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Abstract
Climate change is causing shifts in the amount and frequency of precipitation in many

regions, which is expected to have implications for plant performance. Most research has

examined the impacts of the amount of precipitation on plants rather than the effects of both

the amount and frequency of precipitation. To understand how climate-driven changes in

precipitation can affect grassland plants, we asked: (i) How does the amount and frequency

of precipitation affect plant performance? (ii) Do plant functional groups vary in their

response to variable precipitation?To answer these questions we grew 14 monocot and

eudicot grassland species and conducted a factorial manipulation of the amount (70 vs

90mm/month) and frequency (every 3, 15, or 30 days) of precipitation under rainout shel-

ters. Our results show that both the amount and frequency of precipitation impact plant per-

formance, with larger effects on eudicots thanmonocots. Above- and below-ground

biomass were affected by the amount of precipitation and/or the interaction between the

amount and frequency of precipitation. Above-ground biomass increased by 21–30%when

the amount of precipitationwas increased.When event frequency was decreased from 3 to

15 or 30 days, below-ground biomass generally decreased by 18–34% in the 70 mm treat-

ment, but increased by 33–40% in the 90 mm treatment.Changes in stomatal conductance

were largely driven by changes in event frequency. Our results show that it is important to

consider changes in both the amount and frequency of precipitationwhen predicting how

plant communities will respond to variable precipitation.

Introduction
Within the next century, climate change will cause alterations in annual and seasonal precipita-
tion, as well as increased precipitation variability [1–3]. In some regions throughout the world,
summer precipitation regimes will be characterized by large, infrequent precipitation events
with longer intervening dry periods [1, 4, 5]. Changing the size and timing of precipitation
events will introduce novel hydrological conditions that could influence plant community
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dynamics [6–8], and studying these processes remains a key challenge to understanding the
ecosystem-level consequences of climate change [9–11]. Here, we address this challenge by
examining the individual and interactive effects that differences in the amount and frequency
of precipitation have on plant performance of grassland monocot and eudicot species.

Plant performance can be altered by changes in water availability [12, 13]. Precipitation
regimes that are characterized by large, infrequent events separated by dry periods can drive tran-
sitions in grassland systems from states of low water stress (precipitation> evapotranspiration)
to periodic, high water stress (precipitation< evapotranspiration) [14]. Under this precipitation
regime, soil moisture is recharged in pulses resulting in changes in the depth profile for soil mois-
ture and transient resources available for plants [15]. Interspersed between these pulses of precip-
itation are periods of low water availability with limited resources for plants. As these periods of
high water stress becomemore pronounced, alterations in plant community structure and func-
tion can occur. For example, research has demonstrated precipitation-related changes in above-
and below-ground plant productivity [16, 17], plant physiology [18, 19], nutrient cycling [20,
21], and community composition [22, 23]. However, the impacts of changing precipitation
regimes on plants are typically documented by manipulating the amount of seasonal or annual
precipitation, while fewer studies manipulate both the amount and frequency of precipitation to
tease apart the relative importance and interactive effects of these factors [9–11]. Variability in
precipitation regimes can have different and potentially greater ecological consequences on
plants than changes in the amount of precipitation [24, 25].

Experimentalmanipulations of the amount and/or frequency of precipitation reveal that
large, infrequent precipitation events can have important effects on plant performance [16, 26,
27]. For example, Heisler-White et al. [28] added the average seasonal precipitation to three
types of plant communities (mesic, semi-arid, and prairie) in 4, 6, and 12 events per month.
They found that less frequent but larger precipitation events caused an 18% decrease in above-
ground net primary productivity in the mesic grassland, and a 30% and 70% increase in the
semi-arid and prairie grassland, respectively. Similarly, Fay et al. [29] examined the response of
plant communities to variation in the amount and frequency of precipitation. They found that
above-ground net primary productivity and photosynthesis were positively affected, while soil
CO2 efflux was negatively affected by increased precipitation variability, but which factor (i.e.,
frequency vs. amount of precipitation) drove the response varied according to the metric mea-
sured. Schneider et al. [30] examined the responses of two mesic grassland species (Elymus
repens [formerly Agropyron repens] and Lupinus perennis) to changes in the amount and fre-
quency of precipitation. They found that decreasing the frequency of precipitation reduced bio-
mass in both species, whereas reduced precipitation volume resulted in species-specific
responses. The variation in results among these studies illustrates the need for further study of
the magnitude and direction of plant responses to projected climate change in order to predict
community- and ecosystem-level changes to precipitation variability.

