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RESEARCH ARTICLE

Altered precipitation has asymmetric impacts
on annual plant communities in warm and cool
growing seasons

Marko J. Spasojevic1,*, Peter M. Homyak2, G. Darrel Jenerette3, Mike L. Goulden4,
Shane McFaul1, Tesa Madsen-McQueen1, Lisa Schauer1, and Miguel Solis1

While altered precipitation regimes can greatly impact biodiversity and ecosystem functioning, we lack
a comprehensive view of how these impacts are mediated by changes to the seasonality of precipitation
(i.e., whether it rains more/less in one season relative to another). Over 2 years, we examined how altered
seasonal precipitation influenced annual plant biomass and species richness, Simpson’s diversity, and
community composition of annual plant communities in a dryland ecosystem that receives both winter and
summer rainfall and has distinct annual plant communities in each season. Using a rainfall exclusion, collection,
and distribution system, we excluded precipitation and added water during each season individually and
compared responses to control plots which received ambient summer and winter precipitation. In control
plots, we found five times greater annual plant biomass, twice as many species, and higher diversity in
winter relative to summer. Adding water increased annual plant biomass in summer only, did not change
richness or diversity in either summer or winter, and modestly shifted community composition. Excluding
precipitation in either season reduced annual plant biomass, richness, and Simpson’s diversity. However, in
the second winter season, biomass was higher in the plots where precipitation was excluded in the previous
summer seasons suggesting that reduced productivity in the summer may facilitate biomass in the winter. Our
results suggest that increased precipitation in summer may have stronger short-term impacts on annual plant
biodiversity and ecosystem function relative to increased winter precipitation. In contrast, decreasing
precipitation may have ubiquitous negative effects on annual plants across both summer and winter but
may lead to increased biomass in the following off-seasons. These patterns suggest that annual plant
communities exhibit asymmetries in their community and ecosystem responses to altered seasonal
precipitation and that considering the seasonality of precipitation is important for predicting the effects
of altered precipitation regimes.

Keywords: Altered precipitation, Boyd-Deep Canyon Reserve, Climate change, Seasonal precipitation, Sonoran
Desert

Introduction
Model projections and long-term measurements suggest
anthropogenic climate change will change total precipita-
tion amounts, increase precipitation variability, and
increase the likelihood of extreme precipitation events
(Cook and Seager, 2013; IPCC, 2014; Stocker et al., 2014;
Stott, 2016; Luong et al., 2017; Pendergrass et al., 2017).

However, much of the research on the effects of altered
precipitation on biodiversity and ecosystem functioning
(e.g., biomass production, nitrogen cycling, decomposi-
tion) has instead focused on drought (e.g., Clark et al.,
2016; Copeland et al., 2016; Smith et al., 2016; Schwalm
et al., 2017). Although drought has large effects on biodi-
versity and ecosystem functioning, changes to precipita-
tion regimes are much more spatially and temporally
complex (Smith, 2011; Beier et al., 2012). For example,
the effects of altered precipitation variability on species
richness have been found to be context dependent, with
some studies finding a negative relationship between
precipitation variability and species richness (Knapp
et al., 2002), some finding a positive relationship (Xia et al.,
2010), and others finding no relationship (Hallett et al.,
2013; Irl et al., 2015; Zhang et al. 2018). Similarly, studies
on altered precipitation severity have also found context
dependency (Smith, 2011; Frank et al., 2015), ranging
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from relatively small impacts on biodiversity and ecosys-
tem function (Jentsch et al., 2011), to substantial effects
over both short and long time scales (Breda et al., 2006;
Hoover et al., 2014; De Boeck et al., 2016). Developing
a better understanding of the sources of context depen-
dency associated with the impacts of altered precipitation
is necessary for forecasting community and ecosystem
trajectories in response to climate change.

