Biol Invasions (2024) 26:719-731
https://doi.org/10.1007/s10530-023-03202-4

ORIGINAL PAPER

q

Check for
updates

Earlier fall precipitation increases the competitive
advantage of non-native plant communities in a desert

ecosystem

Tara B. B. Bishop® - Abigail Barnes -
Baylie C. Nusink - Samuel B. St. Clair

Received: 19 May 2022 / Accepted: 30 October 2023 / Published online: 28 November 2023
This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection may apply 2023

Abstract Climate change is likely to influence com-
petitive interactions between native and non-native
plant species by altering soil resource availability. The
objective of this study was to characterize how shifts
in fall precipitation timing due to climate change
affect plant community assembly of native and non-
native plant communities. We selected common non-
native annuals and native perennial species from the
Great Basin Desert in western North America and
grew them in native, non-native, and native +non-
native mixed communities. We tested the responses
of these three community types to simulated earlier
fall precipitation in a full factorial design. Early fall
precipitation dramatically increased the height, den-
sity, biomass, seed production per unit biomass, and
carbon-to-nitrogen ratio (C:N) of both native and
non-native plant communities in comparison with the
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late precipitation treatment. However, competition
with non-native species reduced the positive benefit
of early precipitation for the native plant community.
When grown in a native-only community, native plant
species increased in height (twofold), density (three-
fold), biomass (13-fold), seed production per unit
biomass (18-fold), and C:N (1.3-fold)but not tissue
percent nitrogen as compared to a mixed commu-
nity. In contrast, non-native plant species grown in
mixed communities with natives showed little to no
reduction in growth and reproduction. While all spe-
cies benefitted from earlier fall precipitation our data
suggest that increased earlier fall precipitation will
likely magnify the exclusion of native vegetation by
non-native annuals, particularly Bromus tectorum
L., which is largely responsible for human-grass-fire
cycles in this ecoregion.

Keywords Competition - Invasion - Climate
change - Precipitation timing - Community structure

Introduction

Plant community assembly is influenced by abiotic
and biotic interactions that vary across space and time
(Kraft et al. 2015; McGill et al. 2006). Plant regen-
eration is influenced by dispersal potential, abiotic
filtering (resource acquisition, stress tolerance), biotic
filtering (e.g., competitive exclusion, density depend-
ence), or a combination of these assembly filters
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(Kraft et al. 2015). Non-native species that success-
fully spread in their introduced range are increasingly
competing for limited resources (Kolb et al. 2002;
Pearson et al. 2018) that puts the ecosystem at risk
of state changes characterized by loss of native plant
community structure and function (Catford et al.
2012; Chambers et al. 2016; Fargione et al. 2003).

Non-native annual grasses introduced from Eurasia
drive human-grass-fire cycles and create novel distur-
bance regimes in desert ecosystems of North America
(Brooks et al.2004; Bradley et al. 2018; Fusco et al.
2022). Post-disturbance plant community assembly
in these deserts is influenced by competition between
non-native annual grasses and native perennial plant
communities (St. Clair et al. 2016; Bishop et al.
2020). Plant invasion success is determined in large
part by competition for resources that vary in time
and space (Chesson 2003; Davis et al. 2000; Vila and
Weiner 2004). The Fluctuating Resource Hypothesis
(FRH) (Davis et al. 2000) posits that traits that opti-
mize the capture of fluctuating resources increase
invasion success. In deserts where competition for
soil resources is high, germination responsiveness,
high propagule pressure, and fast growth rates are key
traits that tend to optimize resource acquisition (prior-
ity effects) (Booth et al. 2003a; Chambers et al. 2007;
Germino et al. 2016; Meyer et al. 1997; Vila and
Weiner 2004; Wolkovich and Cleland 2011; Gioria
and PySek 2017; St. Clair and Bishop 2019). There-
fore, changes from historically available resources
will likely affect the invasibility of a system and sub-
sequent structuring of the plant community (Goodale
and Wilsey 2018; Thomson et al. 2017; Ulrich and
Perkins 2014; Kolb et al. 2002).