Distinguishing between plant functional groups and studying plant functional traits could
provide a predictive explanation for plant responses to precipitation variability. Grasslands are
composed of grasses and eudicots, which represent two plant functional groups that differ in
morphology, physiology and evolutionary history. Typically, grasses have a small leaf area, ver-
tical leaf orientation and often shallow rooting depths, whereas most eudicots have a larger leaf
area, horizontal leaf orientation, and a greater diversity of rooting depths [31, 32]. Also, these
groups of species have distinct photosynthetic pathways (e.g., C3 vs C4 photosynthesis) and
transpiration rates that enable different water use efficiencies [33, 34]. These characteristics
could predict a species’ response to variation in precipitation because certain traits (e.g., shal-
low rooting depth) make certain plant species vulnerable to environments with periodic, high
water stress. Therefore, classifying plant species by their functional group and functional traits
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could help to predict how the composition of a plant community will change in response to
projected precipitation variability.

The objective of this study was to experimentally examine the impacts of variable precipita-
tion on the performance of 14 common native grassland plant species. These species encom-
passed both graminoidmonocots and eudicots and were grown individually under rainout
shelters in southern Ontario. This region is forecasted to experience larger, infrequent precipi-
tation events in the next century [1, 35]. After assessing how the amount and frequency of pre-
cipitation affected soil moisture variability, we addressed two specific research questions: (i)
How does the amount and frequency of precipitation affect plant performance? (ii) Do plant
functional types vary in their response to precipitation variability? Addressing these questions
will provide empirical evidence about how plant performance will change under different pre-
cipitation regimes. This will be important for forecasting changes in plant community compo-
sition, and ultimately the maintenance and persistence of grassland biodiversity.

Materials andMethods

Study system
We conducted the experiment in an old field meadow at University of Toronto Mississauga in
Mississauga, Ontario, Canada (43°32' N, 79°39' W) with their permission to use their property.
The field site is dominated by Dactylis glomerata, Plantago lanceolata, Phleum pratensis, Soli-
dago spp., Taraxacum officinale, and Trifolium pratense. The soils consist of a sandy loam top-
soil and a sandy loam-clay subsoil horizon. During the experimental period of May to August
2014, total precipitation at the field site was 254 mm (63.5 mm/month) and average tempera-
ture was 18.0°C (range = 1.8°C– 32.0°C) (data: University of Toronto Mississauga Meteorologi-
cal Station; http://www.utm.utoronto.ca/geography/resources/meteorological-station).

At the field site, we planted 15 grassland species (one did not survive) that represent a wide
diversity of monocots and eudicots found in grasslands of southern Ontario. We included five
monocots:Andropogon gerardii Vitman (Poaceae), Elymus canadensis L. (Poaceae), Elymus
ripariusWiegand (Poaceae), Panicum virgatum L. (Poaceae), and Sorghastrum nutans (L.)
Nash (Poaceae), but S. nutans failed to grow. We included 10 eudicots:Asclepias tuberosa L.
(Asclepiadaceae),Desmodium canadense (L.) DC (Fabaceae), Eupatorium perfoliatum L.
(Asteraceae), Euphorbia corollata L. (Euphorbiaceae),Geum triflorum Pursh (Rosaceae),
Oenothera biennis L. (Onagraceae),Penstemon hirsutus (L.) Willd (Scrophulariaceae), Solidago
nemoralis Aiton (Asteraceae),Verbena stricta Vent. (Verbenaceae), and Zizia aurea (L.) W.D.
J. Koch (Apiaceae). Seeds were obtained from fields in southern Ontario.

