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Abstract

Understanding fire and large herbivore interactions in interior western forests

is critical, owing to the extensive and widespread co-occurrence of these two

disturbance types and multiple present and future implications for forest resil-

ience, conservation and restoration. However, manipulative studies focused on

interactions and outcomes associated with these two disturbances are rare in

forested rangelands. We investigated understory vegetation response to 5-year

spring and fall prescribed fire and domestic cattle grazing exclusion in

ponderosa pine stands and reported long-term responses, almost two decades

after the first entry fires. In fall burn areas open to cattle grazing, total under-

story cover prior to utilization was about 12% lower compared with fall burn

areas where cattle were experimentally excluded. This response was not

strongly driven by a particular palatable or unpalatable plant functional group.

Fire and grazing are likely interacting in a numerically mediated process, as

we found little evidence to support a functionally moderated pathway. Post-

fire green-up may equalize forage to a certain extent and concentrate herbi-

vores in the smaller burned areas within pastures, constraining a positive

understory response to burning. Fall fire and grazing also increased annual

forbs and resprouting shrubs. The effects of spring burning were relatively

minor, and we found no interaction with grazing. The nonnative annual grass

Bromus tectorum (cheatgrass) remains a problematic invader linked to fall

burning but not grazing in stands that had higher propagule pressure when

the experiment was initiated. At these sites, exotic grass was a major compo-

nent of the vegetation by 2015, and invasion was also increasing in spring burn

and unburned areas. Information from our study suggests that frequent fall

fires and cattle grazing combined may reduce understory resilience in similar

dry ponderosa pine forests. Consideration of longer fire return intervals, rest-

ing areas after fire, virtual fencing, or burning entire pastures may help to mit-

igate the effects noted in this study.

KEYWORD S
cattle grazing, disturbance interactions, functional traits, Pinus ponderosa, planned fire,
plant community, ponderosa pine, post-fire, prescribed fire, restoration, vegetation

Received: 28 April 2023 Revised: 27 November 2023 Accepted: 6 February 2024

DOI: 10.1002/eap.2972

Published 2024. This article is a U.S. Government work and is in the public domain in the USA.

Ecological Applications. 2024;e2972. https://onlinelibrary.wiley.com/r/eap 1 of 21
https://doi.org/10.1002/eap.2972

https://orcid.org/0000-0003-4613-2191
mailto:becky.kerns@usda.gov
https://onlinelibrary.wiley.com/r/eap
https://doi.org/10.1002/eap.2972
http://crossmark.crossref.org/dialog/?doi=10.1002%2Feap.2972&domain=pdf&date_stamp=2024-05-15


INTRODUCTION

Large mammalian herbivory and fire are two fundamen-
tal ecological processes that strongly influence ecosystem
patterns and regulate function across the globe (Bond
et al., 2005; He et al., 2019; Malhi et al., 2016; Smith
et al., 2016). Herbivory is a chronic disturbance resulting
in the selective removal of palatable plant parts through-
out the grazing season, a process governed by a complex
variety of factors (Courant & Fortin, 2010; Farnsworth &
Illius, 1998; Fortin et al., 2015; Milchunas & Lauenroth,
1993; Senft et al., 1987). Large mammals can also indi-
rectly alter plant communities through other mecha-
nisms such as trampling, the addition of nutrients from
urine, soil compaction and erosion, and changes in biotic
processes (Hambäck & Beckerman, 2003; Heggenes et al.,
2017; Sitters et al., 2017; Trlica & Rittenhouse, 1993). Fire
is an episodic disturbance that can directly kill plants or
damage above-ground and below-ground tissue and
structures, and also indirectly alter biotic processes
(e.g., competition, germination) and abiotic conditions
(light environment, soil exposure, nutrient availability)
(Bowman et al., 2009; DeBano et al., 1998; Holland et al.,
2017; Lentile et al., 2007; Romme et al., 2011; Stephan
et al., 2010). While fire and grazing share some similari-
ties as consumers of plant material and top-down drivers
that regulate ecosystem function, they are dissimilar pro-
cesses (Spasojevic et al., 2010). For example, fire has no
dietary preference, although flammability is key (Bond &
Keeley, 2005; Cardoso et al., 2018).

Plant communities can vary in their resilience (the
ability of a vegetation community to recover or adapt fol-
lowing disturbance; Falk et al., 2022) to disturbances such
as fire and grazing. The dry coniferous forests of the west-
ern US that evolved with frequent fire (<30 years) are gen-
erally composed of plant species that are resistant or
resilient to characteristic fire regimes, even responding
positively to fire depending on their traits (Bowd et al.,
2018; Brown & Smith, 2000; Falk et al., 2022; Keeley et al.,
2011; Pausas & Keeley, 2014; Pyke et al., 2010; Stevens
et al., 2020). Similarly, plant communities that evolved
with large herbivores or megaherbivores (animals larger
than 1000 kg as adults such as elephants, or bison;
Cumming & Cumming, 2003; Owen-Smith, 1988) are gen-
erally resistant or resilient to characteristic grazing
regimes, with various responses depending on species
traits (Adler et al., 2004; Callaway et al., 2005; Cingolani
et al., 2005; Copeland et al., 2023; Diaz et al., 2007;
Mack & Thompson, 1982; Milchunas et al., 1988; Vesk &
Westoby, 2001). However, unlike fire, western forests and
rangelands have a less established evolutionary history
(>500 to 10,000 years; Price et al., 2022) of large ungulates
similar in size and behavior as cattle (Bos), which are

novel domestic large herbivores introduced by Europeans
in the late 1500s to North America; however, populations
were likely small outside of the Southwest until the mid-
1800s (Bates et al., 2009; Beever, 2003; Borman, 2005;
Copeland et al., 2023; Davies et al., 2009; Jones, 2000;
Mack & Thompson, 1982; Milchunas et al., 1988). Sporadic
populations of North American bison (Bison bison)
did occurr in western forests and rangelands, although
densities are not well known in the Northwest (Martin
et al., 2022). In contrast, the Great Plains ecoregion has
a very well recognized evolutionary history of grazing
with a high abundance of large herbivores, particularly
North American bison, that provided a keystone
role in shaping the structure and function of these
rangeland ecosystems (Copeland et al., 2023; Mack &
Thompson, 1982).

