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ABSTRACT

Grazing lands in California and across the globe are increasingly challenged to meet rising livestock product
demands while simultaneously balancing diverse stakeholder and land management goals. An increasing focus
on the soil health of grazed landscapes has enhanced our understanding of grazing impacts on sustainable
agroecosystems. However, the scientific literature is limited on how the microbial community, as a component of
soil health, responds to grazing, water, and soil nutrient management in irrigated pastures. We deployed a cross-
sectional survey across 24 California irrigated pastures spanning multiple climate regimes and active manage-
ment strategies. We established and maintained grazing exclosures for two years and collected soil samples from
rested and grazed plots within each irrigated pasture. We used 16S rRNA and ITS amplicon sequencing to analyze
soil bacteria and archaea, and soil fungi, respectively. Microbial diversity and community composition were not
affected by grazing rest or management, but fungal Shannon diversity was significantly impacted by total ni-
trogen (TN; mixed linear effect model, p = 0.044). Bacterial/archaeal and fungal community compositions were
significantly different between pastures (PERMANOVA; R? = 0.78, p < 0.001 for 16S; R? = 0.71, p < 0.001 for
ITS). Soil properties were also significantly different between pastures (PERMANOVA, R? = 0.98, p = 0.001) and
differed to a lesser extent based on the level of grazing, irrigation, and nutrient management efforts (R? = 0.022,
p = 0.022). We found trends among microbial functional groups in response to grazing, but none of the impacts
were statistically significant after accommodating false discovery errors. These results support a growing body of
evidence that soil microorganisms are variably influenced by livestock grazing and are largely shaped by local
vegetation and soil characteristics, both of which can vary based on geography and land management legacies.

1. Introduction

fifth largest agricultural commodity (California Department of Forestry
and Fire Protection, 2018; California Department of Food and Agricul-

Across California’s grazinglands and worldwide, the livestock graz-
ing industry is increasingly challenged to meet rising livestock product
demands while simultaneously balancing diverse stakeholder goals and
the supply of multiple ecosystem services. Spanning more than 200,000
ha in California, irrigated pastures, which are generally more intensively
managed than rangeland systems, play a crucial role in providing an
essential forage during the summer dry period, when the lower elevation
native grazed rangeland ecosystems are dormant. These lands sustain a
livestock product industry valued at $12.3 billion, ranking as the state’s
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ture, n.d). The industry consists of 12,000 California ranchers, whose
livelihoods rely on the health and productivity of grazing lands in the
face of increasing regulatory and environmental stressors (California
Department of Forestry and Fire Protection, 2018; Roche et al., 2015a,
2015b; Roche, 2016). Irrigated pastures have the potential, as analogs to
the wetland ecosystems lost over the last century, to simultaneously
supply various ecosystem services, such as animal-based protein pro-
duction, wildlife habitat, and groundwater recharge (Huntsinger et al.,
2017; Shapero et al., 2017). Moreover, in Western North America, these
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systems are often located on marginal soils unsuitable for other types of
intensive and more profitable agricultural operations. Soil health un-
derpins a suite of ecosystem services, promotes resilience, and sustains
the livelihoods of ranchers while supplying a multitude of benefits (i.e.
climate regulation) to society. Understanding how the management of
grazing, irrigation, and fertilization activities affect soil health in
pasture soils is critical to safeguarding grazingland resilience and the
provisioning of ecosystem services (Derner et al., 2018).

Livestock grazing can influence agroecosystems in ecologically
desirable and undesirable ways through multiple mechanisms, including
but not limited to defoliation and physical damage to plants, trampling
and compaction of soil, and redistribution of nutrients via digestion and
excretion of organic matter. Understanding the ecological effects of
livestock grazing requires a focus on pasture management variables such
as the temporal and spatial distribution of animals, the timing and fre-
quency of use, and stocking rate (animal units per hectare) relative to
carrying capacity and forage production. Grazing systems are inherently
dynamic and span a spectrum of diverse management strategies (Roche
et al., 2015a, 2015b); despite this variability, some studies have asso-
ciated well-managed grazing with positive ecological effects, such as
enhanced seed dispersal (Plue and Cousins, 2018; Couvreur et al., 2004),
increased ecosystem C (Holland et al., 1992; Shao et al., 2013; Byrnes
et al., 2018), increased plant species richness (Rusch et al., 1997), and
reduced abundance of invasive plants (Demeter et al., 2021; Porensky
et al., 2020; Rhodes et al., 2021; Davy et al., 2015). Previous work has
also clearly shown that unmanaged or excessive livestock grazing can
severely reduce plant cover, increasing erosion risks and leading to
ecosystem degradation (Yong-Zhong et al., 2005; Steinfeld and Wasse-
naar, 2007; Schonbach et al., 2011). Additionally, physical trampling by
livestock can cause soil compaction, as evidenced by reduced infiltration
rates and higher soil bulk density (Zhou et al., 2010, Byrnes et al., 2018).