ExperimentalDesign
We employed a fully factorial, randomized, complete block design to examine the effects of
changing the amount and frequency of precipitation on plant performance. In May 2014, we
established 10 rainout shelters that each covered a 6 m2 area, with 1 m spacing between shelters
(S1 Fig). The frame of the rainout shelter was constructed of four wooden corner posts
anchored 0.6 m into the ground (S2a Fig). Two adjacent posts stood at 1.8 m above the soil sur-
face, while the other two adjacent posts stood at 1.2 m above the soil surface. To construct the
rainout shelter’s roof, we secured a wooden square frame with a middle support beam to the
four corner posts that allowed the roof to sit on an angle of 45°. Overtop of the rainout shelter’s
roof, we attached 6 mil clear polysheeting (Uline, Brampton, Ontario, Canada) that transmitted
ca. 90% of photosynthetically active radiation. To the lowest side of the rainout shelter, we con-
nected an eaves trough to collect ambient rainfall into a bucket that added an additional 0.3 m
to the shelter. The rainout shelters and eaves troughs covered 2.4 m × 2.7 m, while our plants
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were planted within a 1.6 m × 1.9 m area which gave them a 0.4 m buffer on all sides that
reduced exposure to ambient precipitation [36]. Each rainout shelter contained 6 plots that
were 0.38 m × 0.76 m (w × l) with 0.3 m spacing between plots (S2b Fig). We randomly
assigned one of the six precipitation regimes (see below) to each plot. To control for lateral
water flow between blocks and plots, each plot contained 18–5 L free draining pots (0.127
m × 0.127 m × 0.305 m; w × l × d) that were sunken into the ground at a depth of 0.25 m and
arranged in a 3 × 6 rectangular grid. To these 18 pots, we randomly assigned the 15 study spe-
cies and left three pots without plants for soil volumetric moisture content (VMC) measure-
ments (see below).We did not measure VMC from pots containing plants to avoid damaging
plants during the experiment. Nevertheless, our measures of soil moisture should accurately
reflect temporal dynamics in water available to plants. In May 2013, seeds obtained from fields
in southern Ontario were planted in 0.06 L pots and grown in a greenhouse in St. Williams,
Ontario, Canada (42°41'N, 80°26'W). In May 2014, we transferred one year old plants grown
in a greenhouse from seed in 0.06 L pots since May 2013 in St. Williams, Ontario, Canada (42°
41'N, 80°26'W) to the field site. We removed plants from their original pots, loosened the soil
and roots, and transplanted the plants individually into pots using the soil at the field site (a
sandy loam) and 0.5 g of slow-release fertilizer (Smartcote, N:P:K, 14:14:14, Brantford, Ontario,
Canada).

Our experiment consisted of 10 replicates per precipitation regime of each study species,
with one replicate plant of each species in a plot and six replicates of each species in a block (S1
Fig). Our experiment also consisted of 30 replicates per treatment of soil VMC, with three rep-
licates per plot and 18 pots containing no plants (three per plot × six plots) per block. In total,
the experiment included 900 plants and 180 pots containing no plants for soil VMC.

Precipitation regimes
To all plants we imposed a factorial manipulation of the amount and frequency of precipitation
(S1 Table). The amount of precipitation was manipulated by giving plants either 70 mm/
month or 90 mm/month of water. The frequency of precipitation was manipulated by adding
water in equal volumes every 3, 15, or 30 days to reach the monthly volume treatment (70 mm/
month or 90 mm/month). To prevent mortality in the 30 day treatment, we added 5 mm every
7 days for the 70 mm/month treatment or 5 days for the 90 mm/month treatment. We applied
precipitation treatments between 30 May 2014 and 27 August 2014 by manually adding tap
water to the soil surface. Large events were applied over a 2 to 3 h period so that plants never
receivedmore than 20 mm of precipitation per hour, which minimized run-off and evapora-
tion from water pooling at the surface.

Our six regimes were based on precipitation records from 1938 to 2012 (data: Government
of Canada; http://climate.weather.gc.ca), with 70 mm/month representing the average monthly
precipitation amount received in Mississauga, Ontario, Canada, for the last 75 years. In this
region, the number of large, infrequent summer precipitation events has and is likely to con-
tinue to increase [1, 35]. Our precipitation regimes reflect realistic scenarios that have low
recurrence in our historical precipitation data.

Soil and plant performancemeasurements
Throughout the experiment, we measured soil VMC to quantify soil moisture variability. Using
a soil core that was 6 cm deep and 5 cm in diameter, we removed soil from pots without plants,
immediately weighed the sample in the lab, oven dried the sample for 24 h at 100°C, and then
weighed the dry sample. We collected a randomly chosen set of three cores on a weekly basis
and also at the start of a 30 day cycle for all precipitation regimes, as well as three cores before
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and after precipitation events with frequencies of 15 and 30 days. Throughout the duration of
the experiment, we returned to unplanted pots at most three times to collect soil VMCmeasure-
ments. We averaged the three core measurements to obtain a weeklymeasurement.

