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Extended soil surface drying
triggered by subsurface drip
irrigation decouples carbon and
nitrogen cycles and alters
microbiome composition

Deirdre Griffin-LaHue™', Daoyuan Wang",
Amélie C. M. Gaudin?, Blythe Durbin-Johnson?,
Matthew L. Settles® and Kate M. Scow*

‘Department of Land, Air and Water Resources, University of California, Davis, Davis, CA, United
States, 2Department of Plant Sciences, University of California, Davis, Davis, CA, United States,
sBioinformatics Core Facility, Genome Center, University of California, Davis, Davis, CA, United States

Introduction: Irrigation management dramatically alters soil water availability
and distribution and could impact soil microbial communities and carbon (C) and
nitrogen (N) cycling to an even greater degree than observed in rainfed systems.
Adoption of subsurface drip irrigation (SDI) in California’'s Mediterranean
agroecosystems provides agronomic benefits but wets only a portion of the
soil volume near the root zone, leaving the rest dry throughout the growing
season. In contrast, traditional furrow irrigation (Fl) has periodic wetting events
with more homogenous moisture distribution. With conversion to precision
irrigation methods, how will the microbiome respond to changes moisture
availability, and how is their response influenced by soil C and N resource levels?

Methods: In a field experiment in California, we compared SDI and FI's effects on
microbial communities and evaluated how long-term organic and conventional
management systems impact outcomes. Throughout the growing season, soil
samples were collected at two depths (0-15, 15-30 cm) and three distances from
bed center (10, 25, 45 cm) where the drip tape is located.

Results: At harvest, soils irrigated using SDI had lower microbial biomass C (MBC)
than under Fl at the surface and showed a build-up of soluble C and N relative to
MBC at the bed edge, indicating reduced microbial uptake. Community
composition at the bed edge also diverged between SDI and Fl, favoring
Actinobacteria in the former and Acidobacteria and Gemmatimonadetes in the
latter. Regardless of irrigation type, dry areas of the bed had the highest alpha
diversity indices. Response to SDI was similar in organic and conventional
systems, though organic had higher MBC, DOC, and relative abundance of
Proteobacteria and fungal lipids, regardless of irrigation.

Discussion: Prolonged dry conditions in SDI appeared to limit microbial access
to resources and changed community composition. As seen in non-agricultural

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fsoil.2023.1267685/full
https://www.frontiersin.org/articles/10.3389/fsoil.2023.1267685/full
https://www.frontiersin.org/articles/10.3389/fsoil.2023.1267685/full
https://www.frontiersin.org/articles/10.3389/fsoil.2023.1267685/full
https://www.frontiersin.org/articles/10.3389/fsoil.2023.1267685/full
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fsoil.2023.1267685&domain=pdf&date_stamp=2023-11-17
mailto:d.griffin@wsu.edu
https://doi.org/10.3389/fsoil.2023.1267685
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/soil-science#editorial-board
https://www.frontiersin.org/journals/soil-science#editorial-board
https://doi.org/10.3389/fsoil.2023.1267685
https://www.frontiersin.org/journals/soil-science

Griffin-LaHue et al.

10.3389/fs0il.2023.1267685

systems, the severity and frequency of moisture changes, adaptation of the
communities, and resource availability affect microbial response. Decoupling of
C and N pools in dry surface soils under SDI may increase the potential for losses
of DOC and nitrate with the first winter rains in this Mediterranean climate.

KEYWORDS

soil moisture, wet-dry cycles, subsurface drip irrigation, organic and conventional
management, C and N cycling, microbial biomass, 16S rRNA gene sequencing, PLFA

1 Introduction

Agricultural soils rely on networks of soil microbes to
decompose organic matter, cycle nutrients to plant-available
forms, and create compounds that build soil aggregates to
promote soil tilth (1-6); the resiliency of these important
functions through changing land uses and environmental
conditions, whether from natural or managed causes, is key to
long-term health and productivity of cropping systems (7). Systems
with high carbon-based inputs, such as organic systems, are
particularly reliant on microbial activity.

Microbial communities and their processes are highly sensitive
to changes in soil moisture, be it desiccation, rapid changes in water
potential, anoxic conditions, or interactions with soil temperature
(8, 9). As periods of soil drying are projected to increase in severity
and duration in many terrestrial ecosystems, particularly in arid and
semi-arid climates (10), soil microbial processes will be influenced
directly by their physiological response to lack of water and
indirectly by impacts on substrate dissolution, diffusion, and
transport (11-13). Rewetting events after prolonged dry periods
create their own perturbation to the system, often causing cell death
with a sudden change in water potential while also creating a
resource flush that can drive a burst of microbial activity (12).
Therefore, impacts of wet-dry cycling on microbial communities
and processes can have implications for key soil functions and
ecosystem carbon (C) and nitrogen (N) balances. The effects will
depend on the duration of the dry period, the magnitude of change
in soil moisture, the degree to which the microbial communities are
adapted to wet-dry cycles, and the resources (e.g., soil organic C)
available to the biota (12, 13).

Microbial cells respond to moisture stress by modifying
allocation of resources from building biomass to tactics that will
improve chances of survival, such as uptake or production of
osmolytes, energetically expensive compounds that regulate
cellular water potential and maintain hydration (8, 13). Therefore,
direct (e.g., organic matter inputs) and indirect (e.g., moisture-
limited substrate diffusivity) impacts on soil resource availability
will have implications for microbial biomass response to dry-down
and rewetting cycles. Two major hypotheses have been proposed
describing the potential impact of wet-dry cycles on microbial
biomass and resource availability. The first states that microbial
biomass decreases as the number of wet-dry cycles increases (14)
and resources needed to produce osmolytes are used up, hampering
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a cell’s capacity to withstand moisture stress and capitalize on
wetter conditions for growth and functions (8, 15). The second
suggests that microbial biomass increases with wet-dry cycling in
response to C and N-rich substrates released during rewetting
events as aggregates disperse and previously occluded compounds
come into solution, creating the “Birch Effect,” or a pulse of CO,
release due to a peak in mineralization activity (16, 17). In reality,
both mechanisms occur simultaneously (15, 18), and dead
microbial cells (i.e., necromass) and osmolytes released from
stressed microbial cells provide substrates for others (13). The
balance of these processes, and the resulting fate of soil C and N,
will again be moderated by the severity and frequency of the wet-
dry cycles, life strategy adaptations of the microbial community to
those cycles, and soil organic C concentrations (12, 13, 19).