Integral synergistic relationships between large ungu-
lates and fire have been identified in a range of ecosystems
with an evolutionary history of both disturbance processes
such as the mesic grasslands and savannas of North
America and Africa (Archibald et al., 2005; Collins, 1987;
Collins & Calabrese, 2012; Collins & Smith, 2006; Eby
et al., 2014; Fuhlendorf & Engle, 2004). Such ecological dis-
turbances are proposed to interact through modifications
that are either (1) functionally moderated or (2) numerically
mediated (Didham et al., 2007; Foster et al., 2015). Func-
tionally moderated interactions can occur if burning
changes the per-unit effect of herbivores on vegetation. For
example, in the North American tallgrass prairie, burning
increases highly palatable C4 dominant grasses that large
herbivores preferentially utilize (Collins, 1987; Gibson &
Hulbert, 1987; Veen et al., 2008). Preferential grazing will
then decrease their dominance, increase resources for less
competitive species, and increase species richness and plant
diversity (Collins et al., 1998; Foster et al., 2015). However,
frequent fire can also increase the dominance of unpalat-
able species, and post-fire herbivory can exacerbate this
pattern leading to divergent outcomes difficult to reverse
(Foster et al., 2015).

The second major disturbance interaction pathway,
numerically mediated or interaction chains, can occur if
burning alters or concentrates the local abundance of herbi-
vores, in turn affecting vegetation. A classic example is an
increased number of animals grazing in recently burned
areas, which can serve as “magnets” for herbivores and con-
centrate impacts, but also increase vegetation heterogeneity
at the landscape scale (Allred et al., 2011; Fuhlendorf et al.,
2009; Fuhlendorf & Engle, 2004; McGranahan et al., 2012).
Herds then follow spatially discrete fires and graze on suc-
culent regrowth with less discrimination between palatable
species. Therefore, fire can essentially equalize forage, a pro-
cess distinct from fire or grazing alone (Archibald et al.,
2005; Fuhlendorf et al., 2009; Fuhlendorf & Engle, 2001;
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McNaughton, 1983; Vermeire et al., 2004). Patch burn
grazing is a management tool that capitalizes on this type of
interaction in grasslands, savannas, and shrublands to stra-
tegically place ungulates within underutilized portions of
pastures or away from sensitive areas, or to create other
ecosystem benefits (Fuhlendorf & Engle, 2001; Scasta et al.,
2016; Vermeire et al., 2004).

The degree to which generalizations about fire and
large herbivore interactions and processes are transferable
to western US forested rangelands with an evolutionary
history of frequent fire but with a less established co-
evolutionary history of large ungulate herbivory is not well
known. Cattle commonly use forested rangelands as they
provide the necessary summer range (Huntsinger & Starrs,
2010). Livestock (domestic cattle, sheep) use occurs on
about half of US Forest Service lands nationally,
depending on the year (USDA Forest Service, 2023).
Despite widespread cattle use in forests, grazing studies
remain uncommon, particularly in the past 20 years. Yet
the impact of cattle grazing on plant communities may be
substantial, depending on a variety of factors (Copeland
et al., 2023; Fleischner, 1994; Jones, 2000; Milchunas et al.,
1998; Pekin et al., 2016; Souther et al., 2020; Wisdom
et al., 2006). Livestock grazing in general combined with
lack of fire and other land-use changes, has been blamed
for many deleterious changes to plant communities and
forest health (Belsky & Blumenthal, 1997; Beschta et al.,
2012; Borman, 2005; Condon & Pyke, 2018; Keeley et al.,
2003; Madany & West, 1983). However, some note that
negative impacts are largely associated with earlier histo-
ries of unrestricted use or overgrazing in the late 1800s
through the midcentury, and improved practices used
today can actually increase plant community resilience in
the face of climate change, reduce wildfire impacts and
risks, and exotic grass invasion (Bates & Davies, 2014;
Borman, 2005; Davies et al., 2010; Davies, Bates, et al.,
2016; Davies, Boyd, et al., 2016; Diamond et al., 2009,
2012; Donovan et al., 2022; Foster et al., 2015; Hern�andez
et al., 2021; Svejcar et al., 2014).

Better understanding of cattle grazing and fire inter-
actions in dry forests is critical because growing wildfire
risks have prompted increased use of intentional burning
or prescribed fire to reduce fuel loads and wildfire
impacts, and achieve other ecological restoration goals
(McWethy et al., 2019; North et al., 2021; Prichard et al.,
2021; Stephens et al., 2020; USDA, Forest Service, 2022).
Despite widespread cattle grazing in forested rangelands,
manipulative fire and grazing studies in the west outside
of nonforested areas are rare (Pekin et al., 2015; Powell
et al., 2018; Royo et al., 2010; Wisdom et al., 2006;
Zimmerman & Neuenschwander, 1984). We investigated
the understory vegetation response to cyclical fall and
spring prescribed fire and cattle grazing exclusion in

ponderosa pine (Pinus ponderosa) forest stands and
report long-term responses 12–18 years after the first
entry fires. Our study was designed to consider both the
isolated and interactive long-term effects of two acute dis-
turbance regimes (spring and fall reburning) and a
chronic disturbance (annual seasonal grazing). The two
seasonal burn regimes used here reflect commonly used
but less historically characteristic fire seasons, particu-
larly spring burning (Agee, 1993; Kerns et al., 2006). Our
overarching goals were to determine the understory plant
response to frequent fire and cattle grazing and apply dis-
turbance interaction concepts to aid in forest manage-
ment and restoration decision-making. Specific research
questions included: (1) Does cattle grazing alter the long-
term understory response to frequent prescribed fire
regimes in these forests? (2) Is there evidence for a func-
tionally moderated or numerically mediated disturbance
interaction pathway? (3) How do responses and distur-
bance interactions differ based on plant functional groups
and associated traits?

Plants in dry forests of the west are largely adapted to
frequent fire (<25-year fire return interval, Agee, 1993),
thus it would be logical to suspect that the understory
would be either resilient (demonstrated by no effect on
plant cover or abundance) or respond positively to fire and
increase in abundance or richness. Intentional or pre-
scribed fire is often applied in dry forests with the explicit
or implicit goal of increasing plant abundance and diver-
sity (Strahan, Stoddard, et al., 2015; Webster & Halpern,
2010). However, the understory may be less resilient (dem-
onstrated by a decrease in plant cover or abundance) to
more novel disturbances such as cattle grazing and spring
burning. Because these forests did not evolve with large
ungulates, we suspected classical disturbance interaction
pathways may not hold, similar to our short-term results
(Kerns et al., 2011). If a fire and grazing interaction were
detected, evidence for a functionally moderated process
would include changes in plant functional group abun-
dance or species richness via an interaction linked to for-
age preferences or avoidance (Foster et al., 2015). Last, we
explore our results in the context of our earlier work
reporting short-term responses as well as challenges sur-
rounding forest restoration and resilience goals and man-
agement policies in the western United States.