To assess plant performance, we measured plant morphological and physiological traits.
Near the beginning (26 May 2014) and end (22 August 2014) of the experiment we measured
leaf number and plant height. We do not show leaf number results because they reveal few
changes (S2 Table). On four occasions (2–4 July, 9–11 July, 23–25 July, 31 July—1 August
2014), we used a Delta-T AP4 Porometer (Delta-T Devices, Burwell, Cambridge, UK) to mea-
sure stomatal conductance on a fully expanded top leaf for six of the 10 replicates for all treat-
ments and species. Stomatal conductance quantifies the rate of water vapour loss from a leaf
through its stomata, and thus provides a measure of a plant’s physiological responsiveness to
water stress. On a few occasions a middle or bottom leaf was used because top leaves were too
small or exhibited herbivore damage. We harvested above-ground biomass on 29 August 2014
and below-ground biomass from 2–4 September 2014. We dried plant tissue in an oven for 72
h at 60°C.

Statistical analysis
We tested for the effects of the precipitation regimes on metrics of plant performance using R
3.1.2 [37]. Our predictor variables were amount (70 vs 90 mm), frequency (3, 15 or 30 days),
and the interaction amount × frequency, which were all treated as fixed effects in the models.
Plot nested within rainout shelter was included as a random effect in the model with a fixed
intercept. Our response variables were soil moisture and plant performance including above-
and below-ground biomass, above:below-ground biomass ratio, plant height, and stomatal
conductance. All analyses were performed using the ‘lmer’ function in the ‘lme4’ package [38].
We tested for the significance of our predictor variables using the ‘anova’ function and type III
sums-of-squares in the ‘lmerTest’ package [39], with Kenward-Roger denominator degrees of
freedom calculated with the ‘pbkrtest’ package [40]. To improve normality and homogeneity of
variance, we log- or square root-transformed our data when necessary. The coefficient of varia-
tion was calculated by dividing the standard deviation by the mean.

Results

Soil moisture
Manipulating the frequency of precipitation events rather than the amount of monthly precipi-
tation drove changes in soil moisture (Fig 1, S3 Fig). Decreasing precipitation frequency from 3
to 15 days and from 3 to 30 days caused a decrease in soil VMC by 7% and 12%, respectively
(F2,48 = 3.45, P = 0.04). The amount of precipitation did not affect soil VMC (F1,48 = 2.38,
P = 0.13), and the amount and frequency of precipitation did not interact (F2,45 = 0.96,
P = 0.39). As expected, the coefficient of variation in soil VMC was lowest for the 3 day fre-
quency precipitation treatment (70 mm: 18%, 90 mm: 21%), and greatest for the 15 day (70
mm: 37%, 90 mm: 35%) and 30 day (70 mm: 34%, 90 mm: 29%) frequency treatments. The lat-
ter two treatments show similar coefficients of variation suggesting that soil moisture variabil-
ity was likely muted by the small precipitation events that intervened the large 30 day events.

Plant performance
Manipulating the amount and frequency of precipitation affectedmultiple components of
plant performance, with larger effects on eudicots than monocots (Table 1). Our precipitation
regimes affected at least one measure of plant performance in two of the four (50%) monocot
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species and six of the ten (60%) eudicot species. Of the 14 significant effects detected on mor-
phological traits, four of these were caused by changes in precipitation amount, four were
attributed to changes in precipitation frequency, and six resulted from the interaction between
the amount and frequency of precipitation. Of the 19 significant effects on physiological traits,
two of these were caused by changes in precipitation amount, 15 of these were due to the effect
of precipitation frequency, and two of these resulted from an interaction between the amount
and frequency of precipitation.

Plant above- and below-ground biomass was affected by the amount of precipitation or the
interaction between the amount and frequency of precipitation. We found increasing the pre-
cipitation amount from 70 to 90 mm caused an increase in above-ground biomass in three of
the ten eudicot species (Table 1; Fig 2):Desmodium canadense (Fig 2a), G. triflorum (Fig 2b),
and Z. aurea (Fig 2c) increased in biomass by 21%, 30%, and 30%, respectively. We also found

Fig 1. Soil volumetricmoisture content in response to precipitation amount and frequency. The effects of precipitationamount and frequency
on soil volumetricmoisture content. There was a significant effect of frequency on soil moisture (F2,48 = 3.45, P = 0.04), with soil moisture decreasing
with less frequent precipitation. There was no significant effect of either precipitationamount or the amount × frequency interaction (P>0.10). Points
show least-squares mean values and whiskers denote ± 1 SE around themean.

