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Abstract

The frequency and intensity of extreme droughts are projected to increase
in the future, yet current research indicates that ecosystem sensitivity to
extremes will vary. Despite hundreds of observational and experimental
drought studies across ecosystems, the underlying mechanism explaining
the inconsistent responses to drought remains poorly understood.
Differences in the magnitude or duration of drought, land use history,
existing plant communities, or unique site conditions might all influence
the drought response of a site. Due to unresolved questions related to eco-
system sensitivity to drought, additional studies are needed to improve our
predictions about the drought responses across ecosystems. Here, we mini-
mized differences in drought intensity, climatic variation, and land use his-
tory by conducting a rainfall manipulation study in two adjacent (~60 m
apart) plant communities with distinct dominant species (Artemisia
arbuscula and Artemisia cana) in eastern Oregon, USA. We used rainfall
shelters to create a 1-in-100-year drought at each site to understand how
chronic (4-year) drought will impact common, but understudied sagebrush
steppe plant communities. We found that above- and belowground net pri-
mary production at both sites was remarkably resistant to four years of
drought. Interestingly, litter increased over time in drought plots at the
more productive site, and we hypothesize that hydraulic lift and litter
interacted to increase shallow soil water content under drought at that site.
The site with harsher edaphic features and a soil duripan experienced fewer
changes in plant community composition than the more productive site,
potentially due to the presence of specialized plant species at the harsher
site. Non-native plant cover increased (primarily from Ventenata dubia)
and native forb cover and density decreased across our four sampling years.
This suggests that management may be needed to conserve native forb
diversity and limit species invasion, especially as the climate and historic
fire regimes change.
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INTRODUCTION

The frequency and intensity of extreme droughts are
projected to continue increasing over the next century,
yet a growing body of research indicates that drought
sensitivity will vary across ecosystems (Byrne et al., 2013;
Knapp, Hoover, et al., 2015; Smith et al., 2024; Wilcox
et al.,, 2017; Wu et al.,, 2011). Both observational and
experimental studies have reported that drought reduces
ecosystem functions (e.g., net primary production,
Hoover et al., 2014; Manea et al., 2016; Warter et al.,
2021), changes plant community composition (Batbaatar
et al., 2022; Byrne et al., 2017; Copeland et al., 2016;
Hoover et al., 2014), and decreases phylogenetic diversity
(Li et al., 2019; Luong et al., 2021). Generally, drought
experiments have found that arid ecosystems are more
sensitive to drought than mesic ecosystems (the resource
limitation hypothesis; Huxman et al, 2004), yet
many studies have also found that ecosystem functions
(Batbaatar et al., 2022; Frank, 2007; Grime et al., 2000;
Haugum et al., 2021; Tielborger et al., 2014), plant com-
munity composition (Evans et al., 2011; Haugum
et al., 2021; Jentsch et al., 2011; Tielborger et al., 2014),
and phylogenetic diversity (Aguirre-Gutiérrez et al., 2020;
Copeland et al., 2016; Rurangwa et al., 2021) are remark-
ably stable under extreme drought. The underlying mech-
anisms explaining inconsistent responses to drought
across and within ecosystems remain poorly understood.
There are several possible explanations for divergent
drought responses across studies. First, differences in the
magnitude or duration of drought might cause variation
in ecological response (Kooyers, 2015). For example,
many drought studies are observational and have
occurred opportunistically with differing durations, mag-
nitudes, and even differing definitions of drought (Slette
et al., 2019). The use of drought shelters and consistent
methodologies across sites helps reduce some of the
inconsistencies associated with observational studies
(Hoover et al., 2018; Knapp et al., 2017; Smith et al,,
2024). Yet most published drought experiment studies
are relatively short-term: many last less than one year,
and most are 1-4 years in duration (Hoover et al., 2018;
Matos et al., 2020). Moreover, even when consistent
methodologies are employed across sites, precipitation
varies spatially and temporally (Knapp et al., 2017). At a
given site, larger absolute differences in precipitation

between control and drought plots are observed in wetter
years compared with drier years (Hoover et al., 2018;
Kreyling et al., 2017). This is exacerbated in multi-site
studies, where temporal differences among years are also
confounded by spatial differences in precipitation
(e.g., interannual precipitation variability) patterns and
environmental conditions among sites (Kreyling
et al., 2017; Matos et al., 2020). Combined, these short-
comings of drought shelters still limit the inference about
differences in short-term drought sensitivity among sites.

Community-level responses can buffer or exacerbate
drought response due to portfolio effects related to spe-
cies turnover and reordering of dominant species
(Griffin-Nolan et al., 2019; Naeem, 2016; Smith et al.,
2009; Yachi & Loreau, 1999). A lack of apparent drought
response may indicate portfolio effects within a plant
community related to the simultaneous decrease of one
species and the increase of another with similar traits
(Adler et al., 2013; Robroek et al., 2017; van Staalduinen
& Anten, 2005; Yachi & Loreau, 1999). For example,
Robroek et al. (2017) found that drought led to species
turnover, but turnover favored equivalent functional
groupings across peat bog plant communities in Europe.
Phylogenetically related species often share similar
traits (Gilbert & Parker, 2016; Verdu et al., 2012), and
plant communities with many related taxa could sup-
port portfolio effects in response to drought regardless
of species turnover (Losos, 2008). Environmentally
harsh site factors can further result in closely related
species developing similar traits through phylogenetic
niche conservatism (Drenovsky et al., 2012; Liu
et al., 2015; Losos, 2008).