METHODS

Study location, climate and vegetation

The study area is within the dry ponderosa pine forests
(1570–1730 m) of the interior northwestern US, Blue
Mountain Ecoregion (EPA Level III) in the state of
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Oregon (Figure 1). The stands are part of a larger
long-term experiment established in 1997 on the Malheur
National Forest that has explored a range of questions
about prescribed fire (Hatten et al., 2008; Kerns &
Westlind, 2013; Smith et al., 2004; Thies et al., 2005).
Stands were identified and delineated by forest managers
in 1995 and thinned from below.

Precipitation falls mostly between October and April as
rain and snow. Estimated mean annual cumulative precipi-
tation (based on water year) for the three main sampling
years (2009, 2012, 2015) were 44.1, 35.6, and 46.7 mm,
respectively (Rock Springs SNOTEL Site, elevation 1612 m,
20 km northwest of the area sites, https://wcc.sc.egov.usda.
gov/nwcc/site; accessed 3/10/2022). Slopes are moderate
and bedrock and residuum are of igneous origin (basalt,
andesite, rhyolite, tuffaceous interflow, altered tuffs, and
breccia; Carlson, 1974), including some ash from pre-
historical volcanic eruptions to the west (Powers & Wilcox,
1964). Soils are largely Mollisols, with inclusions of
Inceptisols and Alfisols (Hatten et al., 2008).

Overstory vegetation is dominated by mixed-aged
ponderosa pine, but western juniper (Juniperus occidentalis)
and mountain mahogany (Cercocarpus ledifolius) also occur.
Ponderosa pine trees are approximately 100–120 years old
with infrequent individuals over 200 years old (Emigrant
Creek Ranger District, unpublished data). Understory spe-
cies composition across the stands is highly variable
(Figure 2; Appendix S1). One stand (Figure 2C) has a mark-
edly higher plant cover, total C and N compared to the
other three stands, indicating higher productivity (Kerns
et al., 2011). Details on the plant functional groups in
Figure 2 are described later in the Data Analysis section.

Study design

This study is a split-plot randomized complete block with
two factors: burning and grazing (Figure 1; Kerns et al.,
2011). Each stand serves as a replicate block. Burning
every 5 years is the whole plot treatment with three fac-
tor levels: control (no burn), spring, and fall. Each block
was divided into three roughly equal units with bound-
aries (roads, firelines) established to control prescribed
burns. Burning treatments were then randomly assigned.
Grazing is the split-plot treatment with two levels: open
to cattle grazing (open) and cattle excluded (excluded).
For the open treatment, we utilized the three pre-existing
systematically designed subplot centers set up in 1997
(Thies et al., 2005). We then constructed three fenced
exclosures in 2002 before the first reburns but after the
first entry burns within each reburn treatment. Exclosure
plot centers were located along a random bearing at a
minimum distance of 35 m from pre-existing plots. We
replicated each of these treatment combinations across
the four experimental blocks to give a total of 72 observa-
tions (a total of six experimental units with three subplots
each, replicated four times).

Prescribed fire and grazing treatments

Fall fires were initiated in 1997 and spring fires in 1998
and then ignited every 5 years by hand-carried drip
torches using a multiple-strip head-fire pattern. For the
last reburns, operational limitations closed the burn win-
dow in 2012 and most (3) stands were subsequently

F I GURE 1 Study area schematic showing the three randomly assigned burn treatments, 10-m radius open vegetation subplots, and

fenced grazing exclosures within each treatment plot. Photograph credit: Control, Becky K. Kerns. Spring and Fall, Michelle A. Day.
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burned in the fall of 2013 and spring of 2014. Crews
attempted to maintain flame lengths at approximately
60 cm during the burns. Detailed information regarding
prescribed burn dates, fire conditions and fuels, and
resultant effects on overstory structure and ground condi-
tions have been described previously (Kerns et al., 2011;
Kerns & Day, 2018; Thies et al., 2005, 2006; Westlind &
Kerns, 2017).

Cattle grazing was operational in nature with a tar-
get utilization rate that did not to exceed 45%. We made
no attempt to manage grazing at the plot scale, although
we did quantify utilization in 2012 and 2015. Stocking,
start day, and days of use were typical to prior years
(Kerns et al., 2011). Two stands (Figure 2A,B) are
located in a 3046-ha pasture grazed by cattle from mid-
June through early August. From 2008 to 2014 AUMs
ranged from 373 to 521, with 30–50 days of use,
depending on the number and class of animals and
annual moisture conditions. The two other stands
(Figure 2C,D) are in one 2428-ha pasture grazed from
early July to early August. From 2008 to 2014 AUMs

ranged from 460 to 592, with 25–50 days of use. It is esti-
mated that the study area has been continuously grazed
for the past 140+ years, although current stocking has
been substantially reduced (Kerns et al., 2011). The
fenced exclosures were designed to exclude cattle only.
Extant native herbivores such as elk, deer, antelope, and
smaller animals can access the exclosures, and
exclosures are open when cattle are not present.

Sampling

Utilization was measured nondestructively at the time of
vegetation sampling prior to cattle reaching the study
area, and later in the year after cattle use in 2012 and
2015 using herbaceous and browse utilization classes
(based on key forage species, Appendix S1; BLM 1996) on
a 10-m radius subplot. While the area was grazed each
year, we strived to complete vegetation sampling prior to
cattle utilization, although occasionally crews were late
and minor utilization was noted.

F I GURE 2 Species composition for the four stands based on the plant functional groups used for analysis, their potential fire response,

and palatability class. Data are based on cover (≥2%) across all treatments. Two sites (A, B) are dominated by bunchgrasses (TuftDense,

TuftOpen) and exotic annual grasses (ExoticAnnGrass). The other two sites (C, D) are dominated by sedges and rhizomatous forbs. Plant

functional group descriptions, species traits, and species level details on the floristic diversity for each stand are provided in Appendix S1.

Note that donut segment length is scaled to represent the proportion of that functional group to the total, but percentages represent the

actual cover values within the stand due to the large differences in total cover among stands.