Foundational studies conducted in non-agricultural systems
have shown that soil communities in arid and semi-arid climates
often become adapted to prolonged dry periods and rapid rewetting
(12) and that community compositions shift as moisture changes
(e.g., 20-22). Gram-negative bacteria tend to be more susceptible to
drought and rewetting shock, while many Gram-positive bacteria
and fungi have thicker cell walls, ability to sporulate, and are more
resistant to water stress, causing proliferation for these groups in
systems with long dry periods (23). Microbial diversity may be
affected if selection for adapted organisms occurs, though impacts
of drought on diversity have been variable and seemingly dependent
on pre-exposure of the communities (23). Changes in community
composition may have implications for biogeochemical cycling, as
organisms within these groups have different nutrient cycling
capabilities, C source preferences, and ability to maintain function
in dry conditions (8, 23). The response to soil moisture co-occurs
with response to shifts in substrates, and therefore it is still unclear
the degree to which drying and rewetting shapes soil community
metabolic processes and thus soil organic matter composition and
stability (13).

Agricultural soils are subject to these moisture perturbations
just like non-agricultural soils, but in irrigated systems, the
magnitude and frequency of wet-dry perturbations will be
controlled by the water application method. Precision irrigation
management technologies such as subsurface drip irrigation (SDI)
can dramatically alter water availability and distribution within the
soil profile compared to traditional methods that wet more of the
soil from the surface. Even in dry climates, microbial communities
in traditionally irrigated soils may not be adapted to prolonged
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drying and rewetting. How will these communities respond to
changes moisture availability, and how is their response
influenced by soil C and N resource levels? For many years,
processing tomatoes (Solanum lycopersicum L.) in California’s
Central Valley were traditionally irrigated using furrow irrigation
(FI), where the spaces between beds (furrows) are filled with water
that infiltrates and seeps laterally throughout the bed. Now, SDI is
used on the majority of the state’s tomato acreage (24, 25). Precision
placement of water and nutrients (particularly using soluble mineral
fertilizer) through drip lines has improved yields, water use
efficiency, crop quality, and weed control compared to FI and
other surface irrigation methods (24, 26-28). However, a major
consequence of this shift in irrigation is that now a substantially
smaller volume of soil (roughly 25% in the upper 30 cm) receives
water and is continuously wet, with a major portion of the soil left
dry until winter rains occur. Thus, SDI creates more severe and
extended wet-dry cycles than the moderate fluctuations in FI.
Schmidt et al. (2018) and Li et al. (2020) explored potential
agroecosystem trade-offs of SDI in organic systems, including soil
salinity, aggregate stability, root distribution, and C and N cycling
enzymes and functional genes. However, much remains to be
known about the response of microbial communities, including
microbial biomass, community composition, and their relationships
with available C, N, and moisture resources.

We investigated how SDI and FI affect soil microbial biomass,
composition, diversity, as well as extractable C and N pools within
specific bed zones in organic and conventional agricultural
management systems that differ in C and N inputs. We
hypothesized that 1) extended dry periods at the surface and edge
of the beds in the SDI system negatively affect microbial
communities, resulting in lower microbial biomass compared to
moderate wet-dry cycles in the FI system; 2) SDI shifts microbial
community composition toward more drought stress-tolerant taxa
in dry areas of the beds, reducing microbial diversity; 3) effects of
SDI on microbes are more pronounced in organic than
conventional management systems due to greater resource
availability (extractable C and N) in organic systems and reliance
on microbial activity for nutrient and organic matter cycling. The
potential impacts of shifting irrigation practices on soil microbial
communities may have implications for the resiliency of the
important functions they provide.

2 Materials and methods
2.1 Field experimental design

This study was located at the Russell Ranch Sustainable
Agricultural Facility, part of the University of California Davis’s
Agricultural Sustainability Institute in Davis, CA (asi.ucdavis.edu/
programs/rr). The experimental plots are part of Russell Ranch’s
Century Experiment, which began in 1993 (29, 30). We compared
two management systems: “conventional” (Conv), which receives
mineral fertilizer, and “organic” (Org), which is amended with
poultry manure compost annually and has a winter cover crop mix
of bell bean (Vicia faba L.), vetch (Vicia villosa), and oats (Avena sativa
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L.). Though Org and Conv differ based on more than just fertility
inputs, for the purposes of this paper we will refer to these as “fertility
systems.” Both systems are in an annual rotation of maize (Zea mays
L.) and processing tomatoes (Solanum lycopersicum L., variety Heinz
8504). All Century Experiment plots were under FI until 2015, when
most irrigated plots were converted to SDI with the drip line buried at
30 cm in the center of the 100-cm beds. An exception was three organic
plots in which only one-quarter of the plot was converted to SDI (as
described in 28). In Spring 2017, immediately prior to the beginning of
this project, the irrigation in these plots was re-established, and half of
each plot was switched to SDI while half remained under FI.

Management treatments were 1) organic, furrow-irrigated
(Org-FI), 2) organic, subsurface drip-irrigated (Org-SDI), and 3)
conventional, subsurface drip-irrigated (Conv-SDI). Each treatment
was replicated three times in 0.2-ha (Org-FI and Org-SDI) or 0.4-ha
(Conv-SDI) plots, and treatment plots were blocked with one
replicate of each treatment per block. A Conv-FI system was not
in place, but these three treatments allowed comparisons of FI and
SDI in the organic system and of Conv and Org within SDI plots.

The soils are a fine, smectitic, thermic Mollic Haploxeralf
(Blocks 1 and 2; Rincon silty clay loam) and a fine-silty, mixed,
superactive, nonacid, thermic Mollic Xerofluvent (Block 3; Yolo silt
loam). At the time of this study, Org soils had an average total C
content of 1.34% C in the surface (0-15 cm) and 1.08% C in the
subsurface (15-30 cm), while Conv soils had 0.97% C from 0-15 cm
and 0.88% C from 15-30 cm. Soil pH in Org plots averaged 7.36 and
7.83 at each depth, respectively, and in Conv plots averaged 7.45
and 7.96. Soil characterization data in all treatments at all measured
depths can be found in Supplementary Table S1. During the 2017
growing season, maximum air temperature averaged ~32 °C and
minimum air temperature averaged ~14 °C. Total precipitation was
19.6 mm, which came almost entirely in early June (31).