Distinctive site conditions, such as finer-scale envi-
ronmental features (e.g., soil chemical and physical prop-
erties, rooting depth) or land use legacies, may influence
the drought response of an ecosystem. For example,
plant-available water strongly depends on soil texture
and rooting depth, meaning that two sites with varying
soil textures or other soil characteristics that affect
rooting depth will experience different drought severity
despite similar reductions in rainfall (Ploughe et al.,
2019; Vicca et al., 2012). Land use legacies (e.g., livestock
grazing, nitrogen deposition, species invasion, changes in
fire return intervals) are site-specific abiotic and biotic
properties due to the land use history (Foster et al., 2003).
The ways in which land use legacies affect contemporary
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patterns and processes in ecology are well documented,
yet few studies have investigated how land use legacies
interact with drought or other global change factors to
affect future ecosystem trajectories (Perring et al.,
2016; Verheyen, 2022). Of the few published studies,
there is evidence that differing land use histories affect
ecosystem sensitivity to drought, although responses
may be context-dependent (Marqués et al.,, 2022;
Mausolf et al., 2018).

The Great Basin ecoregion is the largest interco-
nnected habitat type across continental North America
(Miller et al., 2011; West & Young, 2000). It spans across
much of western North America, although land use lega-
cies (non-native species invasions, differing grazing histo-
ries, and habitat fragmentation) and intensified drought
threaten its persistence (Nagy et al, 2021; Smith
et al., 2022; Snyder et al., 2019). Almost all research to
date has focused on the dominant plant alliance of
Artemisia tridentata, due to its ubiquitous distribution.
However, it is a heterogeneous and diverse system, and
other sagebrush species dominate in areas with differing
abiotic conditions. Within the greater Great Basin land-
scape, adjacent plant communities often have different
dominant sagebrush species, structures, and functions
(Miller et al., 2011).

Climate change predictions for the Great Basin
include less predictable rainfall with fewer, but larger
rain pulses, and a smaller snowpack, which will impact
species that rely on late-season moisture (Bradley, 2010;
Loik et al., 2004). Species distribution models for A.
tridentata communities indicate that climate change will
decrease the suitable habitat area for sagebrush (Bradley,
2010; Still & Richardson, 2015). Yet, several field studies
present contradictory results. Studies at warmer, lower
elevation sites found that drought reduced sagebrush
growth (Apodaca et al., 2017; Poore et al., 2009).
However, at high elevation, A. tridentata cover increased
with artificial warming (Harte et al., 2015) and after
drought (Debinski et al., 2010). Holdrege et al. (2021)
found that fewer, larger precipitation events increased
the growth of sagebrush, while Karban and Pezzola
(2017) observed little mortality during a naturally occur-
ring severe drought. Inconsistent results across site-level
studies demonstrate that it may be hard to predict the
response of other key sagebrush species based on studies
focusing solely on A. tridentata.

Due to the unresolved questions related to ecosystem
sensitivity to drought and existing research focusing pri-
marily on A. tridentata, additional studies are needed that
minimize differences in drought magnitude, interannual
variation in precipitation, climatic history, and land use
legacies to improve our predictions about plant commu-
nity drought responses. As such, we sought to minimize

differences in drought intensity, climatic variation, and
land use history in our experiment to compare plant
functional group and community drought responses in
two adjacent (~60 m apart) sagebrush communities with
understudied dominant sagebrush species. Our design
allowed us to focus on the influence of local-scale envi-
ronmental variation and plant community characteristics
that influence drought response. We characterized and
contrasted the effects of drought on plant community
composition, mean phylogenetic distances, and net pri-
mary production across four years. We predicted that
drought would differently affect the composition of adja-
cent plant communities dominated by distinct sagebrush
species, but overall, drought would increase grass while
decreasing shrub cover and reduce above-and below-
ground productivity and native seedling density. We
hypothesized there would be lower species richness and
reduced abundance of annual forbs during drought,
which would narrow phylogenetic diversity.

METHODS
Study site

We conducted our study at two sites approximately 60 m
apart within a grazing exclosure established in 1993 in
Klamath County, Oregon, USA (42.301111, —121.018056).
The research area last burned in 1985 and is located near
the westernmost extent of the sagebrush steppe ecosys-
tem within the Great Basin. The two study sites have
unique edaphic features that lead to differences in the
ecological structure and function of the plant communi-
ties. One site is dominated by Artemisia arbuscula Nutt.
(low sagebrush) while the other site is dominated by
Artemisia cana Pursh (silver sagebrush). These species
often form unique plant communities in areas absent of
A. tridentata (Miller et al.,, 2011). A. arbuscula is a
low-growing sagebrush species that occupies more than
11 million hectares across western North America in
areas with xeric, shallow soils with a heavy clay layer or
duripan. Soils at our A. arbuscula-dominated site (AA
site) are classified as clay loam, with relatively high clay
(32%) and sand (35%) content and an impermeable
duripan at approximately 12cm depth (Nunes &
Byrne, 2022). Although the herbaceous vegetation in A.
arbuscula communities often overlaps with A. tridentata
communities, productivity is lower and bare ground is
more prevalent (Francis, 2004; Miller et al., 2011). In con-
trast, A. cana is often found in transitional wet-to-dry
areas with higher soil moisture. A. cana is the second
most abundant sagebrush species in North America, dis-
tributed across 14 million hectares. There is higher
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productivity, more persistent litter, and very little
exposed bare ground in A. cana communities compared
with A. arbuscula-dominated sites (Miller et al., 2011).
Soils at our A. cana-dominated site (AC site) are classi-
fied as silty clay, with greater clay (42%) and silt (43%)
content than the AA site (Nunes & Byrne, 2022).