ECOLOGICAL APPLICATIONS 5 of 21
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We measured vegetation nondestructively in 2009
(three reburns, 2-year response), 2012 (three reburns,
5-year response), and 2015 (four reburns, 1–2-year
response). To capture variation within each subplot, the
current year’s plant canopy cover for all species <1.4 m
(understory) was visually estimated by species to the
nearest percentage point on eight small (1-m2) nested
quadrats using a marked (0.10 m) frame. Quadrats were
arranged 5 and 6 m from the subplot center in each cardi-
nal direction. To increase consistency in ocular estimates
of plant cover, standardization exercises were performed
periodically throughout each field season, and crew con-
tinuity was maintained all season and year-to-year when
possible. We measured specific bunchgrass metrics for
nine key forage species (Appendix S1; Table S3): density,
number of flowering stems, maximum leaf height, and
maximum flower stem height within each quadrat. Shrub
cover, which is highly patchy in the study areas, was also
recorded by species on the 10-m radius subplot. The pres-
ence of all species for richness analysis was also recorded
on the 10-m radius subplot. Overstory tree cover was
measured using a moosehorn densiometer at the subplot
center, and 5 and 15 m from the center in each cardinal
direction (total of nine points for each subplot) in 2009,
and additional points were added in 2012 and 2015 to
decrease variability.

Data analysis

We assessed treatment effects using a repeated measures
randomized block, split-plot ANOVA model and the Proc
Mixed procedure in SAS 9.3 (SAS Institute; Cary NC).
Random effects were stand and stand × burn treatment.
Fixed effects were year, burn, and grazing treatment. The
covariance structure used was spatial power, and
the degree of freedom method was Kenward–Roger. We
used Fisher’s Protected least significant difference (LSD)
for multiple comparisons for the reburn treatment com-
ponent, which has three factor levels.

Because of the high floristic diversity at the sites (over
200 species recorded; Appendix S1), plant cover response
variables were created based on species growth form and
trait-based pooled species groups referred to as functional
groups (Figure 2; Appendix S1; Kerns & Day, 2018). Cate-
gories were more finely developed than in previous work
(Kerns et al., 2011) as requested by local managers and to
elucidate responses that might be undetectable with more
general groups (Willms et al., 2017). Traits used are
important for both fire and grazing resistance and resil-
ience: growth form, duration, reproductive strategy,
architecture, nutrient capture, and origin (Agee, 1993;
Kerns & Day, 2018; Pyke et al., 2010). Richness metrics

were examined using broader classification, including:
total, native perennial graminoid, native perennial forb,
native annual form, exotic, and shrub.

Plot-level means were generated for most variables
using quadrat or subplot data as appropriate. Some vari-
ables were transformed to improve skewed distributions
and heteroscedasticity based on an assessment of resid-
uals. If a variable was transformed, back-transformed
means associated with transformed data are presented.
We present mean values and their variability (95% CI) by
year graphically for most response variables, even if the
year did not interact with burning or grazing. P-values
are noted in the text when practical, and statistical output
for all tests of main fixed effects are included in
Appendix S2. P-values that support evidence of treatment
differences (values near 0.10) for contrasts of interest are
presented in the text, regardless of the main fixed effects
test results. We interpret p-values as a continuous mea-
sure of the strength of evidence and avoid dichotomous
statements regarding statistical significance. Values near
0.10 indicate some evidence of a treatment effect; smaller
values (p ≤ 0.05) suggest stronger evidence, and larger
values indicate weaker evidence, assuming the relative
effect size is biologically meaningful (Matthews, 2021;
Ramsey & Schafer, 2012; Wasserstein & Lazar, 2016).

RESULTS

Utilization

Pre-cattle utilization results from 2012 to 2015 were
collected at the time of vegetation sampling and
provided information about extant early-season herbivory
(Figure 3). There was little evidence for fire and grazing
interactions and no evidence that burning impacted utili-
zation at the experimental scale (Appendix S2). Pre-cattle
utilization among all the treatments was very low (less
than 4% utilization across all metrics), documenting the
successful measurement of vegetation prior to utilization.
We found evidence for very small effects owing to the
grazing treatment. Native grazers utilized the excluded
areas, but slightly less than open areas (Figure 3; Open-
Excl p < 0.005). There was some evidence for a small but
opposite effect for browse utilization in unburned areas
(Control: Open-Excl p = 0.06), and for all treatments in
2015 (Graze × year p = 0.11; 2015 Open × Excl p = 0.05).

Post-cattle utilization results document patterns
related to seasonal domestic cattle presence in addition to
native ungulates during the growing season. Post-cattle
utilization for both herbaceous and browse showed dra-
matic increases, and as expected we found strong evi-
dence for increased utilization in areas open to cattle
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(Herbaceous and Browse: Graze p < 0.01; Figure 3).
Burning did not impact utilization, and there was no evi-
dence that fire and grazing interacted. Both herbaceous
and browse utilization also increased in excluded areas,
demonstrating consistent use of exclosures by native
ungulates during peak growing season. While the post-
cattle utilization differences are substantial, average utili-
zation is largely within current management guidelines
(less than 45% maximum utilization).

Vegetation

Overstory and total understory cover

Mean overstory tree canopy cover in fall burn areas was
29.8% (95 CI 22.4–37.3) about 10% lower in comparison
with the spring (40.1%, 95 CI 32.6–47.5) and control
(39.5%, 95 CI 32.1–47.0) treatments (Burn p = 0.10; C-F
p = 0.07, C-S p = 0.06). Grazing did not impact overstory
cover.

Total cumulative understory cover varied based on fire
and grazing treatments (Burn × Graze p = 0.05; Figure 4;
Appendix S2, Table S2). Across all years, areas reburned in
the fall and where cattle were excluded had on average
about 12% higher total cumulative cover (Fall: Open-Excl
p = 0.02) compared with the open areas. While there was
no evidence for an interaction with year, the effect size
was larger in 2009 (15%) 2 years after the third reburns.

Grasses and sedges

There was less evidence that native grass and sedge cover
groups differentiated based on burning and grazing treat-
ments (Figure 5). However, rhizomatous grass cover was
about 6% higher in unburned areas where cattle were
excluded (Control: Open-Excl p = 0.07), although evi-
dence for a fire and grazing interaction was lacking. We
had no or very weak evidence grazing or burning altered
exotic grass cover at the scale of the experiment (Graze p
= 0.92; Burn: C-F p = 0.13). However, given the strong
pattern of invasion associated with the stands (Figure 2)
and its relevance for forest managers, we present stand-
scale patterns by burn treatment for the cheatgrass-
dominated exotic annual grass group (Figure 6).