Prior to tomato transplanting on May 1, 2017, both Org treatments
had cover crop biomass incorporated (March 2017) and received 9 T
ha™ of poultry manure compost (April 2017) either trenched above the
drip line (Org-SDI) or spread on the surface and disked to 15 cm (Org-
FI), in keeping with typical practices of local growers. The Conv-SDI
plot had 28 kg ha™ of liquid starter fertilizer applied through shanking
(April 2017) with 8% ammonia N, 25% phosphate (P,Os), 6% soluble
potash (K,O). During the growing season, Conv-SDI plots also
received urea ammonium nitrate (UAN-32) through the drip line
four times and potassium fertilizer once during the growing season
(Supplementary Figure S1). Irrigation water use was measured on one
replicate plot per treatment using flow meters, and replicates of each
treatment were irrigated similarly. Org-FI plots were irrigated by
flooding alternate furrows every 3-5 days for a total of 21 irrigation
events delivering ~11,222 m’ ha™ of water over a 12-week period
(Supplementary Figure S1). SDI treatments were irrigated 5-6 days per
week for 3-8 hours in a single event, delivering a total of ~4,859 m> ha'!
of water over 64 irrigation events.

2.2 Soil sampling

The triplicate plots of each treatment were sampled four times
between transplant and harvest: early May (1 week after
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transplanting), mid-June (early green fruit stage), mid-July (pink
fruit stage), and mid-August (1 week before harvest). At each time
point, two sets of three soil cores were collected from a randomly
selected location in each plot. In each set, 45-cm deep cores were
taken at 10 cm, 25 cm, and 45 cm from the center of the bed and
then divided into 15-cm depth segments (Supplementary Figure
S2). Samples were taken using a 5-cm diameter hand corer with
removable plastic liner tubes (Giddings Machine Company, USA).
Core sets in each plot were collected 89 cm apart or 2.5 times the
lateral distance between buried drip emitters (35.5 cm) to account
for the unknown location of the emitters in relation to the cores.
Cores from each set were analyzed separately for gravimetric water
content (GWC), ammonium-N (NH,"-N), nitrate-N (NO5 -N),
dissolved organic carbon (DOC), and microbial biomass carbon
(MBC), then results of paired samples from each set were averaged.
For all other analyses, corresponding samples from sets within a
plot were composited and analyzed.

All samples were immediately subsampled (~45 g) and analyzed
for GWC (drying at 105 °C for 72 h). Another subsample was
immediately frozen for phospholipid fatty acid (PLFA) analysis and
16S rRNA gene sequencing while the remaining portion of each
sample was stored at 4 °C until further analysis.

2.3 Soil chemical analyses

For NH,"-N, NO;-N, and DOC measurements, 20 g of field-
moist soil, sieved to 8 mm, was extracted with 100 mL of 0.5 M
potassium sulfate (K,SO,). Extracts were analyzed colorimetrically
using the salicylate-hypochlorite method for NH,"-N (32) and
vanadium (III) chloride reduction method for NO5; -N (33).
Scaled-down versions of these methods were used in 96-well
microplates. Absorbance values were measured at 540 nm (NO3~
N) and 650 nm (NH,"-N) on a Tecan GENios microplate reader.
NH,"-N concentrations were low (< 3 mgkg™') throughout most of
the season, and therefore we report total inorganic N as the sum of
extractable NH,"-N and NO;™-N. Extracts were also analyzed for
DOC on a Shimadzu TOC-V Analyzer (Shimadzu, Duisburg,
Germany). MBC was analyzed using the chloroform fumigation
extraction method (34, 35), with 20-g samples extracted with 0.5 M
K,SO, as above after a 72-h fumigation (extended from the typical
24-h fumigation due to the high clay content of these soils). MBC is
reported as the difference between fumigated and unfumigated
(DOC) samples; no correction factors were applied. Soil pH was
measured on a 2:1 ratio of nanopure water to air-dried soil. Total C
and N were determined by combustion elemental analysis (Costech
Analytical Technologies, Inc., Valencia, CA).

2.4 Phospholipid fatty acid analysis

PLFA profiles were measured on samples from May (1 week
post-transplant) and August (1 week pre-harvest). Freeze-dried
soils were sent to Microbial ID, Inc (Newark, DE) for extraction,
analysis, and identification of lipids following the procedures
described in Buyer and Sasser (2012: 36). Lipids were analyzed
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with gas chromatography (Agilent Technologies, Santa Clara, CA)
and identified using MIDI, Inc.’s Sherlock PLFA Analysis Software.
Individual lipids were assigned to microbial groups according to
Buyer and Sasser (2012).

2.5 DNA extraction and 16S rRNA amplicon
sequencing

Amplicon sequencing of the 16S rRNA gene was performed on
samples collected in May and August. DNA was extracted from 0.25g
of frozen soil from each sample using MoBio PowerSoil DNA
isolation kits (MoBio Laboratories, Carlsbad, CA, USA) and
quantified using a Qubit dsDNA HS Assay kit and fluorometer
(Life Technologies, Grand Island, NY, USA). The V4 hypervariable
region of the 16S rRNA gene was amplified in duplicate PCR
reactions for each DNA extract using 515F and 806R primers (37).
For library preparation, each reaction had 10 pL Phusion High-
Fidelity PCR Master Mix (Thermo Scientific, Waltham, MA), 1 uL of
each primer (10 uM), 1 pL bovine serum albumin (BSA), and 14 ng
DNA. Reactions were completed on a C1000 Touch Thermocycler
(BioRad Laboratories, Inc., Hercules, CA), and negative controls were
included in each run using sterile nanopure water instead of DNA.
PCR products, including negative controls, were verified on 1.5%
agarose gels and quantified using a Qubit 3 fluorometer (Thermo
Fisher Scientific Inc., Waltham, MA. Next, 50 ng of product of each
duplicate reaction (100 ng per sample) was pooled and purified with
the Qiagen QIAquick PCR Purification kit (Qiagen, Inc.,
Germantown, MD). The library was sequenced on an Illumina
MiSeq PE250 platform in the Genome Center DNA Technologies
Core at UC Davis. This yielded 15.95 million reads (8.7% PhiX) with
an overall Q30 > 83%.

DNA sequence reads were demultiplexed and classified using the
custom Python application dbcAmplicons, version 0.6.7 (https://
github.com/msettles/dbcAmplicons), to identify and assign reads by
both expected barcode and primer sequences. During pre-processing,
barcodes were allowed to have <1 mismatch (hamming distance),
and primers were allowed to have <4 mismatches (Levenshtein
distance) as long as the final 4 bases of the primer perfectly
matched the target sequence. Reads were then trimmed of their
primer sequence and merged into a single amplicon sequence using a
modified version of FLASH2, version 2.2.00 (https://github.com/
dstreett/FLASH2) (38). The Ribosomal Database Project Bayesian
classifier (39), version 2.0.2, was used to assign sequences to
phylotypes. Reads were assigned to the first Ribosomal Database
Project taxonomic level with a bootstrap score >50.

