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Droughts are projected to become more extreme and more frequent throughout the remainder of the
21st century. Our ability to sustain rangeland functioning relies on understanding the interactive ef-
fects of extreme drought and herbivory on vegetation. Here, we report on an experiment in northeast
Wyoming, USA that simulated five levels of drought intercepting 0%, 25%, 50%, 75%, or 99% of ambi-
ent rainfall for two years. These treatments were crossed with two grazing intensity (50%, 70% utiliza-
tion) and two browsing intensity (background, +50% leader removal) treatments. We measured canopy
volume changes, leader growth, and leaf water potential on a dominant shrub, Artemisia tridentata ssp.
wyomingensis (Beetle & Young), to test three major predictions: (1) canopy volume and leader growth
decline with greater drought magnitude, (2) heavy grazing reduces the effects of drought magnitude,
and (3) heavy browsing amplifies effects of drought magnitude. Under ambient browsing intensity, ex-
treme drought caused Wyoming big sagebrush (Beetle & Young) canopies to shrink. Interestingly, this
effect went away in our heavy browsing treatment, despite overall negative effects of heavy browsing
on shrub canopies and leader survival. We show that this drought-buffering effect may be driven by re-
duced leaf-level water stress in droughted, heavily browsed shrubs compared with droughted, ambiently
browsed shrubs; this may have resulted from lower early-season leaf area leading to lower transpiration-
related water loss. This potential mechanism for drought resistance in sagebrush steppe highlights the
importance of maintaining intact food webs, despite perceived deleterious effects of herbivores for plant
abundance and growth. To promote sustainability of sagebrush and other shrub-dominated ecosystems
in face of extreme precipitation change, it may be necessary for land managers and policy makers to

prioritize conservation of native herbivores within ecosystems.
© 2025 The Society for Range Management. Published by Elsevier Inc. All rights are reserved, including
those for text and data mining, Al training, and similar technologies.

Introduction

been shown to cause simultaneous intensification of disturbance
regimes such as herbivory (Teague et al., 2004), and these distur-

Altered hydrological regimes are likely to increase the sever-
ity and frequency of droughts worldwide (Easterling et al., 2017;
Kossin, 2017; U.S. Global Change Research Program et al., 2017;
Wehner et al. 2017), which will have substantial effects on ecolog-
ical processes and ecosystem services (Zhang et al. 2013; Moran
et al., 2014; Knapp et al, 2015). Additionally, droughts have
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bances will have their own effects on ecosystem function (Brodie
et al.,, 2012). Understanding how drought and disturbance intensi-
fication interact to impact ecological processes is critical for pre-
dicting future states and functioning of ecosystems (Villnds et al.,
2013).

Semi-arid ecosystems may be particularly susceptible to ex-
treme drought and intensified disturbance events because (1) their
sensitivity to water limitation may be stronger than more mesic
ecosystems due to well established relationships between arid-
ity and precipitation sensitivity (Huxman et al., 2004; Sala et al.,
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2012), and (2) their greater abundance and diversity of herbi-
vores compared with more arid ecosystems (OIff et al., 2002)
allow for the possibility of heavy herbivory events. Sagebrush-
dominated semi-arid ecosystems make up a substantial proportion
of the western United States (Still and Richardson 2015) and pro-
vide many important ecosystem services, such as wildlife habitat
(Beck et al., 2012), forage for cattle (Mack and Thompson, 1982),
and belowground carbon sequestration (Heyden and Stock, 1996).
Artemisia tridentata ssp. wyomingensis (Beetle and Young) (here-
after "sagebrush" and/or "shrub") is a foundational species across
vast swaths of the western US that maintains biodiversity (Welch,
2005), provides wildlife habitat (Beck et al., 2012), suppresses inva-
sive species (Lysne, 2005), and limits wind and water erosion (Goff
et al,, 1993). Effects of drought and disturbance on populations of
sagebrush will thus have strong effects on many aspects of these
important ecosystems.

One characteristic that makes sagebrush an important species
is its resistance - that is, the ability to grow or persist during
environmental stress (Pimm, 1984) - to moderate drought (Kolb
and Sperry, 1999a). Multiple mechanisms lead to drought resis-
tance of sagebrush including having a two-component root system
to prevent xylem cavitation (Kolb and Sperry, 1999b; Lysne, 2005),
deeper rooting profiles (Tabler, 1964; Wan et al., 1994), mycorrhizal
association (Stahl et al., 1998), and water storage in the taproot and
stem (Link et al., 1995). Yet, when drought becomes extreme, many
of these drought resistance mechanisms may become less effective
due to deeper soil layers drying out (Sperry and Love, 2015), em-
bolisms reducing hydraulic conductance (Kolb and Sperry, 1999b),
and depletion of water storage reserves within plant tissues. As
such, extreme water limitation events may cause declines in sage-
brush growth and production despite its resistance to less severe
drought (Loik and Harte, 1997; Kwon et al. 2008).

Herbivory by large and small animals is an important distur-
bance in sagebrush shrublands, and the impact of herbivory on
sagebrush itself depends on the intensity and type of herbivory
(i.e., grazing versus browsing). Sagebrush evergreen leaves are nu-
tritious (> crude protein) and contain secondary chemicals (e.g.
monoterpenoids, sesquiterpenoids) that may either deter or attract
consumers (Welch, 2005). Browsers and mixed-feeding herbivores
like pronghorn (Antilocapra americana Ord, 1815) and mule deer
(Odocoileus hemionus Rafinesque, 1817) consume large amounts of
sagebrush throughout the year (Welch 2005). Although browsing
results in direct removal of photosynthetic biomass, which can
lead to reductions in growth rates (Rittenhouse and Sneva, 1977)
and a depletion of shrub carbohydrate reserves (Heyden and Stock,
1996), moderate browsing can be beneficial to shrubs by removing
dead plant tissue enabling new shoots to establish (Billbrough and
Richards, 1993). Sagebrush has developed various adaptations that
allow it to survive in conjunction with moderate browsing, includ-
ing maintenance of carbohydrate reserves in its plant tissues to fa-
cilitate regrowth after biomass removal (Sturges and Trlica, 1978).
These browsing resistance characteristics likely explain its persis-
tence in areas where browsing is very common (Ngugi et al., 1992).
However, when browsing pressure becomes too great, this may
lead to plant damage or death. For example, Wambolt (1996) found
that when too much new growth is consumed by browsers dur-
ing the winter, this can result in substantial damage or mortality
of sagebrush individuals. In addition to browsers, grazers are com-
mon in these landscapes, and may also have important effects on
sagebrush persistence.

Large ungulate grazers, such as horse and cattle typically con-
sume sagebrush in only trace amounts (Krysl et al, 1984), al-
though elk will consume sagebrush in fall/winter (Hobbs et al.
1996). Instead, the primary effect of grazers on sagebrush ecosys-
tems during summer months is through consumption of grasses
and forbs (Beck and Peek, 2005) and/or trampling effects (Davies

et al,, 2018). Consumption of grasses and forbs by large ungu-
late grazers during the growing season may benefit shrubs by re-
moving competition for shallow soil water (Meyer, 1994; Williams
et al,, 2002; Shaw et al., 2005; Riginos, 2009) as well as creat-
ing favorable conditions for future seedling establishment (Davies
et al., 2020). Yet although grazing may reduce leaf area of peren-
nial grasses and reduce transpiration losses of water (Bremer et al.,
2001), it may also increase evaporative losses due to removal of
vegetative cover (Veldhuis et al., 2014). Grazing may also alter wa-
ter balance through changes in species composition and has been
shown to increase abundances of warm season grasses over longer
time scales (Augustine et al., 2017; Porensky et al., 2017). Given
that effects of herbivory on shrubs depend strongly on factors such
as herbivore type and consumption pressure, it is reasonable to ex-
pect that interactions with drought may also differ depending on
the type and intensity of herbivory.

During severe drought, less forage is produced and performance
of herbivores is likely to suffer (Craine et al. 2010; White et al.,
2014; Gibson et al., 2017; Bondaruk et al., 2022). With less avail-
able forage, grazing and browsing pressure will increase. Direct ef-
fects of these co-occurring perturbations (extreme drought + heavy
herbivory) may be compounding and lead to greater mortality
risk (Souther et al., 2020) as drought depletes carbohydrate re-
serves, ultimately limiting the ability of shrubs to regrow photo-
synthetic tissue after herbivory (Wandera et al., 1992). However,
co-occurring drought and herbivory effects may also ameliorate
one another. For example, heavy grazing during drought may in-
crease drought resistance by reducing grass abundance and thus
increasing available water for shrubs (Meyer, 1994; Williams et al.,
2002, Shaw et al., 2005). Browsing during drought may also reduce
transpiration water losses, which could help shrubs cope with wa-
ter stress. Better information about how herbivory and drought in-
teract will allow us to predict how these ecosystems will respond
to ongoing global change.

Here, we report on a fully factorial field experiment in a sage-
brush grassland ecosystem simulating five levels of drought, two
levels of grazing, and two levels of browsing to address the over-
arching question: How will co-occurring perturbations interact to
impact the growth and persistence of a dominant shrub? To this
end, we tested the following hypotheses:

1. Shrub leader growth and canopy volume will be reduced with
greater drought magnitude due to increasing water stress (i.e.
more negative leaf water potentials).