There was evidence burning was important for several
bunchgrass metrics. In excluded areas, the fall burn treat-
ment had higher bunchgrass density compared to unburned
controls (Figure 7; Excl: C-F p = 0.07). In 2015, fall burn
areas had about four more plants (based on one square
meter) compared to controls on average, regardless of graz-
ing treatment (C-F p = 0.03). Grass flowering stalk density
also differed owing to burn treatment and year (Figure 7;
Burn × Year p = 0.04). In 2009, flowering stalk density in
fall burn areas was over nine times higher compared with
control and spring burn areas (C-F p = 0.01, F-S p = 0.01).
Very similar results were noted when flowering density was
scaled to abundance. We found no evidence of a difference
for bunchgrass or flowing stalk density owing to grazing
treatments, but there was some evidence that
grazing reduced grass leaf height slightly (1.4 cm, Graze
p = 0.11) prior to utilization, and that burning impacted
leaf height based on year (Burn × Year p ≤ 0.01). Fall burn-
ing increased leaf height in 2009 by about 3 cm (C-F
p = 0.09) and spring burning decreased leaf height by about
3.4 cm in 2012 (C-S p = 0.06). We found no evidence of
treatment differences for grass flowering stalk height.

Forbs

Nonrhizomatous forb cover was higher overall in areas
that were excluded from cattle grazing compared to open

F I GURE 3 Pre- and post-cattle utilization results over time for

herbaceous and browse vegetation in open areas (open) and those

excluded from cattle use (exclude). Utilization shows a large

increase in herbivory associated with seasonal cattle use (post) in

open areas. Burn treatments are not shown as there was no

evidence burning impacted utilization. Excluded areas allow access

by native ungulates. Data are means and 95% confidence intervals.
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areas (Graze p = 0.10). While there was no evidence of a
fire and grazing interaction, this pattern was more evi-
dent in areas that were burned in the fall, where cover
was almost twice as high in areas that were not grazed
(Fall: Open-Excl p = 0.06, Figure 8). We found strong
evidence for higher annual forb cover in areas that are
open to grazing (Graze p < 0.01), which was driven by
values in 2009 (Graze × Year p = 0.05; 2009 Open-Excl
p < 0.01). Burning also increased annual forb cover
depending on the year (Burn × Year p = 0.07). Differ-
ences again were driven by values in 2009 (C-F p = 0.02;
C-S p < 0.01). Exotic forb cover, while very low in the
study area, showed a strong increase in response to fall
burning in 2009 only (C-F p = 0.04), although there was
little evidence for a global interaction with year.

Shrubs

Shrubs are not a dominant component of the vegetation
in these forests and their distribution is highly spatially
variable, thus mean cover values at the plot scale for most
groups are very low and these results should be
interpreted cautiously. We found moderate to strong evi-
dence that nonresprouting shrubs (nonnitrogen fixing)
were sensitive to both burning and grazing and that
burning and grazing interacted (Figure 9; Burn × Graze
p = 0.01), but burning responses depended on year

(Burn × Year p < 0.01). Unburned controls had higher
cover than both burn treatments in 2009 and 2012 (2009
C-F, C-S p = 0.08; 2012 C-F p = 0.03, C-S p = 0.01). The
grazing response was driven by unburned and excluded
areas that had high cover (Control: Open-Excl p < 0
0.01), particularly in 2012 and 2015. We had strong evi-
dence that burning increased cover of the resprouting
nitrogen-fixing shrub Ceanothus velutinous and in partic-
ular fall burning (Burn p < 0.01; C-F p < 0.01; S-F
p = 0.02). However, cover values across the study are
very low and differences are quite small. There was some
evidence other resprouting shrubs (nonnitrogen fixing)
increased in areas open to grazing by 2015, especially for
fall burning (2015 Open-Excl p = 0.07). The was some
evidence that burn treatments reduced cover for
nonresprouting nitrogen-fixing shrubs (Burn p = 0.11),
particularly in 2009 (C-F p = 0.01) and 2012 (C-F and
C-S, p = 0.09).

Species richness

Mean total species richness was remarkably similar
across all treatments (mean = 37 for all treatments;
Appendix S2, Table S5). Differences in plant group
richness were limited. Exotic richness in the study
area remains low, with less than two species in most
treatments. Repeated fire altered exotic richness

F I GURE 4 Total understory cover in the study area by treatment and year. Understory cover was lower for the fall burn treatment in

areas open to grazing, particularly in 2009. Data are means and 95% confidence intervals. Treatment labels: C, Control; Excl, Cattle

excluded; F, Fall; Open, Open to grazing; S, Spring.
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(Burn p = 0.03), with more exotic species found in fall
burn areas as compared to the control and spring (about
one species), an effect due to the presence of the domi-
nant exotic species Bromus tectorum. The only evidence
that grazing altered richness was for annual forbs,
where areas open to grazing had slightly more species
(6.3 species, 95% CI 3.7–8.9 compared with 5.7 species,
95% CI 3.1–8.3) (Excl-Open p = 0.07).

DISCUSSION

We demonstrate that the understories in these forests
were generally resilient to 18 years of frequent fall and
spring prescribed fire, an outcome consistent with
recent reviews from largely single fire studies that
exclude livestock grazing (Abella & Springer, 2015;

Knapp et al., in press; Willms et al., 2017), and our prior
work focused on prescribed fire regimes in grazed areas
(Kerns & Day, 2018). However, a key finding was that
cattle grazing altered the understory response to fall
reburning. In fall burn areas open to cattle grazing, total
understory cover was about 12% lower (prior to utiliza-
tion) compared to areas where cattle were experimen-
tally excluded, suggesting that these two disturbances
combined may lower understory resilience in dry
ponderosa pine forests. While a 12% reduction in total
cover may seem small, our low productivity stands have
total understory cover values ranging on average from
37% to 43% (Figure 2). Therefore, a 12% reduction in
cover is about a one-third reduction in plant cover in
these areas, which may have impacts on understory
resilience. Fire and grazing are likely interacting in a
numerically mediated manner as we found little

F I GURE 5 Understory cover for grass and sedge functional groups by treatment and year. Most grasses and sedges did not strongly

respond to fire and grazing treatments. Data are means and 95% confidence intervals. Treatment labels: C, Control; Excl, Cattle excluded;

F, Fall; Open, Open to grazing; S, Spring. See Appendix S1 for plant group definitions.
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evidence for a functionally moderated interaction path-
way. The more finely developed plant functional groups
we examined often responded as expected to fire and
grazing depending on their traits, yet responses were
nuanced. Next, we dive into these results, highlighting
and discussing key insights.

