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Abstract
1.	 Oak woodlands are biodiversity hotspots that provide critical ecosystem services 

and hold significant cultural value. However, these ecosystems are increasingly 
threatened by invasive grasses, which suppress native plant diversity, elevate fire 
risk and disrupt ecosystem processes. While targeted grazing is gaining popularity 
as a management technique for controlling invasives, the ecological impacts of 
dry-season grazing are understudied, as are outcomes for native species.

2.	 We evaluated the effectiveness of targeted summer grazing with sheep and 
goats for reducing invasive grass fuel loads and enhancing plant diversity in oak 
woodlands of California by comparing plant species richness and abundance in 
paired grazed and ungrazed plots over multiple years.

3.	 Grazing substantially increased richness and cover of native forbs. Non-native 
cover was unaffected, though minor increases in non-native forb numbers were 
observed. Ordination analysis revealed that grazing shifted plant community 
composition, largely driven by increases in native forb species and to a lesser 
extent non-native forbs. Indicator species analysis revealed similar patterns, with 
increases in multiple forb species detected with grazing, highlighting the potential 
for grazing to support a diversity of plant species. These benefits likely stem 
from reduced thatch accumulation, improved light availability and the creation of 
favourable microsites for seedling establishment.

4.	 Practical implications. Dry-season grazing with goats and sheep presents a multi-
benefit strategy for land stewardship, helping to reduce invasive grass thatch, 
enhance native plant diversity and lower fire risk in invaded woodlands. While 
grazing alone is unlikely to effectively suppress invasive grasses and may encourage 
certain non-native forbs, it can dramatically improve the ability of native species 
to coexist with non-natives. To maximize benefits, practitioners should integrate 
grazing with complementary management strategies when controlling non-
native plants is a priority. Careful management of grazing intensity, timing and 
duration, coupled with long-term monitoring, will aid in balancing these ecological 
trade-offs. Incorporating targeted dry-season grazing into a broader restoration 
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1  |  INTRODUC TION

Mediterranean oak woodlands are globally significant hotspots of 
biodiversity and are among the most threatened biomes due to ex-
tensive habitat loss and degradation (Hoekstra et al., 2005; Myers 
et al., 2000; Underwood et al., 2009). Conserving these ecosys-
tems requires preserving and re-establishing the keystone tree 
species that dominate the landscape (Manning et al., 2006; Perea 
et al., 2017), but equally important are strategies to maintain the 
herbaceous understorey and interspaces of these systems in order 
to support biodiversity, wildlife habitat and forage production 
(Lettow et al., 2014; Roche et al., 2012; Stahlheber et al., 2017). 
Throughout the world, oak woodland ecosystems have long been 
shaped by human activities, including serving as essential range-
lands for livestock while supporting diverse ecological functions 
(Anderson & Wohlgemuth, 2012; Huntsinger & Bartolome, 1992). 
While more recent human-caused disturbances and over-
exploitation has resulted in their decline, strategic interventions, 
such as targeted grazing, may hold the key to their long-term con-
servation (Baggio et  al.,  2021; Bartolome et  al.,  2014; Bugalho 
et  al.,  2011). The use of targeted grazing to control undesirable 
plant species is gaining in popularity, however, more research is 
needed to clarify the long-term effects on native plant species, 
particularly to distinguish whether increases in species richness 
reflect gains in native diversity or are driven by non-native species 
(Marchetto et al., 2021).

In California, oak woodlands encompass a diverse range of 
ecosystems, spanning from coastal regions to interior valleys and 
foothills, with landscapes ranging from dense, closed-canopy 
forests to open savannas (Allen-Diaz et  al.,  2007; Anderson 
et al., 1999). These woodlands support some of the highest biodi-
versity of any ecosystem in the state (Bernhardt & Swiecki, 2001). 
A number of oak (Quercus) species form the foundation of tree 
cover in California's oak woodlands and savannas, while the her-
baceous layer was historically dominated by native forbs and—to a 
geographically variable and somewhat unknown extent—perennial 
grasses (Bartolome, 1987; Minnich,  2008). While large expanses 
of oak woodlands remain, the herbaceous understorey component 
has been utterly transformed by the invasion of non-native an-
nual grasses and forbs introduced during European colonization 
(Mooney et al., 1986). Especially problematic are the now ubiqui-
tous invasive grasses, which not only displace native wildflower 
species (Minnich, 2008), but increase fire risk (Fusco et al., 2019), 
reduce habitat quality and disrupt critical ecosystem services, 

such as carbon sequestration (Koteen et  al., 2011). Many of the 
negative ecological impacts of these species stem from the accu-
mulation of grass litter, which can form a dense layer of thatch that 
resists decomposition (Chen et  al.,  2018; Mariotte et  al.,  2017; 
Molinari & D'Antonio, 2020).