One key source of context dependency associated with
the impacts of altered precipitation on biodiversity and
ecosystem functioning is the seasonality of precipitation
(i.e., whether it rains more or less in one season relative to
another; Shen et al., 2008; Potts et al., 2019). For example,
a byproduct of the Dust Bowl drought in the 1930s was
a shift toward more precipitation in the cool relative to
the warm season, and this change in the seasonality of
precipitation provided a previously unidentified mecha-
nism to explain the seemingly context-dependent shifts
in plant community composition that were observed
(Knapp et al., 2020).While the seasonality of precipitation
has been identified as a key driver of biodiversity and
ecosystem functioning (Tonkin et al., 2017), how altera-
tions to the seasonality of precipitation affect biodiversity
and ecosystem functioning have not been well studied
outside of a few research sites (e.g., Huxman et al.,
2004; English et al., 2005; Potts et al., 2006). First, many
of the studies that experimentally alter precipitation are
located in regions where precipitation occurs mainly dur-
ing a single growing season, such as in Mediterranean
grasslands (e.g., Harrison et al., 2018) and woodlands
(e.g., Limousin et al., 2009), or desert grasslands (e.g., Báez
et al., 2013).While informative for these ecosystems, most
of the terrestrial landmass has seasonal precipitation that
extends beyond 1 season (Konapala et al., 2020). Second,
a large number of studies in systems where precipitation
extends beyond 1 season are located in colder climates
that receive growing-season precipitation as rain and non-
growing-season precipitation as snow. While these studies
typically find that altered growing-season (rain) or non-
growing-season (snow) precipitation can each impact bio-
diversity and/or ecosystem functioning (e.g., Knapp et al.,
2002; Farrer et al., 2015), few studies directly examine the
impact of altered precipitation in both seasons (e.g.,
Ignace, 2006; de Dios et al., 2014). Finally, while many
modeling studies have sought to address alterations to
precipitation in more spatially and temporally complex
ways (e.g., Xu et al., 2016; Trugman et al., 2018; Wu et
al., 2018), a recent model-data intercomparison found that
many models have a low capacity for reproducing the
seasonal sensitivity of vegetation productivity to rainfall
at a given site (Paschalis et al., 2020). Thus, despite the
wealth of studies examining altered precipitation regimes,
key gaps remain in our understanding of how alterations
to the seasonality of precipitation directly impact biodi-
versity and ecosystem functioning.

Dry lands provide a unique opportunity to evaluate the
effects of altered seasonal precipitation on biodiversity
and ecosystem functioning, as many have biannual pre-
cipitation patterns (they receive both winter and summer
precipitation, Loik et al., 2004; Shen et al., 2016) and have

two distinct growing seasons and distinct annual plant
communities in each season (Mulroy and Rundel, 1977;
Ludwig et al., 1988). Importantly, precipitation is well
known to be a key driver of germination, growth, and
productivity of annual plants in dryland systems (Beatley,
1974; Crimmins et al., 2013). Moreover, there is increasing
evidence that summer and winter plant communities can
respond differently to precipitation inputs (Paruelo et al.,
1999; Guo et al., 2002; Yahdjian and Sala, 2006; Ignace
et al., 2007; Scott et al., 2009; Jenerette et al. 2010).
While some evidence suggests that ecosystem function-
ing is more sensitive to summer than winter moisture
variability (Jenerette and Chatterjee, 2012; Shen et al.,
2016), summer annual plant communities are generally
understudied due to their ephemeral nature (e.g., English
et al., 2005), and we lack a comprehensive picture of how
altered seasonal precipitation will impact annual plant
biodiversity and ecosystem functioning across seasons in
dryland ecosystems (Bai et al., 2008; Gherardi and Sala,
2019).

Here, we asked how annual plant biodiversity (species
richness, Simpson’s diversity index, and community com-
position) and ecosystem function (annual plant biomass)
respond to changes in the seasonality of precipitation. We
address this question in a dryland ecosystem (annual
plants in a Colorado Desert Pinyon-Juniper woodland)
with a variable biannual precipitation regime featuring
both summer and winter precipitation and distinct annual
plant communities in each season (Ting et al., 1976). First,
we compare variation in biomass and biodiversity among
seasons (summer vs. winter) to provide the natural back-
drop for our experimental treatments. Second, to assess
how biodiversity and ecosystem function respond to
altered seasonal precipitation, we constructed a rainfall
manipulation experiment (starting in 2017) that either
excluded (Summer- or Winter- treatments) or increased
seasonal precipitation (Summerþ or Winterþ treatments).
Our goal with the rainfall exclusion treatment (Summer- or
Winter- treatments) was to isolate the effects of a precipi-
tation in a single season (e.g., the Summer- treatment only
has winter precipitation) as compared to control plots and
minimize the potential for any antecedent effects from
precipitation in the earlier season (Potts et al., 2006). We
predict that the precipitation exclusions will reduce bio-
mass and diversity in the season that the exclusions are
applied, but the next season biomass may be higher due
to an increased availability of nutrients accumulated when
biomass/growth was low in the previous season (Jenerette
et al., 2010; Shen et al., 2016). Our goal with the rainfall
addition treatments is to assess the effect of additional
seasonal precipitation on annual plant biomass and bio-
diversity as compared to control plots that received ambi-
ent precipitation. As precipitation is highly variable in this
system (Ting et al., 1976), our rainfall manipulations are
designed to: (1) fall within the natural annual variation in
precipitation and (2) mimic seasonal precipitation in a wet-
ter year. As this is a water-limited system, we predict add-
ing water will increase biomass in both seasons (relative to
control plots) but that the effects on biodiversity will be
more nuanced. Water additions may increase richness and
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diversity by ameliorating environmental stress (e.g., Beat-
ley, 1974; Crimmins et al., 2013) or may reduce richness
and diversity by increasing competitive interactions as
biomass increases (e.g., Gremer et al., 2013; Huxman
et al., 2013). Thus, our statistical and qualitative compar-
isons focus on comparing exclusion treatments (Summer-
or Winter-) or addition treatments (Summerþ or Winterþ)
with Control (ambient), and not all possible pairwise com-
parisons are explored or reported.