2.6 Statistical analyses

2.6.1 Analysis of variance

Analyses were conducted using the R statistical software
environment, version 3.4.4 (40). Treatment effects and spatial
patterns for soil moisture, soil chemical parameters (DOC, MBC,
and inorganic N), and relative abundance of microbial groups
(PLFA) and phyla (16S) were analyzed with analysis of variance
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(ANOVA) and mixed models using the Imer function in the Ime4 R
package (41). Treatment, distance from bed center, depth, and their
interactions were fixed effects while block was a random effect.
When analyzing repeated measures, timepoint was included as a
fixed effect and plot (experimental unit) was included as a random
effect. Model assumptions of normality and homogeneity of
variance were tested with diagnostic plots and the Shapiro-Wilk
test, and data were transformed using natural log or square root
transformations if assumptions were not met. If interactions with
depth were significant (p < 0.05), treatment and distance factors
were analyzed within each depth. If treatment*distance interactions
were significant, simple effects were analyzed using ANOVA and
Tukey’s Honest Significant Difference (HSD.test with the agricolae
package (42). To assess the trends of each treatment as a function of
distance from bed center, linear models (Imer) were compared to
quadratic models and chosen based on lower Bayesian Information
Criterion (BIC). Significance of the linear model slopes was assessed
to test the relationship with distance from bed center. Otherwise,
the main effects of each factor were analyzed. Plots were generated
using the ggplot2 package in R (43).

2.6.2 PLFA analysis

Canonical correspondence analysis (CCA) was performed on
lipid profiles using the cca function in the vegan R package (44).
Exploratory models with combinations of all soil variables were
tested, and ultimately a model with GWC, DOC, and inorganic N
was chosen since it minimized multicollinearity as indicated by the
variance inflation factor (VIF < 2). Significance of model factors and
axes was analyzed by a permutational significance test using the
anova function in the vegan package (1000 permutations).

2.6.3 16S rRNA gene sequencing analysis

Difterential abundance analyses were conducted using the limma-
voom Bioconductor pipeline (Ritchie et al., 2015), which used
packages limma version 3.32.10 and edgeR version 3.18.1. In brief,
this pipeline calculates normalized counts using TMM normalization,
log transforms them, calculates variance weights using the voom
algorithm (45), fits a linear model using weighted least squares to
each taxon, and applies empirical Bayes shrinkage to the standard

10.3389/fs0il.2023.1267685

errors of the model coefficients (46). The model fitted included effects
for timepoint, treatment, distance from the bed center and depth, their
interactions, and block as a random effect. Standard errors for
estimates were adjusted for within-plot correlations. Associations
between taxon abundance and continuous environmental variables
such as GWC were analyzed in the limma-voom pipeline using
models with effects for the environmental variable and block.
Standard errors of estimates were adjusted for within-plot
correlation. Additionally, to evaluate how genera within the
broader taxonomic groups were affected by these variables, we
created regressions of each variable against the log,-fold change in
absolute abundance of a genus normalized for sample-wide
differences in total abundance. We tested the significance of these
regressions by determining the Benjamini-Hochberg false discovery
rate adjusted p-value (p < 0.05).

Shannon and Chaol alpha diversity indices were calculated at
the genus level in R using the estimate_richness function in the
phyloseq package, version 1.20.0 (47), and were analyzed using a
linear mixed effects model in nlme (48) with fixed effects for
timepoint, treatment, distance from bed center and depth
(categorical) and their interactions and with random effects for
block and plot (experimental unit). Associations between alpha
diversity and continuous environmental variables were analyzed
using linear mixed effects models with fixed effects for the
environmental variable and random effects for block and plot.

3 Results
3.1 Soil moisture patterns

Irrigation treatments altered spatial patterns of soil moisture
throughout the growing season. At the soil surface (0-15 cm),
average seasonal GWC (June-August) was similar between
treatments at the bed center (10-cm distance; 0.143-0.148 g g’l)
but was lower in Org-SDI and Conv-SDI than Org-FI at the 25- and
45-cm bed distances (Figure 1; Supplementary Table S2). Generally,
SDI treatments showed stronger gradients in GWC at both 0-15 cm
and 15-30 cm depths, getting drier with distance from the bed

Org-Fl Org-SDI Conv-SDI
V. V- V.
0-15+
GWC (gg™)
€ 0.25
G
£ 15-30 0.20
53
a 0.15
30-45 0.10
Center 10 25 45 Center 10 25 45 Center 10 25 45

Distance from bed center (cm)

FIGURE 1

Mean gravimetric water content (GWC) at different depths and distances from bed center in Org-Fl, Org-SDI, and Conv-SDI treatments. Values
shown are an average of measurements from June, July, and August. The position of the plant and drip line are represented by a black triangle and

black circle, respectively.
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center. All treatments were wetter at 15-30 cm than in the surface
layer (p < 0.0001; Supplementary Table 52). Though the 30-45 cm
depth showed strong moisture gradients in SDI, where the center at
this depth was the wettest portion of the bed, we saw no treatment
effects for other parameters. Therefore, soil chemical and microbial
results from the 30-45 cm depth are not presented.

3.2 Microbial biomass and extractable C
and N

MBC was most affected by irrigation treatments at the soil
surface (0-15 cm) despite larger moisture differences between SDI
and FI in the subsurface (15-30 cm). At the bed center, Org-SDI and
Org-FI had similar MBC throughout the season, but at the bed edge,
the mean MBC in Org-SDI was 54% lower than Org-FI in July (p =
0.0643) and 32% lower than Org-FI in August (Figure 2A; p =

-~ Org-FI -4 Org-SDI -® Conv-SDI
A
. Bed Center - 10 cm Bed Edge - 45 cm
S 200 -
(2]
2 150
'© 1004
()]
E 50-
2
s 0
B

~ 90 -

3

> 70- p
© b
2 50+

g c
Y 30'.————-——’+—' ./l\./'
(&}

o

D 10_

3 w0 ie

> 180

° 140

‘o 607100

o Mal

E 40-&

Z 1

Q

ey %
(0]

o !'/.‘._'
E May June July Aug May June July Aug

Sampling date
FIGURE 2

Mean + SE of (A) microbial biomass carbon (MBC), (B) dissolved
organic carbon (DOC), and (C) inorganic N (sum of extractable
NH4*-N and NNO3™-N) over the growing season in each treatment
at the center (10 cm) and edge (45 cm) of the beds. Data shown are
from the 0-15 cm depth. Lower case letters indicate significant
differences between treatments (Tukey HSD, oo = 0.05) at a
particular time point when Treatment*Distance interactions were
significant.
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0.0796). Both Org treatments had similar DOC concentrations
throughout most of the season and across the bed, except in
August at the bed edge, where Org-SDI had 24% higher DOC
than Org-FI plots (Figures 2B, 3B; p = 0.0005).