2. Heavy browsing will amplify the effect of drought on leader
growth and canopy volume due to a lack of regrowth of leaders
after browsing events.

3. Heavy grazing will ameliorate the effect of drought treatments
on shrub leader growth and canopy volume. We predict this
will be due to removal of herbaceous vegetation, which will
lead to greater soil moisture in heavily grazed areas.

Methods
Site Description

Our study was conducted on private land near the Thunder
Basin National Grassland, 15 miles northeast of Bill, Wyoming. This
site is an ecotonal sagebrush steppe-grassland ecosystem classi-
fied as the northern rolling high plains, southern part, or Ma-
jor Land Resource Area 058B through the USDA-NRCS, 2022. The
experiment was located across a bench and adjacent slope, with
slopes ranging from 6% to 15%. Soils were dominated by the
Cushman-Worf complex (Soil Survey Staff, Natural Resources Con-
servation Service, USDA, 2024). Block 1 had relatively homogenous
and sandy surface soils (0-10cm depth increment; percentage
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sand:clay ranged from 53:17 to 80:3). Block 2’s soils were mixed
with areas of sandy (e.g., 65:14) and loamy soils (e.g., 30:39). Block
3’s soils were also mixed but ranged from loamy (e.g., 39:42) to
clayey (e.g., 13:61). This region has a mean annual precipitation
ranging from 250 to 350 mm per year and elevation ranging from
1,097 to 1,585 m (3,599-5,200 ft). The mean monthly temperature
ranges from —5°C in December to 22°C in July (Porensky et al.,
2018). During 2020, the experimental site received 128 mm annual
precipitation. The dominant plant species at the site were A. triden-
tata ssp. Wyomingensis Beetle & Young; C3 perennial graminoids
such as Pascopyrum smithii (Rydb.) A. Love, Koeleria macrantha
(Ledeb.) Schult., Carex filifolia and Hesperostipa comata (Trin. &
Rupr.) Barkworth; C4 perennial grasses such as Bouteloua gracilis
(Willd. ex Kunth) Lag. ex Griffiths and Aristida purpurea; C3 an-
nual grasses such as Bromus tectorum and Bromus arvensis; the cac-
tus Opuntia polyacantha Haw.; and the subshrub Artemisia frigida
Willd. (Frost et al., 2023). The site has been moderately grazed by
cattle (Bos taurus Linnaeus, 1758) and sheep (Ovis aries Linnaeus,
1758) since 1934. Dominant wild mammal species at the site are
pronghorn (Antilocapra americana Ord, 1815), mule deer (Odocoileus
hemionus Rafinesque, 1817), pygmy rabbits (Brachylagus idahoensis
Merriam, 1891), and elk (Cervus elaphus Linnaeus, 1758).

Experimental design

We manipulated grazing, drought, and browsing in a full facto-
rial split-split plot experimental design (2 grazing x 5 drought x 2
browsing treatments), although replication within drought and
grazing treatments was unbalanced (see below). There were three
experimental blocks in which all experimental treatments were
nested. Each block was a 81mx61m area fenced to exclude
bovine livestock, but fences did not exclude wildlife.

Each block was split into four quadrants, three of these ‘pad-
docks’ were randomly assigned a grazing treatment, and the fourth
used to hold water for livestock (this fourth quadrant contained no
plots). The sagebrush results reported in this manuscript are part
of a 5-year study that simulates three different grazing strategies
that change through time during and after drought (Frost et al.,
2023). At the time of our sagebrush measurements reported here,
two of the paddocks per block had received moderate grazing in-
tensity, and one paddock per block had received heavy grazing in-
tensity, resulting in an unbalanced design for grazing treatments.
Areas were grazed by two or three angus heifers kept within ex-
perimental paddocks until target treatment residual biomass was
achieved, 50% (moderate) and 70% (heavy) utilization based on
visual obstruction (robel pole; Robel et al., 1970) measurements
taken before and throughout the grazing period. The grazing pe-
riod extended from June 26 to July 18 in 2019, and these treat-
ment designations were applied to sagebrush measurements taken
in 2020. Additional grazing treatments were applied in early July of
2020, but these occurred after we collected most of our measure-
ments during the active sagebrush growing period (McArthur and
Welch, 1982). Experimental drought infrastructure was removed
during grazing events to ensure livestock had full access to exper-
imental plots.

Within the grazing treatments, five levels of drought were im-
posed using rain-out shelters with clear polycarbonate strips sus-
pended over the plot from mid-April to mid-October each year,
covering 0%, 25%, 50%, 75%, and 99% of the plot area (2 x2m).
Rain-out shelters were 3.2 x 4.0m and 1m tall at the highest point
with a double angled roof to prevent rain blow-in during storms
with a minimum of a 0.5-m buffer zone around the sampling plot
to limit horizontal transfer of water to vegetation within the sam-
pling plot (Yahdjian and Sala, 2002). This design has been shown
to have minimal impacts on air temperature and humidity under
drought shelters (Yahdjian and Sala, 2002), although there may be

up to 10% lower photosynthetically active radiation transmittance
under drought shelters (Hoover et al., 2014). One extra set of plots
were assigned to the ambient (0%) precipitation plots such that
each paddock had 6 plots with one plot randomly assigned to each
of the 25%, 50%, 75%, and 99% treatments and two plots randomly
assigned to the 0% treatment, resulting in an unbalanced precipi-
tation treatment design.

Finally, within each rain-out shelter or control plot, two es-
tablished sagebrush individuals were selected and randomly as-
signed one of two browsing treatment subplots: ambient brows-
ing or heavy browsing. The ambient browsing treatment was ex-
posed to ambient herbivory by native browsers including mule
deer, pygmy rabbits, and pronghorn. Personal observations of her-
bivory by rabbits were made before and during the study. For the
heavy browsing treatment, we clipped all new growth from half
of the leaders (i.e., stems having new growth) in April 2020. This
browsing intensity removal method was chosen to reflect a heavy
browsing removal event typical of wildlife in the region (Bilbrough
and Richards, 1993; Singer and Renkin, 1995).

This resulted in a total of 108 potentially sampled shrubs, com-
ing from 3 experimental blocks * 3 grazing paddocks per block (2
moderate, 1 heavy) * 6 precipitation plots per paddock (one each of
each drought magnitude and two ambient precipitation) * 2 shrubs
per plot (one ambient, one heavy browsing). However, three plots
did not have live sagebrush individuals in them, which removed
six total shrubs from the final analysis, resulting in a final N=102.

Sampling methods

In October 2019, we took one 0-10cm soil core per plot, and
determined soil texture using the hydrometer method (Bouyoucos
1962). Volumetric soil moisture integrated from 0 to 7.6cm was
measured in two random locations in each drought plot twice per
month from April-October 2020 using a Field Scout TDR-100 soil
moisture probe (Spectrum Technologies, Inc 2009).

To estimate leader growth of sagebrush individuals, in April
2020 we fitted each sagebrush with six different colored zip-ties
randomly assigned to 5-10cm long leaders that were not exposed
to experimental browsing. Then in April and October 2020, we
measured from the top of the zip-tie to the end of the furthest
live leaf, to the nearest millimeter. Leader growth was calculated
as the difference between October and April length measurements
(Connell et al., 2018). Leaders that died were analyzed separately.
We note that our estimates of leader growth do not capture growth
occurring before natural herbivory of leaders. Leader mortality was
also estimated for each shrub as the proportion of the six tagged
leaders that died between April and October.

We used measurements of canopy height, width, and length to
estimate the canopy volume of each shrub in April and June in
2020. Height was the measurement from the ground to the top-
most live leaf. Canopy length and width of each shrub was mea-
sured by orienting north to south and west to east of the plot, re-
spectively, and assessing the distance between the furthest tips of
left-most and right-most live leaves. Canopy volume (V) was cal-
culated as the elliptical area multiplied by canopy height follow-
ing Rittenhouse and Sneva (1977) and Mack (1977): V= (ZL¥)H,
where L, W, and H are canopy length, width, and height measure-
ments, respectively. Canopy volume differences were calculated by
subtracting June from April canopy volume measurements for each
shrub.

To assess water availability at the root-soil interface and plant
water stress during the drought, we measured predawn and mid-
day leaf water potential for sagebrush individuals in June for a
subset of the plots (N=30). We chose this time point because
this was at peak growth (McArthur and Welch, 1982) and the
drought treatments were in full effect. All sagebrush individuals
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Figure 1. Photos of (A) drought, (B) browsing, and (C) grazing simulation approaches. (D) Daily precipitation and biweekly volumetric soil moisture measurements integrated
from 0 to 10cm in the soil within drought treatments throughout the growing season of 2020. Asterisks represent significant drought effects at specific time points. Inset:
Average soil moisture across the growing season. Different letters represent significant differences based on Tukey-adjusted comparisons.

were sampled within one block. The exceptions to this were (1)
one of the 99% drought plots within the chosen block was miss-
ing a sagebrush individual so one sagebrush individual in a cor-
responding 99% drought plot in the second block was measured,
and (2) we randomly selected one of the two ambient precipi-
tation plots per paddock to include in these measurements. The
water status measurements of each of these sagebrush individuals
were taken at the same time (2:00-4:00 predawn and 12:00-14:00
midday) to ensure similar environmental conditions across all
individuals.

