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ABSTRACT

The impacts of climate shifts on ecosystems domi-
nated by long-lived perennials are likely most
pronounced during community reassembly after
disturbances such as fire and confounded by
interactions between disturbances and plant com-
munity composition. A 30-year-experimental
hydroclimate manipulation of multiple sagebrush
steppe communities was completely consumed by a
2019 wildfire, providing an opportunity to evaluate
effects of precipitation deficit on ecosystem recov-
ery. Ambient precipitation was doubled for
23 years via irrigation in winter or summer in
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grassland or shrub-steppe communities until 2016.
Plots that had received irrigation thus experienced
drought for three years preceding and continuing
after the fire. These landscapes are vulnerable to
invasion by exotic annuals such as Bromus tectorum
L. (cheatgrass) that promote wildfire occurrence,
which favors even greater invasion levels. Thus, we
asked whether patterns of invasion after the com-
pound disturbance of drought and fire related to
the long-term pre-fire climate and plant commu-
nity structure. Established theory led to the pre-
diction that plant communities developed under
wetter climates would have greater resistance to
invasion. The most resistant plots were the most
arid (that is, never irrigated control plots with no
drought) which had the least pre-fire canopy cover
of shrubs and nitrogen-fixing forbs and greater
proportional cover of perennial bunchgrasses. Plots
that developed under winter irrigation had greater
cover of shrubs and N-fixing forbs, corresponding
to pulses of plant available soil nitrogen that were
8.2-fold greater than pre-fire levels, compared to a
0.20-fold post-fire reduction in soil nitrogen ob-
served in the ambient plots. Nitrogen pulses and
invasion were most evident in the inter-canopy
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bare-soil patches (‘interspaces’) and were least
evident where perennial grasses were most abun-
dant. Long-term hydroclimate altered pre-fire plant
community composition in ways that affected post-
fire resistance to invasion such that the combined
effects of fire and water deficit led to greater than
expected invasion in wetter regions that are con-
ventionally considered resistant to invasion and
resilient to wildfire.

Key words: soil nitrogen; Bromus tectorum; nutri-
ent cycling; resilience; resistance; sagebrush steppe;
pulse; ecohydrology; experimental; wildfire.

HIGHLIGHTS

e Arid plots considered least resistant to invasion
by annuals were most resistant.

e A post-fire pulse of soil N linked to pre-fire N-
fixers and shrubs drove invasion.

e Perennial grasses increased resistance by reduc-
ing plant available soil N.

INTRODUCTION

Plant community resistance to exotic-plant inva-
sion following a disturbance such as wildfire is
difficult to predict in a changing climate because
prevailing weather and historical climate can have
strong and differing effects on community
reassembly and invasibility (Parks and others 2015;
Applestein and others 2021; Jiao and others 2021).
Wildfire—climate interactions are particularly rele-
vant to understanding post-fire resistance to inva-
sion in the predominantly perennial, semiarid
sagebrush steppe of the Western USA, where
warmer and drier conditions are exacerbating
invasion by exotic annuals (EAs, for example,
Bromus tectorum L., cheatgrass) after fire (Taylor and
others 2014; Bradley and others 2018; Smith and
others 2021). These EAs can increase wildfire
occurrence or severity beyond the adaptive capac-
ity of the native perennial community, in turn
favoring EAs over native perennials in the post-fire
environment (Brooks and others 2004; Boyd and
others 2015a; Bradley and others 2018). A key
outcome of EA invasion is to create a positive
feedback loop known as the exotic-annual-grass
fire cycle (D’Antonio and Vitousek 1992) which
threatens wildlife, carbon stocks, and productivity
across tens of millions of hectares of drylands in the

Western USA, and in tropical and Austral drylands
(Germino and others 2016; Nagy and others 2021;
Doherty and others 2022; Mahood and others
2022; Maxwell and Germino 2022; Maxwell and
others 2024).

Considerable variation in hydroclimate occurs
across the domain of sagebrush steppe in semiarid
North America, where mean annual precipitation
can vary from 200-600 mm and seasonality varies
from some summer precipitation in the east to
nearly none in the western part of the range (Cook
and Irwin 1992; Goodrich and others 1999).
Interannual climate variability is also considerable,
and wet—dry cycles can strongly affect the occur-
rence of disturbances such as fire and the condi-
tions affecting community reassembly (Hatchett
and others 2016; Millar and others 2019; Werner
and others 2020). Increasing aridity exacerbates
invasion and fire and its effect may become most
evident when long-lived perennial communities
are affected by catastrophic disturbances such as
stand replacing wildfires, as has been shown in the
sagebrush steppe (O’Connor and others 2020; Jiao
and others 2021; Daramola and Xu 2022). Short-
term responses of EAs to wildfire can also drive
long-term recovery patterns of whole communities
(Germino and others 2022a).

In sagebrush steppe, resistance to invasion is
considered to be greater in areas with wetter or
cooler soil moisture or temperature regimes and
more summer precipitation, with few localized
exceptions (Bradley 2009; Chambers and others
2014; Taylor and others 2014; Larson and others
2017). We define resistance as the tendency of
ecosystems to maintain their plant community
structure after a disturbance (Holling 1973; Folke
and others 2004; DeRose and Long 2014). Resis-
tance to cheatgrass invasion has appeared greater
in cooler or wetter sites, due in part to greater
abundance and vigor of perennial herbs in those
settings along with low-temperature inhibition of
cheatgrass (Chambers and others 2007, 2014;
Bradley 2009). Warmer and drier conditions and
more frequent droughts are forecast for the region
(Snyder and others 2019). Therefore, there is a
need to experimentally test whether plant com-
munities that were established in a wetter climate
will retain their expected resistance to invasion
after fire in a drier climate and/or under drought.

The hypothesized mechanism for greater resis-
tance in wetter and/or cooler parts of the sagebrush
steppe is that greater use of soil water and nutrients
by resprouting perennial herbs after fire preempt
soil resource availability to invading species
(Chambers and others 2007, 2014). A better
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understanding of the mechanisms that control
post-fire soil resource availability could help ex-
plain where, when, and why resistance should
deviate from predictions based on established soil
moisture and temperature regimes (Davis and
others 2000; Vasquez and others 2008; Chambers
and others 2014; Kainrath and others 2022).
However, assessing the influence of soil resource
availability on resistance is particularly difficult in
drylands because heterogenous spatial patterning
of vegetation and harsh climate conditions, which
together lead to patchy and flashy nutrient and
water cycling (Cui and Caldwell 1997; Austin and
others 2004; Bechtold and Inouye 2007; McAbee
and others 2017).