The fertility system had even greater effects on these pools.
Throughout the growing season, the average MBC across the bed
was 40-64% lower in Conv-SDI than Org-SDI and Org-FI at the 0-
15 cm depth (p < 0.0001; Figure 2A) and was 31-53% lower at the
15-30 cm depth (seasonal data not shown, p = 0.0012). The Conv
treatment had average DOC concentrations across the bed 46-63%
lower than Org treatments at 0-15 cm (Figure 2B, p < 0.0001) and
49-69% lower at 15-30 cm (seasonal data not shown, p = 0.0020).
Inorganic N at the bed center had similar seasonal dynamics across
all treatments except for the Conv-SDI treatment in May, which
had approximately 3.5 times more inorganic N than the Org
treatments (Figure 2C). At the bed edge, both Org treatments had
higher inorganic N concentrations than Conv throughout the
season (p = 0.0001).

Differences between SDI and FI and significant time-by-treatment
interactions were most apparent at the end of the growing season.
Therefore, spatial patterns (depth and distance) of MBC and
extractable C and N pools were explored further for the August
timepoint, also coinciding with microbial community analyses. In
August, all treatments had similar trends in MBC and DOC across
the bed (non-significant distance factor and treatment*distance
interaction, o = 0.05), but differed in concentrations (Figures 3A, B).
At the 0-15 cm depth, Org-FI had greater MBC than Org-SDI across
the bed (p = 0.0359), while Org-SDI had higher DOC concentrations.
At 15-30 cm, Org-FI and Org-SDI had similar MBC and DOC and
Conv-SDI had lower concentrations than the Org treatments at both
depths. Inorganic N concentrations did not differ by treatment at the
surface (p = 0.4267), but in the subsurface, SDI and FI had contrasting
trends in extractable inorganic N (pryepist = 0.0274), with FI showing
decreasing concentrations with distance from bed center and SDI
treatments increasing (Figure 3C).

We evaluated microbial metabolic quotients by quantifying
microbial biomass relative to available C and N resources using
the ratios of MBC:DOC and MBC:inorganic N. The ratios of
MBC:DOC in Org-SDI and Org-FI were similar at the 10- and
25-cm distances (0-15 cm depth), but at the 45-cm distance, the
MBC:DOC ratio in Org-SDI was lower (p = 0.0488), close to the
same level as Conv-SDI (Figure 3D). A similar pattern was found
for the MBC:inorganic N ratio at the bed edge at both depths, with
Org-FI having higher MBC per unit of extractable N than both SDI
treatments (Figure 3E; p = 0.0023).

3.3 Phospholipid fatty acid analysis

In May, PLFA profiles of the microbial communities in surface
soils did not differ by treatment at the bed center (Figure 4A), and at
the bed edge were affected by only fertility system, with Org and
Conv systems separating along the primary CCA axis (51.3% of
variation explained, p = 0.010; Figure 4B). In August, PLFA profiles
separated along the first axis by fertility system at bed center (31.4%,
p = 0.071; Figure 4C) and by both fertility system and irrigation
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FIGURE 3

Mean + SE of (A) microbial biomass carbon (MBC), (B) dissolved organic carbon (DOC), (C) the ratio of concentrations of MBC-to-DOC, (D)
inorganic N (sum of extractable NH,;*-N and NO3z™-N), and (E) the ratio of concentrations of inorganic N -to-MBC for each treatment as a function
of distance from the bed center. Data shown are from samples collected in August from 0-15 cm (top row) and 15-30 cm (bottom row) depths.
Lower case letters indicate significant differences between treatments (Tukey HSD, oo = 0.05) at a particular distance when Treatment*Distance
interactions were significant, and capital letters indicate significant differences between treatments (Tukey HSD o = 0.05) across distances when the

interaction was non-significant.

management at the bed edge (Figure 4D), with samples from all
three treatments clustered separately and fertility system diverging
along the first axis (34.6%, p = 0.002) and irrigation system
separating along the secondary axis (21.7%, p = 0.032). These
results show that irrigation treatments caused a rapid shift in
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microbial community composition during the 3.5-month growing
season. DOC concentration was the primary explanatory variable
for separation of the fertility system treatments and was significant
in both CCAs in August (10 cm: ppoc = 0.011; 45 cm: ppoc =
0.002). At the bed edge, GWC was associated the separate clustering
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of Org-FI and Org-SDI (pgwc = 0.010). Shift in PLFA composition
associated with irrigation management was only seen at the surface
soil. At the 15-30 cm depth in August, lipid profiles separated along
the primary axis by fertility system (Supplementary Figure S3);
DOC explained this separation and was positively associated with
the Org systems (10 cm: ppoc = 0.014; 45 cm: ppoc = 0.029).

Though CCA of lipid profiles in August showed limited effects
of irrigation from 15-30 cm, there were several cases at this depth
where SDI treatments caused relative abundance of specific PLFA
marker groups to trend positively or negatively as a function of
distance from bed center, while the FI treatment was more
homogeneous across the bed (Figure 5). In Org-SDI and Conv-
SDI, relative abundance of actinomycetes and the Gram+:Gram-
ratio increased moving towards the bed edge, while lipids associated
with eukaryotes and the fungi:bacteria ratio decreased (see slopes
and p-values in Supplementary Table S3). These relationships were
not found in soils collected in May (data not shown), further
evidence that microbiome shifts occurred during the growing
season in response to irrigation management. Total PLFA
concentrations, another measurement of microbial biomass, were
homogenous across the bed in Org-FI, but declined moving towards
the bed edge in both SDI treatments (Supplementary Tables S3, S4).
Across all systems, total PLFA concentrations had a significant
positive relationship with MBC (R* = 0.62; p < 0.0001).

3.4 16S rRNA gene sequencing

3.4.1 Microbial community composition

16S rRNA gene sequencing showed that community
composition shifted over the growing season due to irrigation
treatments. In May, microbial community composition at the
center (Supplementary Figure S4) and edge of the bed (Figure 6)
were similar between all treatments at the soil surface. By August,
however, microbial community composition at the bed edge had
diverged between the two treatments (Figure 6) with lower relative

10.3389/fs0il.2023.1267685

abundance of Actinobacteria in soil at the surface and edge of Org-
FI plots and higher relative abundance of Acidobacteria and
Gemmatimonadetes with respect to both SDI treatments
(Figures 6, 7).

