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Abstract

For many drylands, both long- and short-term drought conditions can accentuate

landscape heterogeneity at both temporal (e.g., role of seasonal patterns) and

spatial (e.g., patchy plant cover) scales. Furthermore, short-term drought

conditions occurring over one season can exacerbate long-term, multidecadal

droughts or aridification, by limiting soil water recharge, decreasing plant

growth, and altering biogeochemical cycles. Here, we examine how experi-

mentally altered seasonal precipitation regimes in a mixed shrub grassland on

the Colorado Plateau impact soil moisture, vegetation, and carbon and nitro-

gen cycling. The experiment was conducted from 2015 to 2019, during a

regional multidecadal drought event, and consisted of three precipitation treat-

ments, which were implemented with removable drought shelters intercepting

~66% of incoming precipitation including: control (ambient precipitation

conditions, no shelter), warm season drought (sheltered April–October),
and cool season drought (sheltered November–March). To track changes in

vegetation, we measured biomass of the dominant shrub, Ephedra viridis,

and estimated perennial plant and ground cover in the spring and the fall.

Soil moisture dynamics suggested that warm season experimental drought had

longer and more consistent drought legacy effects (occurring two out of the

four drought cycles) than either cool season drought or ambient conditions,

even during the driest years. We also found that E. viridis biomass remained

consistent across treatments, while bunchgrass cover declined by 25% by 2019

across all treatments, with the earliest declines noticeable in the warm

season drought plots. Extractable dissolved inorganic nitrogen and microbial

biomass nitrogen concentrations appeared sensitive to seasonal drought condi-

tions, with dissolved inorganic nitrogen increasing and microbial biomass

nitrogen decreasing with reduced soil volumetric water content. Carbon stocks

were not sensitive to drought but were greater under E. viridis patches.
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Additionally, we found that under E. viridis, there was a negative relationship

between dissolved inorganic nitrogen and microbial biomass nitrogen,

suggesting that drought-induced increases in dissolved inorganic nitrogen

may be due to declines in nitrogen uptake from microbes and plants alike.

This work suggests that perennial grass plant–soil feedbacks are more vulnera-

ble to both short-term (seasonal) and long-term (multiyear) drought events

than shrubs, which can impact the future trajectory of dryland mixed shrub

grassland ecosystems as drought frequency and intensity will likely continue

to increase with ongoing climate change.
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INTRODUCTION

Dryland ecosystems are highly sensitive to changes in
precipitation patterns, as soil water availability is a
key limiting resource governing arid and semiarid terres-
trial ecosystem processes (drylands hereafter) (Bradford
et al., 2020; Noy-Meir, 1973; Schwinning et al., 2005).
Owing to climate change, many drylands are being
confronted with an increase in the frequency and dura-
tion of ecological droughts (Williams et al., 2020), defined
as episodic deficits in water availability that drive ecosys-
tems beyond thresholds of vulnerability to abrupt change
(Berdugo et al., 2020; Crausbay et al., 2017). These eco-
system thresholds can be governed by both the nature of
a drought event (intensity, duration, and timing) and the
resistance (capacity to withstand change) and resiliency
(capacity for recovery of function) of a given system
(Bestelmeyer, 2006; Holling, 1992; Hoover et al., 2021;
Tilman & Downing, 1994). The potential for abrupt shifts
in ecological function, due to episodic but increasingly
frequent and intense ecological droughts in drylands,
will have global impacts, given that drylands cover
over 40% of terrestrial land surface and house over 2.5
billion people (Environmental Managament Group, 2011;
Pr�av�alie, 2016; Reynolds et al., 2007). Accordingly, under-
standing the response of drylands to ecological drought is
fundamental for human well-being and the functioning
of Earth’s ecosystems.

Ecological drought has been implicated in the shifts of
dryland grasslands from a relatively homogenous distribu-
tion of nutrients and water resources to patchy, shrubbier,
landscapes characterized by microsites of nutrient-rich
soils supporting dryland perennial plants, often called “fer-
tile islands” (Ridolfi et al., 2008; Schlesinger et al., 1990;
Tiedemann & Klemmedson, 1973). Within these fertile
islands, the soils contain higher concentrations of carbon
(C) and nitrogen (N) than adjacent interspace soils, due

to a positive feedback between both abiotic and biotic
processes (de Graaff et al., 2014; Ding & Eldridge, 2021;
Schlesinger et al., 1990). Additionally, the magnitude of
the fertile island effect (i.e., the difference in C and/or
N and in the islands under plants vs. the surrounding
interspace) will likely vary by perennial plant functional
types (grasses or shrubs) (Ochoa-Hueso et al., 2018).
Larger, woody shrubs, with wider canopies and deeper
roots, are often better at withstanding drought while also
retaining and accumulating soil and nutrients than peren-
nial grasses, due to efficiencies in trapping soil sediments,
recycling plant litter, tolerance of burial (e.g., coppice
dunes), and acquiring resources (Archer et al., 2017; Li,
Ravi, et al., 2022). Prevailing hypotheses about fertile
islands predict that the strength of fertile islands will
increase with both canopy size and aridity (Ding &
Eldridge, 2021), but these patterns are yet to be extensively
tested with seasonal drought dynamics.