We addressed the need for improved mechanistic
understanding of resistance with a rare opportunity
that arose following a 2019 wildfire that burned a
long-term climate-manipulation study in the
sagebrush steppe of the Eastern Snake River Plain
at the Idaho National Laboratory, USA. Starting in
1993 and up to three years prior to the 2019
wildfire, mean annual precipitation was doubled
through supplemental irrigation in winter or
summer compared to control plots which received
no extra water. The additional precipitation altered
the ambient soil moisture regime (that is, ‘hydro-
climate’) from aridic (dry year-round) to xeric
(winter-wet) or ustic (summer-wet) conditions,
with low, intermediate, and high expected resis-
tance to EAs, respectively. The experiment also
manipulated initial plant community composition
through planting and seeding of bare soils with
either native shrub-steppe vegetation or with
perennial bunchgrasses. The experimental treat-
ments created distinct plant communities and af-
fected soil carbon and nitrogen cycling among plot
types (Germino and Reinhardt 2014; Campos and
others 2017; McAbee and others 2017; Huber and
others 2019).

To our knowledge, this study provides the first
experimental test of resistance theory in the sage-
brush steppe done with a natural wildfire and
experimental variation in soil hydroclimate. Most
other evidence comes from uncontrolled observa-
tions of plant communities over time, in some cases
with experimental removal of native species (for
example, Chambers and others 2007; Prevéy and
others 2010). Our experimental treatments and
pre-fire data allowed us to test for causal effects of
climate and pre-fire plant community composition
on resistance (Figure 1D) and soil resource avail-
ability (Figure 1E) and to evaluate whether and
how key components of the pre-fire plant com-
munity related to post-fire resistance to invasion

(Figure 1F). Specifically, we hypothesized that
post-fire resistance to EA invasion would be greater
with: 1) lesser cover of nitrogen-fixing plants in the
pre-fire plant community, which can create hot-
spots of soil nitrogen that promote invasion (as in
Maron and Connors 1996); 2) lesser cover of fire
intolerant shrubs that, when burned lead to re-
source rich, bare-soil patches that could be entry
points for invasion (Bechtold and Inouye 2007;
Hoover and Germino 2012; Germino and others
2018; Arkle and others 2022); and 3) greater cover
of perennial grasses, which recover quickly after
wildfire and thus can pre-empt acquisition of soil
resources by EAs. The data and theoretical devel-
opments presented in this study can be used to
improve predictions of invasion after disturbance
across the nearly 100 million ha of heavily man-
aged sagebrush steppe landscape, and the many
other ecosystems affected by exotic annual inva-
sions, drought, and wildfire globally (D’Antonio
and Vitousek 1992).

METHODS

Ecohydrology Experimental Design
and Site History

Mean annual temperature and precipitation are
5.5 °C and 210 mm, respectively, at the experi-
mental site and the local soil temperature and
moisture regimes were frigid and aridic, respec-
tively. For this study, we focused on 54 of the 72
8 x 8-m plots configured in three replicated blocks
having all combinations of:

1) Three hydroclimates hereafter referred to as
‘ambient,” or ‘winter-wet’” or ‘summer-wet,’
corresponding to ambient environmental con-
ditions, or a doubling (+ 200 mm water) of
annual water inputs via supplemental irriga-
tions in winter or summer, respectively, from
1993 through 2016.

2) Two community types: perennial grassland
(that is, a crested wheatgrass monoculture), or a
diverse native sagebrush steppe assemblage.

Ambient, winter-wet or summer-wet hydroclimate
treatments corresponded to aridic, xeric, or ustic,
soil moisture classifications, respectively, and all
plots, including un-irrigated, ‘ambient’ plots, had
identical irrigation hose infrastructure. The plots
were established by excavating and backfilling
blocks of 6 subplots each with a homogenized
loamy soil to 0.5, 1, or 2-m depths, but soil depth
had mostly no, or occasionally only weak effects on
resistance to EAs and thus were not considered,
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Figure 1. Images of the long-term ecohydrology experiment before the July 2019 Sheep fire (A), or during the following
winter (B), and or summer (C). Note the abundance of shrubs in the pre-fire image. Irrigation hoses were present in all
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pre-fire experimental treatments (dashed green line), or weak when post-fire patterns cease to reflect pre-fire plant
community and climate conditions and more closely match post-fire weather and plant community (dashed orange line).
Hypotheses are visualized for the effects of key components of the pre-fire plant community—that is, nitrogen-fixing forbs,

perennial shrubs, and perennial bunchgrasses—on resistance (F)
Maxwell (C).

. Photograph credits: Matthew Germino (A,B); Toby
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that is, soil depth was included as a random effect
in our models. For more information on the design
of the original experiment see Anderson and For-
man (2003).

Plots that were watered for the 23 years leading
up to the cessation of irrigation in 2016 were
considered to be under soil water deficit in the
years before (Fall 2017-July 2019) and after the fire
(August 2019-onward), whereas control plots had
the same ‘ambient’ (aridic) soil moisture regime
throughout the experiment and before/after the
fire. Ambient precipitation was slightly greater than
the long-term average of 210 mm in the years prior
to the wildfire (that is, 230, 231, 221, 262 mm in
2016-2019, respectively), below-average for two
years following the wildfire (106 and 178 mm in
2020 and 2021, respectively) and above average in
2022, the final year of this study (241 mm).
‘Drought’ was considered to be the effect of the
irrigation cessation, and not the below-average
water years that occurred in 2020 and 2021.

The experiment burned along with 48,000 ha of
surrounding sagebrush steppe in the 2019 Sheep
Fire, and all above-ground biomass was consumed
(Figure 1B). Our sampling timing thereafter oc-
curred in spring 2020 when COVID-19 regulations
allowed.