Methods
Study site

This study was conducted in annual plant communities at
the Pinyon Flats research site—part of the Philip L. Boyd
Deep Canyon Desert Reserve in California, United States
(Lat. 33.610193, Long. –116.451682; elevation 1,293 m).
Located at the western edge of the Colorado/Sonoran
Desert biogeographic region, Pinyon Flats has two grow-
ing seasons, a cool/wet winter season that extends from
November through May and a warm/dry summer season
that extends from June through October (Ting et al.,
1976). During the winter season, temperature ranges
between an average low of 4.4�C in December and
an average high of 21.4�C in April. During the summer
season, temperature ranges between an average low
of 18.7�C in June and an average high of 33.3�C in
July. Pinyon Flats receives an average of 220 mm of
precipitation per year (average from 1988 to 2019)
and has a biannual precipitation regime with an aver-
age of 151 mm falling in the winter season (range
22 mm in 2006 to 404 mm in 1992) and an average
of 71 mm falling in the summer (range 2 mm in 2002 to
183 mm in 2004). All climate data are available from
the Pinyon Crest weather station (https://deepcanyon.
ucnrs.org/weather-data/). The soils are gravelly fine
sandy loams classified as Typic Xerorthents and
mapped within the Omstott series. The landscape at
Pinyon Flats was historically dominated by Juniperus
californica (Cupressaceae) and Pinus monophylla (Pina-
ceae) with a diversity of annual plants growing in the
open spaces between these dominant species. How-
ever, the site burned in 1994, and the dominant trees
have not fully recovered.

Experimental design

To examine the effect of altered precipitation seasonality
on species composition and biomass in annual plant com-
munities, we established 24 plots (6 � 8.5 m; 51.85 m2)
with the following precipitation treatments arranged from
overall driest to overall wettest (Figure 1A): Winter- (n ¼
4) received ambient summer precipitation and had a roof
during winter to exclude all direct winter rainfall; Summer-
(n ¼ 4) received ambient winter precipitation and had
a roof during summer to exclude all direct summer rain-
fall; Control (n ¼ 8) received both ambient summer and
ambient winter precipitation; Summerþ (n ¼ 4) received
ambient winter precipitation and had water added during
the summer; Winterþ (n ¼ 4) received ambient summer
precipitation and had water added during the winter. On
the Winter- and Summer- plots, we erected metal frames

and covered them with polyethylene plastic (Tuff Lite IV
280 x 700 TES IR/AC manufactured by Berry Plastics, Evans-
ville, IN). The frames were aligned with the prevailing
wind direction to help with air flow under the roofs. Sum-
mer- roofs were placed in early summer (July 7, 2018, and
July 23, 2019; no rain fell in June) and kept on until mid-
Fall (November 8, 2018, and October 22, 2019; before any
winter precipitation fell) when the roofs were moved to
the Winter- treatments.

During each season, precipitation was collected from
rainout shelters by way of a downslope PVC system where
rain flows off of the plastic roofs into side gutters which
connect to a 4-in. PVC pipe system that runs to four 1,500-
gallon tanks. We then added the water that fell on the
Summer- roofs to the Summerþ plots and added the water
that fell on the Winter- roofs to the Winterþ plots; all
water was added within a week of the rainfall event. The
amount of water added after a given rainfall event was
always less than the amount of precipitation that fell due
to inefficiencies in our distribution system (i.e., water re-
mained in pipes and tanks, leaks, etc.). We added water to
each water addition plot by pumping water from the stor-
age tanks up to the plots and distributing it evenly across
the plot using 17 mm Netafim drip tubing with and
ensured the same amount of water was added to each
plot using water meters (model: 1 DAE AS250U). This
same overall design has been used successfully in nearby
coastal sage scrub communities to induce drought (Allison
et al., 2013; Kimball et al., 2014a). The Winter- and Sum-
mer- roofs did not exclude any overland flow of water,
rainfall blown in by heavy winds, or water moving into
the plots via diffusion through the soil matrix.

To sample species composition and biomass of the
annual plant community in each treatment, we estab-
lished six 1-m2 subplots in each plot (Figure 1B). Within
the central 0.5 m2 of each subplot (light blue square in
Figure 1B), we measured community composition, in the
same location every year, using a point-intercept approach
with 50 points recording all hits at each point and noting
the presence of any species not hit. In the area between
where species composition was sampled and the outer
edge of the subplot, we sampled aboveground biomass
in an additional 0.25 m2 area (green squares in Figure
1B). We rotated the location of biomass sampling to a dif-
ferent side each season to not resample the same location.
For each harvest we clipped all aboveground biomass,
dried it for 4 days at 60�C, and weighed it to the nearest
0.01 g. All subplots were placed at least 1 m from the edge
of the plot to reduce the potential for edge effects from
the rainfall manipulation shelters.