doi:10.1371/journal.pone.0162310.g001
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that four of the ten eudicot species showed a change in below-ground biomass (Table 1; Fig 3).
Zizia aurea exhibited a 37% increase in below-ground biomass when precipitation amount was
increased from 70 to 90 mm (Fig 3a). In contrast, P. hirsutus, E. perfoliatum, and V. stricta
experienced a change in below-ground biomass due to the interaction between the amount and
frequency of precipitation. Penstemon hirsutus below-ground biomass decreased by 28–34% in
the 70 mm treatment and increased by 34–36% in the 90 mm treatment when event frequency
decreased from 3 to 15 or 30 days (Fig 3b). Eupatorium perfoliatum below-ground biomass
decreased by 18% in the 70 mm-15 day regime and increased by 40% in the 90 mm-15 day
regime relative to the 3 day treatment (Fig 3c).Verbena stricta below-ground biomass
decreased by 20% in the 70 mm-30 day regime and increased by 33% in the 90 mm-30 day
regime relative to the 3 day treatment (Fig 3d). Thus, increasing the amount of precipitation,
even when the frequency of precipitation events is reduced, generally leads to higher plant per-
formance than average precipitation amount and frequency.

Our results show that the relative allocation of above- and below-ground biomass (i.e.,
above:below-ground ratio) for E. perfoliatum and E. riparius was strongly affected by the inter-
action between the amount and frequency of precipitation (Table 1). With decreasing event
frequency, the above:below-ground biomass ratio of E. perfoliatum increased by 16–19% in the
70 mm treatment (mean ratio: 3 day = 2.07, 15 day = 2.47, 30 day = 2.40) and decreased by 23–
37% in the 90 mm (3 day = 2.73, 15 day = 1.73, 30 day = 2.09), relative to the 3 day treatment.
The above:below-ground biomass ratio of E. riparius increased by 33% in the 70 mm-30 day
regime relative to the 3 day treatment (3 day = 0.86, 15 day = 0.81, 30 day = 1.14), and
decreased by 22–55% in the 90 mm treatment with decreasing event frequency (3 day = 1.33,
15 day = 1.04, 30 day = 0.59). These changes were driven by an increase in above-ground bio-
mass in the 70 mm treatment and decrease in above-ground biomass in the 90 mm treatment
with decreasing event frequency.

Plant height was influenced by the main effect of precipitation frequency and the interaction
between the amount and frequency of precipitation (Table 1; Fig 4). Geum triflorum experi-
enced a 31% increase in height in the 90mm-15 day treatment and 26% decrease in the 90 mm-

Fig 2. Above-ground biomass in response to precipitation amount and frequency. The effect of precipitationamount on above-ground biomass
for three eudicot species. Therewas a significant effect of precipitation amount on: (A)Desmodium canadense, (B)Geum triflorum,and (C) Zizia
aurea, whereas the effects of frequency and amount × frequency interaction were non-significant (see Table 1). Points show least-squares mean
values and whiskers denote ± 1 SE around the mean.

doi:10.1371/journal.pone.0162310.g002
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Fig 3. Below-ground biomass in response to precipitation amount and frequency. The effects of precipitationamount and frequency on below-
ground biomass. There was a significant effect of precipitationamount on (A) Zizia aurea. Precipitation amount and frequency interacted to affect: (B)
Penstemon hirsutus, (C) Eupatorium perfoliatum,and (D) Verbena stricta (see Table 1). Points show least-squaresmean values and whiskers
denote ± 1 SE around the mean.

doi:10.1371/journal.pone.0162310.g003
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Fig 4. Plant height in response to precipitation amount and frequency. The effects of precipitationamount and frequency on plant height.
Precipitationamount and frequency interacted to affect: (A)Geum triflorum,(B) Eupatoriumperfoliatum, (C)Asclepias tuberosa, and (D)Oenothera
biennis. Themain effect of precipitation frequency also affected the species depicted in A-C, whereas the main effect of precipitationamount did not
significantly affect any species. Points show least-squares mean values and whiskers denote ± 1 SE around the mean.

doi:10.1371/journal.pone.0162310.g004
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30 day treatment, relative to the 3 day treatment (Fig 4a); there was no effect of precipitation
frequency in the 70 mm treatment. Eupatorium perfoliatum was 12–18% taller in the 90 mm-3
day treatment compared to the 15 and 30 day treatment (Fig 4b); there was again no effect of
precipitation frequency in the 70 mm treatment. Asclepias tuberosa showed a decrease in plant
height by 37% as event frequency decreased in the 70 mm treatment but exhibited no change
in height across precipitation frequencies in the 90 mm treatment (Fig 4c). Lastly, O. biennis
plant height increased by 38% in the 70 mm-15 day regime and decreased by 28% in the 90
mm-15 day regime relative to the 3 day treatment (Fig 4d).