Plant Community

Plant cover that intercepted a narrow pin lowered
to ground was recorded at all levels of the canopy
for 144 points per plot in 2016 using grid-point
intercept or 100 points per plot in 2020-2022 using
line-point intercept, with measurements made at
peak productivity and excluding the outer 1-m
buffer inside of plot edges.

In 2022, plant density was counted in each plot
at random locations within two strata, the inter-
canopy (‘interspace’) areas between established
perennials and the ‘whole plot” which included the
entire measured area (that is, inter- and sub-ca-
nopy). Interspaces were primarily bare soil but
were still defined as interspaces if they had newly
germinated seedlings and/or annual plants. We
randomly selected six interspace soil patches at
least 1 m from the edge of each plot and counted
the density and identity of any germinating plants
and similarly counted germinating and mature
plants in an adjacent 1-m? area for ‘whole plot’
plant density. Interspaces were at least 10 x 10 cm
and always bordered by established perennials.
Interspace area was estimated by measuring the
longest axis of the interspace between any two
bordering perennial plants and the perpendicular

axis, and multiplying the two measurements, that
is, assuming rectangular interspace dimensions. All
plants were counted within interspace or whole
plot areas to the species level except for native
annual forbs which were classified as a group.

Resistance

To quantify resistance to EA plant invasion, we
calculated the relative cover of perennial and exotic
herbaceous plant cover (Egs. 1, and 2 below).

P

Perennial grass index : P, = ——
P+H

(M

Exotic herbaceous annual index : E; = B (2)
E+ N

P is the total cover of perennial grasses, H is the
total cover of non-perennial-grass species (forbs,
annual grasses, shrubs), E is the total cover of
exotic herbaceous annuals, and N is the total cover
of native herbaceous species. Resistance was cal-
culated as a function of the Euclidean distance
between pre- and post-fire experimental plot val-
ues in P-E index space (Figure 1D, see Wainwright
and others 2020 for details). All pre-fire points
were from the most recent pre-fire plant commu-
nity survey taken in 2016, while post-fire index
values were calculated for each plot for 2020, 2021,
and 2022. Resistance was expressed as the negative
value of the Euclidean distance so that a more
positive value indicated greater resistance—that is,
a greater distance between pre- and post-fire plant
communities in P-E index space would be more
negative and thus indicated lower resistance (Fig-
ure 1D). A maximum resistance value of zero
would indicate no invasion.

Soil Inorganic Nitrogen and Water
Content

Soils were sampled in 2020 and 2021 at times that
aligned with 1) the spring green up when soil N
and water were expected to be most available, 2)
peak biomass when competition for soil resources
was expected to be greatest, and 3) post-senescence
when perennial plants were dormant. We used a
stratified-random sampling approach to account for
the spatial heterogeneity of vegetation and the
associated inter-canopy areas between perennial
canopies (that is, ‘interspaces’). Soils were sampled
from 0 to 10 cm in all plots in 3 randomly selected
interspaces and under the canopy of the largest
crested wheatgrass plant that bordered each inter-
space (that is, ‘under-plant’ microsites). Interspaces
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and associated plants were randomly selected (and
therefore different) at each sampling event. Three
soil samples from each microsite-type per plot were
aggregated per sampling event, stored on ice in a
cooler in the field, and then frozen at -20 °C within
24 h until processing and analysis.

Nitrate and ammonium concentrations were
quantified from soils sieved to 2 mm. Approxi-
mately, 12 g of soil was placed in 40 mL of 2 M-
potassium chloride (KCl) was shaken for 45 min,
then filtered through Cytiva Whatman grade 1
(11 pm) filter paper, frozen, and analyzed in bulk
colorometrically (BioTek Synergy Mx plate reader,
Winooski, VT, USA) using vanadium chloride and
indophenol assays for nitrate and ammonium,
respectively (Verdouw and others 1978; Doane and
Horwath 2003). Soil inorganic nitrogen (hereafter
‘soil N’) data are presented as the sum of nitrate-
and ammonium-derived nitrogen.

Volumetric water content (VWC) was measured
every week during summer 2020 and approxi-
mately monthly at times that matched soil sam-
pling in summer 2021 in four randomly selected
interspace- or under-plant microsites using a Hy-
drosense II soil moisture sensor with 12 cm tines
(Campbell Scientific, Logan, Utah, USA).

Leaf Sampling and Elemental Analysis

In 2020, individual crested wheatgrass plants were
marked and their leaves sampled in 2020 and 2021.
Crested wheatgrass was chosen because of its
ubiquity and abundance among all plots. Plants
were chosen by first identifying the largest inter-
space in each plot and then randomly selecting 4
individual plants that bordered each interspace.
Sampled leaves were dried for 48 h at 60 °C, cru-
shed to a powder, weighed to 0.0001 mg accuracy,
and analyzed for total carbon and nitrogen content
on a Costech EA 4010 elemental analyzer at the
U.S. Geological Survey soil-plant interactions lab in
Boise, ID.

Statistics

Significant differences in resistance between the
experimental treatments were determined using
general linear models with least significant differ-
ence tests to assess for differences between group
means at p < 0.05 (Figure 2). Differences in soil N
or water content due to the experimental treat-
ments were assessed using generalized linear mixed
effects models with gamma distributions and a log
link function using the package glmmTMB in R
(Tables 1, S1, S2, Brooks and others 2017). A type
IIT ANOVA of the model was used to generate chi

004 AB
D
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[0} °
(&)
C
©
-—
R
(%2}
[0}
o
0.4
[
Hydroclimate
° ° i Summer
-0.6 1
¢ . Winter
¢ . Ambient

Crested Wheatgrass Native shrub-steppe

Planted community type

Figure 2. Differences in resistance to invasive plants
among experimentally planted community types (x axis
groupings) and pre-fire hydroclimates (colors), with
significant  differences  between all  treatment
combinations indicated by letters above each box (LSD
test, p < 0.05). More negative values indicate less
resistance, such that zero resistance is the most resistant
to invasion that a plot could be. Resistance is a unitless
value that is a function of pre- to post-fire perennial
compared to invasive herbaceous plant cover where
greater bunchgrass cover and/or lower invasive
herbaceous cover in the post-fire plant community
would increase the resistance of a plot (Egs. 1 and 2,
Figure 1).

square tests of statistical significance for the main
effects of the experimental treatments and inter-
actions within them on soil N and water content
(Table 1). There were no deviations from normality
or trends between predicted and residual values for
the models as determined by the simulateResiduals
function from the package Dharma in R (Hartig
2016).