Subdominant vegetation within each site is distinct.
The most common perennial grasses (Poaceae) at the AA
site are Festuca idahoensis Elmer (Idaho fescue) and
Elymus elymoides (Raf.)) Swezey (squirreltail). Poa
secunda J. Presl. (Sandberg bluegrass) is more abundant
at the AC site. An invasive annual grass, Ventenata dubia
(Leers) Durieu (ventenata grass), is increasingly common
at both sites, but more prominent at the AA site. At
the AC site, both V. dubia and annual Bromus species
(B. japonicus Thunb. (Japanese brome) and B. tectorum
L. (cheatgrass)) are dominant invaders. Common forbs at
the AA site include Eriogonum sphaerocephalum Douglas
Ex. Benth (rock buckwheat) and Erigeron bloomeri
A. Gray (scabland fleabane), while common forbs at the
AC site include Perideridia oregana (S. Watson) Mathias
(Oregon yampah) and Achillea millefolium L. (common
yarrow). There are no co-dominant shrub species present
at either site.

Mean hydrologic year (October-September) precipita-
tion (1990-2020) for this area is 314 mm (Appendix S1:
Figure S1), and mean minimum and maximum tempera-
tures are 0.89 and 15.8°C. Most precipitation arrives as
rain or snow during the winter months, and the growing
season is March-September. Meteorological data were
measured ~10 km from the study sites at the Oregon
Gerber Reservoir Climate station (42.205556, —121.138889;
1500 m above sea level) managed by the Western Regional
Climate Center.

Experimental design

We selected areas with similar species composition
within each sagebrush community in July 2016 and
established 10 2 X 2 m plots at each site with at least one
established A. arbuscula or A. cana individual rooted
near the plot center (for AA and AC respectively). Plots
were randomly assigned to drought or control treatments
(n =5 at each site). We constructed 3 X 3 m rain-out
(drought) shelters (Yahdjian & Sala, 2002) following
a standard protocol from the International Drought
Experiment (Knapp, Carroll, et al., 2015) to passively
exclude 41% of ambient precipitation to simulate a
1-in-100-year drought, based on local 100-year precipita-
tion records. Drought plots had a 0.5-m buffer around
plot edges to reduce the horizontal flow of precipitation
from outside the plots. Shelters were built with wooden

frames and 15-cm wide strips of corrugated polycarbonate
(Dynaglas brand), which transmits greater than 90% of
photosynthetically active radiation (Loik et al., 2019).
Corrugated polycarbonate channeled precipitation into
a gutter that directed water away from the plots.
Shelters were about 1.2 m on the shorter end and 2.0 m
on the taller end, creating shelters that were at
least 0.75m above maximum vegetation height
(Appendix S1: Figure S2).

We monitored volumetric soil water content (“soil
water”) at shallow depths in each treatment (0-10 cm at
AA site, n = 3; 5-15cm at AC site, n = 2) every 4 h to
evaluate the effectiveness of the drought treatment. We
monitored deeper (20-30 cm) soil water in one plot for
each treatment at the AC site, but not the AA site, due to
the duripan. Probes (Decagon EC-5 VWC, Pullman,
Washington, USA) were installed perpendicular to the
soil surface for the duration of the experiment. Some
probes had to be re-installed after soil saturation during
the winter months due to freeze-thaw cycles that occa-
sionally shifted the probe location.

Data collection

We measured plant species composition and above-
ground net primary production (ANPP) at the sites each
year from 2016 to 2020 near peak biomass (early July).
We visually estimated the canopy cover of each species
in a 1.0m? subplot of each 4.0m® plot, lumping
B. japonicus and B. tectorum together. We recorded spe-
cies richness by surveying the entire 4.0 m* plot. We
quantified the density of nine common forb species and
Artemisia seedling density within the 1.0 m* subplots
(Appendix S1: Table S1).

We nondestructively estimated ANPP and litter in a
permanently marked 0.5 m? point-frame within each
4.0 m* plot. Using a 62 x 80 cm (0.5 m?) quadrat with
50 equidistant points, we estimated litter and cover
by plant lifeform (shrubs, forbs, and grasses—including
graminoids), and then measured average vegetation
height to estimate plot-level ANPP. We selected 15 cali-
bration plots annually (outside of treatment plots) where
we used the point-frame to nondestructively measure
plant cover and average vegetation height, then destruc-
tively sampled ANPP of the calibration plots by clipping
current year vegetative growth. We clipped biomass at
the soil surface, separated by plant lifeform, and then
weighed samples after drying them at 55°C for >48 h. We
then fit a regression relating the nondestructive plant
cover measurements to ANPP within the calibration
plots. Finally, we estimated ANPP in our experimental
plots using the multiple regression developed by our
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calibration plots to convert our nondestructive ANPP
measurements to grams per square meter (see Byrne
et al., 2011 for details).