Precipitation frequency had the largest effect on stomatal conductance, with nine species
showing a significant response (seven eudicots and two monocots) (S3 Table). On nine occa-
sions stomatal conductance was observed to decrease with reduced precipitation frequency. On
three occasions stomatal conductance increased as precipitation frequency decreased.

Discussion
Our experimental test of the effects of the amount and frequency of precipitation on 14 mono-
cot and eudicot grassland plant species reveals four key findings. First, increasing the total
amount of precipitation resulted in increased plant biomass for multiple species (Table 1, Figs
2 and 3). Second, decreasing the frequency of precipitation often led to decreased plant perfor-
mance, and frequent changes in plant physiology (Table 1, S3 Table). Third, the interaction
between the amount and frequency of precipitation typically caused a decrease in plant perfor-
mance in the 70 mm treatment and an increase in plant performance in the 90 mm treatment,
with decreasing event frequency (Figs 3 and 4). Lastly, our precipitation regimes impacted both
monocots and eudicots, with the latter group experiencing larger and more frequent responses
to precipitation variability (Table 1). As a whole, our results reveal that understanding the
impact of precipitation variability on plant communities requires the integration of both pre-
cipitation amount and frequency, as well as the functional groups and traits of species within
plant communities.

Precipitation amount
Increasing the monthly amount of precipitation caused an increase in above-ground biomass
in 30% of the eudicot species but no monocot species (Table 1; Fig 2). This observation sup-
ports the well-defined relationship between vegetation response to precipitation, which shows
that increased precipitation positively affects above-ground biomass production [41–43].
Larger amounts of precipitation could lead to greater water infiltration of the soil and an
increase in the duration of high soil moisture, especially at deeper soil depths where evapora-
tion is low [15, 44]. Therefore plants, especially those with deeper roots, have more access to
water resources that promote growth. This could explain why some eudicot species, many of
which have deep root systems, showed the greatest response to increased precipitation.

Precipitation frequency
Infrequent precipitation events lead to periodic drought and lower soil moisture and are thus
predicted to cause decreased plant performance [14]. Our study confirmed the expectation that
decreasing precipitation frequency results in reduced soil moisture (Fig 1), but this did not
always translate into lower plant performance (Table 1; Figs 2 and 3). Changes in precipitation
frequency had larger effects on stomatal conductance, an important physiological trait, than
allocation to plant biomass. These results reflect the fact that physiological traits respond more
quickly to changes in water resources than morphological traits [15, 45]. Our results suggest
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that rapid physiological responses may allow some plant species to effectively tolerate short-
term water shortages associated with infrequent precipitation.

Our measurements of stomatal conductance also provide insight into the physiological
mechanisms by which plants may tolerate infrequent precipitation. In some species, we
observed an increase in stomatal conductance 2 to 8 days following precipitation, but there was
no increase in conductance after 11 days (S3 Table). Our interpretation is that a longer dura-
tion between precipitation events decreased soil moisture, which led to an increase in stomatal
closure as plants attempted to maintain optimal water potential. A potential trade-off to this
water stress avoidance strategy could be a decrease in carbon assimilation, which would result
in less biomass production as observed in E. perfoliatum, D. canadense, G. triflorum, and Z.
aurea. Similarly, the 30 day precipitation frequency treatment included small intervening pre-
cipitation events, suggesting that for some species regular precipitation events as small as 5
mmwere sufficient to maintain stomatal conductance relative to the control. Thus, if large,
infrequent precipitation events are supplemented with small precipitation events, plant physio-
logical responses can maintain a non-stressed state and conductance similar to small, frequent
precipitation events. This conclusion is consistent with observations from arid and semi-arid
grasslands [17, 46], suggesting that mesic grasslands (where our experiment was based) also
require small, frequent precipitation events to maintain physiological homeostasis. Further
exploration of these physiological responses, including a greater range of physiological mea-
sures (e.g., photosynthetic rate, water potential, tissue water content), would provide a mecha-
nistic understanding of how precipitation frequency affects grassland communities, including
the ways in which plants tolerate abiotic stress.