The intensity, duration, and timing of ecological
drought conditions are typically measured by temporal
and spatial deficits in soil moisture, which directly impacts
vegetation through controls on photosynthesis, biomass
production, plant mortality, and linkages to soil biogeo-
chemical cycles (Berdugo et al., 2022; Gremer et al., 2015).
Both pulse (short-term) and press (long-term) deviations
from historical climatic precipitation patterns can impact
soil moisture temporally (e.g., soil recharge timing) and
spatially (e.g., the vertical distribution within soil profile)
(Bradford et al., 2020; Hoover et al., 2015, 2021; Li, Qian,
et al., 2022; Reynolds et al., 1999). Severe, pulse drought
conditions commonly occur during extreme hot-dry condi-
tions, when atmosphere demands for moisture are high
due to increased evapotranspiration rates and vapor pres-
sure deficit (Bradford et al., 2020). Such warm conditions
can lead to plant stress and mortality (Breshears
et al., 2005, 2021; Winkler et al., 2019). However, in some
drylands, drought conditions can be caused by a decrease
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in cool, nongrowing season precipitation. Cool season
precipitation can be vital for soil water recharge which can
support the succeeding growing season, as atmospheric
evaporation and transpiration losses are low allowing
water to accumulate belowground (Bowling et al., 2010;
Comstock & Ehleringer, 1992; Gremer et al., 2015). The
balance and timing of precipitation and drought events
are also likely to differentially impact components of the
plant community due to differences in plant phenology,
drought tolerance, and rooting patterns. For example, a
cool season drought may have a greater impact on early
active herbaceous species and deep-rooted shrubs due to
reduced soil recharge from winter precipitation, while
a warm season drought may more greatly impact warm
season perennial grasses and other species able to respond
to short pulses of increased warm season soil moisture
(Gremer et al., 2018). Multiyear, press-type droughts can
also alter grass-shrub cover patterns and landscape hetero-
geneity (Finger-Higgens et al., 2023; Gremer et al., 2018;
Munson, Belnap, Schelz, et al., 2011; Reynolds et al., 1999).
For perennial grasses and other shallow-rooted species,
warming and drying trends can lead to increases in dor-
mancy and even mortality (Gremer et al., 2015; Hoover
et al., 2017; Winkler et al., 2019). Conversely, woody plants
like shrubs, often show more resistance and resiliency to
drought due to deeper rooting strategies and positive feed-
backs with the soil system (e.g., higher nutrients due to leaf
litter inputs, root exudates) (Archer et al., 2017; Schlesinger
et al., 1990). Therefore, some drylands will likely see a shift
in dominant plant community types, resulting in a greater
presence of woody, shrubby species.

These drought-induced shifts in vegetation composition
and structure can be reinforced by shifts in biogeochemical
cycles (Delgado-Baquerizo et al., 2013; Hooper &
Johnson, 1999), potentially decoupled from vegetation
primary production as a result of rapidly increasing aridity
(Finger-Higgens et al., 2023; Homyak et al., 2016, 2017;
Yahdjian et al., 2006). For instance, a meta-analysis of
precipitation reduction and removal experiments found
that extractable NH4

+-N (a common and readily bio-
logically available form of N) increased by 25% overall with
precipitation reductions, which was attributed to decreases
in plant production and N immobilization (Homyak
et al., 2017). Another meta-analysis of drought studies
from forest, shrublands and grasslands found that across
ecosystem types, dissolved organic C (DOC) concentrations
increased, likely due to inhibited decomposition and min-
eralization (Deng et al., 2021). The decoupling of biogeo-
chemical cycles is proposed as an important indicator of
aridity ecosystem thresholds (Berdugo et al., 2021), where
soil microbial resilience to drought could result in a loss of
soil nutrients due to declining inputs from vegetation
(Allison, 2023).

Here, we examine seasonal drought impacts in a mixed
shrub grassland on the Colorado Plateau. The Colorado
Plateau is a model system to assess changes in seasonal
precipitation drought patterns, as soil water availability
in the region is driven by the balance between cool- and
warm-season precipitation patterns and evaporative
demand (Bowling et al., 2010; Comstock & Ehleringer, 1992;
Gremer et al., 2018; Hoover et al., 2021). In addition,
the region has experienced numerous press drought events,
including an ongoing regional megadrought (20+ year
drought) starting in the early 2000s (Williams et al., 2022;
Zhang et al., 2021). The megadrought has been connected
to changes in plant cover and shifts in biogeochemistry
(Finger-Higgens et al., 2023); however, questions remain
regarding how short-term, seasonal drought events might
further impact ecosystems as multiple global change drivers
interact.

This study investigates how cool versus warm sea-
sonal drought treatments impact vegetation cover, soil
C and N cycling, and microbial biomass after 4 years
of experimentation in a mixed shrub grassland. Focal
plant species for this study are a dominant perennial
bunchgrass, Indian ricegrass (Achnatherum hymenoides
Roem & Shult.) and the dominant shrub, Mormon
tea (Ephedra viridis Coville). These species were
selected for their commonness on the Colorado
Plateau and their known physiological difference, with
A. hymenoides predicted to show greater sensitivity to
changes in water availability than E. viridis (Hoover
et al., 2015, 2017, 2021; Munson, Belnap, Schelz,
et al., 2011). We hypothesized that seasonal drought
conditions would lead to decreases in grass cover and
concurrent increases in available N in the soil due to
reductions in plant and microbial N uptake. We expected
grass cover to decline especially for the cool season
drought treatments, because of reduced water availability
prior to spring green-up (Bowling et al., 2010).
Additionally, we predicted that the shrub E. viridis would
be less sensitive to either seasonal drought treatment due
to physiological advantages associated with being a
long-living, evergreen shrub. In regard to C and N concen-
trations, we predicted that the impacts of both the cool sea-
son and warm season drought would result in increase in
soil available N and DOC. We also predicted that drought
effects on biogeochemical cycles would be more pro-
nounced in soils underneath vegetation than in interspace
areas. We anticipated the largest response of biogeochemi-
cal cycling to drought to occur under bunchgrasses, as
A. hymenoides is likely to be highly sensitive to water
reductions by decreasing N uptake and limiting photosyn-
thesis (Hoover et al., 2017, 2021). Finally, we predicted that
the strength of the fertile island would be highest during
seasonal drought periods, with a greater difference between