We used root ingrowth cores to estimate below-
ground net primary production (BNPP). Each October,
we excavated one or two 5-cm-diameter cores per plot
to a depth of 20 cm at the AC site and ~10 cm at the
AA site (due to the duripan). We focused on the upper
soil layer because globally grasses were found to posi-
tion 44% of their total root biomass in the top 10 cm
(Jackson et al., 1996), while others found an exponen-
tial decline in root biomass with increasing depth
(Frank et al., 2010). All cores were excavated near the
bunchgrass canopy edge to limit sampling heterogene-
ity. We placed a mesh cylinder with 1.0 mm? openings
within each excavated core and filled it with sieved
root-free soil from the site. Each following October,
we removed the ingrowth cores by drilling an
8-cm-diameter hole saw into the soil surrounding the
ingrowth core. After excavation, we brushed away
roots and soil from the outside of the ingrowth core.
We air-dried ingrowth cores to minimize decomposi-
tion before processing, then used a series of sieves and
buckets with water and air to gently separate the roots
from the soil and clean the roots. We dried roots at
55°C for >48 h before weighing and then combusted
samples at 500°C for 5 h to determine ash content. We
converted our BNPP estimates to grams per square
meter and report on an ash-free basis (see Byrne, 2021
for details).

Phylogenetic relationships

We created a phylogeny (Appendix S1: Figure S3)
containing the 47 species from both sites with
PHYLOCOM (Webb et al., 2008). We used ages from
the R2G2_20140601 super tree that was amended by
Parker et al. (2015) to include additional taxa from the
Western USA at the species and genus levels.
Phylogenetic diversity metrics were calculated at the
zeroth quantile for nearest taxon distance (NTD) and
the 10th quantile (PD,,) for assessing relationships at
small evolutionary scales (e.g., species or genus level)
and the 50th quantile for mean pairwise distance
(MPD) for coarser evolutionary scales (Parker
et al., 2015). PD,, was developed by Gilbert and Parker
(2022) to further assess biotic interactions because it
limits the swamping effect in communities with many
distantly related phylogenetic pairs. We abundance-
weighted metrics by multiplying a (plot X species
cover) and (species X phylogenetic metric) matrix
(Griffin-Nolan et al., 2019).

Analysis

We collected pretreatment data in 2016 to ensure there
were no plot effects prior to implementing treatments.
We grouped species cover based on native status and
separately by life form. We used ANOVA to confirm
there were no pretreatment effects (p,; > 0.05) on
response metrics (we did not collect pretreatment
BNPP). We used data from 2017 to 2020 to compare
treatment effects on ANPP, BNPP, litter, plant abun-
dance (native cover, non-native cover, grass cover, forb
cover, shrub cover, forb species density, shrub seedling
density) and diversity metrics (native richness,
non-native richness, Shannon diversity, NTD, PD,,
MPD) using generalized linear models (GLMs). We
included drought, site, and time (sampling year) as the
fixed effects and drought X site and drought X time as
the interaction terms (there were no three-way interac-
tion effects for any of the response variables, so we
removed it to retain statistical power; Goodhue
et al., 2007). Data were confirmed for parametric
assumptions prior to using GLMs.

We used permutational analysis of variances
(PERMANOVA) to compare drought, site, and time
effects with Bray-Curtis dissimilarity indices. Then we
tested whether functional groups were significant
predictors and their potential contribution to commu-
nity change using a canonical correspondence analysis
(CCA). CCA allows for the determination of how incr-
eases in different functional groups were associated
with directional shifts in community composition
across years and study sites. We used similarity
analyses (SIMPER) to determine which species were
driving within-site differences from drought.
Differences in plant community composition were
represented using a nonmetric multidimensional
space plot (NMDS).

All analyses were completed with R statistical software
V 404 (R Core Team, 2020) using COWPLOT, GGPLOT2,
LUBRIDATE, PLYR, RESHAPE2, TIDYVERSE, and VEGAN packages
(Oksanen et al., 2018; Wickham, 2020; Wickham
et al., 2018; Wilke, 2020).

RESULTS
Efficacy of rain-out shelters

During the first three years of the study period
(2017-2019) precipitation was 20%-30% above average,
while it was about 30% lower than the long-term aver-
age in the fourth year (2020; Appendix S1: Figure S1).
At the AA site, shallow soil water was lower under
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drought in three of the four experimental years, but
in 2019, soil water was higher under drought
(Appendix S1: Figure S4, Table S2). Deeper soil
water (20-30 cm) at the AC site was consistently lower
under drought, while shallow soil water was slightly
lower under drought during the first study year; but
thereafter (Fall 2017) soil water was consistently
higher under drought until the probes malfunctioned
during late Fall 2019 (Appendix S1: Figure S4,
Table S2).