We carried out each water potential measurement by harvest-
ing a single 8-10cm live leader that was not exposed to experi-
mental browsing. Each cutting was placed in a labeled airtight bag
with a damp paper towel. Leaf water potential was assayed with a
PMS pressure chamber (PMS Instrument Company, 2019) following
routine methods.

Statistical analyses

Main effects of drought, grazing, and browsing treatments, as
well as interactive effects drought*grazing and drought*browsing
on leader growth, leader mortality, and canopy volume change
were assessed using a mixed-effects analysis of covariance (AN-
COVA) using Satterthwaite denominator degrees of freedom.
Drought was treated as a continuous fixed effect. Grazing and
browsing were treated as categorical fixed effects. To account for
the experimental design, models included plot nested within pad-
dock nested within block as random factors. When significant in-
teractions between drought and grazing or browsing were found,
data were split by the significant interaction term (browsing or
grazing) and the drought effect was assessed separately for each
level. Three outliers were removed in the canopy volume change
dataset (studentized residuals: —6.1, 5.5, —4.1; Bonferroni adjusted
p values: all <0.01). One outlier was removed in the leader mortal-
ity dataset (studentized residual: 4.1; Bonferroni adjusted P-value<
0.01). Results from models run with outliers included were less ro-
bust but qualitatively similar to results from models run with out-
liers excluded.

Effects of drought and grazing on soil moisture throughout
the growing season were assessed using repeated measures lin-
ear models using a compound symmetry covariance structure.
Drought, grazing, and sampling time point were set as main ef-
fects. Plot nested within paddock nested within block were set as
random effects. We found a significant interaction between time
point and drought, so the model was then split by time point to
determine time points at which drought effects were significant. To
assess differences between season-long drought treatments, Tukey-
adjusted multiple comparisons of least squared means were con-
ducted.

To motivate comparisons of shallow versus deeper soil water
availability as drivers of changes in shrub canopies, we assessed
relationships between average June soil moisture from 0 to 10cm,
predawn leaf water potential, and midday leaf water potential and
canopy volume difference (June-April) and leader growth using
mixed model regressions. Soil moisture, predawn leaf water poten-
tial, and midday leaf water potential were set as continuous pre-
dictor variables of canopy volume difference and leader growth in
separate models. Plot nested within paddock nested within block
were set as random factors within each model.

Drought treatment and browsing effects on predawn leaf wa-
ter potential and midday leaf water potential within a single block
were assessed using mixed-model ANCOVAs with drought set as
a continuous predictor variable and browsing treatment as a main
categorical fixed effect. Plot nested within paddock nested within
block were set as random factors. We also checked for effects of
soil texture (% sand, % silt, % clay) on predawn and midday leaf
water potentials using linear regression.

Data were checked for the assumptions of homogeneity of vari-
ance and normality of residuals. Leader mortality proportions were
arcsine transformed for analysis to improve normality. Statistical
significance was set at «=0.05 for all tests, and marginal signif-
icance was assigned to 0.05<o<0.1. All statistical analyses were
conducted in R version 4.2.1 (R Core Team 2021), mixed effects
models were run using the Imer function in the ‘Ime4’ package
(Bates et al., 2015), and type 3 ANCOVAs were run using the anova
function within the ‘lmerTest’ package (Kuznetsova et al.,, 2017).
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Results
Soil moisture

Soil moisture was low overall during 2020 and varied through
time (Fy3649=97.1, P<0.01; subscripts after F denote numerator,
denominator degrees of freedom) in experimental plots, starting
relatively moist in the early season and then becoming drier over
the course of the growing season. Soil moisture increased again
in September due to large rainfall events that occurred at the
field site (Fig. 1D). Drought effects on soil moisture varied across
the growing season (drought*time F;3649=4.0, P <0.01) such that
drought effects were strongest during periods of dry-down and
less evident during periods of high soil moisture (Fig. 1d). Differ-
ences in season-long average soil moisture across drought mag-
nitude were significant (F;43=26.7, P<0.01) with greater drought
magnitude resulting in lower soil moisture. Specifically, soil mois-
ture in 75% and 99% drought magnitude treatments were lower
than ambient treatment soil moisture (t=3.7 and t=4.5, respec-
tively, both P<0.01). Please note that drought was necessarily
converted to a categorical variable for multiple comparisons of
means.

Shrub canopy volume and leader growth

Heavily browsed shrubs had a negative change in crown vol-
ume from April to June under ambient precipitation (—0.005 m3
+ 0.002) while ambiently browsed shrubs increased in crown vol-
ume (0.006 m> + 0.005, Fj44=52, P=0.03; Fig. 2A). The overall
main effect of drought magnitude on crown volume change was
not significant (Fy4;=1.6, P=0.21), but the effect of drought varied
by browsing treatment (F;44=8.1, P<0.01). When drought effects
were split by browsing treatment, we found that with ambient
browsing, canopy volume decreased as drought intensity increased
(Fig. 3A; Fi4p=112, P<0.01). Under heavy browsing, drought
magnitude had no effect on canopy volume (Fig. 3B; Fy47;=0.31,
P=0.58). We found no overall effects of grazing on canopy volume
change (Fi4;=0.14, P=0.71) nor a significant drought-by-grazing
interaction term (F;41=2.46, P=0.12).

Heavy browsing significantly increased shrub leader mortality
from an average of 5% on ambiently browsed shrubs to 10% leader
mortality on shrubs that experienced heavy browsing treatments
(Fig. 2B, Fi51=7.7, P<0.01). There was a weak negative relation-
ship between leader mortality and drought magnitude (F;49=3.5,
P=0.07). There were no significant effects of grazing (F; 49=0.0005,
P=0.98), drought-by-browsing (F;5;=2.2, P=0.15), or drought-by-
grazing (F49=0.01, P=0.91) on leader mortality.

For the leaders that lived throughout the growing season,
we then assessed leader growth. We found that heavy graz-
ing weakly increased leader growth under ambient precipitation
(F147=2.9, P=0.097). We also found a weak interactive effect be-
tween drought and browsing treatment (F; 49=3.6, P=0.07) so we
then assessed the effect of drought on leader growth separately
for ambient and heavy browsed shrubs. We found leader growth
increased with drought magnitude in the extreme browsing treat-
ment (F; 4=4.2, P=0.047; Fig. 4D) but not in the ambient brows-
ing treatment (F; 43=0.0001, P=0.99; Fig. 4C).

To assess whether non-linear threshold responses existed along
drought magnitude, we compared AIC values between a model that
contained a quadratic parameter to allow for a non-linear relation-
ship between drought magnitude and canopy volume change and
a model that did not include a quadratic parameter. The AIC of the
linear model was lower (AIC: —414.2) than the non-linear model
(AIC: —-388.5).
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Figure 2. Browsing effects on crown volume change (A) and leader mortality (B).
Crown volume change means were calculated from shrubs that did not receive
drought due to significant interactions between browsing and drought treatments
in the full model. Leader mortality means were calculated from all shrub individuals
and represents the percentage of tagged leaders that died throughout the growing
season in 2020. Both panels show significant differences between browsing treat-
ments at a=0.05.

Drought and browsing effects on leaf water potential

With ambient precipitation, predawn leaf water potential
was more negative under heavy browsing than ambient brows-
ing (Fy13=6.1, P=0.03; Fig. 4A). Drought effects on predawn
water potential varied slightly across browsing treatments
(drought*browsing interaction: F;13=3.7, P=0.08) so models
were split by browsing treatment. Predawn water potential under
ambient browsing was more negative under greater drought
magnitude (F;13=4.2, P=0.06, Fig. 4A), while there was no rela-
tionship between predawn water potential and drought magnitude
for heavily browsed shrubs (F;13=0.14, P=0.72). Midday leaf
water potential measurements were variable both within and
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across treatments (Fig. 4B), resulting in no significant model
effects (Drought: F;13=0.41, P=0.53, Browsing: Fy;3=1.3, P=0.27,
Drought*Browsing: F;13=3.1, P=0.10).

Soil moisture and leaf water potential regressions with canopy
volume and leader growth

We found no significant relationship between canopy volume
response and June soil moisture (F;43=1.33, P=0.26). Conversely,
we found that predawn and midday leaf water potential mea-
surements correlated with canopy volume responses (Fig. 5A and
B) with more negative water potential values relating to greater
declines in sagebrush canopy volumes (predawn: Fyj5=12.2,
P <0.01; midday: Fy56=7.3, P=0.01). Leader growth was not sig-
nificantly related to soil moisture (F; 49=0.60, P=0.44) or predawn
leaf water potential (F;,5=1.19, P=0.28; Fig. 5C), but was posi-
tively related with midday leaf water potential (F;,3=6.5, P=0.02;
Fig. 5D), such that leaders grew more on shrubs experiencing less
water stress.