Over the last 30 years, precipitation was highly variable
among years and seasons (Figure 2A), and the ratio of
summer to winter rain also varied over time, with more
recent years having more winter than summer rain (Figure
2B). The amount of water added to the Summerþ and
Winterþ treatments varied among our sampling seasons
and was dependent on the annual precipitation in that year
and specific season. In 2018, the Summerþ plots received
the equivalent of 29 mm of additional precipitation; in
2019, the Winterþ plots received the equivalent of 133
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mm of additional precipitation; in 2019, the Summerþ
plots received the equivalent of 22 mm of additional pre-
cipitation; in 2020, the Winterþ plots received the equiva-
lent of 108 mm of additional precipitation (Figure 2C).

Statistical analysis

To test how annual plant biomass, species richness, Simp-
son’s diversity index (D ¼ 1�

PS
i�1 p2

i , and composition
differed among seasons (summer vs. winter), we averaged
the biomass in subplots for only the control plots and
compared values among control plots in each sampling
period using a generalized linear mixed model with sam-
pling period as a predictor variable, Plot ID as a random
factor, and biomass (g/m2), richness, or Simpson’s diver-
sity index as our response variable and then compared
individual sampling periods using Tukey post hoc compar-
isons. Biomass was log transformed prior to analyses, but
raw biomass values are plotted and reported. We then
used permutational analysis of variance (PERMANOVA:
Anderson, 2001) in the Vegan package (Oksanen et al.,
2013) in R to test for differences in community composi-
tion among seasons (including the effect of plot identity).
PERMANOVA is very similar to an ANOVA but allows the
analysis of differences in species composition rather than
species numbers (Anderson, 2001). Next, we tested for

pairwise differences among treatments in community
composition using the pairwise.adonis function (Martinez
Arbizu, 2020). Finally, we used indicator species analysis
(Dufrene and Legendre, 1997) to ask which species are
driving significant differences in community composition
for the above significant PERMANOVAs.

To test how biomass, species richness, and Simpson’s
diversity index differed among treatments within a season,
we averaged our response variables among subplots for
each plot and compared treatments using separate ANOVAs
in each season with treatment as a categorical predictor and
biomass (g/m2), richness, or Simpson’s diversity index as
our response variable. For all 3 variables, we then compared
each treatment’s values to Control using a Dunnett’s test.
Analyses were conducted in JMP version 13 (SAS Institute
Inc., Cary, N.C.). We then used PERMANOVA to test for
differences in community composition among treatments
and sampling periods, tested for pairwise differences
among treatments in community composition, and used
indicator species analysis to ask which species are driving
significant differences in community composition for the
above significant PERMANOVAs (as described above).

Finally, to visualize differences in community composi-
tion among seasons, treatments, and sampling periods, we
used a nonmetric multidimensional scaling (NMDS) based

Figure 1. Experimental layout of the Pinyon Flats precipitation experiment. A) 24 (51.85 m2) plots were established
with the following precipitation treatments arranged along an aridity gradient: Winter- received ambient summer
precipitation and had a roof during winter to exclude all winter rainfall; Summer- received ambient winter precipitation
and had a roof during summer to exclude all summer rainfall; Control received both ambient summer and ambient winter
and had no manipulations; Summerþ received ambient winter precipitation and had water added during the summer;
Winterþ received ambient summer precipitation and had water added during the winter. Treatment color codes are
preserved throughout our figures. B) Each plot contained six 1 m2 plots (black outlined squares) in which the center
0.5 m2 was sampled for annual plant species composition (light blue squares) and a 25 cm2 subplot was harvested for
biomass (green squares). The location of the biomass sampling rotated each season. C) A photo of a water addition plot and
a rainfall exclusion plot. DOI: https://doi.org/10.1525/elementa.2021.00014.f1
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on Bray–Curtis dissimilarity among plots in R (R Core
Team, 2019). Bray–Curtis dissimilarity is a semi-metric
measure of dissimilarity used for continuous numerical
data and does not group samples by shared zeros in the
dataset (Beals, 1984).

Results
Differences among season (control plots only)

In general, we found that annual plant biomass and bio-
diversity differed among seasons (summer and winter)

with some variation among sampling years. Biomass sig-
nificantly differed among seasons (F3,21 ¼ 45.29, P <
0.001), and winter of 2019 biomass (79.86 g/m2 +
9.89) was significantly higher than all other seasons.
Summer 2019 (23.90 g/m2 + 2.54) and winter 2020
(29.96 g/m2 + 4.76) did not significantly differ, but sum-
mer 2018 (12.24 g/m2 + 2.84) was significantly lower
than winter 2020 (based on Tukey post hoc comparisons).
Species richness significantly differed among seasons
(F3,21 ¼ 33.96, P < 0.001) and was consistently lower in