Net primary production and litter

ANPP (t=6.647, p<0.001) and BNPP (t=4.767,
p < 0.001) were both consistently higher at the AC site
across years, although there was large interannual varia-
tion in NPP at both sites (Figure 1). Notably, BNPP was
nearly three times greater than ANPP over the course of
the study. Neither ANPP nor BNPP was affected by
drought. ANPP (¢t = —2.283, p = 0.023) decreased over
time, while BNPP did not change over time. Examined
separately, BNPP declined over time at the AA
(p < 0.001, R? = 0.55) but not at the AC site. The AC site
had higher litter cover than the AA site (t = 3.327,
p = 0.001) and litter cover increased over time (t = 2.618,
p = 0.011; Figure 2). An interaction effect indicated that
litter was higher during drought at the AC site (¢t = 2.946,
p = 0.004) but not at the AA site.

a
OAA *S*T
2501 M AC
M Control
B Drought
—~ 200
€
2 150;
o
o
pd
< 100-
02017 2018 2019 2020
FIGURE 1

Community composition and diversity

Both native (¢ = 3.437, p < 0.001) and non-native plant
cover (¢t = 2.580, p = 0.012) were higher at the AC site
but were unaffected by drought. Non-native plant
cover (t=2.000, p=0.049) increased over time
(Figure 2), while native cover did not vary over time.
Grass (t = 3.672, p < 0.001) and shrub cover (t = 4.263,
p < 0.001) were both higher at the AC site, but forb
cover was similar at the sites. Drought (t = —4.093,
p < 0.001) reduced forb cover at both sites, but an
interaction effect with site resulted in a larger reduc-
tion in forb cover at the AA site (¢t = 2.208, p = 0.030).
Forb cover decreased over the sampling period
(t = =2.501, p = 0.014; Figure 2), but grass and shrub
cover did not change over time.

Plant community composition differed between the
AA and AC sites (F = 65.4, p < 0.001; Figure 3) and var-
ied through time (F = 3.39, p = 0.010). Drought shifted
plant community composition (F = 4.582, p = 0.007), but
an interaction effect indicated that drought more strongly
affected the AC site (F = 6.02, p < 0.001). CCA showed
that functional groups explained 28.5% of the variation
between communities (Table 1). Similarity analyses indi-
cated that species driving differences between drought
and control treatments at the AA site were V. dubia
(14%), Packera cana (10%) and Danthonia californica
(8%) and solely annual Bromus species (22%) at the
AC site.
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(a) Aboveground (ANPP) and (b) belowground (BNPP) net primary production in control and drought treatments from

2017 to 2020 (mean + SE). In 2019, BNPP samples at the AA site were damaged, so there was only one replicate. *D, drought effect; *S, site
effect; *T, time effect; *I, D X S interaction. The y-axis scales and ranges vary per plot. AA, sites dominated by Artemisia arbuscula; AC, sites

dominated by Artemisia cana.
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a Mean Artemisia seedling recruitment was low
o5 E ﬁé * D I T FO.Z‘S i 0.11 iniizividuals m2 .at the AA. site and 0.20 + 0.07
sl individuals m™“ at the AC site) and did not vary between
W Control sites nor over time. Interestingly, Artemisia recruitment
201 ® Drought was higher under drought (t = 2.230, p = 0.029). Total
native annual forb density was not affected by drought
nor site, but decreased over time (t = —6.126, p = 0.026).
154 Individual forb species had mixed responses to drought
(Appendix S1: Table S1). Ac. millefolium was the only
forb that was negatively affected by drought (t = —2.471,
107 p = 0.018).
Native species richness was higher at the AA site
(t = —2.471, p = 0.016; Figure 4a), while non-native rich-
ness was higher at the AC site (¢t =4.090, p < 0.001;
Figure 4b). Both native and non-native species were unaf-
0 1| | | L] fected by drought. Shannon diversity decreased over time
2017 2018 2019 2020 (t =—3.494, p < 0.001) and an interaction effect resulted
b in lower diversity during drought for the AC site, but not
* S T the AA site (t = —2.876, p = 0.005; Figure 4c). NTD did
not vary by site nor with drought. PD;, and MPD were
higher at the AC site (PDy¢: t = 5.269, p < 0.001; MPD:
t =8.265, p=0.027) and increased due to drought
(PDyo: t = 2.236, p = 0.028; MPD: t = 2.262, p = 0.027;

J
Appendix S1: Figure S6). NTD, MPD, and PD,, did not
201 vary over time.
DISCUSSION
101
Despite removing differences in land use legacies,
drought magnitudes, interannual variation in precipita-
tion, and climate history, our study found divergent
0 responses to drought at adjacent sites with differing dom-

2017 2018 2019 2020 inant species. The more productive site with much

deeper soils (dominated by A. cana) was more drought

c sensitive and exhibited greater shifts in species composi-
1001 *l,S,T tion compared with the less productive site with greater
bare ground and shallower soils with a duripan (domi-
nated by A. arbuscula). Differences in drought response
751 can be attributed to edaphic factors (e.g., differences in
_]_ soil texture, chemistry, and rooting depth), plant species
+ + attributes, and the unexpected litter accumulation within