Like much of the state, oak woodlands in California have a long 
history of livestock grazing (Heady,  1961; Jones & Love,  1945). 
While overgrazing by cattle in the past significantly impacted na-
tive ecosystems, properly managed grazing can serve as a valuable 
tool for promoting biodiversity in ecosystems that have been in-
vaded by annual grasses (Bartolome et  al., 2014). Grazing often 
reduces the dominance of taller, competitive grasses, thereby 
reducing the accumulation of dense litter layers or thatch (Kjaer 
et  al.,  2025). This in turn may promote overall plant community 
diversity by creating conditions more favourable for smaller-
statured, broad-leaved plants or forbs (Amatangelo et  al., 2008; 
Díaz et al., 2007; Hayes & Holl, 2003). However, the impacts can be 
variable and highly context-dependent, varying by ecosystem, soil 
type, grazing regime and climate (Stahlheber & D'Antonio, 2013). 
Furthermore, herbivore type can strongly shape vegetation re-
sponses. Cattle generally prefer grasses (including some invasive 
annual grasses), which can promote native and non-native forb 
abundance in rangelands (Bartolome et al., 2014), though in some 
instances cattle grazing may harm native perennial grasses (Fehmi 
& Bartolome, 2003). Goats, in contrast, are browsers that prefer 
broadleaf forbs and readily consume woody plant stems and foli-
age (Barry, 2006). Sheep may preferentially graze forbs, yet they 
are also effective at controlling annual grasses and browse woody 
vegetation less than goats (Barry, 2006). Recognizing these dif-
ferences in feeding behaviour is critical for designing targeted 
grazing programmes. The duration and seasonality of grazing also 
undoubtedly has a strong influence on plant community dynamics 
(Bartolome et al., 2004; DiTomaso et al., 2008). There is a notable 
lack of research on the effects of dry-season grazing in California, 
even though its outcomes may differ significantly from the more 
commonly studied growing-season grazing, which typically re-
duces non-native grasses and promotes native forbs and perennial 
grasses (Stahlheber & D'Antonio, 2013).

We aimed to fill this knowledge gap and determine whether tar-
geted, dry-season grazing using small ruminants could be an effec-
tive means of conserving plant diversity in invaded oak woodlands 
of northern California's Coast Ranges. Using a multi-year data set 
(2019 to 2022) across plots that were grazed using sheep and goats 
from 2016 to 2022, we evaluated differences in the abundance and 

framework could aid in the conservation of biodiversity in grass-invaded dryland 
ecosystems worldwide.

K E Y W O R D S
biodiversity conservation, fuels management, grazing ecology, herbivory, rangeland 
management, thatch reduction

 26888319, 2025, 4, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1002/2688-8319.70149, W

iley O
nline L

ibrary on [11/08/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  3 of 13VALLIERE et al.

richness of native and non-native plant species between paired 
grazed and ungrazed plots. We hypothesized that grazing would 
positively influence the cover and richness of native forb species by 
reducing non-native plant biomass and thatch, while also promot-
ing indirect benefits, such as enhanced soil heterogeneity and the 
creation of microsites conducive to native plant germination and 
establishment.

2  |  MATERIAL S AND METHODS

2.1  |  Study site

This study was conducted at the Wantrup Preserve, located in 
Napa County in northern California, which is managed by the 
Land Trust of Napa County. No permits were necessary to conduct 
this work, as these management and research activities were 
undertaken by LTNC staff. The preserve covers approximately 
730 acres and consists of a mosaic of mixed- and single-species 
woodlands including expanses of blue oak (Quercus douglasii) oak 

woodland and interspersed California annual grassland (Figure 1a). 
These oak woodlands are a threatened habitat limited to California, 
much of which has been lost to agricultural conversion and 
development. What remains is heavily impacted by invasive plant 
species, including a number of invasive annual grasses. The most 
common and abundant invasives at the site include the non-native 
grasses Avena barbata (slender wild oat), Bromus diandrus (ripgut 
brome), Bromus hordeaceus (soft brome) and Festuca perennis 
(Italian ryegrass). Common non-native forbs include Carduus 
pycnocephalus (Italian thistle), Galium aparine (cleavers), Galium 
parisiense (wall bedstraw), Geranium dissectum (cutleaf geranium), 
Geranium molle (dove's-foot geranium), Hypochaeris glabra (smooth 
cat's ear), Torilis arvensis (spreading hedgeparsley), Trifolium hirtum 
(rose clover), Vicia sativa (common vetch) and Vicia villosa (hairy 
vetch). Approximately one-third of the plant species observed at 
the site are non-native (69 out of 140 species). Tree canopy cover 
across the site is variable and ranges as high as ~70%. The region 
is characterized by a typical Mediterranean climate, with mild 
and wet winters and hot, dry summers. Rainfall totals over the 
study period were variable, with 2019 receiving the highest total 

F I G U R E  1 Sheep grazing in blue oak-dominated (Quercus douglasii) woodlands of the Wantrup Preserve (a). Dry-season grazing 
noticeably reduced annual grass thatch (b), resulting in increased native forb abundance in grazed plots (c) compared with ungrazed plots (d). 
Note that the ungrazed control plot shown (b) has had the fencing removed after grazing in the surrounding area was completed.
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rainfall during the growing season at 1286 mm, followed by a sharp 
decline in 2020 (477 mm) and 2021 (332 mm), before increasing to 
711 mm in 2022.