Cattle herbivory drives growing season
utilization

The utilization patterns we document are expected but
important to highlight because they set the stage for
interpreting our results. While we did not physically sep-
arate herbivores other than cattle, our data point to cattle
as major drivers of utilization in the study area during
the growing season. Herbaceous and browse utilization
by cattle dwarfed early-season native herbivory. Elk,
antelope (grazers), and deer (browsers) are the other

native ungulates in the study area. These results are con-
sistent with expectations as native herbivores are not
fenced into pastures and utilization generally tends to be
diffuse.

Although we purposefully designed our study so that
native ungulates could access the exclosures, pre-cattle
utilization results revealed minor herbaceous avoidance
and minor increased browse in unburned fenced
exclosures. These effects were very small (<3%) particu-
larly compared with post-cattle utilization patterns.
Native ungulate utilization also rose substantially later in
the growing season (Figure 3). These findings suggest
that the impact of the fencing on wildlife had only minor
effects on our results, although we caution that we could
not directly measure the effect of wild ungulates with
our study design. Minor wild herbivore avoidance of
exclosures is not unsurprising, as animals needed to pur-
posely jump into the areas to graze, although gates were
open when cattle were not present. Divergent patterns

F I GURE 6 Exotic annual grass cover by treatment and year. Exotic annual grass cover has increased through time in the study area

(A). Data are means and 95% confidence intervals. Stand-scale patterns (B) show substantial increases in exotic grass cover in fall and spring

burn areas at the bunchgrass-dominated sites (see Figure 2A,B for stand details), as well as the control at one site in 2015. Exotic annual

grass cover was close to zero at the two other stands. Treatment labels: C, Control; Excl, Cattle excluded; F, Fall; Open, Open to grazing;

S, Spring.
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for browse and herbaceous utilization are likely due to
differences in species-specific foraging preferences and
behavior (Stewart et al., 2003). Long-term protection of
shrubs from both cattle grazing and fire may entice more
native browsing through increased abundance, as shrub
cover tended to be higher within exclosures, although
strong evidence for this pattern was lacking.

Grazing and fall fire reduced total cover:
Evidence for a numerically moderated
interaction?

The difference we found in total understory cover
between fall-burned grazed (open) and ungrazed treat-
ments was due to a modest positive understory response
to fall fire in excluded areas and a modest reduction in
cover in areas open to grazing, resulting in an average
12% difference between the two treatments (across all
years). It is likely that this interaction was only detected
for fall burning because fall burns have more impact on

environmental conditions compared with spring burns.
As noted here and in other work, fall burning reduces
tree abundance and cover, litter cover and depth, and
increases mineral soil and rock exposure, although major
changes were largely associated with the initial entry fires
(Kerns et al., 2011; Kerns & Day, 2018; Thies et al., 2005,
2006). While we do not see a large positive response to
fall reburning, consistent with the subtle nature of plant
responses to fire in the study area (Kerns & Day, 2018), a
modest increase in understory cover and new growth
after fire may draw in herbivores and concentrate post-
fire grazing, characteristic of a numerically mediated dis-
turbance interaction pathway (Didham et al., 2007;
Foster et al., 2015). This type of interaction is also more
likely to occur following smaller patch burns such as pre-
scribed fires (Foster et al., 2015). Our burn treatments
were embedded in large pastures (2400–3000 ha) that
were not burned, which may exacerbate this effect. It is
also well documented that herbivores will forage in
recently burned areas with less discriminatory foraging
behavior (Allred et al., 2011; Fuhlendorf et al., 2009;

F I GURE 7 Bunchgrass and flowering stalk density increases in response to fall burning, depending on year (see text). Data are means

and 95% confidence intervals. Treatment labels: C, Control; Excl, Cattle excluded; F, Fall; Open, Open to grazing; S, Spring.
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Fuhlendorf & Engle, 2004; McGranahan et al., 2012).
Plant regrowth after fire can lack the chemical and physi-
cal properties of mature plants, rendering typically unpal-
atable plants highly palatable for short periods of time
and equalizing forage (Augustine & McNaughton, 1998).

Short-term equalization of post-burn forage may
explain why we found a fire and grazing interaction for
total cover, rather than for plant groups known to be
highly palatable (Figure 2) or for utilization as expected.
Indeed, our total cover results were not strongly driven
by any one plant group. Rather most herbaceous plant
groups (except annual forbs) showed small but negative
trends for the open grazing and fall burning combination
for most years, although statistical evidence was not
strong. Nevertheless, our total cover result would
not manifest if patterns for the dominant cover groups
(perennial grasses and forbs) were strongly divergent and

stochastic. However, we did not examine species-specific
responses, and our sites had considerable floristic diver-
sity, which could mask community-based effects.

Lack of grazing preference after fire has the potential to
reduce negative impacts related to selective grazing that
may occur without fire. We have some evidence that graz-
ing in unburned areas reduced the cover of rhizomatous
grasses, an effect not found in burned treatments. However,
concentrated grazing after burning may also constrain the
understory response for species more sensitive to defolia-
tion, typical in regions with shorter or limited large ungu-
late grazing histories and where summer drought occurs
(Milchunas et al., 1988; Milchunas & Lauenroth, 1993).
Unpalatable species that are not typically selected may be
even less tolerant of defoliation. Many sagebrush steppe
rangelands with some similar bunchgrass species as dry for-
ests demonstrate resilience to moderate post-fire grazing

F I GURE 8 Understory cover for forb functional groups by treatment and year. Forbs show differential responses to fire, grazing, and

time since fire. Data are means and 95% confidence intervals. Treatment labels: C, Control; Excl, Cattle excluded; F, Fall; Open, Open to

grazing; S, Spring. See Appendix S1 for plant group descriptions.
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(Bates et al., 2009; Bates & Davies, 2014). However, these
studies do not examine very frequent fires in forested plant
communities as in this study.

Graminoids and species richness: Evidence
for a functional moderated interaction?