In all treatments, larger shifts in relative abundance of phyla at
the bed edge led to more spatially heterogeneous microbial
community composition throughout the bed by the end of the
growing season. While the relative abundance of Actinobacteria was
similar among all treatments at the center and surface of the bed, in
Org-FI it decreased as a function of distance from center (slope =
-0.003, p = 0.0047; Figure 7B). Abundance of Gemmatimonadetes
linearly increased with distance from center at the surface in Org-FI
(slope = 0.012, p < 0.0001; Figure 7C). Acidobacteria did not show a
linear trend, but its relative abundance was higher at the edge than
the center for Org-FI surface soils (Figure 7A).

Relative abundance of Proteobacteria showed little spatial
variation in any treatment, but across the surface, relative
abundance was lower in Org-FI than in Org-SDI (Figure 7D).
This phylum also showed the most differentiation between fertility
management treatments, with lower relative abundance in Conv
than both Org treatments at both depths (p = 0.0180). Despite
strong linear moisture gradients (Figure 1), both SDI treatments
showed fewer linear relationships of relative abundance with
distance compared to FI. In general, relative abundance among
treatment replicates was more variable at 15-30 ¢cm than 0-15 c¢m,
resulting in fewer significant trends in subsurface soil.

3.4.2 Spatial changes in alpha diversity

A spatial representation of Shannon diversity shows that in all
treatments, drier areas of the bed had higher diversity (Figure 1).
Shannon and Chaol were also higher in the surface than the
subsurface. When averaging across depth and distance to account
for alpha diversity throughout the bed, Conv-SDI had lower Chaol
richness than Org treatments in both May (pop = 0.0211, por =
0.0251; data not shown) and August (pop = 0.0155, por = 0.0261;
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FIGURE 5

Mean + SE of relative abundance and ratios of indicator PLFA lipids in soil from 0-15 cm (top row) and 15-30 cm (bottom row) collected in August,
immediately before tomato harvest. Lower case letters indicate significant differences between treatments (Tukey HSD, p < 0.05) at a particular
distance when treatment*distance interactions were significant, and capital letters indicate significant differences between main effects of treatment
or distance (Tukey HSD, p < 0.05) when the interaction was non-significant.
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Supplementary Figure S5). Org-FI had slightly lower overall
Shannon diversity than Org-SDI, but it was not significant at an
alpha level of 0.05 (p = 0.0821). However, the difference in Shannon
diversity between Org-FI and Org-SDI at the surface and edge of the
bed became greater over the growing season (p = 0.0431).

3.4.3 Effects of environmental variables

We assessed effects of soil environmental variables on
community composition at the end of the growing season
(August), using GWC, DOC, and inorganic N as determined by
covariance analysis (VIF) in the CCAs. Regressions of each of these
variables against the log,-fold change in absolute abundance of a
genus show how microbial diversity and different genera responded

to changes in soil moisture (GWC) and labile C (DOC) and N
(Inorganic N) in the upper 15 cm. Genera with significant positive
or negative relationship with GWC, DOC, or inorganic N are
plotted in Figure 8. Both Shannon diversity and Chaol richness
indices were negatively correlated with increasing GWC (p = 0.0003
and p = 0.0062, respectively), but positively correlated with DOC
(Shannon: p < 0.0001, Chao: p < 0.0001) and total inorganic N
(Shannon: p = 0.0005, Chao: p = 0.0034).

Overall, GWC significantly explained variation in abundance of
146 of the 503 identified genera. Actinobacteria accounted for 29% of
those affected, and the majority (79%) of that phyla had a negative
relationship with GWC (Figure 8A). Alternatively, of the 15 genera of
Acidobacteria affected by soil moisture, 14 increased in abundance
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Mean + SE of relative abundance of major phyla (A) Acidobacteria, (B) Actinobacteria, (C) Gemmatimonadetes, (D) Proteobacteria in soils from 0-15
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FIGURE 8

Log,-fold change in normalized abundance of genera vs. (A) GWC,
(B) DOC, (C) Inorganic N. Genera have been grouped by phylum or
class (for Proteobacteria) and only genera with significant positive or
negative regressions are shown (Benjamini-Hochberg false
discovery rate adjusted p-value < 0.05). Percentages at the top of
each graph represent the percentage within each grouping that had
a positive relationship with the environmental variable.

with increasing GWC (the exception was the genus Gpl0).
Proteobacteria (50 genera affected) were split evenly between
positive (23) and negative effects (27), and a closer look at specific
classes showed no patterns among Alpha-, Beta-, Gamma-,
and Deltaproteobacteria. Genera of phyla Firmicutes (7),
Gemmatimonadetes (1), Parcubacteria (1), and Thaumarchaeota (1)
all increased with higher GWC.

Changes in DOC concentrations significantly impacted abundance
of 328 genera (Figure 8B), while inorganic N concentration affected 222
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(Figure 8C). In both cases, Acidobacteria tended to be negatively
affected by increasing concentrations (DOC: 20 out of 21 genera; N:
18 out of 19 genera), but in both cases the exception was the genus
Aridibacter. Other phyla also had similar responses to both DOC and
inorganic N concentrations. Several phyla tended to be enriched with
greater C and N resources, including Actinobacteria (DOC: 77%, N:
68%), Proteobacteria (DOC: 60%, N: 64%), and Bacteroidetes (DOC:
86%, N: 95%), while Gemmatimonadetes genus Gemmatimonas
decreased with increasing C and N concentrations. Breakdown of
Proteobacteria by class did not elucidate patterns, except in the case of
Deltaproteobacteria’s response to inorganic N, in which 11 of 12
affected genera decreased in abundance, while other classes tended
to increase.

4 Discussion

With conversion to SDI from traditional FI in this
Mediterranean agroecosystem, the magnitude and frequency of
wet-dry cycles is intensified. Soil microbial communities in our
study showed similar responses as previously observed in
unmanaged systems in terms of reduced microbial biomass,
accumulation of labile resources, and shifting community
composition towards more drought-resistant phyla.

4.1 Response of microbial biomass to
changes in moisture and resource
availability

As we hypothesized, extended dry periods in areas of the SDI
beds led to reduced microbial biomass compared to moderate wet-
dry cycles occurring in FI beds, even in an organic system where C
and N resources were sufficient. Lower MBC:DOC and
MBC:inorganic N ratios in Org-SDI at the bed edge suggest that
resources are available but there is reduced uptake by microbes in
this system, potentially due to desiccation stress response (13, 49)
and less access to resources from diffusion limitation as water films
connecting soil pores dry out (21). Schimel (2018) emphasized the
importance of soil water not only as a resource for microbes but also
as a solvent and transport medium and concluded that substrate
limitation from reduced diftusivity often has a larger impact than
direct physiological stress on microbial community composition
and biogeochemical cycling.