2.2  |  Experimental design

Paired plots (one grazed and one ungrazed) were established at each 
survey site prior to grazing. The orientation of 1 m2 plot pairs were 
randomly designated and spaced 3 m apart. Fenced enclosures were 
constructed around ungrazed plots with a 1 m buffer to maintain 
their integrity (Figure 1b). During the grazing period, ruminants could 
freely access grazed plots, whereas ungrazed plots were inaccessi-
ble. We used multi-paddock grazing managed by on-site herders, a 
strategy that allowed precise control of grazing timing, duration and 
uniformity. We used two distinct methods to define plot pair loca-
tions. Initially, we established plot pairs across Wantrup Preserve's 
interior using a ~200 m equidistant grid. These interior plot pairs 
proved somewhat difficult to access for grazing and monitoring. To 
improve access, in 2018 we added plot pairs adjacent to the graz-
ing enclosure's perimeter. These perimeter plot pairs were spaced 
~100 m apart on a transect 4 m inset from the grazing enclosure's 
edge. We analysed data across all plots.

2.3  |  Targeted grazing treatments

Two different ruminants were used to graze the plots; goats were 
used from 2016 to 2019, and sheep from 2020 to 2022. The shift 
to sheep grazing was driven by logistical and practical considera-
tions. Despite the potential for sheep to graze more closely, this was 
not a concern, as grazing was confined to the dry season. Grazing 
frequency differed among plot pairs. Most plots were grazed every 
year, but some plots had a 1-year gap between grazing treatments. 
New plots were also added during the project, and these plots were 
previously ungrazed. Grazing treatments were applied in summer, 
with the goal of removing accumulated dry plant biomass.

2.4  |  Vegetation monitoring

We conducted annual vegetation surveys to evaluate plant species 
richness and abundance between 2019 and 2022. This included 
plots with different histories of grazing. Surveys to assess per cent 
cover and richness in each plot occurred each spring, following the 
previous summer's grazing event. Sampling occurred annually, with 
data collected in April and May. Supplemental sampling was con-
ducted later in spring to capture potentially overlooked species, such 
as geophytes and late-season forbs. Biodiversity metrics were deter-
mined annually for each plot, with plants identified to species or sub-
species. Richness was quantified as the count of distinct species per 
plot, while species abundance was calculated as the percent cover 
per plot with a minimum of 1% cover for each species observed. For 

plots surveyed twice in a year, the higher of the two cover values for 
each individual species was used for analysis. In total, 176 plot pairs 
(i.e. 352 individual plots) were assessed.

2.5  |  Statistical analysis

All analyses were conducted in R 4.4.1 (R Core Team, 2024). We used 
generalized mixed regression models (GLMMs) to assess grazing im-
pacts on species richness and percent cover of all native species, 
native forbs and non-native species in separate statistical models. 
For each of the six response variables (Table 1), we evaluated graz-
ing treatment (grazed or ungrazed) and survey year (categorical with 
four levels) as fixed effects. We considered several variables related 
to the experimental design and sampling schemes as potential ran-
dom effects to account for non-independence in the data, including 
plot identity, sampling year, grazing interval, plot type (interior or 
perimeter) and the type of grazer (goat or sheep). Gaps in grazing 
years were evaluated using three grazing intervals (categorical yes 
or no): new plots grazed within the sampling year, plots last grazed 
1 year prior and plots last grazed 2 years prior.

Prior to model fitting, we conducted systematic distribution anal-
yses for each response variable to inform our choice of error family. 
For species richness, which was count data, we assessed potential 
distributions through visual inspection of histograms and quantile–
quantile (QQ) plots with the ‘car’ package (Fox & Weisberg, 2019), 
goodness-of-fit tests using the ‘vcd’ package (Meyer et al., 2024) and 
Vuong tests comparing Poisson and negative binomial distributions 
using the ‘pscl’ package (Jackman et  al., 2024). When overdisper-
sion was detected for any of the Poisson GLMMs, we refitted the 
model with a negative binomial distribution. For per cent cover data, 
we evaluated data transformations (standardization, log and square 
root) using Shapiro–Wilk tests and diagnostic plots from the ‘fitdis-
trplus’ package (Delignette-Muller et al., 2015).

We used a three-stage model selection process based on 
information-theoretic principles to identify the most parsimoni-
ous and best-fitting model for each of the six analyses (Anderson 
& Burnham,  2002; Grueber et  al., 2011). We used a forward se-
lection procedure because a global model containing all plausible 
fixed and random effects resulted in a singular fit, indicating over-
parameterization. Our approach balanced the information criterion 
with rigorous model diagnostics at each stage. Model comparison 
was based on the corrected Akaike information criterion (AICc), 
calculated using the ‘MuMIn’ package (Barton & Barton,  2015). 
Our forward selection process involved three sequential stages. 
First, we fit an intercept-only (null) model to serve as a baseline 
for comparison. Second, we systematically added fixed effects to a 
base model containing our primary random effect of plot identity. 
Fixed effects (e.g. survey year and plot type) were added individ-
ually and in plausible combinations. We retained a set of candi-
date models with substantial support (delta AICc <6) for the next 
stage. Third, using the best-supported fixed-effects structure, we 
explored adding complexity to the random-effects structure. This 
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exploration differed based on the model family to ensure model 
convergence and stability. For the per cent cover models (fit with 
lme4), we tested a comprehensive set of structures. This included 
adding random intercepts for grouping factors (e.g. grazer type), 
testing nested random effects (e.g. year and grazer type) and eval-
uating random slopes that allowed the effect of the treatment pre-
dictor to vary across levels of a random effect. For the species 
richness models (fit with glmmTMB), our approach was more con-
strained. We focused on systematically adding a single, additional 
random intercept for supplemental grouping factors to the best-
supported fixed-effects model.