We also tested whether water potential measurements varied
with soil texture and found no significant relationships between
percent clay, silt, or sand and predawn water potential (% sand:
F]‘28=0.79, P=0.38; % silt: F1728=0.01. P=0.93; % clay: F1'28=1.8,
P=0.19). Nor did we find significant relationships between mid-
day water potential values and % sand (F3=2.8, P=0.11 or % silt
(F128=0.45, P=0.51). We did find a weak negative relationship be-
tween % clay and midday water potential (F;,5=3.8, P=0.06).

Discussion

Two years of extreme drought caused declines in canopy vol-
ume of sagebrush individuals, despite these shrubs having mor-
phological and physiological characteristics that provide drought
resistance. These changes in canopy volumes increased with wa-
ter stress, estimated by leaf water potential measurements. Heavy
browsing treatments resulted in greater resistance of sagebrush to
extreme drought, possibly due to lesser transpiration water loss
and increased leader growth for heavily browsed and droughted
shrubs. Ultimately, these results highlight the complex nature of
vegetation responses to environmental drivers and the importance
of including herbivory, a nearly universal phenomena (The Her-
bivory Variability Network 2023), in predictions of ecosystem re-
sponses to extreme drought.

Sagebrush response to drought

We predicted that shrubs growing in drought treatments would
be more water stressed than shrubs in ambient precipitation treat-
ments, and that this would reduce their growth and canopy size.
Our findings showed that canopy volumes of sagebrush were neg-
atively affected by drought under ambient browsing, and this ef-
fect was linearly related to drought magnitude (Fig. 3). While the
negative effect of drought matches our predictions, the linear na-
ture is somewhat surprising based on previous findings of shrub
resistance to moderate drought due to plant physiology (Kolb
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and Sperry 1999b), mycorrhizal associations (Matzner and Richards
1996; Stahl et al. 1998), and rooting distribution (Tabler 1964; Ryel
et al,, 2003; Prieto and Ryel, 2014). That is to say, we expected
sagebrush responses to mild and moderate drought to be buffered
by the above mechanisms, but strong negative responses to emerge
as drought magnitude became extreme, thus leading to a non-
linear drop off of shrub performance at high drought magnitudes.
The linear pattern we observed may be due to the multi-year na-
ture of our experimental drought and the presence of a natural
drought in 2020, effectively increasing the severity of our milder
drought treatments. By depleting precipitation inputs during the
2019 growing season as well as the 2020 growing season in exper-
imental drought plots, our treatments may have reduced deeper
soil moisture into the winter and early spring of 2020, which has
been shown to be an important regulator of sagebrush canopy vol-
umes (Germino and Reinhardt, 2014). We only measured soil mois-
ture in the surface soil layer (0-7.5cm), so we cannot determine
whether 2019 treatments had legacy effects on deeper soil mois-
ture. However, more negative leaf water potential measurements
under droughted shrubs in June 2020 suggests lower soil water
content along the entire rooting profile. In addition to reducing
the total amount of precipitation falling in the growing season, our
drought simulations also reduced the average size of rainfall events
by blocking a proportion of each rainfall event (Knapp et al. 2015),
thus aligning with how droughts are likely to occur in the future
(Knapp et al. 2015). Smaller event sizes and less precipitation over-
all reduce the amount of water entering deeper into the soil, which
is protected from evaporative loss (Sala et al. 1992; Heisler-White
et al. 2008; Porensky et al. 2020). As such, our experimental two-
year drought combined with the natural drought in 2020 may have
caused these deeper soil layers to dry down, and this process may
have caused reductions of sagebrush crown volumes even at lesser
precipitation reductions of our drought treatment.

We found that shrub canopy responses were much better pre-
dicted by leaf water potential values (Fig. 5) than by shallow soil
moisture. We predicted that the leaf water potential of sagebrush
will be more negative under greater drought magnitude, resulting
in less growth. Two major factors that may alter leaf water poten-
tials are atmospheric water potentials — with more negative atmo-
spheric water potentials causing more rapid water loss from inside
the leaf — and water potentials in the soil adjacent to the entire
rooting system of the plant. Because atmospheric water potentials
should be relatively consistent across individuals in our study, it
is likely that soil water potentials surrounding the root network
of individual shrubs are responsible for the leaf water potentials
we observed in this study. Based on this rationale and the lack of
relationship between shrub canopy volume and shallow soil mois-
ture, we suggest that reductions in deeper soil moisture may be
more likely to drive sagebrush responses to drought. However, we
do note that leaf water potentials were variable and did not al-
ways perfectly match our drought gradient (Fig. 4), which alludes
to the multifaceted nature of deeper soil moisture with other fac-
tors, such as insect and small mammal activity, and competition
with shallow rooted species. Small scale differences in soil texture
may also be an important determinant of water potential, and we
did find a weak negative relationship between soil clay content
and midday water potentials.

Despite negative responses of canopy volume to drought under
ambient browsing, we found no significant relationship of leader
growth with drought under ambient browsing (Fig. 3C), which begs
the question: how do shrub volumes retract without reductions
in leader growth? We think the answer lies in the fact that 2020
was a dry year overall. During 2020, the experimental site received
128 mm annual precipitation compared with the average from the
site between 2018 and 2022 of 283 mm. The average leader growth
across all drought treatments was ca. 1 mm, which is below pre-

viously observed rates of leader growth of sagebrush (between 5
and 8 cm per year, McArthur and Welch 1982). It may be that the
natural drought constrained leader growth across all drought mag-
nitudes and the reduction of canopy volume with extreme drought
was due to a lack of new leaders being produced by shrubs. A
similar disconnect between leader growth and shrub canopies was
observed at Snow Field Station in central Utah, where sagebrush
leader growth was increasing after a two-year drought, but canopy
volumes declined (McArthur and Welch, 1982).

Interactions between herbivory and drought

We hypothesized that browsing would cause drought effects on
shrub canopy volume and leader growth to become more extreme
due to reductions in photosynthetically active plant biomass. In-
deed, we found that browsing decreased crown volume and in-
creased mortality of leaders overall (Fig. 2), which coincides with
findings for a different subspecies of sagebrush, Artemisia tridentata
ssp. vaseyana (Rydb.) Beetle (Bilbrough and Richards, 1993). Yet de-
spite these overall effects of browsing on crown volume and leader
mortality, we found that in the presence of heavy browsing, in-
creasing drought severity did not lead to reduced canopy volumes
or reduced growth of the surviving leaders (Fig. 3B,D) as we ex-
pected. Instead, drought showed no relationship with crown vol-
ume in the heavy browsing treatment. We think that reductions
in total leaf area caused by the heavy browsing treatment may
have reduced water losses via transpiration and prevented deple-
tion of water in the rooting zone (Herkenrath et al. 2024). We find
some evidence for this in that midday water potentials of shrubs
in the 99% drought treatment that received heavy browsing were
less negative (average of —2.8 Mpa) than those that received ambi-
ent browsing (—3.7 MPa, Fig. 4B). As leaf water potentials showed
linkages with canopy volume changes and leader growth (Fig. 5),
we think this ultimately points to browsing as an important po-
tential mechanism for shrub resistance to drought. Yet, substan-
tial uncertainty in these relationships exists (e.g., Fig. 4) and we
feel that this mechanism should be explored further in subsequent
studies.

Another factor that may partially explain the lack of drought
effects on crown volume for heavily browsed shrubs is the small,
positive, and seemingly idiosyncratic relationship between leader
growth and drought (Fig. 3D). Under ambient precipitation, it
may be that increased mortality of leaders on heavily browsed
shrubs (Fig. 2B) stimulated growth of new leaders (Bilbrough and
Richards, 1993), and these new leaders grew at the expense of ex-
isting leaders that we tracked throughout the season. This pattern
is somewhat born out through the reduced leader growth observed
under ambient rainfall (left side of Fig. 3D). Conversely, in the 99%
rainfall reduction treatment, these shrubs had been exposed to
a severe drought the previous year, which may have limited any
new leader formation in 2020 (Levine and Paige, 2004). In this
case, it is possible that the shrubs simply maintained low levels of
growth on the existing leaders, even after the browsing treatments.
Furthermore, although the relationship between drought magni-
tude and leader mortality was not significant, heavily browsed
shrubs in the 99% rainfall reduction treatment showed zero leader
mortality, the lowest mortality rate of all treatments. Whatever
the mechanism, it seems as if the combination of heavy brows-
ing and extreme drought results in persistence of sagebrush more
so than would be expected based on the effects of either driver
alone.