To assess if any components of the pre-fire plant
community were linked to post-fire EA resistance
by soil nitrogen availability, we asked whether N-
fixer, shrub, or perennial grass canopy cover re-
lated to soil nitrogen content at each sampling time
point (Figure 5 A, B, C). To do so, we used gener-
alized linear mixed effects models with the exper-
imental treatments, plot ID, and year as random
effects (Figure 5, Table S3). Significant differences
between estimated effects of plant functional type
on soil N at a particular date were determined using
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Table 1. Type 3 ANOVA Results for Mixed Effects Models that Tested for Experimental Treatment Effects on
Interspace Soil Inorganic N and Volumetric Water Content

Variable Soil inorganic N Volumetric water content

Random effects: Soil depth, plot ID

Chisq P > Chisq Chisq Pr > Chisq
(Intercept) 33.0 < 0.0001 1788 < 0.0001
Irrigation treatment 5.08 0.079 0.026 0.99
Planted vegetation community 1.0 0.32 0.53 0.44
Sampling date 107 < 0.0001 1408 < 0.0001
Irrigation treatment: Planted vegetation 9.05 0.011 0.79 0.67
Irrigation: Sampling date 7.51 0.68 23.6 0.0088

the plot_slopes function in the marginaleffects pack-
age in R (Arel-Bundock and others 2024, Figure 5
D, E, F).

A structural equation model (SEM) was devel-
oped based on the a priori hypotheses that the
experimental treatments and functional plant
community components would affect resistance
(Figures 1D, E, F). The SEM tested the hypothesis
that pre-fire N-fixer, shrub, and perennial bunch-
grass cover would affect resistance, and that their
effects should be mediated by soil properties (Fig-
ures 1F, 6, Table S4, (Maron and Connors 1996;
Bechtold and Inouye 2007; Chambers and others
2007)). We distinguished perennial grass cover and
crested wheatgrass cover in the SEM because pre-
vious observational evidence suggests that crested
wheatgrass may have unique traits that affect soil N
availability (for example, Blank and Morgan
2012a). The SEM included annual measures of
plant cover for each functional group, resistance,
plot-scale average interspace size, and leaf nitrogen
content. The model included three annual mea-
sures of soil N for each of 54 plots for 2020 and
2021. The models within the SEM were run with
glmmTMB in R (see Figure 6, Table S4 for details,
Brooks and others 2017). Block ID was included in
a version of the models as a random effect but often
prevented model convergence and explained neg-
ligible variance and so was removed from all
models. All models were conditioned on differences
in plot-scale total canopy cover by including it as a
co-variate (Table S4). To simplify the visualization
in Figure 6, Table S4, paths were omitted that were
not significant (p > 0.10) or not relevant to our
hypotheses (Figure 1E, F). Data in the model were
standardized to a mean of zero and standard devi-
ation of one, allowing for comparison of coeffi-
cients and accurate quantification of effect sizes of
paths in the model. Goodness of fit was assessed by

Fisher’s C which was 5.075 and Chi-squared which
was 1.634, with p = 0.80 and 0.75, respectively,
indicating that that hypothesized model structure
was supported by the data.

To test for the effect of the soil N pulse (Fig-
ure 4A, B) on resistance for the first three years
after the fire, we built individual regression models,
testing for the effect of the soil N pulse as well as
pre-fire N-fixer, shrub, and perennial bunchgrass
cover on resistance for each year of the study
(Figure 7A, B, C, D). We also constructed a gen-
eralized linear mixed effects model that included all
these variables, thereby controlling for any co-
variation, of each component variable on resistance
(Figure 7 E, F, G, H, Table S5). To assess co-varia-
tion and thus mechanistic links among the depen-
dent variables in the combined model, it was re-run
but without N-fixers and then again without N-
fixers or shrubs (Table S5). Note that resistance is
reported here for the 2022 sampling in which plant
community measurements were adequate to cal-
culate resistance, but this time point was not in-
cluded in other models (for example, Figures 5 and
6, Tables S1, 2, 3) because soil N was not sampled
in 2022. Thus, we assessed how the soil N pulse and
pre-fire community conditions affected long-term
(3-year) resistance outcomes. Model residuals were
normally distributed, and there was no correlation
between model predicted and residual values.

RESULTS

Experimental Treatment Effects on Plant
Community Composition, Density,
and Resistance

Pre-fire foliar cover of N-fixers, shrubs, and
perennial bunchgrasses varied between the exper-
imental hydroclimate and planted community
treatments (Figure S1). The greatest pre-fire N-fixer
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and shrub cover occurred in winter-wet native
shrub-steppe planted plots (41%, 37.5%, respec-
tively) where shrub cover was eightfold greater
than in any other treatment combination (Fig-
ure S1). Pre-fire perennial grass cover was greatest
(79.2%) in summer-wet native planted plots,
which also had the greatest cover of rhizomatous
grasses and sedges (Figure S1). N-fixer, shrub, and
perennial grass cover were least in ambient plots
(mean *+ SE of 0.17 £ 0.17%, 2.6 £ 0.90%, and
40 £ 1.3%, respectively); intermediate in summer-
wet plots (10% £ 0.019, 3.9 &£ 0.66% and
47 £+ 3.5%, respectively); and maximum in win-
ter-wet plots (13% =+ 0.029, 11.7 &+ 2.6%, and
47 £+ 3.5%, respectively, Figure S1).

In the first year after the wildfire (2020) three
years of drought, followed by fire led to plant
communities in which shrubs and N-fixers were
mostly absent (Figure S1). Compared to pre-fire
levels, post-fire N-fixer cover decreased by 9.5%
and 10.1% in summer- and winter-wet plots,
respectively, but increased by 0.4% in ambient
plots. In irrigated and control plots, N-fixer cover
decreased by a mean of 6.4% from before to after
fire, regardless of planted community. Shrub mor-
tality was nearly 100% in the first year after the
fire, and the few resprouting shrubs were rabbit-
brush (Ericameria nauseosa) which had the greatest,
albeit minimal, cover in ambient-crested wheat-
grass planted plots (mean =+ SE of 0.25 £ 0.18%).
Perennial grass cover was relatively unaffected by
the fire, increasing by 2.9% in grassland plots and
10.6% in native shrub-steppe plots (Figure S1).
Perennial grass cover was 4.6%, 2.6%, and 14.4%
greater in ambient-, winter-, and summer-wet
plots, respectively, in 2020 compared to the 2016
pre-fire plant survey.