Pasture management variables such as irrigation and fertilization
critically introduce new inputs to the soil system to facilitate forage
production, but may also cause unintended impacts on soil properties
and the microbial community. In an experimental pasture receiving
long-term (50+ years) P fertilization, researchers observed an increase
in TN and nitrate and a decrease in soil pH, with a significant correlation
between soil properties and soil moisture and temperature as well
(Touhami et al., 2023). Bacterial and fungal community structures have
also demonstrated a response to fertilization in grazed systems (Wakelin
et al., 2012), with an increase in fungal richness detected when fertilizer
was applied to a continuously grazed pasture (Wakelin et al., 2009).
Neutral and positive effects of system intensification (fertilization and
increased stocking rate) on the bacterial capacity for nitrification and
denitrification were further detected in grazed pastures (Wakelin et al.,
2009). Similarly, irrigation management can affect soil chemical prop-
erties and microbial communities. Irrigated dairy pastures in one study
experienced an increase in biomass production, N outputs, and N
leaching compared to non-irrigated pastures (Graham et al., 2022).
Within the microbial communities, a study comparing 28 irrigated and
non-irrigated pastures found that irrigation led to different microbial
community structures, increased relative abundance of gram-negative
bacteria, and a decreased fungal:bacterial ratio, leading researchers to
conclude that irrigation facilitates rapid, bacteria-dominated cycling in
soils (Lambie et al., 2021). The diverse effects of pasture management
factors such as fertilization and irrigation must be considered when
assessing soil properties in grazed ecosystems.

Soil microbial communities can be important indicators of soil health
and plant productivity (Fierer et al., 2021; Van der Heijden et al., 2008).
For instance, in tropical grassland pastures, soil microorganisms facili-
tate the return of nitrogen (N), phosphorus (P), and organic carbon (C)
into plant-available forms contributing to soil fertility (Dubeux et al.,
2007). When compared to rested enclosures, continuous grazing has
been linked with negative soil health effects such as decreased SOM, TN,
and microbial biomass (Liu et al., 2016). Alternatively, in a meta-
analysis spanning multiple grazing intensities, grazed grasslands had

Applied Soil Ecology 215 (2025) 106419

higher soil net N mineralization and N nitrification compared to
ungrazed lands, and light grazing specifically contributed to soil C and N
sequestration (Zhou et al., 2017). Another meta-analysis found that light
and moderate grazing intensities had no significant effect on soil mi-
crobial communities, while heavy grazing intensities were associated
with 14-28 % decreases in soil bacterial, fungal, and total microbial
numbers (Zhao et al., 2017). Similarly, continuous overgrazing has been
associated with reduced microbial activity in arid savannahs (Abril and
Bucher, 1999) and semi-arid grasslands (Yong-Zhong et al., 2005). In
contrast, 1-2 years of rest from moderate grazing in alpine pastures led
to increases total microbial biomass, with grazing rest particularly
increasing fungal and arbuscular mycorrhizal biomass (Zhang et al.,
2025). More research is needed to better understand how grazing affects
belowground microbial communities in order to improve soil health on
grazing lands and ultimately support system function, resilience, and
sustainability (Derner et al., 2018). Previous research suggests that
intensive grazing can reduce microbial diversity and alter microbial
community composition, with further variability due to pasture man-
agement decisions. We hypothesized (a) grazed plots would be associ-
ated with reduced soil microbial diversity compared to plots rested for 2
years, (b) grazing exclusion would significantly alter soil microbial
community compositions, (c) nitrifying bacteria and mycorrhizal fungi
would be more abundant in grazed and ungrazed plots, respectively, and
(d) higher effort irrigated pasture management strategies would favor
higher microbial diversity.