Finally, we hypothesized that heavy grazing would have positive
effects on sagebrush performance in the presence of drought due
to reduction in grass abundance limiting competition for soil wa-
ter (Robertson, 1972). We found minimal evidence supporting this
hypothesis in that there were no significant grazing effects or graz-
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ing interactive effects with drought on sagebrush leader growth
or shrub canopy volume, except for a marginally significant pos-
itive effect of heavy grazing on leader growth. The overall lack
of response may be because our study focused on adult individ-
uals of sagebrush and in soils that allowed for deeper rooting pro-
files. Previous effects of grazing on sagebrush were shown in stud-
ies with shallow soils (Robertson, 1972) or done with seedlings
(Williams et al., 2002). The lack of response under heavy graz-
ing may be indicative of the strong niche partitioning present in
this system through multi-layered root abundances (Walter, 1939;
Ward et al,, 2013). Also, it could be indicative of larger rainfall
events and spring thaw events percolating to deeper soil depths
to be utilized by deeper rooted species (Noy-Meir, 1973), effec-
tively limiting competition effects from grasses. It also may be that
the timing and short duration of grazing treatments limited our
ability to detect grazing effects on shrubs - early grazing during
the primary growth period of cool season grasses and sagebrush
may have stronger impacts, as may grazing patterns that extend
for multiple years. It would be particularly interesting for future
studies to assess how the timing of grazing and browsing interacts
with the timing of extreme drought to control sagebrush perfor-
mance and persistence.

We feel these results are informative for many sagebrush dom-
inated ecosystems across the western US, yet local practitioners
should likely consider a number of contingencies when apply-
ing these findings to their system. One such consideration re-
volves around the subspecies of sagebrush dominating the site.
There are seven subspecies of Artemisia tridentata (NRCS PLANTS,
2024), each having different characteristics and strategies to deal
with herbivory and drought. For example, the subspecies we
used in this study, ssp. wyomingensis, is more drought tolerant
than ssp. vaseyana and ssp. tridentata (Kolb and Sperry, 1999a),
so sagebrush systems that have these subspecies may be even
more responsive to drought. Another consideration is the type
of herbivores present in the ecosystem. Soil texture and vege-
tation composition at individual sites may alter the effects of
drought and herbivory. For example, herbaceous vegetation at
our site was dominated by a mixture of warm and cool sea-
son grasses, which means that competition for shallow soil wa-
ter was stronger throughout the growing season. In systems hav-
ing only cool season grasses, such as those more northward, soil
water competition during later summer months may be less. Sites
with sandier soils will likely have greater percolation of rainfall to
deeper soil layers (Tsoar, 1990), which may buffer sagebrush from
even more severe drought. Ultimately, we suggest that drought
and herbivory will impact sagebrush populations across the west-
ern US, yet site-level characteristics will likely modulate these
responses.

Management Implications and Conclusions

When imposed in isolation, two years of extreme drought and
heavy browsing both caused negative effects on sagebrush through
reduced canopies and increased leader mortality. Yet when these
stressors were combined, drought magnitude had no negative ef-
fects on heavily browsed shrub canopy volumes or leader growth.
As browsing intensity naturally increases during drought events
due to limitation of food for native herbivores, we argue this may
be a built-in mechanism for drought resistance of sagebrush with
intact food webs, and highlights the importance of maintaining
functionality across trophic levels despite perceived deleterious ef-
fects of herbivores for plant abundance and growth. To promote
sustainability of sagebrush and other shrub-dominated ecosystems
in the face of extreme drought events, conservation of native her-
bivores within ecosystems may be an important priority for land
managers and policy makers to consider.

Declaration of Competing Interests

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

CRediT authorship contribution statement

Ashley Tribitt: Writing - review & editing, Writing - original
draft, Visualization, Validation, Supervision, Software, Resources,
Project administration, Methodology, Investigation, Funding acqui-
sition, Formal analysis, Data curation, Conceptualization. Lauren M.
Porensky: Writing - review & editing, Writing - original draft,
Visualization, Validation, Supervision, Software, Resources, Project
administration, Methodology, Investigation, Funding acquisition,
Formal analysis, Data curation, Conceptualization. Sally E. Koerner:
Writing - review & editing, Writing - original draft, Visualiza-
tion, Validation, Supervision, Software, Resources, Project admin-
istration, Methodology, Investigation, Funding acquisition, Formal
analysis, Data curation, Conceptualization. Kimberly J. Komatsu:
Writing - review & editing, Writing - original draft, Visualization,
Validation, Supervision, Software, Resources, Project administra-
tion, Methodology, Investigation, Funding acquisition, Formal anal-
ysis, Data curation, Conceptualization. Kurt Reinhart: Writing - re-
view & editing, Writing - original draft, Visualization, Validation,
Supervision, Software, Resources, Project administration, Method-
ology, Investigation, Funding acquisition, Formal analysis, Data cu-
ration, Conceptualization. Kevin Wilcox: Writing - review & edit-
ing, Writing - original draft, Visualization, Validation, Supervision,
Software, Resources, Project administration, Methodology, Investi-
gation, Funding acquisition, Formal analysis, Data curation, Concep-
tualization.

Acknowledgments

We thank the Thunder Basin Grasslands Prairie Ecosystem Asso-
ciation (TBPGEA) and participating landowners for facilitating and
supporting this research. Christina Hiser provided cattle and field
assistance for the project. We are grateful to Jill Baty, John Diet-
rich, and many TBGPEA-funded field technicians for collecting field
data. We would also like to thank the United States Department
of Agriculture National Institute of Food and Agriculture (USDA
NIFA 2018-68002-27922) for their funding. This work is part of the
Thunder Basin Research Initiative.

References

Augustine, DJ., Derner, J.D., Milchunas, D., Blumenthal, D., Porensky, L.M., 2017.
Grazing moderates increases in C3 grass abundance over seven decades across
a soil texture gradient in shortgrass steppe. Journal of Vegetation Science 28,
562-572. doi:10.1111/jvs.12508.

Bates, D., Martin, M., Bolker, B., Walker, S., 2015. Fitting linear mixed-effects models
using ‘Ime4. Journal of Statistical Software 67 (1), 1-48. doi:10.18637/jss.v067.
io1.

Beck, J.L., Connelly, ].W., Wambolt, C.L, 2012. Consequences of treating Wyoming
big sagebrush to enhance wildlife habitats. Rangeland Ecology & Management
65, 444-455. doi:10.2111/REM-D-10-00123.1.

Beck, J.L., Peek, ].M., 2012. Diet Composition, Forage Selection, and Potential for For-
age Competition Among Elk, Deer, and Livestock on Aspen-Sagebrush Summer
Range. Rangeland Ecology & Management 58, 135-147. doi:10.2111/03-13.1.

Bilbrough, CJ., Richards, J.H., 1993. Growth of sagebrush and bitterbrush follow-
ing simulated winter browsing: mechanisms of tolerance. Ecology 74, 481-492.
doi:10.2307/1939309.

Bondaruk, V.F, Ofatibia, G.R., Wilcox, K.R., Yahdjian, L., 2022. Standardized indices
to estimate sensitivity to drought across ecosystems. Applied Vegetation Science
25, €12674. doi:10.1111/avsc.12674.

Bouyoucos, G.J., 1962. Hydrometer method improved for making particle size
analyses of soils !. Agronomy Journal 54, 464-465. doi:10.2134/agronj1962.
00021962005400050028x.

Bremer, D.J., Auen, L.M., Ham, J.M., Owensby, C.E., 2001. Evapotranspiration in a
prairie ecosystem: effects of grazing by cattle. Agronomy Journal 93, 338-348.
doi:10.2134/agronj2001.932338x.


https://doi.org/10.13039/100005825
https://doi.org/10.1111/jvs.12508
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.2111/REM-D-10-00123.1
https://doi.org/10.2111/03-13.1
https://doi.org/10.2307/1939309
https://doi.org/10.1111/avsc.12674
https://doi.org/10.2134/agronj1962.00021962005400050028x
https://doi.org/10.2134/agronj2001.932338x

36 A. Tribitt, L.M. Porensky and S.E. Koerner et al./Rangeland Ecology & Management 100 (2025) 27-37

Brodie, ]., Post, E., Laurance, W.F, 2012. Climate change and tropical biodiversity: a
new focus. Trends in Ecology & Evolution 27, 145-150. doi:10.1016/j.tree.2011.
09.008.

Connell, L.C., Scasta, ].D., Porensky, L.M., 2018. Prairie dogs and wildfires shape veg-
etation structure in a sagebrush grassland more than does rest from ungulate
grazing. Ecosphere 9, e02390. doi:10.1002/ecs2.2390.

Craine, J.M., Fierer, N., McLauchlan, K.K., 2010. Widespread coupling between the
rate and temperature sensitivity of organic matter decay. Nature Geosci 3, 854-
857. doi:10.1038/nge01009.

Davies, KW., Boyd, C.S., Bates, ].D., 2018. Eighty years of grazing by cattle modi-
fies sagebrush and bunchgrass structure. Rangeland Ecology & Management 71,
275-280. doi:10.1016/j.rama.2018.01.002.

Davies, KW., Boyd, C.S., Bates, ]J.D., Hamerlynck, E.P., Copeland, S.M., 2020. Restora-
tion of sagebrush in crested wheatgrass communities: longer-term evaluation in
Northern Great Basin. Rangeland Ecology & Management 73, 1-8. doi:10.1016/j.
rama.2019.07.005.