The magnitude and timing of precipitation strongly
determine plant recruitment success, particularly in
water-limited systems (Sala and Lauenroth 1982;
Schwinning and Sala 2004; Chesson 2003). In cold
deserts of North America, precipitation typically
comes in winter and early spring as snow and rain
(Miller et al. 2013a, b). Forecasts of climate change
for these regions include projections of earlier fall
precipitation and shifts to less snow and more rain
in winter, accompanied by drier summers (Abat-
zoglou and Kolden 2011). Competitive outcomes
between native and invasive vegetation will increas-
ingly be driven by traits that optimize the capture of
soil moisture in response to these shifts in precipita-
tion patterns (Vaughn and Young 2015; Bishop et al.
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2020). Non-native species with strong priority effects
and faster relative growth rates may acquire resources
earlier than native species (Gill et al. 2018; Goodale
and Wilsey 2018; Horn et al. 2017; Young et al.
2015), potentially driving competitive exclusion of
natives. Recent work conducted in the Mojave Desert
suggests that earlier fall precipitation is increasing
the spread of invasive annual grasses and wildfire
(Bishop et al. 2020; Horn et al. 2017; Horn and St.
Clair 2017). However, little research has explored
community-level interactions between non-native and
native plant communities in response to shifts in soil
resource availability due to climate change. As distur-
bance regimes expand and climate change intensifies,
understanding patterns of plant community responses
and interactions to changing resource availability is
critically important (Chambers and Pellant 2008; Pil-
liod et al. 2017).

Native plant communities and non-native annual
grasses often employ contrasting resource acquisi-
tion traits and strategies (reviewed in Chesson 2003
and Davidson et al. 2011) that are likely to interact
with changes in the magnitude and timing of chang-
ing precipitation regimes (Kadmon and Shmida 1990;
Gebauer et al. 2002; Walk et al. 2022). Greater soil
nitrogen acquisition and nutrient use efficiency by
non-native plants may promote rapid re-establishment
and competitive advantages over native vegetation
(Funk and Vitousek 2007; Slate et al. 2022), particu-
larly in low-resource environments. These traits can
be linked to greater responsiveness and mechanisti-
cally driving help drive invasion success, particularly
with pulse events (James 2008). Therefore, changes in
nutrient inputs due to human activities (e.g., distur-
bance, nutrient deposition, climate change) may affect
plant establishment because mismatched resource
acquisition strategies of non-native and native species
may alter community assembly and subsequent com-
position (Blank 2010; Callaway 2000; Herget et al.
2015; McGill et al. 2006; Vila and Weiner 2004 and
others).

The dramatic invasion success of non-native inva-
sive annuals such as Bromus tectorum L. and Sisym-
brium altissimum L. in the native perennial sagebrush
communities of the Great Basin Desert provides
an ideal study system for better understanding plant
community assembly responses to shifts in resource
availability due to climate change and changing fire
regimes. Native and invasive regeneration in the
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Great Basin Desert is strongly influenced by competi-
tion for space and limiting soil resources particularly
following disturbance (Booth et al. 2003a; Rau et al.
2014; Chambers et al. 2016). The temporal and spa-
tial distribution of precipitation and soil resources
are strongly shifting in the Great Basin due to cli-
mate change (reviewed in Nielsen and Ball 2015) and
changing fire regimes (Allen et al. 2011; Abella and
Engle 2013). As changes in precipitation, and sub-
sequently availability of resources, are linked with
the human-grass-fire cycle established in the Great
Basin, (Pilliod et al. 2017; Fusco et al. 2022) we aim
to understand how native plant communities, starting
from seed, may interact with invasive plant commu-
nities under conditions of precipitation timing shifts
linked to climate change.

The objective of this study was to determine how
fall precipitation timing influences the establishment
patterns of native and invasive plant communities
grown independently and together. We examined the
following questions: (1) Do non-native invasive plant
species generally exhibit more robust initial growth
and fecundity than native species? (2) Is the growth
and fecundity of Great Basin invasive plant commu-
nities more responsive to changes in the timing of fall
precipitation pulses than native communities? (3) Is
there evidence that Great Basin invasive plant com-
munity’s responsiveness to early fall precipitation,
and its nutrient use, results in a competitive advan-
tage over native communities?

Methods
Experimental system

Our study sites were in the ancestral Nuu-agha-tava-
pt (Ute) and Goshute lands at Rush Valley in Tooele
County, Utah, USA (40.089300°, — 112.306239°), a
latitudinally central location of the sagebrush steppe
ecosystem of the Great Basin Desert ecoregion.
Soils in the mid-low elevation (1650 m) area classi-
fied as silty, mixed mesic Haplic Natrargid Taylors
Flat Loam (Soil Survey Staff). There have been no
recent fires (decades or longer) or grazing activity
evidenced by well-developed biological soil crusts
(rugose crusts consisting of lichens, mosses, and dark
cyanobacteria described in Aanderud et al. 2019), no
evidence of Bromus tectorum invasion and the native

plants are mature shrubs and perennial grasses, pri-
marily Artemisia tridentata Nutt. ssp. wyomingensis
Beetle and Young (hereafter Artemisia tridentata)
and Elymus elymoides (Raf.) Swezey (bottlebrush
squirreltail).