To test these hypotheses, we employed a cross-sectional survey of on-
ranch strategies and installed grazing exclosures in 24 irrigated pastures
across three climatic regions of California. We monitored plant pro-
ductivity and collected soil samples to analyze the response of microbial
communities and soil properties (total C, N, etc.) to pasture rest from
grazing along a gradient of irrigation management, soil fertility inputs,
grazing management. This study aimed to evaluate how two years of
grazing exclusion and pasture management practices interact to shape
soil bacterial and fungal communities, with the expectation that
increasing management effort would support more diverse and func-
tionally beneficial microbial communities.

2. Methods
2.1. Irrigated pasture characteristics

This study includes 24 irrigated pastures spanning Northern Cali-
fornia, covering three diverse climatic regions consisting of the lower
elevation Sacramento Valley, the Sierra Nevada foothills, and inter-
mountain regions of the Sierra Nevada and Southern Cascades (Fig. 1).
The climate conditions across the sites include mild to cold wet winters
and mild to hot dry summers. The pastures in this study occur across
multiple landforms with varying degrees of land leveling, including
laser-leveled low slope pastures in valleys, steep-sloped pasture in the
foothills, and managed mountain meadows. All study pastures were
grazed primarily by beef cattle, with some pastures grazed by sheep and
cattle. The soils mapped at pasture sites ranged from clay to silt loams
(Table 1; Natural Resources Conservation Service, 2022). We calculated
a Management Effort (ME) score for each pasture based on livestock
grazing, water, and nutrient management strategies. Each management
variable was ranked from 1 to 3 (maximum ME score of 9), with a higher
score indicating that higher levels of management efforts and intensifi-
cation (e.g. practices that use more labor, inputs, or capital resources)
were applied (Table 1). Grazing management was generally categorized
based on livestock herd management: low-effort management with set
stocking rates and continuous grazing throughout the year; moderate-
effort management with inter-seasonal rotation and rest; and high-
effort management with intra-seasonal pasture rotation and rest. Irri-
gation management effort and intensity was classified into three levels:
low-effort systems using water diversions in wild-flooded pastures with
minimal land leveling and water dispersion; moderate-effort systems
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Fig. 1. Site map displaying the locations of the 24 irrigated pastures sampled in
this study.

with some land leveling and gated flood pipes or risers and checks to
control dispersion; and high-effort systems with controlled water dis-
tribution through center-pivot sprinkler systems or movable above-
ground pod sprinkler systems (e.g. K-Line). Finally, soil nutrient man-
agement effort was categorized into three levels: low-effort with no
organic or synthetic fertilizer inputs; moderate-effort with sporadic
fertilizer amendments within the last five years, but not during the
study; and high-effort with annual synthetic or organic fertilization in-
puts to pasture.

2.2. Soil sampling

We established three paired-plot monitoring sites across the soil
moisture gradient representative of each irrigated pasture enrolled in
the study. At each paired plot location, a 9 m? semi-permanent grazing
exclosure was installed two years prior to soil microbial sampling. For
each pasture, three intact 1" by 12" soil cores were collected from both
inside and the outside of the exclosures at each paired plot, which were
then pooled for soil chemical and physical analyses. This sampling depth
coincides with the rooting depth of pasture forage plants that managers
target for irrigation on these typically shallow soils. We sampled soil
chemical traits associated with soil fertility during the early
(April-May), middle (July-August), and end (September—October) of
the growing season, and collected soil samples for microbial analyses
during the end of the irrigation and growing season. To minimize
contamination risks, a soil washing blank core was extracted and dis-
carded at each sampling site prior to soil sample collection. Additionally,
any residual soil was physically removed, and sampling equipment was
sterilized with ethanol and dried between pastures.
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2.3. Vegetation sampling

At each sampling location, we visually estimated species richness,
percent grass species cover, and percent forb cover in three 0.09 M?
frames within paired plots (i.e., inside and outside grazing exclosures).
Values from the three frames were averaged to obtain a single estimate
for each plot. We also harvested above ground biomass both inside and
outside the exclosures at the end of each growing season (Septem-
ber-October). This allowed us to assess annual net primary production
and calculate percent of herbaceous biomass utilized by livestock as a
metric for grazing utilization.