Final model selection was not based solely on the lowest AICc 
value. The final candidate set of models was subjected to diagnostic 
checks using a simulation-based approach with the ‘DHARMa’ pack-
age (Hartig & Hartig, 2022) to test for overdispersion, zero-inflation 
and non-uniform residual patterns. We assessed model singularity 
using the ‘performance’ package (Lüdecke et al., 2021). In instances 
where top models had similar AICc values, we prioritized the model 
with the most robust diagnostic profile, selecting the one that was 

both well-supported by the data (low AICc) and free from statisti-
cal issues like singularity or problematic residual patterns. The AICc, 
delta AICc, number of parameters (k) and Akaike weights (wi) for the 
best model, intercept-only model and maximal model are presented 
for each analysis in Table 1 to provide a clear basis for comparison. 
GLMMs were fitted using packages ‘lme4’ (Bates et  al., 2015) for 
normally distributed responses and ‘glmmTMB’ (Brooks et al., 2017) 
for negative binomial responses.

To evaluate differences in overall community composition be-
tween grazed and ungrazed plots, we conducted a non-metric 
multidimensional scaling (NMDS) analysis using the Bray–Curtis 
dissimilarity index. NMDS was run using the ‘metaMDS’ function 
in the vegan package in R with a maximum of 999 iterations and 
three dimensions (k = 3). Stress values were assessed to evaluate 
the goodness-of-fit. We related variation in community composi-
tion to cover and richness covariates using environmental vector 
fitting with ‘envfit’ (package vegan), which projects each continu-
ous variable into the ordination space as a vector whose direction 
indicates the gradient of increase and whose length is proportional 

TA B L E  1 Model structures for analysing various response variables related to native and non-native richness and cover in grazing 
treatments. The models include fixed effects for grazing treatment, survey year, plot type and grazing interval (i.e. annually or with 1-year 
gaps between treatments) and random effects for plot pairs to account for the nested data structure. Response variables were modelled 
using appropriate transformations and distributions to accommodate the data characteristics. Model formulas, AICc values, ΔAIC and 
number of parameters (k) are shown for the best-supported models, global models, including all predictors, and intercept-only models.

Variable Model type Model formula AICc ΔAIC k

Native cover Best log(value) ~ grazing + survey_year + plot_
type + (grazing|plot_pair)

1277.1 3.7 10

Global log(value) ~ grazing + survey_year + plot_type + one_
yr + (grazing|plot_pair)

1278.7 5.4 11

Intercept-only log(value) ~ 1 1379.7 106.3 2

Native forb cover Best log(value) ~ grazing + survey_year + plot_
type + (grazing|plot_pair)

1360.3 0.8 10

Global log(value) ~ grazing + survey_year + plot_type + one_
yr + (grazing|plot_pair)

1362.4 2.9 11

Intercept-only log(value) ~ 1 1696.3 336.7 2

Non-native cover Best sqrt(value) ~ grazing + survey_year + two_year + (1|plot_
pair)

1497.5 133.6 5

Global sqrt(value) ~ grazing + survey_year + two_year + plot_
type + (1|plot_pair)

1364.3 0.4 9

Intercept-only sqrt(value) ~ 1 1593.9 230.1 2

Native richness Best value ~ grazing + year + (grazing|plot_pair) 1649.8 0.0 9

Global value ~ grazing + year + plot_type + two_
yr + (grazing|plot_pair)

1652.5 2.6 11

Intercept-only value ~1 1883.6 233.7 2

Native forb richness Best value ~ grazing + year + (grazing|plot_pair) 1625.1 0.0 9

Global value ~ grazing + year + plot_type + two_
yr + (grazing|plot_pair)

1627.2 2.1 11

Intercept-only value ~ 1 1868.1 243.0 2

Non-native richness Best sqrt(value) ~ grazing + year + (grazing|plot_pair) 328.0 0.0 9

Global sqrt(value) ~ grazing + year + new_plot + plot_
type + (grazing|plot_pair)

330.3 2.3 11

Intercept-only sqrt(value) ~ 1 461.7 133.7 2
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to the variable's fit to the configuration. Goodness-of-fit is reported 
as r2 (the squared Pearson correlation between the variable and the 
NMDS scores), and significance was assessed by permutation tests 
(999 permutations). We report r2 and permutation p-values for each 
variable; variables with p < 0.05 were interpreted as having mean-
ingful associations with the ordination. We assessed grazing effects 
on community composition using a Bray–Curtis dissimilarity matrix 
(‘vegdist’ function, vegan package) and tested for significance with 
PERMANOVA (‘adonis2’ function, 999 permutations).