Experimental design

We extracted 80 soil cores in PVC cylinders that were
15 cm in diameter and 40 cm deep from intershrub
spaces. To keep soils intact but still allow for water
flow and root penetration, a mesh screen was wrapped
around the bottom of each core. We wetted the area
where soil cores were extracted to reduce cracking
and breakage of the biological soil crust. Biological
soil crusts remained intact, and the cores were devoid
of above-ground vegetation. The cores were trans-
ported to a common garden site near Brigham Young
University (BYU), Provo, Utah, USA (40.2518°,
— 111.6493°, elevation 1450 m), 48 km east of Rush
Valley, and buried in the soil, with the top 1 cm
above the ground. A 2-m tall welded-wire fence was
installed around the garden 30 cm below ground to
deter herbivores from entering. Cores were watered to
saturation to germinate much of the seed bank. Seed-
lings were then removed, though very few seedlings
emerged.

This study was a 2x3 full-factorial design repli-
cated in 4 blocks. The simulated precipitation tim-
ing treatment included two precipitation start points
(early fall precipitation vs. late fall precipitation
timing), accompanied by three seeding treatments:
non-native seed community, native seed commu-
nity, and non-native +native seed community grown
together. The addition of seeds to measure commu-
nity composition was conducted using a modified
additive design. Seeds for the study were harvested in
Rush Valley or within the greater region by authors
or received from the Great Basin Research Center,
Utah Division of Wildlife Resources (Ephraim,
UT). Twenty seeds of each species were added to
the three seed mixes (in bold): (1) Non-native mix
of five non-native annual species included: [Bromus
tectorum L. (cheatgrass), Sisymbrium altissimum L.
(tall tumblemustard), Alyssum alyssoides L. (pale
madwort), Ceratocephala testiculata (Crantz) Roth
(curveseed butterwort), and Halogeton glomeratus
(saltlover/halogeton)]; (2) Native mix of six native
species included: [Elymus elymoides (Raf.) Swezey

@ Springer



722

T. B. B. Bishop et al.

(squirreltail), Poa secunda J. Presl (Sandberg blue-
grass), Achillea millefolium L. car. occidentalis (west-
ern yarrow), Linum lewisii Pursh (Lewis flax), Atri-
plex canescens (four-wing saltbush), and Artemisia
tridentata Nutt. ssp. wyomingensis Beetle and Young
(Wyoming big sagebrush; hereafter Artemisia triden-
tata)]; (3) Non-native + native mix where all native
and non-native species were grown together (11 spe-
cies total). We recognize that the annual (non-native
and native) seeded species are usually faster grow-
ing with earlier maturation compared with slower
growing species (mostly native, perennials). The
reason for this design is to understand the ecological
dynamics between species that are currently compet-
ing with each other in the system. All non-native (St.
Clair et al. 2016; Young et al. 1972) and native spe-
cies included have large distributions across the Great
Basin (Chambers et al. 2016; Miller et al. 2013a, b).
The native species were chosen due to their ecologi-
cal prevalence in the experimental system and use
in post-disturbance reseeding efforts (Miller et al.
2013a, b; St. Clair et al. 2016). Seeding density was
calculated based on seeding recommendations by the
BLM field office and Great Basin Research Center
and converted to the per unit area of the core itself.
Seeding density is recognized as a potential influence
on the composition outcomes thus additive designs
commonly maintain total seed density but increase
species richness (Weigelt and Jolliffe 2003; Gibson

Fig. 1 Cumulative precipi-
tation between the two pre- 4001
cipitation treatments. The
timing of the precipitation
treatments (early and late) is
denoted by the two vertical
grey bars. The time of plant
harvest is denoted by the
two vertical black lines
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et al. 1999). However, total plant densities in land-
scapes can increase in the early stages of invasion,
and increased densities and proportion of non-native
species in the soil seed bank often lead to secondary
invasions (reviewed in Gioria et al. 2014). We, there-
fore, chose to combine the native species mix with
the non-native species mix without altering individ-
ual species densities to more closely mimic field con-
ditions in early invasion stages. Seeds were sown on
the top of each core with very little disturbance and
only lightly pressed into the soil by hand.