Interactions between the amount and frequency of precipitation
Redistribution of precipitation regimes into large-infrequent rainfall events is expected to
decrease plant performance [14], but our study reveals that the relationship between the
amount and frequency of precipitation is more complex. As precipitation frequency
decreased, 40% of the eudicot species studied exhibited lower below-ground biomass within
the 70 mm treatment, while these same species typically increased in below-ground biomass
in the 90 mm treatment (Table 1; Fig 3). Thus, large precipitation events can compensate for
water stress caused by infrequent rainfall, possibly due to pulses of large rainfall infiltrating
deeper soil horizons where evaporative losses are low [15, 44]. An increase in root biomass,
as exhibited in the 90 mm treatment, facilitates water uptake and further contribute to an
increase in plant performance. This result is important because some climate models in the
region of the study forecast that precipitation will increase by 10–20% [1], and thus our
results show how some plants can maintain their performance under these predicted climate
scenarios.

The interaction between precipitation amount and frequency drove disparate responses in
plant height among four species (Fig 4). Plant height increased in some species and decreased
in other species with decreasing precipitation frequency, and this variation depended on the
amount of precipitation. This variability is difficult to explain, but it could be influenced by
competition for light from neighbouring individuals late in the growing season when species
reached larger sizes. This suggests that changes in individual species grown alone do not neces-
sarily reveal what will happen in a mixed plant community. Therefore, it may be important to
consider other biotic and additional abiotic factors (e.g. plant-plant interactions, soil type, tem-
perature, humidity) to fully understand the impacts of precipitation variability. In particular,
elucidating how the individualistic responses of species might change when in competition
with other species would be an important next step to explore.
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Other studies that have manipulated the amount and/or frequency of precipitation have
found similar complex effects of variable precipitation. For example, Fry et al. [23] applied one
of three precipitation treatments to mesic grasslands—ambient precipitation, drought, and
large-infrequent precipitation events. In the drought and large-infrequent treatments they
found an increase in ecosystem respiration and no change in either net CO2 ecosystem
exchange or photosynthetic rate relative to ambient precipitation. Large-infrequent precipita-
tion events also caused a decrease in species richness and cover, showing that species varied in
their tolerance to changes in precipitation as observed in our study. Heisler-White et al. [17]
added the average seasonal precipitation amount to a semi-arid plant community in 4 (low fre-
quency), 6 (medium frequency), and 12 (high frequency) events per month. They found that
above-ground net primary productivity and photosynthetic rate was greatest in the low precipi-
tation frequency regime and lowest in the high frequency regime. In contrast, leaf water poten-
tial showed that plants in the high precipitation frequency regime were more stressed
immediately preceding a precipitation treatment. These results combined with our observa-
tions of interactions between the amount and frequency of precipitation, show that the effects
of variable precipitation on plant physiology and performance are complex and require manip-
ulative experiments to understand how changes to precipitation regimes can influence plant
communities.

Plant functional groups and traits
Changes in the amount and frequency of precipitation had larger and more consistent effects
on eudicots than monocots. There are two potential explanations for these changes. First, spe-
cies that exhibited minimal or no changes have deep root systems that experience less temporal
variability in soil moisture in comparison to shallow root systems where competition for water
with evaporation is high [47]. For example, Solidago spp. such as S. nemoralis has a rooting
depth> 1 m [32]; A. gerardii experiences rapid growth and produces a root system that
branches extensively both horizontally and vertically (> 2 m); and P. virgatum produces a
coarse (3–4 mm) and deep (> 2 m) root system [48]. However, changes in root depth is an
unlikely explanation in this scenario because plants were constrained to a pot of 30 cm depth.
Second, we observed larger changes in C3 (e.g. E. canadensis and eudicots) than C4 (A. gerardii
and P. virgatum) species. C4 species are often more tolerant to changes in water resources
because they have higher photosynthetic and lower transpiration rates than many C3 species,
which often makes themmore efficient at using water [49–51]. This conjecture suggests that
C4 plants may becomemore common with less frequent rain and a decrease in species diver-
sity. This speculation is consistent with the observation that C4 plant lineages are most com-
mon in arid regions[52]. Our results suggest that an explicit consideration of plant functional
groups and traits could provide a mechanistic understanding and predictive framework for the
effects of climate-driven changes in precipitation to plant physiology and demography.