Figure 2. A) Total precipitation over the last 30 years at the site divided into winter (November through May)
and summer (June through October) precipitation, where year indicates the year at the start of the season
(i.e., June or November). B) Ratio of winter to summer precipitation where positive values indicate more winter
precipitation and negative values indicate more summer precipitation. Over the first 15 years (1989 to 2004), 5 years
had more summer than winter rain, while in the last 15 years (2005 to 2019) only 2 years had more summer rain.
C) Precipitation (mm) received by each treatment over the 2 years of the experiment (see text for seasonal totals).
Dark orange pointsWinter- received ambient summer precipitation and had winter precipitation excluded with a roof;
light orange Summer- received ambient winter precipitation and had summer precipitation excluded with a roof;
green Control received both ambient summer and ambient winter and had no manipulations; light blue Summerþ
received ambient winter precipitation and had water added during the summer; dark blue Winterþ received ambient
summer precipitation and had water added during the winter; points slightly offset to increase visibility. Black vertical
lines differentiate seasons. DOI: https://doi.org/10.1525/elementa.2021.00014.f2
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summer than in winter (summer 2018: 4.7 + 0.4 species
per plot; summer 2019: 4.5+ 0.4; winter 2018: 8.6+ 0.5;
winter 2019: 8.6 + 0.4) but did not differ among either
summer season or either winter season (based on Tukey
post hoc comparisons). Simpson’s diversity index varied
among sampling seasons (F3,21 ¼ 13.67, P < 0.001) with
no difference between summer 2018 (0.45 + 0.02) and
summer 2019 (0.48 + 0.03), no difference between sum-
mer 2019 and winter 2019 (0.54+ 0.03), and winter 2020
(0.64 + 0.03) having significantly greater Simpson’s diver-
sity than the other 3 sampling periods. Finally, we found
that composition significantly differed among seasons
(F1,28 ¼ 40.26, P ¼ 0.001, Figure 3); summer annual plant
communities were dominated by Portulaca oleracea
(Portulacaceae) and Bouteloua aristidoides (Poaceae), and
winter plant communities were dominated by Erodium

cicutarium (Geraniaceae) and Bromus madritensis (Poaceae).
Across both seasons and both years, we found a total of
54 species of annual plants present, with 16 species unique
to summer, 33 species unique to winter, and 5 species
found in both seasons (Supplementary Table 1).

Main effects of altered seasonal precipitation on

biomass and biodiversity within each sampling

period

In general, we found that altered precipitation resulted
in significant differences in annual plant biomass among
treatments in each sampling period (summer 2018:
F4,19 ¼ 24.16, P < 0.001, Figure 4A; winter 2019: F4,19 ¼
7.36, P < 0.001, Figure 4B; summer 2019: F4,19 ¼ 16.40,
P < 0.001, Figure 4C; winter 2020: F4,19 ¼ 11.22, P < 0.001,
Figure 4D). Similarly, we generally found that annual plant
biodiversity patterns significantly differed among treatments
for summer 2018, winter 2019, and winter 2020 (but not
summer 2019) for both species richness (summer 2018:
F4,19 ¼ 12.58, P < 0.001, Figure 5A; winter 2019: F4,19 ¼
33.10, P < 0.001, Figure 5B; summer 2019: F4,19 ¼ 1.19,
P¼ 0.32, Figure 5C; winter 2020: F4,19¼ 53.03, P < 0.001,
Figure 5D) and Simpson’s diversity index (summer 2018:
F4,19 ¼ 10.72, P < 0.001, Figure 5E; winter 2019: F4,19 ¼
32.70, P < 0.001, Figure 5F; summer 2019: F4,19 ¼ 1.41,
P ¼ 0.27, Figure 5G; winter 2020: F4,19 ¼ 51.42, P < 0.001,
Figure 5H). Finally, we found that community composition
(Figure 3) significantly differed between treatments in all
four sampling periods: summer 2018 (F1,19 ¼ 2.22, P ¼
0.04), winter 2019 (F1,19 ¼ 2.46, P ¼ 0.008), summer
2019 (F1,19 ¼ 5.77, P ¼ 0.01), winter 2020 (F1,16 ¼ 3.25,
P ¼ 0.03). Below we report contrasts between water exclu-
sion plots (Summer- or Winter-) and Control plots and
between water addition plots (Summerþ or Winterþ) and
Control plots.

Effects of water exclusion treatments

We found that excluding water in both summer (Summer-
treatments: 2018: P ¼ 0.038; 2019: P < 0.001) and winter
(Winter- treatments: 2019: P < 0.001; 2020: P ¼ 0.001)
resulted in lower biomass than in Control plots. Unexpect-
edly, in winter 2020, we found significantly more biomass in
the Summer- treatment (P ¼ 0.045) than in Control plots
(Figure 4D). Moreover, we found that excluding water re-
sulted in lower annual plant species richness in summer
2018 (Summer- treatment: P < 0.001) and both winter sea-
sons (Winter- treatments: 2019: P < 0.001; 2020: P < 0.001),
and lower Simpson’s diversity in summer 2018 (Summer-
treatments: 2018: P < 0.001) and both winter seasons (Win-
ter- treatments: 2019: P < 0.001; 2020: P < 0.001) than in
Control plots. Unexpectedly, in winter 2019, we found that
the Summer- plots had significantly greater (P ¼ 0.01) Simp-
son’s diversity than the Control plots (0.70 vs. 0.55, respec-
tively). Finally, we found that the Summer- treatment
significantly differed from the Control (F1,1 ¼ 3.41, P ¼
0.02) in summer 2018 and that difference was driven by
P. oleracea (Portulacaceae) in the Summer- treatment.
In winter 2019, theWinter- plots differed from both Summer-
(F1,1 ¼ 7.12, P ¼ 0.03) and Winterþ (F1,1 ¼ 3.33, P ¼ 0.05),
but not Control, and those differences were driven by