ECOLOGY 3 of 17

 19399170, 0, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecy.4393 by N

ational A
griculture L

ibrary, W
iley O

nline L
ibrary on [06/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



E. viridis and the interspace than A. hymenoides and the
interspace (Ding & Eldridge, 2021).

METHODS

Site description

Our study was conducted in a mixed shrub grassland
ecosystem on the Colorado Plateau in southeastern Utah,
USA (38.190 N, 109.750 W; 1505 m elevation). The domi-
nant shrub is E. viridis interspersed with several peren-
nial grass species (Hoover et al., 2019), with a history
of light winter cattle grazing prior to the establishment
of this study. The site resides in a semiarid (mean annual
precipitation = 221 mm), continental climate with cool
winters (mean low temperature = −6.5�C) and warm
summers (mean high temperate = 32.7�C) (Hoover
et al., 2021). Monthly precipitation amount is fairly con-
sistent throughout the year on average due to the
Colorado Plateau’s location intersecting two moisture
trajectories coming from opposite directions (winter
storm fronts from the Gulf of Alaska and summer con-
vection storms from the Gulf of California [monsoon];
Hereford & Webb, 1992; Schwinning et al., 2008).
However, despite relatively consistent incoming precipi-
tation levels across the year, soil water availability varies
greatly due to seasonal differences in temperature and
evaporative demand (Chenoweth et al., 2023; Gremer
et al., 2015). Soil water recharge often occurs during
the cool season (November–April), due to low evapotrans-
piration demand which often help initiate and support
springtime plant growth (Comstock & Ehleringer, 1992).
Summertime precipitation (July–September) can facilitate
a second green-up as convective, monsoonal rains can
provide an additional surge of soil moisture (Comstock &
Ehleringer, 1992).

Seasonal drought treatments

Seasonal drought treatments have previously been
described in Hoover et al. (2021). Briefly, plots were ran-
domly assigned to two community types based on the
presence or absence of the shrub E. viridis in one half
of each plot (“G + G” = grass-only community and “G
+ E” = grass with E. viridis community). Dominant
perennial grass species comprised four bunchgrasses
(two C3 and two C4 photosynthetic pathway) and one
rhizomatous grass (C4 photosynthetic pathway) (Hoover
et al., 2019). The two C3 (cool season) grasses included
A. hymenoides and Hesperostipa comata, while C4 (warm
season) grasses included Aristida purpurea, Pleuraphis

jamesii, and Sporobolus spp. Once community types
were designated, each 4 × 4 m plots was hydrologically
isolated from the surrounding area. Drought treatments
were then assigned using a stratified random approach
with six blocks. Therefore, each block contained one rep-
licate of each drought treatment and community combi-
nation (n = 36; Hoover et al., 2021).

From May 2015 to April 2019, we applied three
precipitation manipulation treatments within a fenced
3.2-ha study area: control (ambient precipitation), cool
season drought (66% ambient precipitation excluded from
early November to the end of April), and warm season
drought (66% ambient precipitation excluded from early
May to the end of October) (Hoover et al., 2021). Drought
treatments were applied with passive precipitation shelters
which, expanded past the survey plots thus droughting
all plants and ground cover types, as described in Hoover
et al., 2021. Shelters were transferred between cool and
warm season plots, ending one seasonal drought, and
starting the other in late October (start of cool drought
treatment) or April (start of warm drought treatment).
All shelters were finally removed in April 2019 for a total
of 4 cycles of both drought treatments.

To quantify the impacts of our drought mani-
pulations, precipitation was measured on site using an
hourly tipping rain gauge (TE25MM, Texas Electronics,
Dallas, TX). Additionally, within each plot, soil moisture
was calculated every 30 min at shallow (5–25 cm) and
deep (30–50 cm) depths (CS650 sensors, Campbell
Scientific, Logan, UT) in the center of each plot (Grote
et al., 2023; Hoover et al., 2021).

Vegetation cover and E. viridis biomass
estimates

Aboveground vegetation and ground cover were measured
via ocular estimates in the spring (April–May) and fall
(September), from May 2015 and through September 2019.
During field data collection, lofted scaffolding was used to
prevent disturbance when sampling plots. This was partic-
ularly important during the collection of E. viridis biomass
estimates as it allowed us to measure the entire plant
(n = 18) without damaging evergreen and woody plant tis-
sue. Ocular cover estimates were observed at subplot level,
where four permanent 1 m2 subplots were estimated
within each plot. Percent cover of plant foliar cover and
ground cover categories was estimated to the nearest 1%.
For extreme values (cover <5% or >95%), estimates were
to the nearest 0.1% (Hatton et al., 1986). Where multiple
cover types overlapped, only the top-most cover type was
measured such that percent cover estimates for all cover
types in each subplot summed to 100%. Live foliar cover,
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defined as green tissue or woody tissue supporting green
tissue, was estimated for each plant species rooted within
or with canopy overhanging into a subplot. Dead or senes-
cent plant material was not included in overall plant per-
cent cover, but instead classified as either standing dead
(rooted) or ground litter (detached). Additional ground
cover categories included developed biological soil crust
(lichen, moss, or dark cyanobacteria), rocks with a diameter
greater than 5 mm, and bare ground (soil surface not
covered by live or dead plant material, litter, biological soil
crust, or rocks). Ground cover classes, including bare
ground, biological soil crust, rocks, and litter, were later
grouped during analysis as an estimate of the cover of
plant interspaces (portions of the plot without any rooted
foliar cover; interspace cover hereafter). For perennial grass
analysis, only the half (two subplots) that consistently did
not contain E. viridis were included. Perennial grass cover
was later combined into one functional group to evaluate
variations in grass cover through time and by treatment.
Other plant species observed were also divided into plant
functional types including forbs, shrubs (most sub-shrubs
less than 0.5 m in height), and annual grasses (which only
included one species, Vulpia octoflora).