Post-fire resistance to EA invasion varied
according to long-term pre-fire hydroclimate (irri-
gation treatments), and hydroclimate effects on
resistance depended on the original planted com-
munity type (native shrub-steppe or perennial
grassland, Figure 2). The least resistance (that is,
most invasion) was observed in plots that received
irrigation, especially in winter (Figure 2, LSD test
p < 0.05). Plots that received only ambient pre-
cipitation and were never irrigated had the greatest
post-fire resistance to invasion (closest to zero,
Figure 2), followed by summer, and winter
hydroclimate plots (mean *+ SE of -
0.070 £ 0.045, — 0.24 £+ 0.031, — 0.30 %+ 0.044,
respectively, p < 0.05). Experimentally planted
crested wheatgrass grasslands had greater resis-
tance than native shrub-steppe planted plots

(mean + SE of — 0.16 £+ 0.030, — 0.24 £ 0.042,
respectively, p < 0.05).

The density of EAs (plants/m?) was greater in the
interspace microsites compared to the whole plot
and the difference was most pronounced in winter-
wet plots where invaders were 1.44-4.2-fold den-
ser in interspaces (Figure 3). Exotic annual Bromus
species, mostly cheatgrass, were dominant among
the exotic species in winter-wet plots that had been
planted with native shrub-steppe vegetation and
tap-rooted forbs were most common among the
other plot types.

Soil Nitrogen Content

Plots that were originally planted with native
shrub—steppe vegetation had 1.14 to 1.96-fold
greater plant available soil nitrogen (hereafter soil
N) in interspace soils than crested wheatgrass
planted plots (Table S2). The effect of the hydro-
climate on soil N depended on whether a plot was
planted as a perennial grassland or native shrub-
steppe (p < 0.011, Table 1, S1) leading to post-fire
soil N that was 1.21-2.06-fold greater in previously
irrigated, compared to ambient plots (Table S2).
Winter-wet native shrub-steppe plots had the
greatest measured soil N values, but average soil N
was greater across all time points in summer-wet
plots (that is, Tables S1, S2).

A pulse of soil N was observed on June 30,
2020—the first post-fire soil sampling (Figure 4).
The magnitude of the N pulse depended on the
planted community and hydroclimate and was
greatest in winter-wet native shrub—steppe planted
plots, which had an 8.18-fold increase in soil N
compared to pre-fire levels. No pulse was observed
in ambient crested wheatgrass planted plots, which
had an 0.78-fold reduction in soil N. Soil N was
positively associated with pre-fire N-fixer, shrub,
and perennial grass cover, with the strongest cor-
relations at the first sampling point after the
fire—that is, June 2020 (1.69 + 0.51, p = 0.0008;
1.65 £ 0.61, p = 0.0071; 0.95 + 0.26, p = 0.0003;
respectively, Figure 5, Table S3). The correlation
between soil N and pre-fire perennial grass cover
changed signs from positive at the first sampling
point, to negative two weeks later at the second
sampling point (effect size of — 0.71 &+ 0.35,
p < 0.0001, Figure 5, Table S3).

Leaf N Content

Leaf N content of crested wheatgrass plants (here-
after ‘leaf N’) ranged from 0.67-1.6% depending
on the sampling year, hydroclimate, and vegetation
treatments (Figure S2). Leaf N was 1.43-fold
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greater in the second year after the
fire—2021—compared to 2020 and 1.42- and 1.50-
fold greater in summer compared to winter or
ambient plots on average. Native shrub-steppe
planted plots had 1.24-fold greater leaf N content
than crested wheatgrass planted plots, and the ef-
fects of planted community and hydroclimate on
leaf N were independent (that is, there was no
interaction).

Structural Equation Modeling: Soil
Properties and Leaf N as Moderators
of Pre-Fire Plant Community Effects
on Post-Fire Resistance

Our structural equation model (SEM) confirmed
that ambient-, summer- and winter-wet hydrocli-
mate treatments had strong direct effects on both
soil N (— 0.085, + 0.26, — 0.16, respectively) and
resistance (+ 0.28, — 0.24 and — 0.06, respectively,
Figure 6, Table S4). The SEM provided evidence to
support our three hypothesized mechanisms by
showing that: 1) pre-fire N-fixer cover had the
strongest effect on resistance, and the effect was

negative (— 0.46), 2) greater pre-fire shrub canopy
cover decreased resistance both directly (effect size
— 0.26) and indirectly by creating larger bare-soil
patches (effect size 0.43), and 3) greater pre-fire
perennial grass cover increased resistance (effect
size 0.32), while cover of the perennial crested
wheatgrass had no direct effect on resistance after
conditioning on the overall perennial grass effect
(Figure 6, Table S4). Perennial grass cover and
crested wheatgrass cover had independent direct
effects on leaf N (0.26, — 0.38, respectively), which
mediated their effects on resistance (Figure 6).
However, indirect effects of perennial grasses on
resistance via their effect on leaf N were minor
(0.013 and -0.019 for perennial bunchgrasses and
crested wheatgrass, respectively) because of the
small effect of leaf N on resistance.

Direct effects of pre-fire N-fixer, shrub, and
perennial bunchgrass cover on resistance (-0.46, —
0.26, 0.32, respectively) were stronger than direct
effects of post-fire soil N, interspace area, and
bunchgrass leaf N (0.030, — 0.04, 0.050, respec-
tively). Thus, indirect effect sizes (calculated by
multiplying the coefficients along a given path)
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Figure 4. Temporal trends of total soil inorganic nitrogen for crested wheatgrass (A) and native sage-steppe planted
communities (B) and prism-derived daily temperature (red) and precipitation (blue) values (C). Hydroclimate treatments
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red, respectively. The time series starts with the most recent measurement prior to the 2019 wildfire (Spring 2011) and
includes 7 post-fire measurements of soil inorganic N from this most recent phase of the experiment. Error bars and points
are the mean £ SE of n = 9 plots. Note that the x-axis values are not proportional to time until the beginning of the post-

fire experiment in June 2020.

were small compared to the direct effects of the
pre-fire plant community on post-fire resistance.
When tested as fixed effects, the planted vegetation
experimental treatment was not statistically sig-
nificant in the SEM, and thus is not visually rep-
resented, but was included in the model as a
random effect (Table S4).