Figure 3. Nonmetric multidimensional scaling
ordination plot visualizing composition differences
of annual plant communities among treatments
(colors) and sampling periods (shapes); stress ¼
0.06. Each symbol represents the mean NMDS scores
(+1 standard deviation) for plots classified within
a group. Symbols closer to each other are more similar
than those further apart. Dark orange points Winter-
received ambient summer precipitation and had
winter precipitation excluded with a roof; light
orange points Summer- received ambient winter
precipitation and had summer precipitation excluded
with a roof; green points Control received both
ambient summer and ambient winter and had no
manipulations; light blue points Summerþ received
ambient winter precipitation and had water added
during the summer; dark blue points Winterþ
received ambient summer precipitation and had water
added during the winter. Circles represent summer
2018. Up-pointing triangles represent winter 2019.
Squares represent summer 2019. Down-pointing
triangles represent winter 2020. DOI: https://doi.org/
10.1525/elementa.2021.00014.f3
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E. cicutarium (Geraniaceae) in the Winter- plots. Finally, in
winter 2020, the differences in community composition
were driven by Euphorbia micromera (Euphorbiaceae) and
Descurainia pinnata (Brassicaceae) in the Winter- plots, but
our low samples size did not allow us to detect a difference
in the pairwise tests.

Effects of water addition treatments

Interestingly, the annual plant biomass response to water
addition was asymmetric among seasons. In summer, we
found that adding water (Summerþ treatments) resulted
in higher biomass than in Control plots (2018: P < 0.001;
2019: P < 0.001), but when adding water in winter
(Winterþ treatments) biomass did not differ from the
Control (2019: P ¼ 0.12; 2020: P ¼ 0.13). However, adding
water had no effect on richness or Simpson’s diversity in
any sampling period. Despite the lack of an effect on

taxonomic diversity metrics, the only case where we found
a difference in composition in response to water addition
was in summer 2019 where the Summerþ plots differed
from Control (F1,1 ¼ 7.43, P ¼ 0.002) and Summer- (F1,1 ¼
6.51, P ¼ 0.005) plots and these differences in community
composition were driven by B. aristidoides (Poaceae) in the
Summerþ plots. All other pairwise comparisons of differ-
ences in species composition not related to our focal ques-
tions are found in Appendix 1.

Discussion
While changes in precipitation are known to affect biodi-
versity and ecosystem functioning (Smith, 2011; Beier et
al., 2012), most studies primarily alter the total amount of
precipitation (e.g., Clark et al., 2016; Copeland et al., 2016;
Smith et al., 2016; Schwalm et al., 2017) and generally
ignore the seasonality of precipitation (i.e., whether it

Figure 4. Annual plant biomass (+ S.E.) response to precipitation treatments by season. Dark orange bars
Winter- received ambient summer precipitation and had winter precipitation excluded with a roof; light orange
bars Summer- received ambient winter precipitation and had summer precipitation excluded with a roof; green
bars Control received both ambient summer and ambient winter and had no manipulations; light blue bars
Summer- received ambient winter precipitation and had water added during the summer; dark blue bars Winterþ
received ambient summer precipitation and had water added during the winter. Stars (*) indicate treatments that
significantly differed from Control based on a Dunnett’s test. DOI: https://doi.org/10.1525/elementa.2021.00014.f4
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rains more or less in one season relative to another (see
Knapp et al., 2002, 2020). Our study illustrates how pre-
cipitation seasonality may mediate the impacts of altered
precipitation regimes on biodiversity and ecosystem func-
tioning. Specifically, we found nuanced asymmetric sea-
sonal responses. First, we found that excluding rainfall
reduced biomass in both summer and winter but may
have led to increased biomass in the following season.
Second, we found that increased precipitation increased
annual plant biomass in summer, but not winter, despite
this being a water limited dryland ecosystem. Third, we
found modest responses of biodiversity where increased
precipitation did not affect annual plant richness or Simp-
son’s diversity in either summer or winter but decreased
precipitation reduced both richness and Simpson’s diver-
sity in both winter seasons but only in the first summer
season. Finally, we found increased precipitation led to
a shift in annual plant species composition in both sum-
mer seasons but not winter, while decreased precipitation
shifted community composition in both winter seasons
and in only 1 summer season. These results are consistent
with the hypothesis that precipitation seasonality is a key
driver of biodiversity and ecosystem functioning (Tonkin
et al., 2017) but contrasts with a meta-analysis showing
that annual net primary productivity was more sensitive to
precipitation additions than reductions (Wilcox et al.,
2017).