E. viridis biomass was quantified using an allometric
equation to estimate biomass from plant volume to allow
for non-destructive repeated sampling. The volume of
each E. viridis individual within the experimental plots
was estimated by measuring plant height to the nearest
5 cm in each cell of a 25 × 25 cm grid spanning the
plant’s footprint. In spring 2015, the volumes of an addi-
tional 10 individuals outside of the experimental plots
were measured for calibration. All aboveground biomass
of the off-plot individuals was harvested, dried for 48 h at
60�C, and then weighed to the nearest 0.1 g. The volumes
and weights of the off-plot individuals were used to build
a linear model predicting aboveground biomass as a func-
tion of volume (R2 = 0.916). This allometric model was
then used to estimate within-plot E. viridis biomass from
volume measurements.

Soil sampling and analysis

Following the end of the drought treatments, soil samples
were collected to explore trends in key biogeochemical
cycles, including C, N, and phosphorus (P). Soils were
collected after the final summer drought period on
2 November 2018, and following the final winter drought
period on 28 April 2019.

Soil samples were collected at all plots and under-
neath focal species, E. viridis (shrub; n = 18) and
A. hymenoides (grass; n = 36), and within the interspace
(n = 36). A. hymenoides was selected as a representative

dominant grass species for soil collection as it is a
non-rhizomatous bunchgrass, so samples could easily be
collected from underneath separate individuals. At each
sample point, two 0–10 cm deep, 2.5 cm diameter soil cores
were collected underneath either a target species or the
plant interspace, and then homogenized. Upon returning to
the lab, soils were sieved at 2 mm and unincorporated
organic matter was removed. Subsamples of homogenized
soil from fall 2018 and spring 2019 were then used for
the analyses described below. Dissolved inorganic N (DIN),
considered to be the sum of the nitrate (NO3

−) and ammo-
nium (NH4

+) pools, was determined by shaking 8 g
of the sample with 30 mL of 2 M potassium chloride for
1 h (Robertson et al., 1999). Orthophosphate (PO4

3−) was
extracted by shaking 8 g of sample with 30 mL of
0.5 M sodium bicarbonate (adjusted to pH 8.5) for 16 h
(Olsen, 1954). Nitrate, ammonium, and orthophosphate
were analyzed using a Westco Smartchem 200 discrete
autoanalyzer (KPM analytics, Milford, MA). DOC and total
dissolved N (TDN) were extracted by shaking 8 g of sample
with 30 mL of 0.5 M potassium sulfate for 1 h. Microbial
biomass C and N (MB-C and MB-N, respectively) were
measured using chloroform fumigation-extraction with a
0.5 M potassium sulfate solution (Brookes et al., 1985).
MB-C and MB-N were defined as the difference between
the fumigated value and the unfumigated value (DOC
and TDN) (Brookes et al., 1985). DOC, TDN, MB-C, and
MB-N extracts were analyzed using a Shimadzu
TOC-Vcpn and TNM-1 analyzer (Kyoto, Japan). All
extracts were filtered using Whatman #1 filter papers
(Cytiva, Marlborough, MA).

The spring 2019 soil samples were also analyzed for
total soil C (TC) and N (TN), as we assumed that these
pools would be less dynamic, and therefore, less likely
to change between fall and spring sampling events. TC
and TN were measured by analyzing soils dried at 60�C
with a varioMicro Cube elemental analyzer (Elementar
Americas, Mt. Laurel, NJ). Additionally, we analyzed
soils for total soil inorganic C (IC), which was measured
with a modified pressure calcimetry assay (Sherrod
et al., 2002) and total organic C (OC) was calculated as
the difference between TC and IC.

Statistical analysis

To model the effects of the seasonal drought treatments
on soil volumetric moisture and biogeochemistry, we
used linear mixed effects models. Models for soil volu-
metric water content (VWC) were constructed with
drought treatment and day of experiment as fixed effects,
with community types (G + G or G + E) nested in
block as a random effect. When exploring relationships
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between soil moisture and biological metrics in the
regression models, we used deep (30–50 cm) soil VWC as
this metric of soil moisture was more representative
of long-term plot level water (Bowling et al., 2010).
Potential differences between experimentally droughted
plots and ambient plots were assessed using the 95% CI
between treatments. For biogeochemistry variables, block
with nested community type (G + G or G + E) was
initially used as a random effect to account for potential
spatial autocorrelation and the impacts of shrub and
grass competition which was beyond the scope of this
study. However, for some models, community type (as a
random effect) did not enhance model performance
(and sometime inhibited model convergence) so block
alone was used as a random effect.

To track variations in vegetation biomass and percent
cover of plant species and interspace percent cover, we
constructed generalized additive models (GAMs) across
the different drought treatment plots. GAMs are flexible
regression functions which can be used to estimate smooth
functional relationships between predictor variables and
response for non-linear data (Pedersen et al., 2019). Here,
we choose to use GAMs, as plant cover was not expected
to have a linear relationship with treatment variables as
there would likely be a season impact on cover values.
Interspace was calculated as the combined cover classes of
ground litter, dead standing litter, bare soil, rocks, and
developed biological soil crusts. GAMs were constructed
using a smoothing function for sampling period (spring or
fall and year) by drought treatment (ambient, cool season
drought, warm season drought) and estimated using
restricted maximum likelihood.

Statistical analyses were conducted in R version 4.23.
For linear mixed effects we used the “lmer” function in the
R package “lme4” (Bates et al., 2015) and the “lme” function
in the R package “nlme” (Pinheiro et al., 2022). GAMs as
were constructed with the “mgcv” package in R (Pedersen
et al., 2019). Models were checked for assumptions
(i.e., normal distribution of residuals, the residuals have con-
stant variance) using the “performance” package (Lüdecke
et al., 2021) and summary statistics were reported using the
“sjPlot” package (Lüdecke, 2022). Data were log transformed
when required to adhere to model requirements. All data
generated for this study are available from the USGS
ScienceBase Catalog (Finger-Higgens et al., 2024).