The timing was the main difference between the
two precipitation treatments (Bishop et al. 2020).
Cores were subject to natural weather conditions from
early September 2016 until mid-June 2017, the full
period of the study. The mean annual air temperature
in Provo, UT, where BYU is located, is 12.3 °C, with
a July mean of 24.2 °C and January mean of — 1.1 °C
and mean annual precipitation of 411 mm. Precipita-
tion treatments consisted of watering each core with
1.5 mm of water once every morning and afternoon
for 14 days (total of 3 mm of water per day), except
on days with natural precipitation events. Cores were
watered from September 6 to 22 in the early treat-
ment and from October 12 to 26 in the late treatment
(Fig. 1). Because it rained on one day during the early
treatment and two days during the late treatment,
the latter received 3 mm less added water. Added
water made up roughly 10% of the total precipitation

Sagebrush collected

Herbaceous plants collected

Early precip treatment
-------- Late precip treatment

Sept Oct Nov Dec Jan Feb Mar Abr Méy June Jdly Al'Jg
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received during the experiment. There was one other
natural rain event on 23-24 September outside of
the watering window. The combination of natu-
ral events and not adding water to the cores equaled
an 18 mm increase in total cumulative water for the
early precipitation treatment (Fig. 1). Meaning, the
early precipitation treatment received 18 mm more
total water than the late precipitation treatment. The
total cumulative amount of water the cores received
was 413-431 mm from 6 September 2016 until plant
collection.

Plant measurements

Herbaceous plant material was collected in mid-June
and A. tridentata in late August 2017, and destruc-
tively harvested by removing all above-ground bio-
mass and stored in separate paper bags. Biomass was
air-dried in a climate-controlled laboratory at room
temperature for six months. For B. fectorum and S.
altissimum, a random subsample was used to count
seeds for individuals, and an allometric equation was
derived based on the number of seeds per unit mass
of the seed head (R*=0.88; y=719.07x+39.28) or
silique (R*=0.97; y=1344.4x+37.54) to calculate
the total seed per core. All other seed was counted
individually. At the time of harvest, many individu-
als were too immature for seed production, however,
given their stage of development they were unlikely
to produce seeds in this growing season. Because of
the correlation between the overall size of the plant
and the seed production, we measured the seed den-
sity per unit of plant biomass (seeds g~' biomass).
Other plant measurements included average height
(cm), density (m?), and biomass (g m~?) of above-
ground plant tissues.

Plant tissue N and C analysis

A homogenized vegetative plant tissue sample from
each core (minus seed head) was clipped from dry
biomass that had already been weighed. The homog-
enized plant tissue was analyzed for nitrogen con-
centration (% N) and carbon-to-nitrogen ratio (C:N)
using the combustion method (TruSpec CN Determi-
nator, LECO Instruments, St. Joseph, Mich., USA) at
the BYU Environmental Analytical Laboratory.

Statistical analysis

Linear mixed-effects analysis of variance models
were used to test the main and interactive effects of
precipitation timing and seed mixes (plant community
type) on height, density, biomass, seed production,
%N and C:N of all planted species and mixes using
the ‘nlme’ package in Program R (Pinheiro et al.
2021). Precipitation timing and seed mixes were con-
sidered fixed effects with experimental block as a ran-
dom effect. Homogeneity of variance was achieved
by using a varldent covariance structure for precipita-
tion or seed mix where needed. All model assump-
tions were investigated; for those models without a
normal distribution, a poisson distribution or square
root transformation was used.

Results
Plant responses to precipitation timing

Both non-native and native species had positive
responses to earlier fall precipitation. Earlier precipi-
tation increased the mean non-native plant height by
17 cm (twofold), density by 1,407 individuals m2
(1.5-fold), biomass by 4,905 g m~2 (ninefold), seed
per unit biomass production by 185 seeds g~! biomass
(1.5-fold), and C:N (1.5-fold) compared with the late
precipitation treatment (Tables 1, 2, Figs. 2, 3). Early
precipitation increased the mean native plant height
by 3.4 cm (2.4-fold), density by 382 individuals m—2
(1.5-fold), biomass by 168 g m~? (ninefold), and C:N
(1.5-fold) in comparison with the late precipitation
treatment (Tables 1, 2, Figs. 2, 3). Early precipitation
decreased plant tissue nitrogen concentration for both
non-native and native species regardless of seed mix
(Fig. 3).