2.4. Soil properties

Soil subsamples were first sieved to 2 mm and air dried until weights
remained steady. Soil moisture was calculated by subtracting weight of
soil after being oven-dried (at 105 °C for 24 h) from initial weight. For
total organic carbon (TOC), we ground each sample to pass through a
0.25 mm sieve, and then treated samples with dilute acid to remove
carbonate carbon. We then used a combustion instrument with an in-
duction furnace coupled with a thermal conductivity detector and an IR
detector system to measure combustion gases (Harris et al., 2001). For
total nitrogen (N) and carbon (C), we used a similar approach as TOC,
but without adding diluted acid to remove carbonates (AOAC Official
Method 972.43, 1997). Subsamples of fresh soil were reserved to mea-
sure soil nitrate and ammonium via the flow injection analyzer method
(Hofer, 2003; Keeney and Nelson, 1982; Knepel, 2003). Depending on
pH, we measured extractable phosphorus as described by the Olsen and
Bray methods (Olsen and Sommers, 1982; Prokopy, 1995). Exchange-
able potassium was measured by ammonium acetate displacement and
inductively coupled plasma atomic emission spectrometry (ICP-AES;
Thomas, 1982).

2.5. Molecular analyses

DNA was extracted from soil samples with the DNeasy PowerLyzer
Powersoil Kit following manufacturer protocols (QIAGEN, Hilden, Ger-
many). Using PCR amplification to study bacteria and archaea, the V4
hypervariable region of 16S rRNA was sequenced using the 515-F
(GTGCCAGCMGCCGCGGTAA) and 806-R (GGACTACHVGGGTWTC-
TAAT) primer pairs (Walters et al., 2016). For fungi, the first internal
transcribed spacer (ITS1) region of the rRNA operon was sequenced
using PCR amplification with the ITS1-F (CTTGGTCATTTA-
GAGGAAGTAA) and ITS2 (GCTGCGTTCTTCATCGATGC) primer pairs
(Walters et al., 2016). PCR was conducted in 40 pl triplicate reactions
per sample, using 3 pl of extracted DNA, 3 pl of each primer, 20 pl of
MyFi PCR Mix (Bioline, Taunton, MA, USA), and 11 pl of water. PCR
consisted of an initial denaturing step at 95 °C for 1 min, 35 cycles of
amplification (95 °C for 15 s, 60 °C for 15 s, and 72 °C for 15 s), and a
final elongation step of 72 °C for 3 min. Illumina adapters and unique
12-bp error-correcting barcodes were also amplified using PCR to assist
with demultiplexing. Each PCR process included negative controls
without the DNA template to detect possible contamination. PCR
products were cleaned using the Ultra Clean PCR Clean-Up Kit (MoBio
Laboratories, Carlsbad, CA, USA), and quantified fluorescently using the
Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Waltham, MA, USA).
All purified PCR products were pooled together in equimolar concen-
trations and sequenced on a 2 x 150 bp Illumina MiSeq platform at the
Microbiome Core, University of Arizona.

2.6. Sequence processing

Amplicon sequences were demultiplexed using idemp (https://gith
ub.com/yhwu/idemp) and then processed using the DADA2 pipeline
(Callahan et al., 2016) to filter, trim, and remove technical variants. Due
to the varying length of the ITS region, cutadapt (Martin, 2011) was used
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to remove ITS primer sequences. 16S sequences were trimmed to a
uniform length of 140 bp. All sequence reads were filtered by quality
including chimera removal, merging of paired-end reads, and the
removal of sequences that contain more than two errors. Unique
amplicon sequence variants (ASVs) were identified and dereplicated
from the quality-filtered reads to represent distinct phylotypes. The
taxonomic identity of each ASV was assigned using the DADA2-
integrated Ribosomal Database Project (RDP) classifier (Wang et al.,
2007) trained on the 16S rRNA SILVA database for bacteria and archaea
(Quast et al., 2013) and the ITS UNITE database for fungi (Nilsson et al.,
2019). Additional processing included the removal of ASVs with a
domain assignment of chloroplast, mitochondria, or Eukaryota; ASVs
that remained unclassified by the databases; and ASVs that were
detected in negative control samples. We generated a total of 6,158,984
(mean per sample = 114,055 +/— 24,112) bacterial/archaeal sequences
and 4,833,687 (mean per sample = 100,702 +/— 35,212) fungal se-
quences. Prokaryotic and fungal functional groups were inferred using
FAPROTAX (Louca et al., 2016) and FUNGuild (Nguyen et al., 2016),
respectively. Functional groups were manually filtered to include only
confidence levels of “highly probable” or “probable”.