RESULTS

Precipitation and soil moisture

Over the duration of the experimental drought treatments
(29 April 2015–31 October 2019), annual precipitation was

above the long-term average of 210 mm for first and fourth
years (265.2 mm, 29 April 2015–26 April 2016, and
240.4 mm, 28 April 2018–16 April 2019) while the second
(27 April 2016–25 April 2017) and third years (26 April
2017–27 April 2018) were both below average (194.0 and
171.6 mm, respectively; Figure 1), driven in part by
regional megadrought conditions. Concurrent drought
treatment effects on shallow (5–25 cm) soil moisture were
negative (less than ambient) during all the drought treat-
ments (warm and cool drought 1–4, Figure 1), but only sig-
nificant for deep (30–50 cm) soil moisture for parts of
warm droughts 1, 3, and 4, and briefly cool droughts 1 and
4 (Figure 1). Additionally, we observed both positive and
negative legacy effects on soil moisture in both drought
treatments, with legacy effects (defined as treatment effects
continuing after season experiment drought period had
ended; sensu Hoover et al., 2021) slightly more common in
the warm drought plots than cool drought plots (Figure 1).
Negative legacy drought conditions occurred in the warm
drought plots during cool season droughts 1, 2, and 4, in
shallow soils, and cool season droughts 1 and 4 in deep
soils, with cool season drought legacies only occurring fol-
lowing the removal of all drought shelters in April 2019.
Conversely, we did see short periods of positive soil
moisture legacies for both warm and cool droughts, often
occurring several months after the drought shelters had
been removed (Figure 1).

Additionally, during soil collection in fall 2018, soil
conditions were significantly drier in the warm drought
plots, resulting from the effects of the drought shelters
during warm season 4 (Figure 1). However, for the
spring 2019 soil collection there were only subtle and not
statistically significant differences between the treat-
ments even following the full cool season 4 drought
season (Figure 1).

Variations in vegetation and
interspace cover

As the drought experiment treatments progressed, we
observed notable treatment differences between perennial
grass versus interspace cover, but not for E. viridis biomass
(Figure 2, Table 1). For perennial grass cover, warm
season drought plots had the lowest average cover,
followed by cool season drought plots, and finally ambient
plots cover (Figure 2, Table 1). Perennial grass species
cover was dominated by A. hymenoides (C3, cool season
grass), and A. purpurea, P. jamesii, and Sporobolus
sp. (C4 warm season grasses) (Appendix S1: Figure S1),
with notable declines in all grass species across all drought
treatment plots. Declines of A. hymenoides were most
noticeable in the cool season drought plots, with a shift in
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the grass community towards a greater proportion of the
C4 grasses, P. jamesii and Sporobolus sp. (Appendix S1:
Figure S1). Conversely, in the warm season drought
plots, more cover declines occurred in the C4 grasses
(Appendix S1: Figure S1). Declines in grass cover also
translated into decreases in total cover, with both small
shrubs and forbs also decreasing in cover during the
experiment (Appendix S1: Figure S2). Along with

reduced grass cover, we observed increases in cover of
interspaces, with the greatest interspace cover occur-
ring in the warm drought plots, followed by cool season
drought plot, and then ambient plots (Figure 2,
Table 1). Most of the interspace cover comprised either
bare ground or litter, with biological soil crusts often
only covering between 1% and 2% of the plot. Cover
classes also varied by year, with grass cover likely

F I GURE 1 Precipitation and soil moisture (volumetric water content %) at shallow (5–25 cm) and deep (30–50 cm) depths.

Precipitation is shown as the cumulative precipitation (in millimeters) that fell on the ambient plots during each drought period (top).

Volumetric water recorded from 5 to 25 cm, recorded with soil probes located at plots experiencing different experimental drought

treatments including: Ambient, cool season drought, and warm season drought (middle and bottom). Dark red and blue bars above and

below soil moisture indicate treatments are greater than ambient (positive effect), while bars below indicate that they are less than ambient

(negative effects). Bars without black borders are current treatments, while those with black boxes are due to drought legacies. Data were

removed when soil temperatures were at or below freezing. Dotted vertical lines indicate the date and soil conditions when soil cores were

collected for biogeochemical analysis. Figure modified from Hoover et al. (2021).
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responding to both experimental drought seasonality
and ambient drought conditions. E. viridis biomass also
experienced slight declines over the course of the study
but was able to recover by fall 2019 (Figure 2).

Biogeochemical concentrations and fluxes

Following the 4 years of warm and cool season drought
treatments, we found no significant effect of drought

F I GURE 2 Generalized additive models and biomass estimates for Ephedra viridis biomass (in grams per square meter) (top), percent

cover of interspace (middle), and percent cover of dominant perennial grasses (bottom) within plots in the three drought treatments of no

drought control (ambient), cool season drought (cool), and warm season drought (warm) within the two grass cover subplots within each

plot. Shading indicates applied season drought treatment with light red indicating warm drought, gray indicating cool drought, and no

shading indicating the end of experimental drought treatments. Larger points indicate mean values at sampling dates with error bars ±1 SE,

while smaller shaded points represent individual data points. Summary statistics presented in Table 1.
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treatment on total soil N and C concentrations including:
total N, total C, organic C, and inorganic C (Appendix S1:
Figure S3; Table 2). However, we did observe a noticeable

effect of cover type on total N, total C, and organic C
(Table 2). For total N, we observed highest amounts of
total N underneath E. viridis plants, followed by
A. hymenoides, and then interspace (Appendix S1:
Figure S3). Total C and organic C also had highest
amounts underneath the E. viridis shrubs, yet there was
not a significant difference between the interspace and
A. hymenoides (Appendix S1: Figure S3). Inorganic C
amounts were not statistically different under different
cover type or in response to the drought treatments.
Additionally, we found that extractable DOC concentra-
tions, microbial biomass C, and extractable PO4

3− were
all best predicted by cover type and did not show signifi-
cant response to the experimental drought treatments,
regardless of year or season of collection (Figure 3,
Table 3; Appendix S1: Figure S4 and Table S1).