Plant community composition outcomes

Combining native and non-native plant communi-
ties reduced native species growth and seed produc-
tion more than non-native species (Fig. 2). When
native and non-native species were grown together it
reduced native plant species height (just over 200%),
density (300%), biomass (1300%), seed production
(1800%), and C:N (130%) compared to native plant
species grown alone (Tables 1, 2 and Figs. 2, 3). The
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Table 1 Statistical results of plant growth linear mixed-
effects models for the response of native and non-native spe-
cies plant height (cm), density (m?), biomass (g m™?), and
seed production per unit biomass (# seed/ g biomass) to the
modifying effects of precipitation timing (early, late), and seed

mix (non-natives alone, natives alone, mixed community).
Degrees of freedom, F-values, P-values, and conditional R? are
reported. See Fig. 2 and Supplementary Tables 1, 2 and 3 for
means +SE

Species type Height (cm) Density (m?) Biomass (g m™2) Seed per g plant biomass
zgi S‘Zed F-value P-value df F-value P-value df  F-value P-value df F-value P-value df

Non-native spp

Precip timing 86 <0.0001 1,9 11 001 19 14 0.0007 1,15 7.6 0.02 1.9
Mix 0.59 046 19 0.86 038 19 09 0.43 2,15 29 0.13 1.9
P*M 1.96 0.2 1,9 3.53 0.09 19 181 0.2 2,15 0.23 0.65 1.9
R%: 0.87 052 035 051

Native spp

Precip timing 27 <0.0001 1,9 75 002 19 88 0.02 1.9 1.5 0.25 1,9
Mix 11 0.009 19 65 <0.0001 1,9 32 0.0003 1,9 10 0.01 1.9
P*M 13 0.005 1,9 11 0.009 19 24 0.0009 1,9 047 0.51 1.9
R%: 0.65 0.86 098 0.83

Table 2 Statistical results of linear mixed-effects models for
the response of native and non-native species %N, and C:N to
the modifying effects of precipitation timing (early, late), and

seed mix (non-natives alone, natives alone, mixed community).
Degrees of freedom, F-values, P-values, and conditional R? are
reported. See Fig. 3 for means + SE and pairwise comparisons

Fixed effects %N C:N

F-value P-value df F-value P-value df
Precip timing 12 0.001 1,21 12 0.001 1,21
Mix 36 0.0001 3,21 27 0.0001 321
P*M 1.6 0.3 3,21 2.7 0.08 321
R’ 0.80 0.61

c

presence of non-natives did not affect tissue nitro-
gen concentration of the native plant community
(Fig. 3). In contrast, the native plant community did
not impact the non-native plant height, biomass, seed
production, %N or C:N (Tables 1, 2, Fig. 2, 3). The
slight reduction in density (P=0.09) is a result of B.
tectorum having a slight reduction in the presence of
natives in the early precipitation treatment. Individual
species responses to treatments are provided in Sup-
plementary Tables 1, 2 and 3.

The effect of non-native plant species interfering
with native plant species growth responses was inten-
sified by early precipitation as indicated by the sig-
nificant early precipitation interaction terms for the
native plant mix density, height, biomass, seed pro-
duction, and C:N but not % N (Tables 1, 2, Figs. 2, 3).
The positive effect of early precipitation on the native

@ Springer

plant community density, height, biomass, and C:N
decreased or became non-existent when grown with
non-native species in a mixed community (Tables 1,
2, Fig. 2, 3). We analyzed the data with and without
A. tridentata (the only woody plant that grew) and the
overall patterns remained the same, and the magni-
tude of the difference with and without A. tridentata
was small for both precipitation treatments and com-
munity composition.

Discussion

Life-history traits of non-native plants have a large
influence in determining whether they become inva-
sive or not (Levine et al. 2004; Mack et al. 2000).
In this study, Great Basin non-native invasive plants



Earlier fall precipitation increases the competitive advantage of non-native plant communities. .. 725

Fig. 2 Plant growth, [

Non-native Plant Species | [

Native Plant Species |

establishment, and seed
production response of the
non-native plant commu- &
nity and herbaceous native
community grown in com-
munity mixes modified by
precipitation timing. Seed
density (m?) are adjusted
for overall plant biomass

(g m™) to show how many
seeds per gram of plant
biomass were produced.
Note: scales are different
for invasive and native
species “Plant Biomass”
and “Seed” to fit the data
bars. Means presented + SE.
F-statistics and p-values are
found in Tables 1

Plant density

Plant height (cm)

o]
o
o
o O

6000

4000

2000

Plant biomass (g m™?)