Our results for graminoid cover groups, key forage plants
in the study area, were largely unremarkable, although
surprisingly rhizomatous grasses (e.g., pinegrass or
Calamagrostis rubescens) demonstrated sensitivity to
grazing in unburned areas. For these highly palatable rhi-
zomatous grasses, fire may increase resilience to grazing,
potentially providing a pathway for a functionally

moderated interaction. As noted above, these grasses
may be selectively grazed in unburned areas, and post-
fire forage equalization may reduce negative impacts. For
other important forage groups such as bunchgrasses, we
note that some plants subjected to grazing can be shorter
and more prostrate than ungrazed or lightly defoliated
populations, and cover may not change or increase in
response to grazing, although this is more typical for
heavy grazing (McNaughton, 1979; Tom�as et al., 2000).
Concerns about this issue led to our collection of key for-
age bunchgrass density and other bunchgrass metrics in
2012 and 2015. We found that fall burning increased
bunchgrass density and reproductive potential, the latter
of which was independent of bunchgrass abundance.
This amplified fire effect on bunchgrass vigor could

F I GURE 9 Understory cover for shrub functional groups by treatment and year. Shrubs demonstrate sensitivity to burning and grazing

based on resprouting ability, although most effect sizes are very small owing to the low cover of these groups across the study area. Data are

means and 95% confidence intervals. Treatment labels: C, Control; Excl, Cattle excluded; F, Fall; Open, Open to grazing; S, Spring. See

Appendix S1 for plant group descriptions.
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potentially lead to a functionally moderated interaction if
these key forage species were preferentially grazed lead-
ing to changes in dominance and species richness
(Collins et al., 1998; Foster et al., 2015). However, we
have little evidence to support this type of interaction.
First, we did not find a fall fire and grazing interaction
for herbaceous utilization, which is based on key forage
bunchgrass species. In addition, species richness results
provide little evidence for the changes we might expect.
Indeed, our total species results were profoundly similar
among our treatments. We saw a very small increase in
annual forb richness associated with grazing and
increases in exotic (discussed below) and shrub richness
with fire; but there was no evidence of fire and grazing
interactions. Similar to burning, it is likely that grazing
alters the relative abundance of plants at the community
level without driving large impacts on species richness
and composition (McGranahan et al., 2012; Milchunas
et al., 1988).

Fall fire and grazing increased annuals and
resprouting shrubs but effects waned

Some plant groups responded as expected to fire and
grazing treatments based on their traits (Figure 2) but
nuances around the disturbances were important.
Annual forbs and resprouting shrubs increased in
response to fall fire and grazing, although the cover of
these plant groups was relatively low across the study
area. Both plant functional groups possess traits that
either confer resilience to fire (short-lived, rapidly dis-
persed and reproduces from seed, location of buds,
resprout ability), resistance to grazing (low palatability)
or resilience to low- to moderate-intensity grazing if they
are considered palatable owing to resprouting capacity
(e.g., Symphoricarpos spp.). The annual forb response to
fire and grazing is consistent with other studies
documenting increases in this plant group in response to
both fire and grazing independently, particularly heavy
grazing for annual forbs (Bowd et al., 2018; Hayes &
Holl, 2003; Pyke et al., 2010; Souther et al., 2020; Strahan,
Laughlin, et al., 2015). Other plant groups did not
respond strongly as expected, chiefly perennial rhizoma-
tous grasses and forbs (but see our discussion above
about rhizomatous grasses), and this may indicate that
the fire return interval in this study is too frequent for
these species to increase in response (Kerns &
Day, 2018).

The response of annual forbs was also strongly tied
to 2009, two growing seasons after the second reburns.
Muting of post-fire annual forb flushing is understand-
able by 2012, as increases can be ephemeral. However,

the lack of a similar response in 2015 (1–2 growing sea-
sons after burning) is curious and may be related to
waning fire effects as noted at this site (Zald et al.,
2020). Waning fire effects may also explain why the
total cover result was more evident in 2009. The very
frequent fire interval tested in this study is on the low
end of the historical fire regime (e.g., intervals less
than 10 years are not common for the area, see Kerns
& Day, 2018) for the area and may lead to reductions in
surface fuels that carry fire, limiting fire spread and the
impact of fire (Westlind & Kerns, 2017). It is also possi-
ble the annual flush was not strongly evident in 2015
because most stands were burned just the year before,
limiting a direct temporal post-fire comparison to 2009.
Variation in precipitation may also be important,
although 2012 recorded the highest annual precipita-
tion among the three sampling years.

Waning fire effects for very frequent fire regimes may
be potentially enhanced if a fire-grazing inhibitory distur-
bance loop develops (Burton et al., 2020). That is, if graz-
ing is constraining understory recovery it may inhibit fire
spread due to fuel discontinuity (Archibald et al., 2005;
Davies et al., 2010, 2022; Scasta et al., 2016). However,
increases in cheatgrass may increase fuel continuity
(Brooks et al., 2004) and moderate this effect at our
bunchgrass-dominated sites as discussed in the following
section. As noted in other studies from these sites, longer
burn intervals may produce a more desired future condi-
tion across a range of ecosystem responses (Kerns & Day,
2018; Westlind & Kerns, 2017).

Long-term spring reburning had limited
impact

There has been considerable concern about spring burn-
ing in the management community, which is more his-
torically novel and coincides with active plant growth.
We found that the effects of spring burning were rela-
tively minor, largely consistent with our findings and
others and likely related to the low severity of the burn
regime (Busse et al., 2000; Kerns et al., 2006, 2011;
Kerns & Day, 2018; Knapp et al., 2009; Zald et al., 2020).
Herbaceous plant groups were generally resilient to
spring burning, although grasses were shorter in spring-
burned areas, which might suggest some sensitivity.
There was only limited evidence that spring fire and graz-
ing operated synergistically. Nonresprouting shrubs dem-
onstrated some sensitivity to both fall and spring
burning, and the nonnitrogen fixing group was more sen-
sitive to spring burning and grazing in general. However,
the effect was small and only present in one post-fire
year. Our data suggest that long-term frequent spring
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burning outside the historical wildfire season is not
strongly detrimental to the resilience of the forest under-
story. However, some species may be sensitive, and our
plant functional group approach can obscure species-
specific responses.

Short- and long-term patterns differed

Our work looking at shorter term responses from these
stands (Kerns et al., 2011) documented that cattle exclu-
sion increased total plant cover, with an effect size simi-
lar to our findings here. However, we found no evidence
of a fire and grazing interaction for total cover. We used
finer scale plant groups in the current study; therefore
comparisons for the other plant groups will not be made
here. Differences in short- and long-term results for total
cover may simply indicate that a fire and grazing interac-
tion in these forests does not play out for many years, or
that abiotic factors such as precipitation and drought
may override or confound treatment responses. For
example, inconsistencies among grazing studies in semi-
arid regions may be due to interannual variability in pre-
cipitation that obscures grazing effects on plant
communities (Fuhlendorf & Engle, 2001; Souther et al.,
2020). While our study is long term, we lack annual data
and thus are unable to decipher precipitation-related
patterns.