In contrast to the relative stability of total C and
DOC pools, drought treatment, cover type, and year
of soil collection were all significant predictors for
concentrations of dissolved inorganic N and microbial
biomass N (Figure 3, Table 3). DIN concentrations
were highest in all warm season drought plot in fall
2018 (Figure 3; Appendix S1: Table S1), with high
concentration of DIN remaining for the warm
droughted E. viridis plots into spring 2019 soil collec-
tion. Interspace soils, both in the ambient and cool
season drought, consistently had the lowest concen-
tration of DIN in both fall 2018 and spring 2019

TAB L E 1 Summary statistics for generalized additive models of variations in individual Ephedra viridis biomass (in kilograms) (top),

the percent cover of interspace (middle), and percent cover of dominant perennial grasses (bottom) within plots in the three drought

treatments of no-drought control (ambient), cool season drought (cool), and warm season drought (warm).

Cover type

Parametric coefficient Smoothing terms

Drought
treatment

Estimate
(SEM) Posthoc Smoothing EDF p-value

Adjusted
R 2

E. viridis individual biomass (kg) Ambient 2.86 (0.13) B s(Date:
Ambient)

6.65 0.009 0.533

Cool 2.31 (0.12) C s(Date:Cool) 1.12 0.751

Warm 3.33 (0.12) A s(Date:Warm) 7.16 <0.001

Interspace cover (%) Ambient 90.70 (0.51) A s(Date:
Ambient)

6.69 <0.001 0.504

Cool 91.96 (0.46) B s(Date:Cool) 7.71 <0.001

Warm 92.84 (0.46) C s(Date:Warm) 8.26 <0.001

Perennial grass cover (%) Ambient 2.61 (0.14) A s(Date:
Ambient)

8.3 <0.001 0.648

Cool 2.08 (0.13) B s(Date:Cool) 2.29 <0.001

Warm 1.63 (0.13) C s(Date:Warm) 2.72 <0.001

Note: Letters with parametric coefficients indicate post hoc pairwise tests (Tukey’s honestly significant difference) with letters indicating statistically differences
between cover types (n = 360). Effective degrees of freedom (EDF) indicate the amount of curvature in the generalized additive model, with 1 equivalent to a

linear relationship.

TAB L E 2 ANOVA tables of liner mixed effects models of

variations total nitrogen (TN, in micrograms per gram), total

carbon (TC, in micrograms per gram), total organic carbon (OC, in

micrograms per gram), and total inorganic C (IC, in micrograms

per gram) by sample collection date (Year), drought treatment

(Drought), and cover type (Type).

Response Predictors χ2 df p-value

TN (μg g−1) Drought 0.64 2, 71 0.727

Type 129.31 2, 73 <0.001

Drought × Type 1.6 4, 71 0.809

TC (μg g−1) Drought 0.411 2, 71 0.814

Type 19.09 2, 73 <0.001

Drought × Type 3.03 4, 71 0.552

OC (μg g−1) Drought 0.282 2, 71 0.869

Type 44.58 2, 73 <0.001

Drought × Type 3.93 4, 71 0.416

IC (μg g−1) Drought 3.76 2, 71 0.152

Type 2.13 2, 73 0.345

Drought × Type 0.77 4, 71 0.942

Note: Block and community type were used as random effects (n = 90).
Values in bold indicate significance where p-value < 0.05.

ECOLOGY 9 of 17

 19399170, 0, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecy.4393 by N

ational A
griculture L

ibrary, W
iley O

nline L
ibrary on [06/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



F I GURE 3 Variations in dissolved organic carbon (DOC, in micrograms per gram) (a, b), extractable dissolved inorganic nitrogen

(DIN, in micrograms per gram) (c, d), and microbial biomass nitrogen (MB-N, in micrograms per gram) (e, f) by sample collection date (fall

2018 [left column] and spring 2019 [right column]) drought treatments (ambient, cool, warm), and cover types (Ephedra viridis, interspace,

and Achnatherum hymenoides). Gray bars in each panel indicate the plots that were most recently droughted. Associated statistics are in

Table 3.
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(Figure 3; Appendix S1: Table S1). Trends in MB-N
were much more variable, with some of the highest con-
centrations found in fall 2018 in the cool season drought
and ambient plots underneath both E. viridis and
A. hymenoides (Appendix S1: Table S1). Most of the other
plots did not significantly diverge, especially in 2019
(Figure 3; Appendix S1: Table S1).

Because there was not a significant difference in soil
moisture between treatments in spring 2019 (Figure 1),
we focused on soils collected in fall 2018 to explore
potential mechanisms for drought treatment differences
with DIN and MB-N fluxes. Using linear mixed effects
models, we found that DIN was negatively correlated
with deep volumetric soil moisture for all focal cover
types (E. viridis, interspace, and A. hymenoides) (Figure 4;
Appendix S1: Table S2). Conversely, we observed a
positive relationship between MB-N and VWC moisture
for all focal cover types (E. viridis, interspace, and
A. hymenoides) (Figure 4; Appendix S1: Table S2). We
also found that DIN was predicted by MB-N (Figure 4;
Appendix S1: Table S2).