2.7. Statistical analyses

All statistical analyses were performed in R version 4.0.3 (R Core
Team, 2021). We rarefied the sequencing depth to 55,000 and 15,000
for 16S and ITS respectively. To determine the effect of grazing and
pasture rest on microbial richness (number of different phylotypes) and
Shannon diversity, paired t-tests were used. Pearson’s correlation tests
were applied to assess correlations between microbial richness and
Shannon diversity. To assess impacts of soil properties, vegetation, and
pasture management on microbial richness and Shannon diversity,
linear mixed-effect models were used.

To examine the impacts of grazing and pasture management (ME
Score) on microbial community composition, we calculated Euclidean
distance or Bray-Curtis dissimilarity and employed permutational
multivariate analysis of variance (PERMANOVA; Anderson, 2001).
Differences in microbial community composition were then represented
by non-metric multidimensional scaling (NMDS). We explored the as-
sociations among soil properties in ordination space using principal
component analysis (PCA). Mantel tests were applied to examine the
correlation between microbial community Bray-Curtis dissimilarity and
the Euclidean distance matrix of soil variables, and also between the
prokaryotic and fungal community compositions (Mantel, 1967).
Multivariate statistics were performed using the vegan package
(Oksanen et al., 2020). To measure differences in functional group
abundance between grazed and rested sites, we applied paired Wilcoxon
tests with false discovery rate (FDR) adjustment of 0.05.

3. Results
3.1. Vegetation and soil properties

We found grazing exclusion significantly influenced vegetative
cover, with a higher grass cover in the rested plots (ANOVA, F; 59 =
22.49, p < 0.001; Supplementary Table 1). The percent of coverage by
grasses and forbs was similar between pastures, but the vegetation
species richness was significantly different based on pasture (ANOVA,
adjusted R? = 0.687, Fo704 = 5.15, p < 0.001). Overall, soil properties
significantly differed across pastures (PERMANOVA, R? = 0.98, p <
0.001) and differed to a lesser extent based on Management Effort (ME)
score (R% = 0.08, p = 0.022; Supplementary Table 1).

3.2. Microbial community traits

The total number of unique amplicon sequence variants (ASVs) was
33,390 and 8573 for 16S and ITS, respectively. The average number of
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ASVs per soil sample was 2011 (+/— 402) for 16S and 509 (+/— 171)
for ITS. Microbial richness was not significantly different between
grazed and rested plots (paired t-test, too = —0.82, p = 0.421 for 16S; ti¢
= —0.36, p = 0.727 for ITS; Fig. 2A, B). Bacterial/Archaeal (16S) and
fungal (ITS) richness were not correlated (Pearson’sr = 0.10, p = 0.452).
Shannon diversity was also not significantly different between grazed
and rested plots (paired t-test, typ = —1.53, p = 0.141 for 168S; t1 =
—0.65, p = 0.526 for ITS; Supplementary Fig. 2). Bacterial/Archaeal
(16S) and fungal (ITS) Shannon diversity were not correlated (Pearson’s
r = —0.04, p = 0.754). ME score did not significantly impact microbial
richness (ANOVA, marginal r*> = 0.063, p = 0.088 for 16S; marginal r =
0.003, conditional r? = 0.205, p = 0.788 for ITS; Supplementary Table 2)
or Shannon diversity (marginal r? = 0.083, conditional r*> = 0.206, p =
0.073 for 16S; marginal 12 = 0.008, p = 0.612 for ITS). Similarly, the
individual management variables (irrigation, fertilization, and herd
management) did not significantly impact microbial richness or Shan-
non diversity (Supplementary Table 2). Bacterial/Archaeal and fungal
richness and bacterial/archaeal Shannon diversity were not significantly
different based on soil or vegetation properties (Supplementary
Table 2). Fungal Shannon diversity was significantly impacted by total
nitrogen (TN; marginal r? = 0.275, p = 0.044). (See Supplementary
Fig. 2.)