Accumulation of DOC and inorganic N in continuously dry
soils has been reported previously in other systems and climatic
zones (e.g., |
“decoupling” of C and N cycles (52). Uptake of C and N in
microbial biomass links the two elements and promotes N

2, 15,50, 51) and attributed to be a consequence of the

retention in soils. Disruption of microbial activity can cause labile
C and N to accumulate in forms more vulnerable to loss (13, 53).
Additionally, concentration of roots in areas with higher soil
moisture in the SDI system (54) also likely reduced plant uptake.
Extended dry conditions in SDI beds accumulated DOC and
inorganic N at a place and time asynchronous with plant N
uptake (i.e., near harvest), which could lead to a large flush of C
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mineralization activity and N loss through leaching or
denitrification with the first winter rain.

With higher labile C and N concentrations, the magnitude of
potential C and N losses may be greater in Org-SDI than Conv-SDI,
which in August had 50% lower DOC than either Org system and
lower concentrations of inorganic N than Org-SDI, particularly in
surface edge soils and in the subsurface. Therefore, in accordance
with our hypothesis, adoption of SDI is likely to have a greater effect
on C and N cycling dynamics in organic systems than in lower C-
input conventional systems, such as this one, where these cycles
have already been largely decoupled.

4.2 Changes in microbial community
composition

4.2.1 Effects of irrigation management

Impacts of irrigation management on microbial community
composition appeared only a few months after conversion. By the
end of the growing season, communities in FI and SDI had diverged,
particularly at the bed edge surface where MBC was also affected.
Higher soil moisture in this area of the FI beds favored Gram-negative
phyla Acidobacteria and Gemmatimonadetes, whereas relative
abundance of Gram-positive Actinobacteria decreased in Org-FI bed
edges, with evidence that higher water content negatively affected their
proliferation.The contrasting response of Acidobacteria and
Actinobacteria to available moisture, C, and N was the primary
driver of shifts in community composition between SDI and FI in
surface soils at the bed edge. The inverse linkage of these two phyla
found in this and other studies may support their use as indicators of
biologically relevant changes to the soil environment. Acidobacteria
have been reported to be opportunistic in response to short-term
changes in soil moisture in Mediterranean grasslands (21, 55), but their
abundance can decline with increased aridity (21, 56). In a grassland
system, Acidobacteria reduced ribosomal synthesis during desiccation
to conserve energy but quickly resumed transcription when conditions
became wet (21). Alternatively, Actinobacteria increase in relative
abundance during dry-down, ramping up transcription and
ribosomal synthesis to survive periods of drought, but they can be
outcompeted upon rewetting. Our work supports the hypothesis of
Barnard et al. (2014) that Actinobacteria and Acidobacteria exhibit
contrasting life strategies of preparedness and responsiveness in
response to drying and rewetting, and we show that this response is
conserved in highly disturbed agricultural soils with varying
concentrations and ratios of C and N pools.

We found the majority of Actinobacterial genera in our
agroecosystem were correlated with both DOC (68%) and
inorganic N (77%) whereas almost all Acidobacterial genera
showed the opposite trend. Studies in unmanaged systems on the
response of these phyla to available C (57) and nutrients (58) have
found Actinobacteria to be copiotrophic (quick to respond to
available resources) and Acidobacteria oligotrophic (slower
growing but more competitive with low resource availability).
These responses to nutrients contrast with their responses to soil
moisture, but the accumulation of DOC and inorganic N observed
under low soil moisture could explain this discrepancy. The fact
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that changes in phyla relative abundance were similar between Org-
SDI and Conv-SDI highlights that soil moisture may be the primary
control on these phyla, with indirect effects of moisture on C and
nutrient uptake playing a secondary role, particularly in
agroecosystems where nutrients and (in some cases) C are
less limiting.

Relative abundance of actinomycetes and the ratio of Gram-
positive (such as Actinobacteria) to Gram-negative bacteria (such as
Acidobacteria) from PLFA data followed similar trends to 16S
results in the subsurface, but not the surface layer. From 15-30
cm, actinomycete lipid relative abundance and Gram+: Gram-
increased moving toward the bed edge in SDI treatments but
remained constant across Org-FI beds. In the surface, however,
Gram+:Gram- lipids increased toward the bed edge in all
treatments. Because DNA persists longer than phospholipids after
the death of cells (59, 60), PLFA is likely more representative of
organisms who were actually active at the sampling time; this may
explain the discrepancy between these methods. Samples were
collected near harvest when irrigation had not occurred in any
treatment for at least 7 days, so lipid signatures of organisms that
respond quickly to moisture shifts may show less treatment
differentiation at this timepoint, whereas the DNA-based
community analysis reflects a record of changes in community
composition occurring throughout the growing season. Use of
multiple methodological approaches can more fully detect
microbial community responses, particularly to drying and
rewetting (61).

Though only one genus from Gemmatimonadetes was detected
in our study, this taxon (Gemmatimonas) was particularly sensitive
to irrigation treatment, increasing in FI at the bed edge. In a
biogeographical analysis, Gemmatimonadetes were prevalent in
semiarid, arid, and desert environments, and relative abundance
was negatively correlated with moisture content but not affected by
soil nutrient content or pH (62). Additional studies found relative
abundance of Gemmatimonadetes was lowest in soils exposed to
wet-dry cycles and highest in air-dry controls (63) and that
organisms from the family Gemmatimonadaceae increased in
relative abundance with rewetting after drying, but the response
was variable at the phylum level (64). Thus, certain taxa in this
phylum may be able to endure the air-dry conditions occurring
between irrigation events and be readily proliferate when water is
reintroduced. In another study across three climatic zones,
members of Gemmatimonadetes were found primarily within soil
microaggregates, which was attributed to stable moisture status and
slower turnover rates of organic C and organisms (65). While we
did not measure aggregate stability on edge soils, measurements at
the 25 cm distance showed slightly better aggregation of soils in
Org-FI (Supplementary Figure S6). Therefore, it may be that this
system provides more habitat for this phylum.