Relationship Between Resistance
and Soil Resources

The snapshot measurements of soil water content
did not vary among the experimental treatments
(Tables 1, S1), thus, soil water was excluded from
further analysis. Soil N was greater the first spring
(June 2020) after the fire than at any other time
and correlated directly to the pre-fire shrub and N-
fixer composition at that time point (Figure 5, Ta-
ble 1, S1, S3). Soil N during the first spring after the
fire also correlated strongly and inversely to post-
fire resistance to invasion for three years post-fire

(that is, the duration of this study; Figure 7A,
Table S5). Pre-fire N-fixer and shrub canopy cover
were inversely associated with resistance, and
perennial bunchgrass cover was directly correlated
to resistance each year of the study (Figure 7 B, C,
D). Generalized linear mixed effects models re-
vealed that the effect of soil N on resistance was
mostly explained by variation in pre-fire shrub, N-
fixer, and perennial bunchgrass cover (Figure 7A
vs Figure 7E, Table S5). Soil N had a direct effect on
resistance that, while not significant, trended from
negative to positive over the first three years after
the fire (Figure 7E). The effect of pre-fire N-fixer
and shrub cover on resistance remained significant
and relatively consistent in effect size between
years of the study after controlling for the experi-
mental treatment effects, soil N content, and
perennial grass cover (Figure 7 F, G). Soil N and
perennial grass effects on resistance were signifi-
cant in models that did not include N-fixer-, or N-
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fixer- and shrub cover (Table S4, right-hand 2
columns) indicating covariance.

DiscussioN
Overview

Our experimental study design enabled us to test
for the effects of long-term hydroclimate and pre-
fire plant community type and composition on
post-fire resistance to invasion by exotic annuals in
droughted, regionally representative (that is, sum-
mer- vs winter-wet) perennial bunchgrass- and
shrub-dominated communities of the sagebrush
steppe (Figure 1). The greater resistance of ambient
(arid climate) compared to winter- or summer-wet
plots (Figure 2) was surprising because established
theory and land management guidelines would
suggest that wetter sagebrush steppe communities
should have greater resistance to invasion (Cham-
bers and others 2007, 2014, 2019, 2023, Fig-
ure 1D). The reversal of expected patterns of
resistance likely related to the effects of fire com-
bined with the 3-year drought imposed on sum-
mer- and winter-wet plots, prior to and following

the fire. The inverted resistance occurred despite
similar, or greater, pre-fire perennial grass cover
and post-fire perennial grass recovery and lesser
amount of post-fire bare soil, and thus perceived
greater community resistance to invasion in sum-
mer- and winter-wet compared to ambient plots
(Figure S1, Chambers and others 2007, 2014).

To explain our observation of the unexpected
hydroclimate-resistance relationship, we investi-
gated how soil resource availability varied within
and between the experimental irrigation and veg-
etation planting treatments and how any differ-
ences therein related to the pre-fire plant
community composition and post-disturbance
resistance to invasion. The rationale for our ap-
proach stems from the ‘soil resource hypothesis’
which states that when soil resource supply ex-
ceeds demand, that the probability of change in the
plant community increases—that is, invasion is
more likely (Davis and others 2000; Funk and Vi-
tousek 2007). Because invasion after the fire oc-
curred predominantly in interspace microsites
(Figure 3), we focused our analysis on how soil
resources in interspaces related to pre-fire plant
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community conditions in search of a mechanism
that could explain the unexpected patterns of post-
fire resistance to invasion.

Our data revealed a strong effect of a post-fire soil
N pulse on resistance to EAs that lasted for at least
three years (Figure 7A, Table S5). EAs in the
sagebrush steppe have been shown to rapidly en-
train soil N (Vasquez and others 2008; Witwicki
and others 2013; Slate and others 2022), and our
data suggest that when pre-fire shrub- and N-fixer
cover is high, that soils will have elevated N and
larger, un-occupied interspaces that can facilitate a
rapid response of EAs, corresponding to the mag-
nitude of N pulse (Figures 5, 6, 7). This observation

is supported by related research in the sagebrush
steppe which reported greater invasion and fewer
perennial grass roots in larger bare-soil interspaces
(Reisner and others 2013; Germino and others
2019). Our results also align with recent research
showing that drought, as occurred in our less-re-
sistant-previously irrigated plots, supports plant-
soil feedbacks that reinforce invasion by main-
taining elevated soil N (Strain and others 2025).
Overall, our results showed that native or resident
plant communities that entrain soil resource pulses
should be more resistant to invasion after fire, and
that pre-fire shrub- and N-fixer cover increased the
magnitude of the pulse (Figure 7), while perennial
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grass cover attenuated it as predicted by previous
studies (Chambers and others 2007; Blank and
Morgan 2012b).

Our experimental results also highlight the sen-
sitivity of soil and plant processes to weather (Fig-
ure 4). A significant drop in soil N occurred from
July-August 2021 associated with a precipitation
event just prior to soil sampling. This weather
event likely stimulated germination and green up
of the vegetation, leading to N uptake and the ob-
served soil N-reductions. In contrast, in September
2020, an end-of-season soil N increase occurred
after a series of smaller rain events that likely only
wetted the soil only enough to stimulate microbial
N-mineralization but not plant uptake. Thus, his-
torical climate regime, planted community, and
weather all combined to generate unique plant-soil
interactions that may facilitate or resist invasion.