The soil bacterial and archaeal communities mainly consisted of
Alphaproteobacteria (13.4 %), Thermoliophilia (11.1 %), Gammapro-
teobacteria (9.9 %), and Actinobacteria (8.2 %; Supplementary Fig. 3 A).
The soil fungal communities mainly consisted of Sodariomycetes (32.9
%), Dothideomycetes (20.5 %), Mortierellomycetes (9.4 %), and Agar-
icomycetes (6.8 %; Supplementary Fig. 3B). Bacterial/archaeal and
fungal community similarity patterns were both correlated (Mantel test,
r = 0.56, p < 0.001), and were also correlated with soil properties
(Mantel test, r = 0.31, p < 0.001 for 16S; r = 0.51, p < 0.001 for ITS).
Microbial community composition did not differ based on grazing rest
(PERMANOVA, R? = 0.02, p = 0.747 for 16S; R? = 0.02, p = 0.999 for
ITS; Fig. 2C, D). Community similarity patterns were significantly
different based on pasture for both bacterial/archaeal (PERMANOVA,
RZ= 0.78, p < 0.001; Fig. 2C) and fungal (R%>=0.71, p <0.001; Fig. 2D)
communities. ME score was not associated with bacterial/archaeal
community similarity patterns (PERMANOVA, R? = 0.03, p = 0.208 for
16S), but was very weakly associated with fungal community similarity
patterns (R? = 0.04, p = 0.024 for ITS).

Within the bacterial/archaeal communities, there were nearly sig-
nificant differences in the abundance of putative fermenting bacteria
(mainly Opitutaceae and Spirochaetaceae) and nitrifying bacteria (mainly
Nitrosomonadaceae and Nitrososphaeraceae) between grazed and rested
plots (Supplementary Table 3). While these functional groups were not
significant after FDR correction, there was a tendency of more fermen-
ters in the grazed plots and more nitrifiers in the rested plots (Fig. 3A, B).
Within the fungal communities, there were nearly significant differences
in the abundances of putative plant pathogens and arbuscular mycor-
rhizal fungi (AMF) between the grazed and rested plots before FDR
correction (Supplementary Table 3). Both plant pathogens (mainly
Entorrhiza) and AMF (Glomus) were more abundant in the rested
exclosure plots (Fig. 3C, D), though, in more conservative interpretation,
the results were not significant after FDR correction of 0.05.

4. Discussion

Soil microbial communities are shaped by a diversity of abiotic and
biotic processes ranging from soil formation factors (e.g. climate, age,
parent material, organisms, etc.) to land use and management factors
such as soil plant nutrient inputs, livestock grazing, and irrigation. The
effects of livestock grazing extend into belowground ecosystems via
nutrient and organic matter inputs (Bardgett and Wardle, 2003), and
physical soil disturbances (Bilotta et al., 2007). In grassland ecosystems,
the quantity, diversity, and composition of soil bacterial and fungal
communities can shift in response to livestock grazing and can
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Fig. 2. Soil microbial richness and community composition. Differences in (A) bacterial/archaeal and (B) fungal richness between grazed and ungrazed plots.
Positive and negative values indicate higher richness in grazed and ungrazed plots, respectively. Differences in (C) bacterial/archaeal and (D) fungal community
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the same pastures.

additionally fluctuate based on grazing intensity (Xun et al., 2018; Gou
et al.,, 2015). Here, we analyzed the soil chemistry, vegetation, and
microbial communities of Californian irrigated pastures using a paired
assessment of grazed and grazing-rested plots across gradients of effort
to manage soil nutrients, irrigation water, and livestock grazing. We
found that two years of rest from grazing did not significantly affect soil
microbial diversity or composition (Fig. 2), highlighting a potential
resilience of soil microbial communities to short term changes in grazing

management. Understanding the impacts of long-term management
changes on soil microbial communities and the ecosystem services they
support is essential to furthering the sustainability of these important
agroecosystems that are most commonly used as summer grazing
resources.
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4.1. Pasture-specific vegetation and soil properties affect microbial
communities