Easterling, D.R., Arnold, J.R., Knutson, T., Kunkel, K.E., LeGrande, A.N., Leung, LR,
Vose, RS., Waliser, D.E, Wehner, M.F,, 2017. Ch. 7: precipitation change in
the United States. Climate Science Special Report: fourth National Climate
Assessment, volume 1. US. Global Change Research Program doi:10.7930/
JOH993CC.

Frost, M.D.T., Komatsu, KJ., Porensky, L.M., Reinhart, K.O., Wilcox, K.R., Koerner, S.E.,
2023. Consequences of rainfall manipulations for invasive annual grasses vary
across grazed Northern mixed-grass prairie sites. Rangeland Ecology & Manage-
ment 90, 1-12. doi:10.1016/j.rama.2023.05.007.

Germino, M.J,, Reinhardt, K., 2014. Desert shrub responses to experimental mod-
ification of precipitation seasonality and soil depth: relationship to the two-
layer hypothesis and ecohydrological niche. Journal of Ecology 102, 989-997.
doi:10.1111/1365-2745.12266.

Gibson, D., Blomberg, E.J., Atamian, M.T., Sedinger, J.S., 2017. Weather, habitat com-
position, and female behavior interact to modify offspring survival in Greater
Sage-Grouse. Ecological Applications 27, 168-181. doi:10.1002/eap.1427.

Goff, B.F, Bent, G.C.,, Hart, G.E., 1993. Erosion response of a disturbed sagebrush
steppe hillslope. Journal of Environmental Quality 22, 698-709. doi:10.2134/
jeq1993.00472425002200040010x.

Heisler-White, J.L., Knapp, A.K.,, Kelly, E.F,, 2008. Increasing precipitation event size
increases aboveground net primary productivity in a semi-arid grassland. Oe-
cologia 158, 129-140. doi:10.1007/s00442-008-1116-9.

Herkenrath, T., Blaum, N., Roth, J., Shilula, K.N., Geifler, K., 2024. Hungry her-
bivores and thirsty plants: browsing wildlife shape savanna tree transpira-
tion independently of water use strategies. Functional Ecology 38, 612-627.
doi:10.1111/1365-2435.14499.

Heyden, FV.D., Stock, W.D., 1996. Regrowth of a semiarid shrub following simulated
browsing: the role of reserve carbon. Functional Ecology 10, 647. doi:10.2307/
2390175.

Hobbs, N.T., Baker, D.L., Bear, G.D., Bowden, D.C,, 1996. Ungulate grazing in sage-
brush grassland: mechanisms of resource competition. Ecological Applications
6, 200-217. doi:10.2307/2269564.

Hoover, D.L., Knapp, A.K., Smith, M.D., 2014. Resistance and resilience of a grassland
ecosystem to climate extremes. Ecology 95, 2646-2656. doi:10.1890/13-2186.1.

Huxman, T.E.,, Smith, M.D., Fay, P.A., Knapp, A.K,, Shaw, M.R,, Loik, M.E., Smith, S.D.,
Tissue, D.T,, Zak, ]J.C., Weltzin, J.F, Pockman, W.T, Sala, O.E., Haddad, B.M.,
Harte, J., Koch, G.W., Schwinning, S., Small, E.E., Williams, D.G., 2004. Conver-
gence across biomes to a common rain-use efficiency. Nature 429, 651-654.
doi:10.1038/nature02561.

Knapp, AK, Carroll, CJ.W., Denton, EM.,, La Pierre, KJ., Collins, S.L, Smith, M.D.,
2015. Differential sensitivity to regional-scale drought in six central US grass-
lands. Oecologia 177, 949-957. doi:10.1007/s00442-015-3233-6.

Kolb, KJ., Sperry, ].S., 1999a. Differences in drought adaptation between sub-
species of Sagebrush (Artemisia Tridentata). Ecology 80, 2373-2384. doi:10.1890/
0012-9658(1999)080[2373:DIDABS]2.0.CO; 2.

Kolb, KJ., Sperry, ].S., 1999b. Transport constraints on water use by the Great Basin
shrub, Artemisia tridentata. Plant Cell & Environment 22, 925-935. doi:10.1046/
j-1365-3040.1999.00458 X.

Kossin, J.P., 2017. Hurricane intensification along United States coast suppressed dur-
ing active hurricane periods. Nature 541, 390-393. doi:10.1038/nature20783.
Krysl, LJ., Hubbert, M.E., Sowell, B.F, Plumb, G.E., Jewett, TK., Smith, M.A., Wag-
goner, J.W., 1984. Horses and cattle grazing in the Wyoming Red Desert, I. Food
habits and dietary overlap. Journal of Range Management 37, 72. doi:10.2307/

3898828.

Kuznetsova, A., Brockhoff, P.B., Christensen, R.H.B., 2017. ImerTest’ Package: tests in
linear mixed effects models. Journal of Statistical Software 82 (13), 1-26. doi:10.
18637/jss.v082.i13.

Kwon, H., Pendall, E., Ewers, B.E., Cleary, M., Naithani, K., 2008. Spring drought reg-
ulates summer net ecosystem CO2 exchange in a sagebrush-steppe ecosystem.
Agricultural and Forest Meteorology 148, 381-391. doi:10.1016/j.agrformet.2007.
09.010.

Levine, M.T., Paige, K.N., 2004. Direct and indirect effects of drought on compen-
sation following herbivory in scarlet Gilia. Ecology 85, 3185-3191. doi:10.1890/
03-0748.

Link, S.0., Thiede, M.E., Evans, R.D., Downs, J.L., Gee, G.W., 1995. USDA Forest Ser-
vice, Intermountain Research Station. Intermountain Research Station - Proceed-
ings: Wildland Shrub and Arid Land Restoration Symposium 196-201.

Loik, MLE., Harte, J., 1997. Changes in water relations for leaves exposed to a climate-
warming manipulation in the Rocky Mountains of Colorado. Environmental and
Experimental Botany 37, 115-123. doi:10.1016/S0098-8472(96)01043-X.

Lysne, C.R,, 2005. USDA Forest Service, Rocky Mountain Research Station. Sage-
Grouse Habitat Restoration Symposium Proceedings 93-98.

Mack, R.N., 1977. Mineral return via the litter of Artemisia tridentata. American Mid-
land Naturalist 97, 189. doi:10.2307/2424694.

Mack, R.N., Thompson, ].N., 1982. Evolution in steppe with few large, hooved mam-
mals. The American Naturalist 119, 757-773. doi:10.1086/283953.

Matzner, S.L., Richards, J.H., 1996. Sagebrush (Artemisia tridentata Nutt.) roots main-
tain nutrient uptake capacity under water stress. ] Exp Bot 47, 1045-1056.
doi:10.1093/jxb/47.8.1045.

McArthur, E.D., Welch, B.L, 1982. Growth rate differences among big sagebrush
[Artemisia tridentata] accessions and subspecies. Journal of Range Management
35, 396. doi:10.2307/3898327.

Meyer, S.E., 1994. “Symposium on Management, Ecology, and Restoration of Inter-
mountain Annual Rangelands, Boise, ID.” USDA Forest Service, Intermountain
Research Station. Proceedings on Ecology and Management of Annual Range-
lands 244-251.

Moran, M.S., Ponce-Campos, G.E., Huete, A, McClaran, M.P, Zhang, Y., Hamer-
lynck, E.P, Augustine, DJ., Gunter, S.A., Kitchen, S.G., Peters, D.P.C,, Starks, PJ.,
Hernandez, M., 2014. Functional response of U.S. grasslands to the early 21st-
century drought. Ecology 95, 2121-2133. doi:10.1890/13-1687.1.

Natural Resources Conservation Service. PLANTS database. United States De-
partment of Agriculture. Accessed December 10, 2024, from https://plants.
usda.gov.

Ngugi, K.R,, Powell, ]., Hinds, F.C., Olson, R.A., 1992. Range animal diet composition
in southcentral Wyoming. Journal of Range Management 45, 542. doi:10.2307/
4002568.

Noy-Meir, 1., 1973. Desert ecosystems: environment and producers. Annu. Rev. Ecol.
Syst. 4, 25-51. doi:10.1146/annurev.es.04.110173.000325.

OIff, H., Ritchie, M.E., Prins, H.H.T,, 2002. Global environmental controls of diversity
in large herbivores. Nature 415, 901-904. doi:10.1038/415901a.

Pimm, S.L., 1984. The complexity and stability of ecosystems. Nature 307, 321-326.
doi:10.1038/307321a0.

PMS Instrument Company (2019). Model 1000 Pressure Chamber Instrument: Oper-
ating Instructions. Retrieved from: https://www.pmsinstrument.com/products/
model-1000-pressure-chamber-instrument/.

Porensky, L.M., Derner, ].D., Pellatz, D.W., 2018. Plant community responses to his-
torical wildfire in a shrubland-grassland ecotone reveal hybrid disturbance re-
sponse. Ecosphere 9, e02363. doi:10.1002/ecs2.2363.

Porensky, L.M., McGee, R., Pellatz, D.W., 2020. Long-term grazing removal increased
invasion and reduced native plant abundance and diversity in a sagebrush
grassland. Global Ecology and Conservation 24, e01267. doi:10.1016/j.gecco.2020.
e01267.