Finally, we conducted an indicator species analysis to iden-
tify species associated with grazed and ungrazed plots using the 
indicspecies package in R (De Cáceres & Legendre, 2009), which 
evaluates the strength and significance of species associations 
with predefined treatments based on species abundance data. We 

extracted the community matrix with species cover data and used 
grazing treatment as the grouping factor. The ‘multipatt’ func-
tion (‘IndVal.g’ method) calculated indicator values based on spe-
cies abundance and occurrence, with significance tested via 999 
permutations.

3  |  RESULTS

3.1  |  Species abundance

Trends in abundance (i.e. percent cover) differed for native and non-
native species (Table 2; Figure 2). Native species, mostly comprised 
of native forbs, consistently showed greater abundance in grazed 

Response variable

Marginal mean Effect size

Ungrazed Grazed Increase (%) Effect p-Value

Native richness 5.21 6.78 30 1.56 <0.001

Native forb richness 4.67 6.41 37 1.75 <0.001

Non-native richness 7.10 7.81 10 0.02 <0.01

Native cover 9.19 18.36 100 1.99 <0.001

Native forb cover 6.62 14.77 123 2.24 <0.001

Non-native cover 50.84 50.76 0 <0.01 n.s.

TA B L E  2 Results of mixed regression 
models evaluating the impact of grazing 
on the richness and cover of native 
and non-native plant species, including 
estimated marginal means, per cent 
increases in response to grazing, effect 
sizes and p-values.

F I G U R E  2 Mean percent cover (a, b) and plant species richness (c, d) of all native plant species (green), native forbs species (grey) and 
non-native plant species (purple) in grazed (solid line) and ungrazed (dashed line) plots over time from 2019 to 2022. Error bars indicate 
standard error of the mean. The y-axis scale differs between plots for per cent cover and richness.
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    |  7 of 13VALLIERE et al.

plots than ungrazed ones (Table  2; Figures  1c,d and 2a). Native 
bunchgrasses were a very minor component of the vegetation within 
plots, comprising too small a proportion for meaningful analysis. In 
contrast to natives, grazing treatment did not significantly alter the 
abundance of non-native species (Table 2; Figure 2b).

Grazing treatment and survey year were significant drivers of ob-
served trends in natives overall and native forb abundance (Table 2). 
Plot type improved the model's fit but was not a significant predictor. 
Abundance was markedly higher at grazed plots (p < 0.001), which had 
66% more total native species cover and 88% more native forb cover 
than ungrazed plots (Figure 2a). The average cover of all native species 
at grazed plots was 20%, compared with 12% at ungrazed plots. For 
native forbs, grazed plots had an average cover of 18%, compared with 
10% at ungrazed plots. We observed similar annual trends in abun-
dance for both native species overall and native forb species (Table 3). 
Specifically, the abundance of native species in 2022 was significantly 

higher than in 2019 (p < 0.05). For native forbs, abundance in 2022 was 
notably greater than in 2019 (p < 0.01) and 2021 (p < 0.05).

Non-native abundance was best explained as a response to graz-
ing treatment, year and grazing interval. Grazing interval was not a 
significant predictor of non-native abundance but including the term 
improved model fit. We found no difference in the abundance of non-
native species between grazed and ungrazed plots (Table 2; Figure 2b). 
While significant yearly variability in non-native species abundance 
was detected (p < 0.01), it was not attributed to the grazing treatment 
(Table 3). We did not collect quantitative data on thatch accumulation, 
but grazed plots had substantially less annual grass litter and increased 
bare ground compared with ungrazed plots (Figure 1b).

3.2  |  Species richness

We observed a total of 209 plant species, with native species consti-
tuting 67% (n = 140) and forbs making up 80% (n = 168) of the total 
species detected. The proportion of forbs was relatively consistent 
across both native (83%) and non-native species (75%). Grazed plots 
had greater richness for all plant groups analysed, including all natives, 
native forbs and (to a very minor extent) non-natives (Figure 2c,d).

Richness of all native species and native forbs was best explained 
as a response to grazing treatment, survey year and plot type, al-
though plot type alone was not a significant predictor. Richness was 
markedly higher at grazed plots (Table  2; Figure  2c), with grazed 
plots hosting 31% more native species overall and 38% more native 
forbs than ungrazed plots. The average richness of native species at 
grazed plots was 7.2 species, versus 5.5 species at ungrazed plots. 

TA B L E  3 Predicted marginal means for each response variable 
by year. Superscript letters indicate significant differences among 
years within each response variable (p < 0.05).

Response variable 2019 2020 2021 2022

Native cover 11.45ᵃ 11.23ᵃᵇ 13.24ᵃᵇ 16.72ᵇ

Native forb cover 8.27ᵃ 8.20ᵃ 10.25ᵃᵇ 13.77ᵇ

Non-native cover 81.10ᵃ 54.15ᵇ 32.71ᵈ 41.29ᶜ

Native richness 5.94ᵃᵇ 6.17ᵃᵇ 5.42ᵃ 6.43ᵇ

Native forb richness 5.38ᵃ 5.58ᵃᵇ 5.06ᵃ 6.14ᵇ

Non-native richness 8.67ᵃ 8.05ᵇ 6.55ᶜ 6.65ᶜ

Note: Shared letters denote no significant difference.