Although we observed EA invasion, EA cover
was not near or above threshold cover levels (that
is, ~ 20%) that are nominally considered by the
vegetation managers to be indicative of degraded
habitat quality and risks toward plant community

conversion to EA dominance (Germino and others
2022a, 2022b; Smith and others 2025). EA cover
on our plots was similar to cover in the surround-
ing region (Bagchi and others 2017), and density of
invasive plants (plants/m2) was comparable to le-
vels observed in unburned areas between 1950 and
1995 in the surrounding region (Anderson and
Inouye 2001). Relatively low EA cover and density
indicate that, on average, the large 2019 Sheep fire
did not stimulate an invasion event similar to the
severe post-fire invasions observed over many
millions of acres of warmer soil climate regimes in
the sagebrush steppe (D’Antonio and Vitousek
1992; Doherty and others 2022). Nonetheless,
patterns of post-fire EA establishment varied
among the pre-fire hydroclimatic regimes and de-
pended on the planted community, resulting in
‘hotspots’ of initial invasion that could be harbin-
gers of more widespread invasion (Germino and
others 2022a, 2022b).

We propose three candidate mechanisms for re-
duced resistance in plots that developed under
wetter pre-fire soil moisture regimes: 1) Irrigated
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plots had greater pre-fire foliar cover of N-fixing
native perennial forbs, which may have created
hotspots of soil fertility had reduced resistance to
EA invasion after fire (as in Maron and Conners,
1996); 2) plots with wetter pre-fire hydroclimates
also had greater pre-fire sagebrush cover, larger
sagebrush individuals (Reinhardt and others 2019)
and were under drought (that is, had 50% reduc-
tion of water inputs for three years prior to and
following the fire due to the irrigation shut-off),
which likely led to greater fuel connectivity, drier
vegetation, and greater burn severity, and thus
larger interspaces that were resource rich and
prone to invasion after the fire (Germino and
others 2019; Mahood and others 2022); and/or 3)
Ambient (never irrigated) plots that were histori-
cally more arid, but were not subject to drought
prior to and following the fire had fewer shrubs
(Figure S1) and thus the perennial grass commu-
nities in those plots were less water stressed, less
affected by fire (as expected, Boyd and others
2015), and thus were able to attenuate the post-fire
soil N pulse to levels that increased resistance to EA
invasion. We discuss each of these mechanisms in
the sections that follow.

Pre-Fire Presence of N-Fixers Facilitated
Post-Fire EA Invasion by Enriching Plant
Available Soil N

Our data provide evidence for a causal link be-
tween the greater capacity of winter- and summer-
wet climates to support a more robust N-fixer
community compared to our ambient plots (50%
drier, ‘aridic’ hydroclimate), leading to a greater
post-fire soil N pulse and EA invasion (Figures 4, 6,
7, S1, Table S4). N-fixers increase soil N by as much
as 2.4 g N/m?/year in sagebrush steppe ecosystems
(Goergen and others 2009), equaling annual addi-
tions of 6% of the total soil N in our plots (based on
a total N assessment, Huber 2017), but concen-
trated in microsites associated with the N-fixers
(Maron and Connors 1996). Our results show that
pre-fire N-fixer cover directly corresponded to the
magnitude of N pulse observed (Figure 5), sug-
gesting that while N-fixers do support productivity
of these low-fertility ecosystems, that they can also
negatively affect resistance to invasion (Figures 6,
7B, 7F, Table S5). Thus, pre-fire N-fixer cover may
be a useful predictor of plant community resistance
to EA invasion, although that effect should depend
on shrub cover and the recovery of perennial
grasses (Figures 6, 7A, Table S5). Previous studies
offer support for this mechanism where, for
example, hotspots of N created by previous occu-

pation of N-fixers were readily invaded by exotic
weeds in coastal California and Hawaii, USA
(Maron and Connors 1996; Carino and Daehler
2002).

The one other study of post-fire impacts of N-
fixers on plant community recovery after fire in the
Great Basin occurred in an area with patchy EAs
and found that pre-fire Lupinus N-fixers facilitated
post-fire native perennial grasses and forbs by
enriching interspace microsites with soil N after fire
(Goergen and Chambers 2009, 2012). We observed
a consistent and strong effect of greater pre-fire N-
fixer cover, which was to decrease resistance to
invasion for three years post-fire (Figure 7F). Soil N
in our experiment had a variable effect on resis-
tance where greater soil N facilitated invasion
(decreased resistance) in the first year but increased
resistance to invasion in the third year after fire
(Figure 7E). This could relate to multi-year time-
scales required for robust perennial grass recovery
which led to a variable perennial grass-soil N rela-
tionship over time (Figure S1, 5F), whether N-fix-
ers enable EA invasion or enhance the growth of
native perennials appears to be context and time
dependent. More generally, N-fixers are known to
alter primary succession in other low-fertility
ecosystems via facilitating establishment of other
perennials, such as following retreat of glaciers in
Alaska, USA (Fastie 1995) or volcanic eruptions in
Washington, USA (Morris and Wood 1989).

Greater Pre-Fire Shrub Canopy Cover
was Associated with Increased Post-Fire
Soil N Availability and Reduced
Resistance to EA Invasion

A mechanistic explanation for why plots that had
greater pre-fire shrub cover were also most vul-
nerable to invasion was revealed by our SEM
(Figure 6). Specifically, plots that had greater pre-
fire shrub cover had larger interspaces after the fire
which facilitated invasion (that is, resistance was
lower, Figure 6). Greater shrub cover and larger
interspaces led to greater soil N content, which we
expected would decrease resistance, but the SEM
showed a very weak and positive soil N-resistance
relationship. Our mixed effects models revealed
that the effect of soil N on resistance depended on
the time of measurement, thus the generalized soil
N—resistance effects were not mechanistically
insightful. The theorized negative effects of soil N
on resistance were obscured in the SEM due to its
covariance with shrub and N-fixer cover and
interspace size, and further, may have been offset
by the robust recovery of perennial grass commu-
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nities that could benefit from greater soil N,
increasing resistance (Figures 5, 6, 7, S1, Table S5).
Models that explicitly focused on the June 30th,
2020 soil N pulse revealed that the magnitude of
the pulse corresponded to pre-fire shrub and N-
fixer cover, and further showed that greater shrub
cover negatively affected resistance because of its
positive effect on post-fire soil N (Figure 7,
Table S5).