A likely contributing factor to differences in short-
and long-term results is the temporal variability associ-
ated with the sampling years used in each study and time
since the fire. The current study was weighted to
postburn years (1–2), and only included one 5-year recov-
ery sampling date. Our prior study included 1 year of
pretreatment data for the newly established grazing
experiment, one postburn year (2004, 2 years after burn-
ing and 2 years after the study was established), and one
5-year recovery year (2007). Cattle preference, use, and
grazing utilization in recently burned patches decline as
time since fire increases (Allred et al., 2011; Powell et al.,
2018). Thus, it may be more likely to detect a fire and
grazing interaction 1–2 years after burning compared
with 5 years after burning. The total cover data in this
study partially support this interpretation, with a larger
effect size in 2009 (~15%) and a smaller effect in 2012
(~12%). However, the effect size in the 1–2 post-burn year
of 2015 was the smallest, in contrast to expectations. Like
the discussion above regarding annual forb flushing, this
may be because of waning fire effects by 2015 or because
sampling occurred only 1 year after burning at most of
the sites. Prescribed fire heterogeneity and resultant fire
effects may also be important. While we strived to have
similar prescriptions and conditions throughout the

almost two decades of burning in this study, spatial and
temporal variability in fire effects may also drive
responses.

Short-term results and other work in the area also
found that fall burning exacerbated exotic species inva-
sion (largely cheatgrass, Kerns et al., 2006, 2011; Kerns &
Day, 2017b), a result not strongly evident in this study.
However, results from these other studies are not directly
comparable. The exotic species group used in Kerns
et al. (2006, 2011) was broader and included all exotics,
and data from Kerns and Day (2017b) incorporated a dif-
ferent set of experimental stands. In the present study,
we document extremely high variability in annual grass
cover among the stands used for the grazing experiment.
Cheatgrass remains a problematic issue linked to fall
burning at the sites with bunchgrass-dominated under-
stories that harbored populations at the outset of the
experiment; but invasion is also increasing in spring burn
and even unburned areas. Propagule pressure is impor-
tant for the continued persistence of an invader and
invader extent, as demonstrated at this site and elsewhere
(Colautti et al., 2006; Eschtruth & Battles, 2009; Kerns &
Day, 2017b). In addition, biotic resistance may differ sub-
stantially at the sites. While higher community resistance
to annual grass invasion has been noted in areas with
abundant perennial bunchgrasses (Chambers et al., 2007;
Davies, 2008; Lulow, 2006), neighboring species and resi-
dent biomass may have limited influence on invasion
resistance in less productive vegetation types (Tortorelli
et al., 2022). Interestingly, we continue to document no
link between cheatgrass invasion and grazing, a result
that conflicts with some historical observations and
broad-scale studies (Condon & Pyke, 2018; Milchunas
et al., 1988; Williamson et al., 2020) and studies
documenting decreased invasion with grazing and fall
fire and grazing at finer spatial scales (Davies et al., 2021;
Porensky et al., 2020).

CONCLUSIONS AND MANAGEMENT
IMPLICATIONS

Knowledge about fire and novel herbivore interactions in
dry western forests is critical because of the widespread
present and future co-occurrence of these two distur-
bance types and the implications for forest resilience and
restoration. The sites used in this study display consider-
able floristic variability, which strengthens inference
across a range of ponderosa pine stands. We found that
total understory cover was lower in areas burned in the
fall and open to grazing compared to fall burn areas
where cattle were excluded. These results document pat-
terns prior to current year utilization, but prior year
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utilization also impacts present-year plant cover. Our
evidence points to a grazing and fire numerically
mediated interaction pathway, rather than a functionally
moderated process related to species dominance and pal-
atability. We found that total cover results were driven by
consistent but modest trends across most herbaceous
plant groups, rather than a few plant groups. We suggest
that this pattern may be due to post-fire green-up and
short-term forage equalization. There was also little evi-
dence that species richness was affected strongly by fire
and grazing. However, the broad floristic variability
across these stands may obscure some community-based
effects. Some plant groups, such as annual forbs and
resprouting shrubs increased in response to fall fire
and grazing. Long-term spring burning, a less historically
characteristic burn season and frequent management
concern, did not reduce understory resilience, although
some species sensitivities may not be captured by our
approach. The nonnative annual cheatgrass remains a
problematic invader linked to fall burning but not graz-
ing at stands with higher propagule pressure when the
experiment was initiated. However, invasion was also
increasing in spring burn and unburned areas at these
sites.

While our burn treatments were operational in
nature, they occurred within much larger unburned
grazed pastures, resulting in patch burn grazing (PBG),
which has noted ecological benefits in the mesic grass-
lands and savannas of North America and Africa and can
increase diversity and vegetation heterogeneity at the
landscape scale (Allred et al., 2011; Fuhlendorf et al.,
2009; Fuhlendorf & Engle, 2004; McGranahan et al.,
2012). We did not measure vegetation heterogeneity at
the landscape scale, but some heterogeneity is likely
given our results. However, we did not find an increase
in species richness with PBG in this study, and we cau-
tion that the forested rangelands of the northwestern US
have several notable differences compared to mesic grass-
lands and savannas. Our study area is characterized by a
near complete lack of summer precipitation, and domi-
nance of cool-season rather than warm-season grasses
and there is a more limited (comparable to cattle) evolu-
tionary grazing history. Additional research is needed to
understand the potential ecological benefits of PBG in
forested rangelands.

We caution that the combined impact of very fre-
quent fire, cattle grazing, and annual grass invasion
could erode the expected understory benefits of returning
fire to these types of landscapes, particularly in the con-
text of future global change drivers. Consideration of lon-
ger fire return intervals and resting areas (e.g., Bates &
Davies, 2014) for 1–2 grazing seasons if very frequent fire
regimes are used may help mitigate the effects noted in

this study. Burning larger portions of the landscape or
entire pastures and use of virtual fencing (Boyd et al.,
2022) could better distribute cattle and other ungulates
and alleviate potential impacts owing to grazing concen-
tration, although landscape-scale vegetation heterogene-
ity could be reduced with these approaches. However, we
did not specifically test these suggested mitigations.

Manipulative fire and grazing studies in western
forests are rare. Successfully balancing livestock pro-
duction and forest rangeland conservation in the future
will benefit from a more context-dependent, robust
understanding that is informed by data on long-term
outcomes across a variety of rangeland ecosystems
(Copeland et al., 2023). Additional studies designed to
elucidate both the individual and interactive effects of
prescribed fire and grazing, patch scale burning, scale
dependency, regime characteristics, and a more
detailed understanding of interaction pathways would
provide critical information to support management
practices that promote forest resilience, particularly in
the context of global change.
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