4.2.2 Effects of fertility management systems
Though irrigation management was the main driver of spatial
trends in soil properties and microbial communities, the magnitude
of measured parameters was driven by the long-term Conv and Org
management histories. Conv and Org differed primarily in their
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relative abundance of Proteobacteria and PLFAs associated with
actinomycetes. These differences between Org and Conv treatments
were driven in large part by the soil DOC concentrations, which
were ~2 times higher in Org plots, and by inorganic N at bed center
at the beginning of the season. Proteobacterial abundance
correlated with increasing DOC and inorganic N (based on log,-
fold change), and genera within Beta- and Gammaproteobacteria in
particular had largely positive relationships with these properties.
While our findings are correlative, similar relationships were
observed in nutrient manipulation studies across grasslands
globally (58) and in humid grassland and forest soils where
direct addition of low molecular weight C substrates in
microcosms increased Beta- and Gammaproteobacteria, as well as
Actinobacteria (66). In our study, PLFA biomarkers associated with
actinomycetes were lower in abundance in Org than Conv plots.
This discrepancy may be due to one of the challenges of interpreting
relative abundance values, as the relative abundance of
actinomycetes lipids in Conv may be inflated from relatively low
abundances of other groups.

4.3 Bacterial diversity across tomato beds

Higher taxonomic diversity was associated with lower water
content, which could suggest greater functional resilience despite
changes in composition due to functional redundancy of diverse
communities (7); however, it may also indicate that organisms that
dominate in higher moisture conditions are poorly adapted to
desiccation stress. Dry conditions are often selective for
organisms that can withstand desiccation, which can reduce
microbial diversity (21), and global biogeographical community
analyses have found low bacterial diversity and abundance in arid
soils (56), in contrast to our results. Field scale short-term eftects of
soil water content on microbial communities in high nutrient and
disturbed environments are likely different from longer term effects
of climatic aridity or mean annual soil moisture deficit at a global
scale (e.g., 59, 67-69). The uniqueness of agricultural soils along
with selection of a few microbial groups that outcompete less
opportunistic taxa when moisture, and perhaps dissolved C and
N, are more accessible could drive some of these differences.

Similarly, it is important to consider prior history, and potential
adaptation, of the soil biota to the frequency and intensity of
moisture perturbations. At the edge of the Org-FI beds, where
moderate, frequent wet-dry perturbations are occurring, diversity
remained stable. Fierer et al. (2003) similarly found that wet-dry
cycling had little effect on microbial diversity and evenness in
incubated grassland soils that typically experienced large moisture
changes, but that wet-dry cycling increased microbial diversity in
soil from under oak canopies, where moisture fluctuations are
typically less extreme. Mediterranean climates have drastic
seasonal variation in precipitation, and organisms in unmanaged
soils may be adapted to prolonged dry periods (summer) followed
by sudden influx of rain (winter). However, in traditionally flood-
irrigated California agroecosystems, biota may be adapted to more
frequent, less extreme, year-round moisture fluctuations. SDI
introduces another manipulation of water availability that over
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time will likely cause new adaptations in microbial communities.
The increase in alpha diversity seen in the driest areas of the beds in
our experiment may be a response of less-adapted communities, as
Fierer et al. (2003) saw in oak soils, where drought-tolerant
organisms that might be selected against in moist soils are more
abundant. Our study took place the season after SDI was established
in these beds, and it will be important to evaluate whether soil biota
in SDI beds for multiple years have adapted to dry conditions, or
whether winter rains “reset” the communities.

4.4 Implications for agroecosystem
functions and productivity

Impacts of irrigation management on microbial communities
can drive significant shifts in soil ecological processes underlying
sustainability and resilience such as N losses, water cycling, and
productivity. The decoupling of C and N pools in continuously dry
surface soils of the Org-SDI system, likely from diffusion limitations
that limit microbial uptake, leaves labile forms more vulnerable to
loss during the first winter rain events in this Mediterranean
climate. This accumulation of resources, particularly inorganic N,
is the reason more extreme precipitation cycles driven by climate
change are projected to exacerbate N losses through leaching and
denitrification in unmanaged and rainfed agricultural systems
across climatic zones (53). Rewetting of SDI surface soils with
winter rain after a dry summer may show similar microbial effects,
and thus may have similar N loss consequences as extreme wet-dry
cycling in non-irrigated systems (12).

Moisture regulation of microbial activity could also impact soil
physical structure regulating water cycling. While the organic systems
had greater microbial biomass and diversity than the conventional,
stresses such as extended soil desiccation can reduce functioning of
even diverse microbial communities. Gram-positive and spore-
forming bacteria may become more abundant (23) but may still
shut down metabolism with desiccation or be limited by substrate
diffusion and accessibility (11). In a field trial at the same location as
ours, Schmidt et al. (2018) found lower microbial activity (fluorescein
diacetate [FDA] hydrolysis) at the edge of SDI plots and reduced
water-stable aggregates in SDI surface soils compared to FI, results
that are supported by aggregate measurements taken in our study
(Supplementary Figure S6). Therefore, future studies should explore
whether reduced microbial biomass and activity from extended dry
periods may reduce the resilience of soils under SDI to infiltrate water
from winter rain events.

Finally, tomato fruit yields in Org-SDI were 14% and 16% lower
on average than in Org-FI and Conv-SDI, respectively
(Supplementary Figure S7; 54), suggesting there were negative
effects on important soil functions that feed back into supporting
crop yields. Vine biomass was highest in the Org-SDI plots
indicating that, though we did not capture treatment differences
in soil inorganic N values, the timing of microbial N cycling is
altered in Org-SDI such that nutrients are not plant-available at the
optimal time for fruit production. This reduction in yield could
have substantial economic implications for organic growers
investing in SDI infrastructure and organic amendments.
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5 Conclusion

Our investigation into the spatial and temporal effects of
irrigation management in row crops provides an agricultural
context in which to test mechanisms described in an extensive
literature on soil wet-dry cycling and drought focused primarily on
less managed ecosystems. Irrigation type—i.e., furrow versus
subsurface drip—had major effects on soil microbial biomass and
community composition, with SDI causing responses similar to
those in extended dry-down events in non-irrigated systems,
particularly in the organic system. As seen in non-agricultural
systems, the severity and frequency of moisture changes,
adaptation of the communities, and resource availability affect
microbial response. Decoupling of C and N pools in dry surface
soils under SDI may increase the potential for losses of DOC and
nitrate with the first winter rains in this Mediterranean climate, an
important aspect to quantify in future studies. Given this was the
first year that drip irrigation was implemented in this field,
microbial communities are likely to adapt to these conditions
over the years. Future studies should assess whether divergence of
microbial communities between irrigation systems is long-term or
reset by winter rains.

We know many of the attributes of healthy soils—resilient
aggregate structure, organic matter storage, and tightly coupled
nutrient cycles—are mediated by soil microbial communities. To
effectively manage cropping systems for both high productivity and
resilience, we must consider trade-offs of specific practices, like drip
irrigation, that may be detrimental to soil microbial
community functions.
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