may
eventually be useful to farmers for improving site-specific man-
agement to balance these types of tradeoffs. Such research com-
plements nearby research station-based experiments (e.g. Bossio
et al., 1998; Kong et al., 2011), which were by design and neces-
sity limited to a relatively narrow set of practices at a single field. In
turn, such experiments disentangle the relative effects of individual
management practices and examine long-term trends, which can
be challenging in a landscape approach. A dynamic interplay be-
tween site-specific experimental research and landscape-scale
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Table 4

Partitioning variation in soil potential enzyme activities as a function of soil physicochemical factors and indicator FAMEs at the 13 organic tomato fields in Yolo County,

California, USA in the 0—15 cm surface layer.

Percent variation Explanatory Variables retained
explained?® variables”
Overall model 64.9*** 16
Soil physicochemical 37.7°* 11 MBC, total N, NO3;~ — N, GWG, total C, MBN, NH4* — N, C:N, Olsen P, DOC, DON
factors
FAME indicators 6.1 10 20.4w6¢, 16.1w5¢, 10Me18.0, i115.0, a15.0, 10Me16.0, a17.0, cy17.0, cy19.0, 10Me17.0

@ Variation explained by the full model (i.e. soil factors and FAMEs) consists of both the respective contributions of each set of explanatory variables as well as their
covariation. Significance was assessed using 1000 permutations of either the full RDA model or the appropriate partial redundancy analysis model, with ***P < 0.001.
b A parsimonious set of explanatory variables was derived using forward selection based on a double stopping rule of both an alpha criterion and an adjusted R? within each

set of explanatory variables individually (Blanchet et al., 2008; Borcard et al., 2011).

surveys of working farms may be the most promising route to
improving understanding and management of microbial processes
for ecological intensification of agriculture.
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