DISCUSSION

Vegetation response to pulse and press
drought conditions

While this experiment was designed to test the impacts
of seasonal precipitation reductions (pulse droughts),
some of our results were confounded by a regional
megadrought that occurred in concert with this experiment
(press drought) (Finger-Higgens et al., 2023; Williams
et al., 2020, 2022). First, the effects of the seasonal drought
treatments were mostly confined to the shallow soils
(5–25 cm), with only two recharge events of deeper
soils (30–50 cm; even in ambient), leading to limited
treatment effects on deep soil moisture (Figure 1). This lack
of deep recharge is partially reflective of the episodic nature
of deep soil wetting in drylands (Duniway et al., 2018)
and ambient regional drought conditions drying the soil
profile. Second, we observed a steady decline in grass
cover with a corresponding increase in interspace cover
regardless of drought treatments, again suggesting that we

TAB L E 3 ANOVA tables of liner mixed effects models of variations in dissolved organic carbon (DOC, in micrograms per gram),

extractable dissolved inorganic nitrogen (DIN, in micrograms per gram), and microbial biomass nitrogen (MB-N, in micrograms per gram)

by sample collection date (Year), drought treatment (Drought), and cover type (Type).

Response Predictors χ2 sd p-value

log(DOC [μg g−1]) Year 0.90 1, 160 0.34

Drought 0.40 2, 160 0.82

Cover type 257.75 2, 160 <0.001

Year: Drought 1.87 2, 160 0.39

Year: Type 2.18 2, 160 0.34

Drought: Type 7.56 4, 160 0.11

Year: Drought: Type 2.32 4, 160 0.68

log(DIN [μg g−1]) Year 12.20 1, 160 <0.001

Drought 48.87 2, 160 <0.001

Cover type 57.22 2, 160 <0.001

Year: Drought 17.01 2, 160 <0.001

Year: Type 1.48 2, 160 0.48

Drought: Type 5.63 4, 160 0.23

Year: Drought: Type 1.85 4, 160 0.76

MB-N (μg g−1) Year 25.29 1, 160 <0.001

Drought 14.08 2, 160 <0.001

Cover type 20.28 2, 160 <0.001

Year: Drought 45.18 2, 160 <0.001

Year: Type 4.35 2, 160 0.11

Drought: Type 3.83 4, 160 0.43

Year: Drought: Type 14.17 4, 160 0.01

Note: Block and community type were used as random effects (n = 180). Values in bold indicate where p-value < 0.05.
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were observing larger, more landscape level responses
to the regional megadrought (Duniway et al., 2023;
Finger-Higgens et al., 2023; Gremer et al., 2018).
Reductions in grass cover from both the press and pulse
droughts was likely driven both by a reduction in the size
of individuals and by an increase in mortality (Winkler
et al., 2019), which could limit grass recovery if and when
drought conditions abate. Therefore, observed declines in

ambient treatment of grass cover were likely caused by
megadrought conditions which then compounded the
impacts of the imposed experimental seasonal droughts.

Moreover, the seasonal drought experiment provided
clues to the specific mechanisms leading to grass cover
declines. The first 2 years of pronounced declines in grass
cover in both experimental drought treatments were
likely driven by plant mortality (Dannenberg et al., 2022;

F I GURE 4 Linear mixed model regression of dissolved inorganic nitrogen (DIN, in micrograms per gram), volumetric water content

from deep soils (30–50 cm), and microbial biomass nitrogen (MB-N, in micrograms per gram) by cover types (Ephedra viridis, interspace,

and Achnatherum hymenoides) from soil cores that were collected in 2018. Colors indicate differences in drought treatments with ambient

(teal squares), cool season drought (blue circle), and warm season drought (red triangle). Regression lines indicate significant relationship

(p < 0.05). Data and regression model including DIN have been back transformed for figure presentation. Associated statistics in

Appendix S1: Table S2.
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Winkler et al., 2019). Extreme hot and dry conditions
that occur in the summer may be particularly deadly to
perennial grass species regardless of photosynthetic path-
way (C3 vs. C4) (Dannenberg et al., 2022; Schwinning
et al., 2005; Witwicki et al., 2016). Many grass species in
the warm season drought plots, including dominant warm
season C4 grasses, demonstrated little to no resiliency to
drought, even following winter precipitation recharge of
shallow soils (Appendix S1: Figure S1). Experimental
winter drought conditions also impeded grass growth,
with the lowest cover of perennial grasses in the spring
sampling events of 2017 and 2018 (Figure 2), which could
be related to delayed phenology due to reductions in cool
season soil moisture storage (Hoover et al., 2021).
Additionally, the lack of deep soil recharge over much of
the duration of this study might have also contributed to
an increase in competition for water with neighboring veg-
etation in shallower soils (Hoover et al., 2021; Reynolds
et al., 2004; Schwinning et al., 2005). The constriction of
ecological niche partitioning within the soil profile most
likely favors woody species like E. viridis, which has exten-
sive root structures, photosynthetic evergreen tissues, and
high cavitation resistance (Hoover et al., 2017; Munson,
Belnap, Schelz, et al., 2011; Winkler et al., 2019). The com-
petitive advantages of E. viridis can also be observed by
steady estimated biomass across the study, suggesting that
this plant is resistant to long-term drought conditions.
Such competitive advantages of E. viridis also supports
prevailing theory that increases in aridity will favor shrub-
bier and more patchy dryland landscapes in a warmer and
drier climate (Archer et al., 2017; Li, Ravi, et al., 2022;
Schlesinger et al., 1990).