750

500

250

Seed (g plant biomass ™)

Non-native
mix

+ Native mix

5000
4000
I 3000
2000

1000
: .

40

M Early precip
['] Late precip

30
I 20

10

800
600
400

200

50
{7 40
30

20

10

mm

Native Non-native
mix + Native mix

Non-native ‘ ’

generally exhibited more robust growth than native
communities pursuant to our first question (Figs. 2,
3). In accordance with our second question, we found
that precipitation timing more strongly impacted non-
native species establishment, growth and fecundity
than native species (Figs. 2, 3). Precipitation tim-
ing is increasingly recognized as a critical driver of
native plant establishment and invasibility of eco-
systems (Horn et al. 2017; Pilliod et al. 2017; Prevéy

and Seastedt 2014). Our results suggest that shifts
toward earlier fall precipitation forecasted in the
Great Basin will likely favor the establishment and
spread of non-native species (Prevéy and Seastedt
2014) due by increasing their competitive advantage
over native species (Fig. 2). Our data suggested that
key traits that led to this advantage by non-native spe-
cies included increased growth rates, greater nitrogen
use, and uptake, as measured by %N, and C:N (Besaw
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Non-native plant spe<:|es Native plant species ‘
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mix + Native mix mix + Native mix

Fig. 3 Nitrogen concentrations and C:N of the non-native
and native plant communities grown in non-native only, native
only, and non-native +native community seed mixes. Letters
denote pairwise comparisons and statistical significance for
each response variable. The same letters denote no statistical
difference. Responses can have multiple letters to illustrate
differences across species and seed mix type. Means pre-
sented + SE, F-statistics and p-values are found in Table 2

et al. 2011; Gebauer et al. 2002; Perkins and Hatfield
2014; Wolkovich and Cleland 2011; Slate et al 2022)
(Fig. 3).

Both native and non-native communities benefitted
from earlier precipitation (Fig. 2). Water is a major
limitation constraining plant establishment in more
arid systems (Miller et al. 2006; Noy-Meir 1979;
Wainwright et al. 2012). Predicted changes in the
timing of the precipitation in the Great Basin for wet-
ter winter and fall periods are likely to benefit plants
established during those periods (Abatzoglou and
Kolden 2011; Pilliod et al. 2017; Prevéy and Seast-
edt 2015). Earlier fall precipitation can release water
limitations for seedling emergence and extend the
growing period into more favorable temperature win-
dows in the fall that increases emergence, establish-
ment, and robustness (Bates et al. 2006; Slate et al.
2019; Ulrich and Perkins 2014) potentially decreasing
seedling bottlenecks such as winter mortality (Bel-
nap 2002; Pregitzer and King 2005). Longer growing
periods created by earlier fall precipitation can also
increase nitrogen acquisition which is also a major
limitation to the productivity of desert plants (Bel-
nap 2002; Bishop et al. 2020). Nitrogen acquisition
during increased water availability could indicate the
possibility of a shift in community composition hier-
archy depending on nutrient use uptake and efficiency
by native or non-native plant species (Slate et al.
2022). For example, non-native plants can exploit
available resources when the loss of native vegetation
occurs after disturbance (Davis et al. 2000; Levine
et al. 2003; Vila and Weiner 2004).

@ Springer

The reduction of native plant growth in a mixed
non-native and native community was intensified by
early precipitation timing (Fig. 2). The priority effects
hypothesis posits that early-season establishment
by non-natives (Germino et al. 2016; Meyer et al.
1997) provides a competitive advantage (Goodale
and Wilsey 2018; Thomson et al. 2017; Ulrich and
Perkins 2014). Non-native species neutralized the
positive effect of early precipitation for native spe-
cies, while natives had little effect on non-natives
(Fig. 2). This suggests that priority effects may be a
mechanism driving the community’s composition in
our study system (Figs. 2, 3) (Dickson et al. 2012;
Perkins and Hatfield 2014; Wainwright et al. 2012).
However, with greater resource availability, compe-
tition typically decreases (Davies et al. 2007; Davis
et al. 2000); therefore, more available water in favora-
ble temperature conditions during the fall period may
cause a shift towards nutrient limitation and nitrogen
utilization efficiency as the drivers of plant competi-
tive effects (Miller et al. 2006; Slate et al. 2019; Slate
et al. 2022).