Biomass response to altered seasonal precipitation

In general, we found that annual plant biomass was
greater in winter than in summer (Figure 4), likely reflect-
ing the generally longer and wetter winter growing season
(Dimmitt, 2000a). In all cases, excluding precipitation
greatly reduced biomass, consistent with our understand-
ing of dryland ecosystems (Mulroy and Rundel, 1977; Lud-
wig et al., 1988; Dimmitt et al., 2015). Despite excluding
precipitation, we still measured biomass in many of the
Summer- plots in summer and in the Winter- plots in
winter, though it was significantly lower than in Control
plots. Although we excluded precipitation, we believe that
water still reached our plots via overland flow or as rain
blown under the roofs by wind due to the presence of
biomass (living plants) under the roofs that exclude all
direct rainfall. Indeed, overland flow can be an important
source of water for many plants (Schlesinger et al., 1989;
Ludwig et al., 2005), and summer storms may produce
relatively large volumes of water over short time periods
(Wayne Higgins et al., 2003; Morin et al., 2006; Fiener and
Auerswald, 2009), exceeding soil infiltration rates and
causing water to move laterally across the landscape
(Wayne Higgins et al., 2003; Bennett et al., 2020).

Interestingly, in winter 2020, biomass was higher in the
Summer- plots than in Control plots (Figure 4D) even
though the Summer- treatment did not receive direct sum-
mer rain the previous 2 summers and was exposed to the

Figure 5. Response (+S.E.) of species richness (A, B, C, D) and Simpson’s diversity index (E, F, G, H) of the
annual plant community to precipitation treatments by season. Dark orange bars Winter- received ambient
summer precipitation and had winter precipitation excluded with a roof; light orange bars Summer- received
ambient winter precipitation and had summer precipitation excluded with a roof; green bars Control received
both ambient summer and ambient winter and had no manipulations; light blue bars Summerþ received ambient
winter precipitation and had water added during the summer; dark blue bars Winterþ received ambient summer
precipitation and had water added during the winter. Stars (*) indicate treatments that significantly differed from
Control based on a Dunnett’s test. DOI: https://doi.org/10.1525/elementa.2021.00014.f5
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same ambient rainfall in both winters as in the Control
plots. Moreover, the Summer- plots did not differ in com-
position from the Control plots in winter 2020, suggesting
that the differences in biomass were not a result of differ-
ences in the functional composition of the communities.
Instead, this finding is consistent with previous studies in
dryland ecosystems suggesting that reduced productivity
in the previous season (i.e., the reduced biomass in the
Summer- treatments during summer) may help facilitate
increased ecosystem functioning the following season via
increased availability of nutrients accumulated from the
prior season when growth was low (Jenerette et al., 2010;
Shen et al., 2016) and further highlights the importance of
lag effects in annual plant community responses to pre-
cipitation (Dudney et al., 2017).

Finally, we found that increased precipitation increased
biomass in summer (Summerþ > Control) but had no
effect in winter (Winterþ ¼ Control; Figure 4) suggesting
that biomass was not water limited in either winter season
highlighting the asymmetric response of additional pre-
cipitation among seasons. These results align with the
general observation that the summer annual plant com-
munity is more water limited than the winter community
(Dimmitt, 2000b; Dimmitt et al., 2015) and suggest that
summer season ecosystem function may be more medi-
ated by precipitation than winter ecosystem function.
While beyond the scope of our measurements, the pat-
terns we found have implications for carbon (C) assimila-
tion. However, the Hierarchical Pulse-Dynamics
Framework (Collins et al., 2014) suggests that short-term
gains in production (as seen in the increased biomass in
the Summerþ treatment) may be balanced over multiyear
time frames as reserves gained in 1 year may be respired
in another (Anderson-Teixeira et al., 2011; Shen et al.,
2016). Longer term monitoring of biomass in this exper-
iment will help understand the multiyear dynamics of the
summer annual community biomass and whether addi-
tional summer precipitation may have lasting effects on
the C cycle or be counterbalanced by low rainfall
summers.