This study spanned a diverse range of irrigated pastures in Northern
California, including three climatic regions with contrasting landforms,
soil types, and management practices. We identified strong pasture-
specific effects on soil chemical properties and soil microbial commu-
nities (Fig. 2C, D; Supplementary Table 1). Microbial diversity and
composition can be strongly influenced by soil characteristics (Robson

and Abbott, 1989; Dahlgren et al., 1997; Li et al., 2016; Carey et al.,
2020), which vary among different parent materials, geomorphologies,
and climatic conditions (George et al., 2020; Ford et al., 2013). For
example, in a study that analyzed bacterial and fungal communities
across numerous climates and biomes, soil C content and pH were key
drivers of microbial community composition (Bastida et al., 2021). As
such, we observed significant differences in bacterial/archaeal and
fungal community similarities based on pasture (Fig. 2C, D) and iden-
tified a correlation between soil properties and microbial community
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composition (Supplementary Fig. 1), suggesting that the inherent vari-
ation in soil properties across pastures and biomes is a dominant driver
of microbial variability (Almela et al., 2021; Trivedi et al., 2016).
Additionally, we identified a relationship between fungal Shannon di-
versity and TN (Supplementary Table 2), which exemplifies the need for
further research to define the relationship between soil chemistry and
microbial diversity. Similar studies have identified stronger associations
between microbial communities, environmental variables, and pasture
management, rather than exclusively to livestock grazing (Yang et al.,
2013; Ford et al., 2013; Acharya et al., 2021; Yang et al., 2019a, 2019b;
Cleavenger et al., 2023; Farrell et al., 2020).

4.2. Variable responses of microbial functional groups to grazing
exclusion

From a functional perspective, prior studies found that grazing can
affect the abundance of soil microbes involved in N cycling (Patra et al.,
2005; Tracy and Frank, 1998; T. Liu et al., 2011). In particular, higher
grazing intensity has been linked with higher nitrification and denitri-
fication activities (Le Roux et al., 2003; Taddese et al., 2007). These
changes are hypothesized to be the result of grazing factors such as in-
puts from livestock waste, reduced plant litter from defoliation, and
higher cover of legumes due to reduced canopy height (Le Roux et al.,
2003; Patra et al., 2005). Within our study, there was an apparent, but
nonsignificant trend with more nitrifiers in the rested plots (Fig. 3B).
This is inconsistent with previous findings in which nitrifying bacteria
and archaea are instead more abundant in grazed plots (Le Roux et al.,
2008; Patra et al., 2005). While the duration of grazing exclusion may
have been too brief to observe a significant difference in this study, the
lack of nitrifiers in grazed plots may also be explained by a corre-
sponding decline in fertility, specifically NH4 content, often found in
heavily grazed grasslands (Pan et al., 2018). In cases where livestock
grazing results in the degradation of soil physiochemical traits (NHjZ,
SO3, total N, soil moisture; Zhong et al., 2014), nitrifying prokaryotes
and their resulting nitrification rates are reported to be negatively
impacted as well (Wang et al., 2022; Pan et al., 2018). Californian irri-
gated pastures are highly productive and are often annually harvested
by livestock at high rates of total aboveground biomass utilization,
which over time could lead to soil physiochemical deficiencies. More
investigation is needed, perhaps with a longer duration of grazing
exclusion and a gradient of grazing intensity, to confirm a significant
trend in which nitrifiers are less abundant in grazed plots due to reduced
soil fertility.

Our observation of a higher abundance of fermenting bacteria within
grazed sites (Fig. 3A) aligns with the ecological role of these bacteria,
which are key components of cow rumen and dung microbiota
(Ozbayram et al., 2018). Common classes of fermenting bacteria that are
involved in the breakdown of forage in ruminant digestive systems are
Fibrobacterota, Bacteroidetes, and Firmicutes (Lwin et al., 2012), many
of which have been found in cow dung (Christy et al., 2014; Girija et al.,
2013). This suggests that the dispersal or preferential recruitment of
these microorganisms may be facilitated by the deposition of animal
waste. Escherichia coli associated with cattle feces deposition is largely
attenuated within 1 m of vegetated buffers (Tate et al., 2006; Atwill
et al., 2002). However, the degradation of starches via fermentation
commonly occurs in soils without grazing inputs (Dadwal et al., 2019)
and the contribution of rumen fermenters to the soil microbiome has not
been well quantified. To fully identify a significant impact of livestock
on the abundance of soil fermenters, more focus should be directed to-
wards the microbial composition and fate and transport of livestock
dung-borne microbes in pasture soils.