Forb cover (%)

30

Non—native cover (%)

the drought treatment at the more productive site. We
did not find strong evidence that drought reduced species
richness as originally hypothesized, but drought
increased community-weighted phylogenetic distances

50

Litter cover (%)

251

FIGURE 2 (a)Forb, (b) non-native plant cover, and (c) litter
cover in control and drought treatments from 2017 to 2020

L] L] - _ (mean + SE). *D, drought effect; *S, site effect; *T, time effect;
2017 2018 2019 2020 *I, D X S interaction. The y-axis scales and ranges vary per plot.
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FIGURE 3
represent the community composition of a plot monitored during any given year from 2016 to 2020. The AC site has darker shades while the

Nonmetric multidimensional scaling (NMDS) ordination (k = 2, stress = 0.153) of plant community composition. Points

AA site has lighter shades. The distance between points represents the relative similarity of plant communities between plots. AA, sites

dominated by Artemisia arbuscula; AC, sites dominated by Artemisia cana.

TABLE 1
community composition change between the sites dominated by

Plant functional groups that are correlated with

Artemisia arbuscula and Artemisia cana and control and drought
treatments using canonical correspondence analysis (CCA).

Soil water

Drought consistently reduced shallow soil water at the
AA site in most years and reduced deep soil water at

Plant functional group F R? p the AC site in all years. In contrast, while drought ini-
Native shrubs 237 0.155 0.001* tially reduced shallow soil water at the AC site, after the
) first growing season (Fall 2017) soil water was consis-
Non-native annual grasses 17.5 0.115 0.001* . .
tently higher under drought shelters for the remainder of
Native grasses 835 0055 0.001° the experiment (Appendix S1: Figure S3). Although we
Non-native perennial grasses 7.12 0.047 0.001* were surprised by this unexpected response in an experi-
Native forbs 2.36 0.020 0.020* ment designed to reduce precipitation, we do not believe
Residuals 0.609 it was due to measurement error or shortcomings in the

Note: Residuals are unexplained variances.
*p < 0.05.

that resulted in plant communities with taxa that were
more distantly related. Surprisingly, both sites were
resistant to drought-induced changes in NPP, although
interannual variation in both ANPP and BNPP was
strong.

rain-out shelters for several reasons. First, the rain-out
shelters used in the experiment are used in grasslands
and shrublands globally (Smith et al., 2024) and are
widely accepted as effective (Yahdjian & Sala, 2002 has
over 300 citations). Furthermore, drought shelters at a
similar cold desert in Idaho, USA, were found to effec-
tively reduce soil water (Tredennick et al., 2018). Second,
our soil water data indicate the shelters -effectively
reduced shallow soil water at the AA site. Due to our
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a unique experimental design (two sites within close

20 proximity using the same rain-out shelters), we can
-l— *S assume that the shelters caused identical reductions in
precipitation at both sites (but nonidentical reductions in
'l‘ soil water). Finally, the rain-out shelters caused a strong

+ and consistent (50%-89%) reduction in deeper soil water
‘l‘ (n = 1) at the AC site, providing yet another line of evi-
dence that our rain-out shelters reduced soil water, at
least at depth. If this is the case, then why was shallow
soil water higher under drought at the AC site?

We speculate that both hydraulic redistribution of soil
water and increased litter in the drought treatment
51 explain the higher shallow soil water in the drought
treatment at the AC site. Hydraulic redistribution or lift
of water from deeper soils to shallow drier soils has been
| | A widely documented in regions with pronounced dry sea-

2020 sons (Caldwell et al., 1998; Neumann & Cardon, 2012)
and was first demonstrated in A. tridentata var. vaseyana

3 in the Great Basin (Richards & Caldwell, 1987). In our
* S study, a duripan that precludes deep tap roots is present
at approximately 12 cm below the soil surface at the site
dominated by A. arbuscula; therefore, we would not
expect plant-induced hydraulic lift. Indeed, we found the
21 + expected pattern (e.g., drought reduced shallow soil

—_
(6}

Native species richness per 4 m?
=

0__

2017 2018 2019

o

water) at the AA site. In contrast, the site dominated by

A. cana has deeper soils and lacks a duripan. Although

we can find no specific studies documenting hydraulic lift

‘1‘ in A. cana, it has similar morphology to A. tridentata (e.

g., roots extending 2 or more meters into the soil; Letts

et al., 2010) and grows in a semiarid environment with

relatively little summer precipitation; closely related spe-

cies developing with the same abiotic filters suggest the

potential for phylogenetic niche conservatism (Losos,

2017 2018 2019 2020 2008) between taxa and the capacity for hydraulic redis-
tribution of soil water (Caldwell et al., 1998).