F I G U R E  3 Results of non-metric multidimensional scaling (NMDS) ordination analysis illustrating differences in plant community 
composition between grazed (yellow line) and ungrazed (grey line) plots across all sampling times (a). Dashed ellipses show the 95% 
concentration ellipses for each treatment. Arrows are envfit vectors for variables significantly correlated with the ordination (p < 0.05); arrow 
direction indicates the gradient of increase and length is proportional to the squared correlation (r2) with the configuration. Also shown 
(b) is the same ordination with species scores (weighted-average species positions). Symbols denote functional group (triangles = grasses, 
circles = forbs) and colours indicate status (green = native, purple = non-native).
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For native forbs, grazed plots had an average richness of 6.9 species, 
compared with 5.0 species at ungrazed plots. There was a notable 
decrease in richness in 2021, which was statistically significant for 
native forbs (p < 0.05). However, richness rebounded in 2022, with 
native species richness at grazed plots exceeding that of non-native 
species. Comparatively, total native richness in 2022 was signifi-
cantly higher than in 2021 (p < 0.01) and when compared to both 
2019 (p < 0.05) and 2021 (p < 0.001) for native forbs alone (Table 3).

The richness of non-native species was predominantly influ-
enced by grazing treatment and survey year. Overall, we observed 
marginally greater richness of non-native species at grazed plots 
(p < 0.01), with these plots having 10% more non-native species than 
ungrazed plots (Table 2; Figure 2d). There was a noticeable declining 
trend in non-native species richness over the observed period, from 
an average of 9.0 species in 2019 to 6.9 in 2022 (Table 3). There was 
a negligible difference in non-native species richness between graz-
ing treatments in 2020 and 2022.

3.3  |  Community composition

Non-metric multidimensional scaling (NMDS) was performed using 
Bray–Curtis dissimilarities to evaluate plant community composition 

between grazed an ungrazed plots. A three-dimensional solution 
was chosen, yielding a final stress value of 0.17. While there was 
substantial variation across plots, grazed plots were distinct from 
ungrazed plots along NMDS1 (Figure 3). PERMANOVA analysis con-
firmed these significant differences in plant community composition 
between grazed and ungrazed plots (pseudo-F = 5.01, p = 0.001). 
Envfit indicated that community composition was most strongly as-
sociated with native forb richness (r2 = 0.389, p = 0.001) and native 
forb cover (r2 = 0.336, p = 0.001), as well as non-native grass cover 
(r2 = 0.305, p = 0.001). Additional relationships were detected for 
non-native grass richness (r2 = 0.219, p = 0.001), native grass rich-
ness (r2 = 0.146, p = 0.001) and non-native forb richness (r2 = 0.129, 
p = 0.001). Non-native forb cover showed a small but significant as-
sociation (r2 = 0.021, p = 0.033), whereas native grass cover was not 
related to the ordination (r2 = 0.006, p = 0.386).

3.4  |  Indicator species analysis

In total, the abundance of 23 plant species was significantly associ-
ated with plot treatments (Table 4; Figure 4), with 11 native forbs, 
nine non-native forbs and one non-native grass more abundant in 
grazed plots than in ungrazed. Notably, this included nine different 

TA B L E  4 Results of indicator species analysis evaluating which native and non-native plant species are significantly associated with plot 
treatment (grazed or ungrazed).

Treatment Species Family Functional group Indicator value p-Value

Grazed Aphanes occidentalis Rosaceae Native forb 0.20 0.027

Grazed Castilleja attenuata Orobanchaceae Native forb 0.24 0.010

Grazed Cerastium glomeratum Caryophyllaceae Non-native forb 0.29 0.002

Grazed Erodium cicutarium Geraniaceae Non-native forb 0.33 0.011

Grazed Festuca bromoides Poaceae Non-native grass 0.27 0.011

Grazed Hypochaeris glabra Asteraceae Non-native forb 0.58 0.001

Grazed Lupinus bicolor Fabaceae Native forb 0.31 0.019

Grazed Lupinus nanus Fabaceae Native forb 0.53 0.001

Grazed Lysimachia arvensis Primulaceae Non-native forb 0.27 0.007

Grazed Pectocarya pusilla Boraginaceae Native forb 0.28 0.024

Grazed Ranunculus occidentalis Ranunculaceae Native forb 0.35 0.003

Grazed Silene gallica Caryophyllaceae Non-native forb 0.22 0.014

Grazed Trifolium bifidum Fabaceae Native forb 0.42 0.001

Grazed Trifolium campestre Fabaceae Non-native forb 0.18 0.032

Grazed Trifolium dubium Fabaceae Non-native forb 0.21 0.003

Grazed Trifolium hirtum Fabaceae Non-native forb 0.51 0.002

Grazed Trifolium microcephalum Fabaceae Native forb 0.44 0.001

Grazed Trifolium microdon Fabaceae Native forb 0.48 0.001

Grazed Trifolium oliganthum Fabaceae Native forb 0.30 0.001

Grazed Trifolium subterraneum Fabaceae Non-native forb 0.26 0.008

Grazed Trifolium willdenovii Fabaceae Native forb 0.32 0.003

Ungrazed Bromus sterilis Poaceae Non-native grass 0.43 0.002

Ungrazed Clarkia unguiculata Onagraceae Native forb 0.19 0.042
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    |  9 of 13VALLIERE et al.