Controls of drought and vegetation on
biogeochemistry

Even with 4 years of seasonal droughts, we found
that C, N, and P cycling were better predicted by vegeta-
tion cover type (shrub vs. grass vs. interspace) than sea-
sonal soil moisture dynamics (Figure 4; Appendix S1:
Figure S2). Such strong microsite control over soil
biogeochemistry even in the face of strong experi-
mental drought treatments highlights the importance of
fine-scale dryland heterogeneity and its interactions with
global change drivers. Additionally, we cannot rule out
that the experimental seasonal drought treatments failed
to affect certain components of soil biogeochemistry, as
the regional ambient drought conditions might have had
a stronger effect across study plots. E. viridis soils consis-
tently had the highest concentrations of TN, TC, OC,
DOC, and PO4

3−, indicating that these shrub patches
remain nutrient-rich hotspots across a wide range of

conditions (Ding & Eldridge, 2021; D’Odorico et al., 2010;
Ochoa-Hueso et al., 2018; Ridolfi et al., 2008; Schlesinger
et al., 1990). To a slightly lesser extent, A. hymenoides
soils had higher mean concentrations of TN, OC, and
DOC than interspace soils, suggesting that even these
smaller perennials grass patches can develop fertile
microsites that persist across drought conditions (Ding &
Eldridge, 2021). The greater fertility islands underneath
E. viridis and other similar shrubs relative to grasses and
interspaces could strongly contribute to shrub resilience
by providing a level of protection against drought mortal-
ity (e.g., more resources to draw upon when needed;
Grossiord et al., 2018), which might contribute to shrub
persistence across the greater region (Gremer et al., 2018).
It should also be noted that this study site has a history
of seasonal grazing, which likely reduced biological soil
crust development and soil fertility, especially in the inter-
spaces (Belnap et al., 2006; Neff et al., 2005), and which
could have positive feedbacks to greater shrub patch fertil-
ity (Archer et al., 2017). If site history and increased arid-
ity leads to grass loss and greater and patchier shrub
cover across the Colorado Plateau (Duniway et al., 2022;
Munson, Belnap, Schelz, et al., 2011), we expect ecosys-
tem C storage to become similarly more patchy. Thus, soil
C storage will be more isolated to more spares microsites
underneath persisting woody vegetation, as has been
seen in other ecosystems globally (Barger et al., 2011;
Tiedemann & Klemmedson, 1973).

Unlike C dynamics, we found that dynamic N pools,
including DIN availability and MB-N, were responsive to
seasonal drought conditions (Figure 3, Table 3). Increases
in DIN availability in response to experimental drought
conditions are increasingly well documented through
previous research and meta-analysis (Deng et al., 2021;
Finger-Higgens et al., 2023; Homyak et al., 2017).
Drought-induced increases in DIN are often attributed to
reductions in plant and microbial uptake, yet these
hypothesized mechanisms are infrequently directly
measured. Here, we provide further support for this
hypothesis through the observed negative relationship
between MB-N and DIN availability underneath E. viridis
(Figure 4). These patterns suggest that DIN concentra-
tions accumulate during periods of drought as microbial
pools and the uptake is slow due to water limitations.
Additionally, the largest mean concentrations of DIN
were underneath E. viridis (followed by A. hymenoides),
especially in the two seasonally droughted plots, thus our
data suggest that patch size and type remain critical in
regulating biogeochemical cycling and fertile island
dynamics. The clear trade-offs between MB-N and DIN
underneath E. viridis are also likely related to a more
stable above- and belowground biological community
that is more resilient to large variations in soil moisture,
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while both A. hymenoides and interspace plant–soil
systems are more susceptible to quick changes in com-
munity composition (e.g., mortality, annual plant growth,
fungal stability) following ecological drought (Gremer
et al., 2015; Munson, Belnap, Schelz, et al., 2011;
Ochoa-Hueso et al., 2018; Winkler et al., 2019).

Increases in DIN availability underneath vegetation
during drought may also play an important role in drought
recovery for shrubs. Because N is considered to be a key
limiting resource in dryland communities, often second
only to water availability (Hooper & Johnson, 1999),
N accumulation during drought could help prime both
plant and microbial biological activity once precipitation
arrives (Choi et al., 2022). Such drought “fertilization”
effects may be responsible for the increase in E. viridis
biomass across treatments following the cessation of the
drought experiment; however it is unclear if and how long
such trends would continue. Because rewetting events fol-
lowing dry periods are understood to drive biogeochemical
cycling in drylands (Choi et al., 2022; Reynolds
et al., 2004), further investigation is needed to explore how
pulse recharges of water can impact dryland systems
experiencing long-term and seasonal drought conditions,
and how microsite variability could further control larger
system responses. Ultimately, long-lasting and particularly
harsh drought conditions may diminish the amount of N
that can accumulate underneath perennial vegetation
(Finger-Higgens et al., 2023), which can be symptomatic of
a threshold resulting in the decline of even the most resil-
ient vegetation types (Berdugo et al., 2021). As anthropo-
genic climate change continues to make precipitation
patterns more erratic and harder to predict (both fre-
quency and intensity), understanding how and if vegeta-
tion and plant–soil connections can resist and respond to
both press and pulse drought conditions will be vital to
anticipating the future trajectory of dryland ecosystems.

CONCLUSION

Given that ecological drought conditions are predicted to
become more prevalent throughout the 21st century, stud-
ies like this one are critical for considering the effects of
both short-term, pulse drought conditions, and long-term,
press drought conditions on vegetation stability on the
Colorado Plateau. Further, drought commonly comes in
different seasons and an improved understanding of the
seasonal variability in drought effects on dryland ecosys-
tems is greatly needed. Our findings support previous
work in the region that suggests that perennial grasses
are particularly sensitive to declines in soil moisture,
both at intra- and interannual scales. Shrubs, however,
appear resilient to prolonged periods of limited moisture

(Gremer et al., 2018; Hoover et al., 2017; Munson, Belnap,
Schelz, et al., 2011; Winkler et al., 2019). The stability of
dryland shrubs coupled with declines in perennial grass-
lands could also alter biogeochemical cycling, as C and N
fluxes and pools become concentrated underneath surviv-
ing shrubs (Delgado-Baquerizo et al., 2018), with larger
interspace areas more susceptible to nutrient loss via ero-
sion pathways (Munson, Belnap, & Okin, 2011). Dryland
ecosystems represent a temporal and spatial patchwork
of resource availability and controls, and understanding
potential increases in spatial and temporal heterogeneity
can inform how these landscapes can best be managed to
provide for plant and ecosystem resiliency.
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