Prior studies have found that grazing can facilitate both an increase
(Wearn and Gange, 2007) and decrease (Barber et al., 2012; Yang et al.,
2020) in AMF colonization. The sensitivity of AMF to disturbance can
vary based on host species, fungal community composition, and type of
disturbance (Hart and Reader, 2004; Van der Heyde et al., 2017). By
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nature of their relationship with plant hosts, AMF are sensitive to the
uproot and removal of plants by heavy livestock grazing (Yang et al.,
2020). Our observations of higher abundances of AMF in our rested sites
(Fig. 3D), although nonsignificant after adjusting for false detection
error, suggest a negative correlation between grazing and AM fungi.
This, combined with our observations of significantly reduced grass
cover in grazed plots (Supplementary Table 1), suggests that the phys-
ical disturbance and altering of plant community dynamics by livestock
leads to the reduction of AMF within soil microbial communities. An
increased duration of grazing exclusion may be necessary to confirm a
positive effect of grazing rest on AMF abundance.

4.3. Long- and short-term effects of grazing management on pasture
vegetation

As we observed an effect of grazing on grass cover (Supplementary
Table 1), but not on soil microbial diversity or soil community compo-
sition (Fig. 2), it is possible that the duration and scale of grazing
removal in this study was insufficient and did not significantly impact
the belowground ecosystem, thus leading to non-significant differences
based on grazing alone. In this case, the deep-rooted, perennial grasses
receive ample moisture from irrigation (Neal et al., 2012) and may have
had high enough regrowth rates to negate any effects of defoliation that
would be seen on rangeland grazing sites that are subject to drought and
subsequently less regrowth. It is also possible that the extent of legacy
management factors such as nutrients, water, and livestock rotation and
stocking rates may have been dominant and indirectly affected micro-
bial communities via their influence on soil properties (Wang et al.,
2021; Zhang et al., 2023). The management practices employed in this
study had been implemented for more than five years, and changes in
grazing management may require more time to produce quantifiable
differences in soil microbial communities and other soil health in-
dicators. Further research regarding the effects of specific pasture
management techniques on soil properties is needed to elucidate soil-
mediated effects of grazing on microbial communities.

5. Conclusion

Our study used 16S rRNA and ITS amplicon analyses to assess the
effect of two years of grazing exclusion on soil microbial communities in
Californian irrigated pastures. Microbial diversity and community
composition were unaffected by grazing rest and slight trends were
present among putative microbial functional groups. Microbial com-
munity patterns were correlated with soil properties and strongly asso-
ciated with individual pastures. When utilizing microbial community to
inform soil conservation, assessments should consider the potential of
the site. Thus, grazing land restoration efforts should note that variation
in soil properties and microbial communities were mostly attributed to
inherent spatial differences between sites possibly linked to variation in
landscape position, microclimates, parent material, soil texture, soil
weathering, dry atmospheric nutrient deposition, and uncertain legacy
effects from past land management. Grazing exclusion as employed in
this experiment did not significantly influence soil microbial commu-
nities, and a longer duration or larger exclusion area may be necessary to
observe differences in an experimental (non-production) setting. Mi-
crobial diversity metrics are beneficial tools to inform our understanding
of the health of soils and the dependent supply of ecosystem services, but
their limitations should be recognized and mitigated with additional soil
health indicators (i.e., soil physiochemical data; Fierer et al., 2021).
Furthermore, this study highlights the need to detangle the role
mycorrhizal and pathogenic fungi may have in pasture productivity and
whether large scale fungal inoculation can enhance nutrient uptake and
yields as found in other grass cropping systems like maize (Lutz et al.,
2023). This research is among the first of its kind in California’s unique
irrigated pasture systems and offers insights into potential connections
between management practices and the soil microbiome in this forage
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production system. A better understanding of microbial responses to
changes in livestock grazing management can accelerate and optimize
resources for attaining land management goals.
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