Trifolium species. One native forb, Clarkia unguiculata, and one non-
native grass species, Bromus sterilis, were found to be more abundant 
in ungrazed plots.

4  |  DISCUSSION

We show that dry-season grazing using small ruminants is a promising 
land management tool for conserving species diversity in California's 
oak woodland ecosystems, resulting in increased abundance and 
richness of native forb species. While grazing has long been con-
sidered an important management tool in the state (Jackson & 
Bartolome, 2007), relatively few previous studies have evaluated the 
impact of dry-season grazing as a restoration strategy for California's 
native plant communities (Stahlheber & D'Antonio, 2013). This work 
adds to the body of research supporting the use of targeted graz-
ing for promoting native biodiversity (Bartolome et al., 2014) while 
simultaneously achieving other management objectives, such as re-
ducing fine fuel loads to mitigate fire risk (Siegel et  al., 2022) and 
supporting livestock production.

Increases in broadleaf forb species is commonly observed in re-
sponse to grazing in grass-dominated ecosystems as a result of re-
duced competitive dominance of grass species (Díaz et al., 2007), 
including in California rangelands (Stahlheber & D'Antonio, 2013). 

Since grazing treatments were implemented during the summer 
dry season, after herbaceous vegetation had senesced, in this in-
stance observed increases in native species cannot be attributed 
directly to reduced competition from non-natives. Indeed, non-
native abundance was unaffected by grazing treatments across 
the study period. Instead, the benefits to native species are 
likely driven by several indirect underlying mechanisms. First, 
the dense layer of thatch produced by invasive annual grasses is 
a major driver of declines in California's iconic wildflowers, and 
the accumulation of this thatch results in a positive feedback 
that further reinforces the dominance of annual grasses over 
natives (Coleman & Levine,  2007; Molinari & D'Antonio,  2020; 
Wainwright et al., 2017). Although we did not measure litter abun-
dance, grazing removed the thatch layer through herbivory and 
trampling, increasing light availability and promoting native forb 
germination and establishment, which are often hindered by low 
light beneath the thatch layer (Chen et al., 2018; Ramachandran 
et al., 2024). Many native annuals can persist for long periods of 
time in the soil seed bank (LaForgia et al., 2018), and the removal 
of thatch may have created windows of opportunity for these to 
break dormancy and emerge. We suspect this increase in light 
availability and the disruption of the invasive grass litter feed-
back loop is primarily responsible for the increased native plant 
diversity observed with grazing.

F I G U R E  4 Results of indicator species analysis identifying native forbs, non-native grasses and non-native forbs that were significantly 
(p > 0.05) associated with grazed or ungrazed treatments. The larger the indicator value, the greater the association of that species with a 
given treatment. Full statistical output for this analysis is provided in Table 3.
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10 of 13  |     VALLIERE et al.

Additionally, small livestock may indirectly promote native forb 
species through localized soil disturbances, which can enhance mi-
crotopographic heterogeneity and create favourable microsites for 
seed germination (Oesterheld & Sala, 1990). These disturbances can 
loosen the soil surface, improve water infiltration and expose bare 
ground, resulting in more optimal conditions for seedling establish-
ment. The trampling action of livestock can also improve soil-to-seed 
contact (Eichberg & Donath, 2018), which is critical for successful 
germination. Moreover, these disturbances may help incorporate 
seeds into the soil, protecting them from predation and desicca-
tion while enhancing their chances of survival (Winkel et al., 1991). 
Furthermore, trampling can break up dense thatch layers, reducing 
physical barriers that might otherwise inhibit native seedling emer-
gence. Collectively, these processes likely enhanced recruitment op-
portunities for native species, thereby contributing to the increased 
forb diversity and abundance reported here.

Given the profound negative impact that invasive annuals have 
on native forbs, many restoration strategies for annual-dominated 
grassland systems are aimed at controlling these species (Gornish 
& Shaw,  2017). Grazing or mowing during the growing season is 
one means by which the suppressive effect of non-native annual 
grasses on native plant communities can be mitigated (Bartolome 
et al., 2004; Valliere et al., 2019). In our study, grazing had no impact 
on the abundance of annual grasses, which is consistent with a meta-
analysis by Stahlheber and D'Antonio (2013) that found that across 
studies, wet- but not dry-season grazing reduced annual grass cover. 
Nevertheless, our results demonstrate that dry-season grazing with 
small ruminants may help to promote coexistence among native 
forbs and invasive annual grasses, even when it does not directly 
reduce annual grass abundance. At our study site, there were still 
remnant natives in the seed bank. At sites where natives have been 
locally extirpated, seeding along with grazing may be required to ef-
fectively restore these communities (Seabloom et al., 2003).