Hydraulic lift alone does not explain the increased

O AA soil water under drought conditions, but we also found

M AC *l,T that litter increased over time and was higher in the

= S?QJBOA t drought treatment at the AC site (Figure 3c). We hypoth-

esize that the increased litter decreased bare soil evapora-

-l- tion in the drought treatment (Magliano et al., 2017),

providing a mechanism to conserve shallow soil water

compared with the control plots. Indeed, plant litter is

known to regulate soil moisture and there is often a

Non—native species richness per 4 m?
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._|_

(¢}

n
o

- [\
=
._i_
._}_.
._|_

—
o

FIGURE 4 (a)Native and (b) non-native plant species

richness and (c) Shannon diversity index for control and drought

treatments from 2017 to 2020 (mean + SE). *D, drought effect; *S,

site effect; *T, time effect; *I, D X S interaction. The y-axis scales

| | | and ranges vary per plot. AA, sites dominated by Artemisia
2020 arbuscula; AC, sites dominated by Artemisia cana.
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positive relationship between litter and soil moisture
across ecosystems (Boeken & Orenstein, 2001; Deutsch
et al., 2010; Facelli & Pickett, 1991; Loydi et al., 2013).
Although we did not identify the species that contributed
to litter in this study, it is likely that the increased litter
was mostly from annual grasses (K. M. Byrne, personal
observation). Annual grasses are known to increase litter
in western North America (Balch et al., 2013; Davies &
Nafus, 2013) and Wolkovich et al. (2009) also found that
non-native annual grasses contributed to higher shallow
soil moisture by 20% through litter accumulation. This
surprising result could have large implications for overall
ecosystem function during future extreme droughts in
shrublands and woodlands where hydraulic lift interacts
with litter to increase shallow soil water. Over time,
increases in shallow soil water could increase nutrient
cycling (Cardon et al., 2013) and alter species composi-
tion, favoring ruderal and shallow-rooted species such as
grasses and annual forbs that are typically non-native
(Kulmatiski et al., 2017). This could create a positive
feedback loop (D’Antonio & Vitousek, 1992), leading to
additional litter accumulation and a more continuous
fine fuel layer, potentially decreasing fire return intervals
(Balch et al., 2013; Davies & Nafus, 2013; Tortorelli
et al., 2020).

Net primary production

As expected, the AC site had higher net primary produc-
tion than the AA site, likely due to inherent differences
in soil type and moisture (Fernandez-Going et al., 2012;
Reynolds et al., 1997; Van Auken, 2009). However, we
found that ANPP within both plant communities was
remarkably resistant to the drought treatment but
decreased over time, paralleling patterns in ambient pre-
cipitation. These findings contradict the resource limita-
tion hypothesis (Huxman et al., 2004), which predicts
that arid and semi-arid ecosystems like the sagebrush
steppe would be more sensitive to changes in precipita-
tion than mesic ecosystems. Instead, our findings are
congruent with other experiments and meta-analyses that
have found that shrublands are more resistant to experi-
mental drought than grasslands globally (Bdez
et al., 2013; Gao et al., 2019; Haugum et al., 2021; Smith
et al., 2024) and other drought manipulation and obser-
vational studies in the Great Basin focused on A.
tridentata (Harte et al.,, 2015; Holdrege et al., 2021;
Karban & Pezzola, 2017) and Artemisia tripartita
(Tredennick et al., 2018).

BNPP was also resistant to drought, but unlike ANPP,
did not decrease over time. Allocation to maintain BNPP
may be adaptive in arid, nutrient-limited habitats, as

optimal partitioning theory suggests plants allocate
growth to organs that help acquire limiting resources
(Bloom et al., 1985; Luong & Loik, 2022). Although
there are fewer studies reporting the effects of drought
on BNPP, published results are inconsistent, with some
studies reporting a decrease in BNPP due to drought
(Frank, 2007; Holguin et al., 2022; Slette et al., 2022)
and others reporting stable BNPP under drought
(Alon & Sternberg, 2019; Batbaatar et al., 2022; Byrne
et al., 2013; Holguin et al., 2022). Alternatively, our
finding could be due to a portfolio effect (Naeem, 2016;
Yachi & Loreau, 1999) during species turnover favoring
fewer species that can tolerate drought in the root zone
(Harrison et al., 2015; Smith et al., 2009), yet we cannot
confirm this as our root measurements were not
species-specific. However, we found increased phyloge-
netic distances across large (MPD) and small (PD,,)
evolutionary scales in response to drought, likely indi-
cating truncation of plant communities and species
turnover (Monnet et al., 2014; Verdu et al., 2012).

Increased phylogenetic distances could indicate
that plant communities exposed to drought supported
taxa that were less closely related across small and
large evolutionary scales, suggesting that drought
resistance was potentially restricted to certain,
but distantly related plant lineages in the region
(Garcia-Camacho et al., 2017). Alternatively, increased
community-weighted mean phylogenetic distance
(PDsp) within the community could be related to inva-
sions of less distant taxa, such as annual grasses
(Appendix S1: Figure S3). Indeed, we saw increases in
invasive annual grasses in our study, which demon-
strates that increased diversity may not always be posi-
tive for ecological communities (Bennett et al., 2014).
Similarly, an increase in PD;, (phylogenetic distance at
the 10th quantile; generally associated with
within-family differences; Gilbert & Parker, 2022) was
likely associated with increased cover of non-native
species more distantly related to species within
observed the plant families.