Conclusions
We experimentally tested the impacts of variable precipitation on plant performance of tem-
perate grassland species and show that changing precipitation regimes can have both positive
and negative effects on plant performance. Our study teases apart the relative importance and
interactive effects of the amount and frequency of precipitation, while providing a mechanistic
explanation for changes in individual species.We found that greater precipitation amount fre-
quently resulted in increased plant performance, whereas decreased precipitation frequency
typically reduced plant performance.When precipitation amount and frequency interacted,
increasing the amount of precipitation by ca. 20% compensated for the negative effects of the
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dry period between precipitation events. Also, not all species and traits were affected by the
precipitation regimes and our physiological data suggest that rapid physiological responses can
mitigate reduced soil moisture in some species. However, the study takes place over one grow-
ing season. Therefore we do not know whether species will maintain their response year after
year or across different ambient site conditions. Nevertheless, our results are particularly
important for conserving and restoring plant communities under environmental stress. Taken
together, our study shows that it important to consider both the amount and frequency of pre-
cipitation as well as the species and trait composition of communities to predict the response
of plant communities to forecasted precipitation regimes.

Supporting Information
S1 Fig. Experimental layout at the field site. The experimental layout at the field site showing
how the amount (70 vs 90 mm) and frequency (3, 15, or 30 days) of precipitation were manipu-
lated across experimental units. There were 10 rainout shelters with six plots within each rain-
out shelter and 18 pots within each plot. Precipitation regimes and species/volumetric soil
moisture content were randomly assigned to plots and pots, respectively. Dimensions not to
scale.
(TIF)

S2 Fig. Rainout shelter at the field site. Images depicting experimental design. A) A rainout
shelter at the field site, and B) experimental layout underneath the rainout shelter consisting of
six plots (one for each combination of precipitation amount (70 vs 90 mm) and frequency (3,
15, or 30 days) with 18 pots per plot (15 pots for plants and three pots without plants strictly
for soil volumetric moisture content measurements). Photo credit: T. Didiano.
(TIF)

S3 Fig. Temporal changes in soil volumetricmoisture content and precipitation regimes.
Changes in soil volumetric moisture content and precipitation from 30 June to 30 August
2014. A-C) Soil volumetric moisture content (%) in which precipitation amount (70 and 90
mm) and frequency (3, 15, or 30 days) were manipulated. Mean soil volumetric moisture con-
tent (± 1 SE from the mean) is shown on the far right of each graph. D-F) Precipitation regimes
depicting how the precipitation amount (70 and 90 mm) was dispensedwithin each of the pre-
cipitation frequency treatments (3, 15, or 30 days).
(TIF)

S1 Table. Summary of precipitation regimes. Summary table of the factorial manipulation of
precipitation amount (70 vs 90 mm) and frequency (3, 15 or 30 days) used in the experiment.
Precipitation amount was manipulated as either 70 mm/month or 90 mm/month. Precipita-
tion frequencywas manipulated by providing equal volumes of water every 3 days, 15 days, or
30 days. The 30 day treatment had smaller precipitation events of 5 mm every 7 days for 70
mm/month, or every 5 days for 90 mm/month. Precipitation regimes were implemented
between 30 May 2014 and 27 August 2014. The average precipitation conditions betweenMay
and August for Mississauga, Ontario, Canada from 1938 to 2012 are provided at the bottom of
the table (Government of Canada; http://climate.weather.gc.ca). A visual depiction of these
treatments is provided in S3 Fig.
(DOCX)

S2 Table. The effect of the amount and frequencyof precipitation on leaf number. The
effects of precipitation amount and frequency on leaf number. For each of the fourteen species
(4 monocots and 10 eudicots) we consider how leaf number is affected by precipitation amount
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(70 vs 90 mm), precipitation frequency (3, 15 or 30 days), and the amount × frequency interac-
tion. Linear mixed-effectsmodels were used in all analyses and we report the numerator
degrees of freedom (ndf), the denominator degrees of freedom (ddf),F-values, and P-values for
all effects. A significant relationship (P< 0.05) is shown in bold.
(DOCX)

S3 Table. The effect of precipitation amount and frequencyon stomatal conductance.
Impact of precipitation regimes on stomatal conductance. For each of the fourteen species (4
monocots and 10 eudicots), we consider how stomatal conductance is affected by precipitation
amount (70 vs 90 mm), precipitation frequency (3, 15 or 30 days), and the amount × frequency
interaction. Linear mixed-effectmodels were used in all analyses and we report the numerator
degrees of freedom (ndf), the denominator degrees of freedom (ddf),F-values, and P-values for
all effects. A significant relationship (P< 0.05) is shown in bold.
(DOCX)
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