It is well established that rapid rates of nutrient
cycling under desert shrub canopies generate is-
lands of soil fertility with greater nutrient and
water content than the adjacent bare-soil inter-
spaces, and that these islands can persist for years
after shrub removal (Bechtold and Inouye 2007).
While these ‘fertile islands” may be the best loca-
tions for shrub re-establishment (Arkle and others
2022), they also are vulnerable to EA invasions, as
revealed by a soil-transplant experiment (Hoover
and Germino 2012), and in this study under field
conditions (Figure 3). When sagebrush-dominated
communities burn, their post-fire resistance is re-
lated to perennial grass recovery (Chambers and
others 2007, 2014). However, if shrubs are large or
dense enough, increased heating from their com-
bustion in wildfire increases burn intensity under
shrub canopies, leading to greater mortality of
bunchgrasses under or near them, an effect that is
exacerbated under drought conditions (Boyd and
others 2015a; Hulet and others 2015). This leads to
burned shrub microsites with increased resource
supply and decreased uptake, due to few or no
resprouting perennials, which creates an opportu-
nity for increased germination and post-fire inva-
sion, that is, confirming the soil resource
hypothesis (Davis and others 2000).

We propose that the larger pre-fire shrub vol-
umes in our summer- and winter-wet plots (and
especially in the winter-wet native shrub-steppe
plots, Figure S1, Germino and Reinhart, 2014)
combined with three years of imposed drought
(that is, irrigation cessation) likely led to higher
intensity burning, which, in turn, increased mor-
tality of the perennial grass understory, leading to
large, nutrient rich, and poorly resistant burned
shrub microsites where EAs could establish.
Importantly, we found greater establishment of
EAs in plant communities that would be considered
highly resistant to invasion due to their greater
productivity and diverse communities that arose
from their development in a wetter climate, but
that were under drought stress before and after the
fire (Figures 2, 3, S1). Thus, we found that three
years of drought can reduce the post-fire resistance

to invasion of an ecosystem that is generally con-
sidered to have a low likelihood of invasion.

Perennial Grasses Provided Resistance
to Invasion by Outcompeting Exotic
Annuals for Soil N

Observational and experimental glasshouse studies
have shown that perennial grasses in semiarid
landscapes are key to resisting EA invasions be-
cause they recover quickly after wildfire and can
outcompete germinating EAs for nutrients, mois-
ture, and light (Bookman and Mack 1983; Hum-
phrey and Schupp 2004; Chambers and others
2007; Vasquez and others 2008). Our experimental
results provide concise evidence for the capacity of
perennial grasses to entrain soil N by showing that,
while pre-fire perennial grass cover was positively
associated with a soil N pulse, there was a switch to
a negative perennial grass-soil N association within
just 2 weeks (Figure 5 C, F). The directional shift of
this effect coincided with a significant and rapid
reduction in soil N content (Figure 4) which sug-
gests that that pre-fire perennial grass cover may be
predictive of a plant community’s capacity to ra-
pidly entrain pulses of soil resources that can
otherwise facilitate EA invasion (Figure 7). Thus,
any management that significantly diminishes
perennial grass abundance or vigor and favors
shrub abundance (for example, overgrazing,
Cooper 1953; Laycock 1967) would likely increase
the magnitude of a post-fire soil N pulse, reducing
post-fire resistance to invasion in these ecosystems.
Importantly, our results do not suggest that shrubs
are incompatible with post-fire resistance to inva-
sion, but, for example, in the case of a near closed-
canopy shrubland, greater fire severity that affects
bunchgrass mortality (for example, Boyd and oth-
ers 2015c) could harm resistance to invasion even
in areas considered to have high resistance to
invasion. More research is needed to understand
how shrub and perennial grass density interact
with climate, drought and fire to affect post-fire
resistance.

Larger bare-soil interspaces had greater soil N
content and plots with greater pre-fire perennial
grass cover had smaller interspaces (Figure 6),
which is consistent with the expectation that
smaller interspace sizes enhance post-fire perennial
grass recovery, uptake of soil N, and resistance to
EA establishment (Figures 4, 6, 7). The link be-
tween perennial grasses and interspace size is sup-
ported by past research in post-fire sagebrush
steppe landscapes which showed that lateral roots
of bunchgrasses were scarcer in larger basal gaps,
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while EAs were more abundant (Germino and
others 2019). Interspace size may be an easily ob-
served expression of the balance of soil resource
supply and uptake in these semiarid ecosystems,
especially after a disturbance, which is consistent
with the ‘soil resource hypothesis’ (Davis and
others 2000). More research is needed to assess
whether thresholds in interspace size may exist
that could be used improve predictions of resistance
to invasion after fire and provide targets for bare-
soil interspace size and cover for managers.

CONCLUSIONS

Diverse and productive plant communities provide
vital ecosystem services to drylands such as wildlife
habitat, carbon storage and cultural value. How-
ever, dominance of native species that lack adap-
tation to frequent disturbance and leave fertile
hotspots after disturbance is problematic when and
where exotic invaders complicate native plant
recovery. Notably, both altered disturbance regimes
and exotic species are increasing simultaneously
across many drylands and other ecosystem types,
globally. In our experiment which assessed com-
bined drought and fire responses of two common
sagebrush steppe plant community types in three
regionally representative hydroclimates, greater
pre-fire cover of foundational shrubs or N-fixers
decreased post-fire resistance to invasion and
thereby detracted from resistance to invasion after
a compound disturbance of drought and fire.
Sagebrush steppe communities that can recover
and control soil resources in the first growing sea-
son after a fire are less vulnerable to invasion that
could eventually be compounded by annual grass
fire feedbacks that culminate in conversion of
perennial ecosystems into annual grasslands.
Importantly, the historically wetter and more
diverse communities that were anticipated to be
most resistant to invasion in our experiment were
less resistant than ambient, non-droughted plots.
Our results showed that this reversal of expected
patterns of resistance could be attributed to the
greater density of N-fixing forbs and fire intolerant
shrubs that led to larger bare-soil interspaces and a
greater post-fire pulse of soil N. The resistance-re-
versal also related to the compound disturbance of
drought coinciding with fire, which likely increased
mortality of perennial grasses under shrub canopies
that otherwise could have conveyed resistance to
invasion after the fire. The disturbance-recovery
(that is, resistance and resilience) patterns of these
ecosystems could only be understood by consider-
ing the interactions between historical climate,

contemporary weather, and plant community
composition and could not be predicted from gen-
eralized characteristics such as whether the plant
community developed in a wetter climate.
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