When examined separately, we found that BNPP
declined over time at the AA site, while it first declined
then rebounded in the final year at the AC site
(Figure 2). Perhaps these site-level differences in
BNPP responses are due to the hydraulic lift of water
to shallower soils at the AC site, or increases in
nutrient availability as the litter decomposed, or the
combination of the two factors (Aanderud &
Richards, 2009; Armas et al., 2012; Cardon et al., 2013).
Regardless, additional studies focused on root in-
teractions are needed to improve our understanding of
plant community responses in the face of chronic
drought.



ECOSPHERE

| 11 0f 17

Species composition

The more productive AC site exhibited greater drought-
induced changes in plant community composition and
cover compared with the AA site. Interestingly, the oppo-
site was true belowground: three years of drought caused
greater shifts in the seed bank at the AA site (Nunes &
Byrne, 2022). Despite having lower cover of almost all
plant cover types, the less productive AA site consistently
had higher native richness. Similar to serpentine grass-
lands, which have unique edaphic factors due to high
levels of heavy metals (Going et al., 2009; Reynolds
et al., 1997), areas dominated by A. arbuscula may have
higher native richness and greater drought resistance due
to harsh soil properties that exclude invaders that have
not adapted to the unique physical and chemical soil
factors (Going et al., 2009; Huenneke et al., 1990).
Interestingly, species composition in the drought plots
was much less variable over time than in the control
plots (Figure 2). This contraction in the plant communi-
ties could be due to abiotic filtering at both sites favoring
plants with key traits or growth patterns (Luong
et al., 2021), although these were outside of the scope of
our study and warrant further research.

Plant cover (native, non-native, grass and shrub
cover), composition, and recruitment of native species
in A. arbuscula and A. cana plant communities showed
high resistance to extreme drought, consistent with
past work done on conspecifics: A. tridentata (Debinski
et al.,, 2010; Karban & Pezzola, 2017), A. tripartita
(Tredennick et al., 2018), and Artemisia californica
(Puritty et al., 2019). A. arbuscula and A. cana commu-
nities occur in a semi-arid region and likely have adap-
tations to persist in drought (Carroll et al., 2021;
Kolb & Sperry, 1999; Schwinning & Ehleringer, 2001).
Alternatively, drought-induced responses may only be
evident across longer timespans, especially in ecosys-
tems dominated by long-lived species (Sala
et al., 2012). For example, Evans et al. (2011) did not
find strong drought responses in a semiarid grassland
until the seventh study year. Anderson and Inouye
(2001) suggest that there might be 2-to 4-year lags
between precipitation and changes in species composi-
tion and functional groups in Artemisia shrublands.

Forb cover and density of some native forbs decreased
over time, whereas non-native plant cover increased only
at the more productive AC site. Increases in non-native
plant cover in AC plots were driven by non-native annual
grasses: V. dubia, B. japonicus, and B. tectorum.
Non-native annual grasses have been expanding across
the Great Basin for decades, linked with disturbance and
changes in climate (Boyte et al., 2019; Smith et al., 2022).
Drought negatively affects both native and non-native

species (Garbowski et al., 2021; Puritty et al., 2019) but
certain invasive forbs (Mojzes et al., 2020) and annual
grasses (Garbowski et al., 2021; Ross, 2022) may benefit
during and after drought (Puritty et al., 2019) by taking
advantage of early-season soil moisture and potentially
outcompeting other species (Garbowski et al., 2021).
Indeed, in our study, the interaction of drought and
non-native annual grasses could have limited germ-
ination and increased the mortality of native species
(LaForgia et al., 2020), resulting in lower native forb
cover and density over time. In turn, this may have fur-
ther contributed to invasion by decreasing biotic resis-
tance and freeing space needed for invasion (Pearson
et al., 2016). Anderson and Inouye (2001) note in their
45-year study of compositional changes in A. tridentata
communities that increased cover of native species was
associated with lower density, richness, and non-native
species cover.

Increased invasion by V. dubia is concerning as
non-native annual grasses significantly alter fire regimes
in the Great Basin region (Balch et al., 2013; Davies &
Nafus, 2013; Tortorelli et al.,, 2023; Whisenant, 1990).
Notably, V. dubia has successfully invaded forest scab-
land sites (Artemisia ridgida and A. arbuscula dominated)
previously resistant to non-native annual grass invasion
by B. tectorum and Elymus caput-medusae (medusahead)
in western North America (Tortorelli et al.,, 2020).
Additionally, non-native annual grass species have rela-
tively low and variable forage quality (Bovey et al., 1961;
Brummer et al., 2023), suggesting active management
may be necessary to help limit V. dubia positive feedback
cycles that accelerate wildfire risk (Fernandez-Guisuraga
et al, 2023) and reduce rangeland forage
(DiTomaso, 2000).

CONCLUSIONS

We found that plant composition and productivity in two
cold desert shrubland communities dominated by
understudied sagebrush species were resistant to four
years of experimental drought. We were surprised to dis-
cover that drought increased shallow but decreased
deeper soil water at our more productive shrubland site,
which was likely linked with hydraulic lift and amplified
litter cover of non-native species under drought condi-
tions. Our study provides insight into the complicated
nature of interacting global change factors that can result
in unanticipated drought effects. Common biotic mecha-
nisms such as the invasion of non-native annual grasses
simultaneously during our drought treatments demon-
strate the challenges of predicting the impacts of multiple
interacting global change factors.
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