Prieto, I., Ryel, RJ., 2014. Internal hydraulic redistribution prevents the loss of root
conductivity during drought. Tree Physiology 34, 39-48. doi:10.1093/treephys/
tpt115.

R Core Team, 2021. R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria URL. https://www.
R-project.org/ .

Riginos, C., 2009. Grass competition suppresses savanna tree growth across multiple
demographic stages. Ecology 90, 335-340. doi:10.1890/08-0462.1.

Rittenhouse, L.R., Sneva, FA., 1977. A technique for estimating big sagebrush pro-
duction. Journal of Range Management 30, 68. doi:10.2307/3897341.

Robel, RJ., Briggs, J.N., Dayton, A.D., Hulbert, L.C., 1970. Relationships between visual
obstruction measurements and weight of grassland vegetation. Journal of Range
Management 23, 295. doi:10.2307/3896225.

Robertson, J.H., 1972. Competition between Big Sagebrush and Crested Wheatgrass.
Journal of Range Management 25, 156. doi:10.2307/3896810.

Robinson, M.L, Hahn, P.G. Inouye, B.D., Underwood, N., Whitehead, S.R., Ab-
bott, K.C., Bruna, E.M., Cacho, N.I, Dyer, L.A., Abdala-Roberts, L., Allen, W.J., An-
drade, J.E, Angulo, D.F, Anjos, D., Anstett, D.N., Bagchi, R., Bagchi, S., Barbosa, M.,
Barrett, S., Baskett, C.A., Ben-Simchon, E., Bloodworth, KJ., Bronstein, J.L., Buck-
ley, Y.M.,, Burghardt, K.T., Bustos-Segura, C., Calixto, E.S., Carvalho, R.L.,, Castag-
neyrol, B., Chiuffo, M.C,, Cinoglu, D., Cinto Mejia, E.,, Cock, M.C, Cogni, R,
Cope, O.L., Cornelissen, T., Cortez, D.R., Crowder, D.W., Dallstream, C., Dattilo, W.,
Davis, J.K., Dimarco, R.D., Dole, HEE., Egbon, LN., Eisenring, M., Ejomah, A., El-
derd, B.D., Endara, M.-],, Eubanks, M.D., Everingham, S.E., Farah, K.N., Farias, R.P,
Fernandes, A.P, Fernandes, G.W., Ferrante, M., Finn, A., Florjancic, G.A., Foris-
ter, M.L, Fox, Q.N., Frago, E., Franca, FM., Getman-Pickering, A.S., Getman-
Pickering, Z., Gianoli, E., Gooden, B., Gossner, M.M., Greig, K.A., Gripenberg, S.,
Groenteman, R., Grof-Tisza, P, Haack, N., Hahn, L, Haq, S.M., Helms, A.M.,
Hennecke, ], Hermann, S.L., Holeski, LM., Holm, S., Hutchinson, M.C.,, Jack-
son, E.E., Kagiya, S., Kalske, A., Kalwajtys, M., Karban, R., Kariyat, R., Keasar, T,,
Kersch-Becker, M.F, Kharouba, H.M., Kim, T.N., Kimuyu, D.M.,, Kluse, J., Ko-
erner, S.E., Komatsu, KJ., Krishnan, S., Laihonen, M., Lamelas-Lépez, L., LaS-
caleia, M.C,, Lecomte, N., Lehn, C.R,, Li, X,, Lindroth, R.L., LoPresti, E.F,, Losada, M.,
Louthan, A.M., Luizzi, V., Lynch, S.C., Lynn, ].S., Lyon, NJ., Maia, L.E, Maia, RA.,
Mannall, T.L., Martin, B.S., Massad, TJ., McCall, A.C., McGurrin, K., Merwin, A.C.,
Mijango-Ramos, Z., Mills, CH., Moles, A.T., Moore, C.M., Moreira, X., Morri-
son, C.R,, Moshobane, M.C., Muola, A., Nakadai, R., Nakajima, K., Novais, S., Og-
bebor, C.0., Ohsaki, H., Pan, V.S., Pardikes, N.A., Pareja, M., Parthasarathy, N.,
Pawar, R.R,, Paynter, Q., Pearse, LS., Penczykowski, R.M., Pepi, A.A., Pereira, C.C.,
Phartyal, S.S., Piper, El, Poveda, K., Pringle, E.G., Puy, ]., Quijano, T., Quintero, C.,
Rasmann, S., Rosche, C., Rosenheim, L.Y., Rosenheim, J.A., Runyon, ].B., Sadeh, A.,
Sakata, Y., Salcido, D.M., Salgado-Luarte, C., Santos, B.A., Sapir, Y., Sasal, Y.,
Sato, Y., Sawant, M., Schroeder, H., Schumann, I., Segoli, M., Segre, H., Shelef, O.,
Shinohara, N, Singh, R.P, Smith, D.S., Sobral, M., Stotz, G.C, Tack, AJ.M.,


https://doi.org/10.1016/j.tree.2011.09.008
https://doi.org/10.1002/ecs2.2390
https://doi.org/10.1038/ngeo1009
https://doi.org/10.1016/j.rama.2018.01.002
https://doi.org/10.1016/j.rama.2019.07.005
https://doi.org/10.7930/J0H993CC
https://doi.org/10.1016/j.rama.2023.05.007
https://doi.org/10.1111/1365-2745.12266
https://doi.org/10.1002/eap.1427
https://doi.org/10.2134/jeq1993.00472425002200040010x
https://doi.org/10.1007/s00442-008-1116-9
https://doi.org/10.1111/1365-2435.14499
https://doi.org/10.2307/2390175
https://doi.org/10.2307/2269564
https://doi.org/10.1890/13-2186.1
https://doi.org/10.1038/nature02561
https://doi.org/10.1007/s00442-015-3233-6
https://doi.org/10.1890/0012-9658(1999)080[2373:DIDABS]2.0.CO;2
https://doi.org/10.1046/j.1365-3040.1999.00458.x
https://doi.org/10.1038/nature20783
https://doi.org/10.2307/3898828
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1016/j.agrformet.2007.09.010
https://doi.org/10.1890/03-0748
http://refhub.elsevier.com/S1550-7424(25)00015-6/sbref0034
https://doi.org/10.1016/S0098-8472(96)01043-X
http://refhub.elsevier.com/S1550-7424(25)00015-6/sbref0036
https://doi.org/10.2307/2424694
https://doi.org/10.1086/283953
https://doi.org/10.1093/jxb/47.8.1045
https://doi.org/10.2307/3898327
http://refhub.elsevier.com/S1550-7424(25)00015-6/sbref0041
https://doi.org/10.1890/13-1687.1
https://plants.usda.gov
https://doi.org/10.2307/4002568
https://doi.org/10.1146/annurev.es.04.110173.000325
https://doi.org/10.1038/415901a
https://doi.org/10.1038/307321a0
https://www.pmsinstrument.com/products/model-1000-pressure-chamber-instrument/
https://doi.org/10.1002/ecs2.2363
https://doi.org/10.1016/j.gecco.2020.e01267
https://doi.org/10.1093/treephys/tpt115
https://www.R-project.org/
https://doi.org/10.1890/08-0462.1
https://doi.org/10.2307/3897341
https://doi.org/10.2307/3896225
https://doi.org/10.2307/3896810

A. Tribitt, L.M. Porensky and S.E. Koerner et al./Rangeland Ecology & Management 100 (2025) 27-37 37

Tayal, M., Tooker, J.E,, Torrico-Bazoberry, D., Tougeron, K., Trowbridge, A.M., Ut-
sumi, S., Uyi, 0., Vaca-Uribe, ].L., Valtonen, A., Van Dijk, LJ.A., Vandvik, V., Vil-
lellas, J., Waller, L.P,, Weber, M.G., Yamawo, A., Yim, S., Zarnetske, P.L,, Zehr, L.N.,
Zhong, Z., Wetzel, W.C.The Herbivory Variability Network* f, 2023. Plant size,
latitude, and phylogeny explain within-population variability in herbivory. Sci-
ence 382, 679-683. doi:10.1126/science.adh8830.

Ryel, RJ., Caldwell, M.M., Leffler, A.J., Yoder, C.K., 2003. Rapid soil moisture recharge
to depth by roots in a stand of Artemisia Tridentata. Ecology 84, 757-764.
doi:10.1890/0012-9658(2003)084[0757:RSMRTD]2.0.CO;2.

Sala, O.E., Gherardi, L.A.,, Reichmann, L., Jobbagy, E., Peters, D., 2012. Legacies of pre-
cipitation fluctuations on primary production: theory and data synthesis. Phil.
Trans. R. Soc. B 367, 3135-3144. doi:10.1098/rstb.2011.0347.

Sala, O.E., Lauenroth, W.K,, Parton, W,J., 1992. Long-term soil water dynamics in the
Shortgrass Steppe. Ecology 73, 1175-1181. doi:10.2307/1940667.