Biodiversity and composition responses to altered

seasonal precipitation

Excluding seasonal precipitation (the Summer- andWinter-
treatments) generally decreased both species richness and
Simpson’s diversity and shifted composition. In general,
this is a water-limited ecosystem (Mulroy and Rundel,
1977; Ludwig et al., 1988; Dimmitt et al., 2015), where
water (and temperature) triggers germination (low tem-
peratures and rain in winter and high temperatures and
rain in summer; Beatley, 1974; Guo et al., 2002). Our rain-
fall exclusion in both seasons likely reduced precipitation
enough that only some individuals of some species ger-
minated and survived to adulthood. This was evident in
the strong impact on composition in 3 of the 4 seasons
when we excluded precipitation. In summer 2018, the
difference in composition between the Control plots and
the Summer- plots was driven by an increased abundance
of P. oleracea (Portulacaceae) in the Summer- treatment.
P. oleracea is a widely distributed weedy species that

originated in the Mediterranean and is considered invasive
in dry lands of the Sonoran biogeographic region (Van
Devender et al., 2006). In winter 2019, the difference in
composition between the Control and the Winter- plots
was due to an increased abundance of exotic E. cicutarium
(Geraniaceae) in theWinter- plots. E. cicutarium is another
invasive species (Van Devender et al., 2006) whose high
water use efficiency (Kimball et al., 2014b) likely contrib-
uted to its success in this rainfall exclusion treatment and
in winter 2020. Finally, in winter 2020, the difference in
composition between the Control and the Winter- plots
was driven by increased abundances of exotic E. cicutar-
ium and the native D. pinnata (Brassicaceae). D. pinnata
has been found to germinate under a wider range of con-
ditions than some other dryland species (Forbis, 2010)
which may contribute to its success here. Future work
examining the functional diversity of these species may
help explain the mechanisms underlying these changes in
composition.

The one case where excluding precipitation did not
have a strong effect was in summer 2019, where the
annual plant communities in the Summer- treatment did
not differ from Control in species richness, Simpson’s
diversity, nor community composition. While biomass in
this treatment was significantly lower than the Control,
biomass was 60 times higher in summer 2019 than in the
previous summer (summer 2018: 0.15+ 0.05 g/m2, sum-
mer 2019: 9.0+ 0.17 g/m2). This higher biomass suggests
that more water may have entered these plots (wind-
blown or via overland flow) and was likely enough to
trigger germination of the same set of species in the Sum-
mer- treatment as in the Control plots.

In contrast, we found that water addition had no effect
on either species richness nor on Simpson’s diversity in
either summer or winter, suggesting that water neither
limited the establishment of any species during these
2 years (e.g., Beatley, 1974; Crimmins et al., 2013) nor
substantially altered competitive interactions that may
mediate diversity as is found in other dryland ecosystems
(e.g., Gremer et al., 2013; Huxman et al., 2013). The only
case where we found an effect of increased precipitation
on biodiversity was in summer 2019, where the Summerþ
plots differed in composition from Control plots. This dif-
ference in composition was driven by an increased abun-
dance of the native grass B. aristidoides (Poaceae) when
water was added (approximately 30% relative abundance
in Control vs. approximately 70% relative abundance in
Summerþ). Previous research in the Chihuahuan dry lands
found that B. aristidoides did not respond to the addition
of either 6 or 25 mm of additional precipitation and was
only found in plots fertilized with nitrogen (N; Gutierrez
et al., 1988). In summer 2019, we added 22 mm of pre-
cipitation, similar to the 25 mm of additional precipita-
tion in the Gutierrez et al. (1988) study, and the differing
responses may be the result of different locally adapted
populations, however, future studies are needed.

Despite the changes in composition in 2019, our re-
sults largely suggest that the biodiversity of the summer
plant communities is generally resistant to increases in
the amount of precipitation, despite large changes in
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biomass of the same plant communities. This pattern of
relatively resistant biodiversity, but substantial changes
in ecosystem function (biomass) in the summer, but not
in winter, may be a result of two different factors. First,
the overall higher biomass and greater precipitation in
the winter suggests that the summer plant communities
may simply have been more water limited than the win-
ter community during the 2 years of our study. In this
case, the winter annual community biomass was poten-
tially limited by a second resource (e.g., N). Future
research examining the seed bank at this site will give
a better picture of the pool of species potentially able to
contribute to diversity during each season and whether
there are more species in the summer seed bank that did
not germinate. Second, from an evolutionary perspec-
tive, the summer annual plant community may have
a more plastic evolutionary strategy for coping with
environmental change (Hoffmann and Sgro, 2011; Bo-
tero et al., 2015) than the winter annual plant commu-
nity. In this case, the summer annuals are potentially
more able to rapidly respond to changing environmental
conditions and capitalize on the “good times” (e.g., Brad-
shaw, 1965; Scheiner, 2013) than the winter annual
plant community.

Conclusion
In summary, we found asymmetric seasonal responses to
altered season precipitation in this dryland ecosystem.
Specifically, our results suggest that increased summer
precipitation may have stronger short-term impacts on
annual plant biodiversity and ecosystem function than
increased winter precipitation. In contrast, decreasing pre-
cipitation may have ubiquitous negative effects on annual
plants across both summer and winter but may lead to
increased biomass in the following off-seasons. Moreover,
our results suggest that the biodiversity of both summer
and winter plant communities is generally resistant
(shows little change) to increases in the amount of precip-
itation, despite large changes in biomass. Taken together,
our results suggest that a deeper consideration of the
seasonality of altered precipitation has the potential to
help resolve some to the context dependency observed
in biodiversity and ecosystem response to altered precip-
itation regimes.
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