In addition to detecting overall differences in plant functional 
groups between grazed and ungrazed plots, we also observed dis-
tinct species-level responses. Across all years and plots, we found 
that the abundance of a number of plant species was significantly 
associated with grazing treatments. All but one of the 21 species 
found to be greater in abundance in grazed plots were forb species, 
both native (n = 11) and non-native (n = 9). This highlights the bene-
fits of dry-season grazing for a diversity of forb species, including 
both natives and non-natives. While it may seem concerning that 
several individual non-native forbs species tended to have greater 
cover in grazed plots, we found no significant difference in the 
abundance of non-native species overall between grazed and un-
grazed plots. Thus, the slight increase in some non-native forb spe-
cies does not appear to negatively impact native species. Increases 
in some rosette-forming species, such as Hypochaeris and Erodium, 
has previously been reported in response to both grazing and mow-
ing in annual grasslands (DiTomaso et al., 2008; Valliere et al., 2019). 
Notably, nine of the species that were more abundant in grazed 
plots were clovers (genus Trifolium), which is consistent with other 
work in California (Lulow,  2008; Stahlheber & D'Antonio,  2013). 

For example, Safford and Harrison  (2001) found that a majority 
of Trifolium species in California grasslands were more common in 
grazed areas. The only native species that showed a potential nega-
tive impact from grazing was the forb Clarkia unguiculata, although 
its association with ungrazed plots was relatively weak. This species 
is primary found in woodland habitats (Baldwin et  al., 2012), and 
may be more sensitive to grazing than other grassland plant species. 
Furthermore, due to its late-season phenology, with flowering ex-
tending into summer, it may be more impacted by dry-season grazing 
compared with species that senesce earlier in the growing season. 
While one non-native annual grass, Festuca bromoides, was found to 
be slightly more abundant in grazed plots, this species is less prob-
lematic than other annual grasses in California and is not considered 
invasive (Cal-IPC, 2024). These results underscore the complexity 
of species-specific responses to grazing (Aboling et al., 2008; Díaz 
et al., 2007) and suggest that, when carefully managed, dry-season 
grazing can support diverse forb communities without significantly 
harming native species or increasing the dominance of problematic 
non-natives.

As is typical for California grasslands, vegetation composi-
tion varied markedly among years, regardless of grazing treatment 
(Fernandez-Going et  al.,  2012). Notably, non-native abundance 
and richness was greatest in 2019, which was also the wettest 
year during the study period. High precipitation in 2019 likely pro-
moted proliferation of non-native grasses and forbs, which in turn 
suppressed native forb abundance via competitive exclusion, ex-
plaining the comparatively low native forb richness and cover that 
year. In general, non-native abundance, and in particular that of 
non-native forbs, was closely linked to precipitation across years. 
However, interannual variation in these annual-dominated systems 
is not driven by weather alone: the timing and amount of rainfall 
likely exhibit complex interactions with competitive dynamics and 
legacy processes (e.g. seed-bank carryover and other lag effects) to 
shape community composition (Elmendorf & Harrison, 2009; Hobbs 
& Mooney, 1995). Despite this interannual variation, grazing showed 
relatively consistent benefits for native plant diversity across years.

There is increasing interest in employing different livestock spe-
cies to manage invaded landscapes and reduce fuel loads (Huntsinger 
& Barry, 2021; Marchetto et al., 2021). In this targeted grazing pro-
gramme, we initially used goats before transitioning to sheep in 2020. 
However, due to confounding effects of year, rainfall variability and 
potential lagged responses, we were limited in our ability evaluate 
vegetation differences attributable to grazer type. Although we 
initially considered grazer type as a variable, we excluded it from 
final models because it was highly correlated with year, and year-
based models consistently outperformed grazer-type models during 
selection. Still, important contrasts in foraging behaviour exist be-
tween these ungulates. Goats readily consume woody vegetation 
(Barry, 2006), and in our plots, we observed substantial browsing on 
oak seedlings and saplings, which was concerning when considering 
potential recruitment limitations in these foundational tree species 
(Zavaleta et  al., 2007). This impact contributed to the decision to 
switch to sheep. In this ecosystem, sheep may be preferable to goats 
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for dry-season grazing, as they clearly help promote native herba-
ceous communities while also minimizing fire risk and posing less 
of a risk to oaks. Future experimental studies comparing effects of 
cattle, goats and sheep across different ecosystem settings and rain-
fall years would help land managers identify the most appropriate 
grazers for conservation goals and fuel load reduction.

5  |  CONCLUSIONS

Our findings demonstrate that dry-season grazing with small ru-
minants is an effective management strategy for promoting native 
plant diversity in oak woodland ecosystems through the removal 
of dense thatch layers and the enhancement of conditions favour-
able for native forb establishment. Beyond benefitting native plant 
communities, reductions in thatch and increases in plant diversity 
may also play a critical role in improving habitat quality for a vari-
ety of wildlife (Bartolome et al., 2014; Rao et al., 2008). While other 
methods, such as burning (Kjaer et  al., 2025) or mowing (Valliere 
et al., 2019), can also reduce thatch and benefit native species, graz-
ing is likely the most reliable, scalable and cost-effective approach 
for these landscapes (Bartolome et al., 2014). These results highlight 
the potential for targeted grazing to serve as a valuable tool for the 
restoration of grass-invaded dryland ecosystems worldwide.
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