The higher C:N of the non-native species with ear-
lier precipitation provide supporting evidence that
non-native plant species are more effective in rapidly
acquiring soil nutrients, particularly nitrogen, cou-
pled with the increased biomass leading us to con-
clude there is likely higher efficiency in converting
those nutrients into increased plant growth compared
to native plants in this study (Fig. 3, Supp Tables 1,
2) (Booth et al. 2003a; DeFalco et al. 2007; Huxman
et al. 2008). Greater nitrogen utilization efficiency
and nitrogen use efficiency have been shown to
increase relative growth rates and biomass accumu-
lation (Reich 2014; Zhang et al. 2020) that increase
competitive advantage (Figs. 2, 3). Native desert
plants commonly exhibit low relative growth rates to
maintain high leaf nitrogen concentrations to increase
stress tolerance and water use efficiency in response
to soil resource limitations (Huxman et al. 2008; Val-
liere 2019). This can lead to a competitive disadvan-
tage particularly in resource poor environments like
deserts (Funk 2013) or in post-disturbance conditions
where there are often rapid increases in soil resource
pools, providing opportunities for establishment of
invasive plant species (fast or slow plant economics;
Reich 2014).

Biological invasions are restructuring native plant
communities across the Earth’s ecosystems, including
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the Great Basin Desert (Chambers and Wisdom
2009). Responsiveness of plant communities to
changes in precipitation timing and how it modifies
plant community composition will be a strong deter-
minant of system vulnerability to vegetation state
changes (Chambers et al. 2014b). The dominance
of non-native vegetation demonstrated in this study
is consistent with shifts in vegetation observed in
the Great Basin Desert in recent decades (Chambers
et al. 2014b; Prevéy and Seastedt 2014, 2015) and
highlights the competitive advantage of non-natives
when all plants establish from seed. Even though
early precipitation timing positively affected non-
native and native plant species (Supp Table 1, Fig. 2),
the responsiveness of non-native annual plants to
increases in fall precipitation not only increases their
competitive edge but also may reduce the potential
benefits of early fall moisture to the native plant com-
munity (Fig. 2) (Knapp 2002; Schantz et al. 2015;
van Kleunen et al. 2010). We conclude that these
results highlight the necessity for increased informa-
tion on within season variation, particularly from a
management perspective. Incorporation of weather
data has shown positive results in restoration of sage-
steppe environments (Simler-Williamson et al. 2022).
Utilizing improved forecasts for extreme and/or shift-
ing weather patterns will likely improve allocation of
management resources and subsequent success of res-
toration efforts.

In conclusion, while native plant communities
have shown varying degrees of robustness in resisting
non-native plant invasions (Humphrey and Schupp
2004; Vaughn and Young 2015; Young et al. 2015),
biotic resistance is typically highest in intact, mature
native plant communities that have not experienced
recent disturbance (Chambers et al. 2017; St. Clair
et al. 2016). Therefore, long-term biotic resistance is
unlikely to be maintained in the presence of increased
disturbance where native seedlings are more likely to
be competing against non-native seedlings (Cham-
bers et al. 2014b; Germino et al. 2016; St. Clair and
Bishop 2019). Traits that confer an advantage for
non-native invasive annuals in the Great Basin are
likely linked to an ability to acquire water and use
N in low N-environments enabled by rapid relative
growth rates much like Bromus tectorum (Poorter
et al. 1990; van der Werf et al. 1993). This advantage
is problematic as Bromus tectorum-dominated land-
scapes are directly linked to the increased frequency

and size of wildfires (i.e., Bradley et al. 2018) and
other forms of disturbance. However, the reduction of
growth of B. tectorum grown in the mixed community
(Supp Table 1) may offer opportunities to mitigate its
success that has contributed to the establishment and
spread of invasive grass-fire cycles in the Great Basin
Desert (Bradley et al. 2009; St. Clair and Bishop
2019). Reducing disturbances and conserving estab-
lished native plant communities will increase ecosys-
tem resilience and resistance to invasion by reduc-
ing opportunites for priority advantaged non-native
annual species that benefit most from climate change
and early fall precipitation (Booth et al. 2003a; James
et al. 2012; Madsen et al. 2016).
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