Shaw, N.L, DeBolt, A.M., Rosentreter, R, 2005. Reseeding big sagebrush: Tech-
niques and issues. In: Shaw, Nancy L., Pellant, Mike, Monsen, Stephen B. (Eds.),
Sage-grouse Habitat Restoration Symposium Proceedings. U.S. Department of
Agriculture, Forest Service, Rocky Mountain Research Station, Fort Collins, CO,
pp. 99-108 Boise, ID. Proc. RMRS-P-38.

Singer, FJ., Renkin, R.A., 1995. Effects of browsing by native ungulates on the shrubs
in big sagebrush communities in Yellowstone National Park. Great Basin Natu-
ralist 55 (3). https://scholarsarchive.byu.edu/gbn/vol55/iss3/2.

Soil Survey Staff, Natural Resources Conservation Service, USDA. 2024. Official soil
series descriptions.

Souther, S., Loeser, M., Crews, T.E., Sisk, T., 2020. Drought exacerbates negative con-
sequences of high-intensity cattle grazing in a semiarid grassland. Ecological
Applications 30, e02048. doi:10.1002/eap.2048.

Spectrum Technologies, Inc, 2009. Field Scout TDR 100 Soil Moisture Meter: Prod-
uct Manual. Manual, Aurora, IL Retrieved from. https://www.specmeters.com/
assets/1/22/6440TDR100_(Web)1.pdf .

Sperry, J.S., Love, D.M., 2015. What plant hydraulics can tell us about responses to
climate-change droughts. New Phytologist 207, 14-27. doi:10.1111/nph.13354.
Stahl, P.D., Frost, S.M., Williams, S.E., Schuman, G.E., 1998. Arbuscular mycorrhizae
and water stress tolerance of Wyoming big sagebrush seedlings. Soil Science
Soc of Amer ] 62, 1309-1313. doi:10.2136/s552j1998.03615995006200050023x.

Still, S.M., Richardson, B.A., 2015. Projections of contemporary and future climate
niche for Wyoming Big Sagebrush (Artemisia tridentata subsp. wyomingensis):
a guide for restoration. Natural Areas Journal 35, 30-43. doi:10.3375/043.035.
0106.

Sturges, D.L., Trlica, M.J., 1978. Root weights and carbohydrate reserves of Big Sage-
brush. Ecology 59, 1282-1285. doi:10.2307/1938244.

Tabler, R.D., 1964. The root system of Artemisia Tridentata at 9,500 feet in
Wyoming. Ecology 45, 633-636. doi:10.2307/1936115a.

Teague, W.R.,, Dowhower, S.L., Waggoner, J.A., 2004. Drought and grazing patch dy-
namics under different grazing management. Journal of Arid Environments 58,
97-117. doi:10.1016/S0140-1963(03)00122-8.

Tsoar, H., 1990. The ecological background, deterioration and reclamation of desert
dune sand. Agriculture, Ecosystems & Environment 33, 147-170. doi:10.1016/
0167-8809(90)90239-A.

U.S. Global Change Research Program, 2017. In: Wuebbles, DJ., Fahey, D.W., Hib-
bard, K.A., Dokken, D.J., Stewart, B.C., Maycock, T.K. (Eds.), Climate Science Spe-
cial Report: Fourth National Climate Assessment. U.S. Global Change Research
Program Volume I doi:10.7930/]0J964]6.

United States Department of Agriculture, Natural Resources Conservation Ser-
vice, 2022. Land Resource Regions and Major Land Resource Areas of the
United States, the Caribbean, and the Pacific Basin, 296. Agriculture Handbook,
pp. 181-187.

Veldhuis, M.P, Howison, R.A., Fokkema, R.W., Tielens, E., OIff, H., 2014. A novel
mechanism for grazing lawn formation: large herbivore-induced modification
of the plant-soil water balance. Journal of Ecology 102, 1506-1517. doi:10.1111/
1365-2745.12322.

Villnds, A., Norkko, J., Hietanen, S., Josefson, A.B., Lukkari, K., Norkko, A., 2013.
The role of recurrent disturbances for ecosystem multifunctionality. Ecology 94,
2275-2287. doi:10.1890/12-1716.1.

Walter, H., 1939. Grasland, Savanne und Busch der arideren Teile Afrikas in ihrer
okologischen Bedingtheit.

Wambolt, C.L., 1996. Mule deer and elk foraging preference for 4 sagebrush taxa.
Journal of Range Management 49, 499. doi:10.2307/4002289.

Wan, C, Sosebee, R.E., McMichael, B.L, 1994. Hydraulic properties of shallow vs.
Deep lateral roots in a semiarid shrub, Gutierrezia sarothrae. American Midland
Naturalist 131, 120. doi:10.2307/2426614.

Wandera, J.L., Richards, J.H., Mueller, RJ., 1992. The relationships between relative
growth rate, meristematic potential and compensatory growth of semiarid-land
shrubs. Oecologia 90, 391-398. doi:10.1007/BF00317696.

Ward, G.N,, Clark, S.G., Kearney, G.A., McCaskill, M.R., Raeside, M.C., Lawson, AR,
Behrendt, R., 2013. Summer-active perennials in pasture systems improve sea-
sonal pasture distribution without compromising winter-spring production.
Crop Pasture Sci 64, 673. doi:10.1071/CP13003.

Wehner, M.F, Arnold, J.R., Knutson, T, Kunkel, KE., LeGrande, A.N., 2017. Ch. 8:
droughts, floods, and wildfires. Climate Science Special Report: fourth National
Climate Assessment, volume I. U.S. Global Change Research Program. https:
//doi.org/10.7930/JOCJ8BNN.

Welch, B.L, 2005. USDA Forest Service, Rocky Mountain Research Station, Fort
Collins, CO. Big Sagebrush: A Sea Fragmented into Lakes, Ponds, and Puddles
1-204. doi:10.2737 [rmrs-gtr-144.

White, S.R., Cahill, J.F, Bork, E.W., 2014. Implications of precipitation, warming, and
clipping for grazing resources in Canadian prairies. Agronomy Journal 106, 33—
42. doi:10.2134/agronj2013.0085.

Williams, M.L, Schuman, G.E., Hild, A.L, Vicklund, L.E., 2002. Wyoming big sage-
brush density: effects of seeding rates and grass competition. Restoration Ecol-
ogy 10, 385-391. doi:10.1046/j.1526-100X.2002.01025.x.

Yahdjian, L., Sala, O.E., 2002. A rainout shelter design for intercepting different
amounts of rainfall. Oecologia 133, 95-101. doi:10.1007/s00442-002-1024-3.
Zhang, Y., Susan Moran, M., Nearing, M.A., Ponce Campos, G.E., Huete, AR,
Buda, AR, Bosch, D.D., Gunter, S.A., Kitchen, S.G., Henry McNab, W., Mor-
gan, J.A., McClaran, M.P,, Montoya, D.S., Peters, D.P.C., Starks, PJ., 2013. Extreme
precipitation patterns and reductions of terrestrial ecosystem production across

biomes. JGR Biogeosciences 118, 148-157. doi:10.1029/2012JG002136.


https://doi.org/10.1126/science.adh8830
https://doi.org/10.1890/0012-9658(2003)084[0757:RSMRTD]2.0.CO;2
https://doi.org/10.1098/rstb.2011.0347
https://doi.org/10.2307/1940667
http://refhub.elsevier.com/S1550-7424(25)00015-6/sbref0060
https://scholarsarchive.byu.edu/gbn/vol55/iss3/2
https://doi.org/10.1002/eap.2048
https://www.specmeters.com/assets/1/22/6440TDR100_(Web)1.pdf
https://doi.org/10.1111/nph.13354
https://doi.org/10.2136/sssaj1998.03615995006200050023x
https://doi.org/10.3375/043.035.0106
https://doi.org/10.2307/1938244
https://doi.org/10.2307/1936115a
https://doi.org/10.1016/S0140-1963(03)00122-8
https://doi.org/10.1016/0167-8809(90)90239-A
https://doi.org/10.7930/J0J964J6
http://refhub.elsevier.com/S1550-7424(25)00015-6/sbref0073
https://doi.org/10.1111/1365-2745.12322
https://doi.org/10.1890/12-1716.1
https://doi.org/10.2307/4002289
https://doi.org/10.2307/2426614
https://doi.org/10.1007/BF00317696
https://doi.org/10.1071/CP13003
http://doi.org/10.7930/J0CJ8BNN
https://doi.org/10.2737/rmrs-gtr-144
https://doi.org/10.2134/agronj2013.0085
https://doi.org/10.1046/j.1526-100X.2002.01025.x
https://doi.org/10.1007/s00442-002-1024-3
https://doi.org/10.1029/2012JG002136

	Browsing Promotes Drought Resistance of Wyoming Big Sagebrush in a Working Rangeland
	Introduction
	Methods
	Site Description
	Experimental design
	Sampling methods
	Statistical analyses

	Results
	Soil moisture
	Shrub canopy volume and leader growth
	Drought and browsing effects on leaf water potential
	Soil moisture and leaf water potential regressions with canopy volume and leader growth

	Discussion
	Sagebrush response to drought
	Interactions between herbivory and drought

	Management Implications and Conclusions
	Declaration of Competing Interests
	CRediT authorship contribution statement
	Acknowledgments
	References


