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Abstract

Climate change is expected to alter precipitation patterns. Droughts may become longer
and more frequent, and the timing and intensity of precipitation may change. We tested how
shifting precipitation patterns, both seasonally and by frequency of events, affects soil nitro-
gen availability, plant biomass and diversity in a shrub-steppe temperate grassland along a
natural productivity gradient in Lac du Bois Grasslands Protected Area near Kamloops, Brit-
ish Columbia, Canada. We manipulated seasonal watering patterns by either exclusively
watering in the spring or the fall. To simulate spring precipitation we restricted precipitation
inputs in the fall, then added 50% more water than the long term average in the spring, and
vice-versa for the fall precipitation treatment. Overall, the amount of precipitation remained
roughly the same. We manipulated the frequency of rainfall events by either applying water
weekly (frequent) or monthly (intensive). After 2 years, changes in the seasonality of water-
ing had greater effects on plant biomass and diversity than changes in the frequency of
watering. Fall watering reduced biomass and increased species diversity, while spring
watering had little effect. The reduction in biomass in fall watered treatments was due to a
decline in grasses, but not forbs. Plant available N, measured by Plant Root Simulator
(PRS)-probes, increased from spring to summer to fall, and was higher in fall watered treat-
ments compared to spring watered treatments when measured in the fall. The only effect
observed due to frequency of watering events was greater extractable soil N in monthly
applied treatments compared to weekly watering treatments. Understanding the effects of
changing precipitation patterns on grasslands will allow improved grassland conservation
and management in the face of global climatic change, and here we show that if precipitation
is more abundant in the fall, compared to the spring, grassland primary productivity will likely
be negatively affected.
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Introduction

In grassland ecosystems, water availability is the major limiting factor to primary production
[1]; therefore changes in precipitation patterns and increased risk of drought will likely have a
major impact on grassland ecosystems [2,3]. A key prediction of altered precipitation is an
increased risk of drought [3], and yet few studies have investigated the effect of potential
changes in precipitation amount and distribution on terrestrial ecosystems [4-6]. Predicted
changes in precipitation vary across grasslands globally (increase, no change, decrease) but all
models agree that precipitation will be more variable with more extreme drought events [5]. It
is important to understand how changes in precipitation will impact grasslands because of the
important services they provide, such as rangeland for livestock [7-9], biodiversity ‘hotspots’
[10], as well as providing food, forage fuel, medicines, shelter, habitat, climate regulation, cul-
tural and religious sites, and recreation activities [11].

Changing the frequency and intensity of precipitation events can affect soil water
availability in grasslands. Increasing rainfall event size while decreasing frequency in grass-
land ecosystems may lead to small increases in plant-available soil water during rainfall
pulses, while increasing the length and intensity of drought in the interpulse period [12-
15]. Knapp et al. [12] found altering rainfall events from ambient so that they were less fre-
quent but supplied, overall, the same quantity of water, increased plant species diversity but
reduced aboveground net primary productivity in a native grassland ecosystem in north-
east Kansas, United States. Decreased frequency of water pulses have been shown to cause
shifting dominance from fast growing to slow growing grass species as the interpulse period
increases [16]. Therefore, the length of the interpulse period may have a significant effect
on plant dominance and species diversity [17]. What is not known is whether frequency is
more or less important than seasonal timing (e.g., spring or fall) of precipitation events. In
addition to species-specific drought tolerance traits, nitrogen dynamics in soil can also be
affected by water pulses.

The majority of nitrogen in natural environments comes from nitrogen fixation activity of
bacteria, both free-living and in symbiosis with plants; other sources are human-mediated
industrial fixation, and wet and dry atmospheric deposition [18]. Nitrogen mineralization is
tied to water availability within soil. Bacterial population growth increases rapidly after rewet-
ting dry soil, to growth rates and respiration levels higher than soils kept constantly moist.
Iovieno and Bdath [19] showed that approximately four days after a wetting pulse, bacterial
growth rates returned to the similar bacterial growth rate observed in constantly moist soils.
This increased activity during a water pulse can cause a 25-30% increase in overall bacterial
growth, compared to constantly moist soils [19].

Environmental gradients, such as precipitation, soil, latitude, and altitude, are important in
structuring plant communities [20]. Consideration of environmental gradients is therefore an
important aspect of understanding biological responses to climate change [21]. As there is
rarely an opportunity to study plant community changes over time scales exceeding a decade,
gradients can be used to interpret how plant communities may change in the long-term [21].
Understanding the effects of changing precipitation patterns on the grassland plant commu-
nity will allow improved grassland conservation and management in the face of global climate
change.

We tested the effects of altered precipitation patterns along a natural primary productivity
gradient. We asked the following questions (a) How does nitrogen availability change with sea-
sonality and frequency of precipitation? (b) How do variation in seasonality and frequency of
precipitation events affect grassland community productivity and plant species diversity? (c)
How do precipitation patterns affect the relative abundance of grasses and forbs?
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Materials and Methods
Study Site

This study was conducted under permit #102724 from the British Columbia Ministry of
Environment, Parks and Protected Areas Division. Our study was carried out in Lac du Bois
Grassland Protected Area (GPA), British Columbia, Canada. Lac du Bois GPA is 15 000 ha,
moderately grazed by cattle and classified as a shrub-steppe grassland [11,22]. Three sites were
selected for study along an elevational gradient that positively corresponded with primary pro-
ductivity: a lower, middle and upper grassland site.

The lower grassland was located at 580 m asl (meters above sea level) (NAD 83, 10U
680869E 5622735N). Soil at this site is classified as Brown Chernozem [23]. Vegetation at the
site is dominated by the grass Pseudoroegneria spicata (Pursh) A. Love, Poa secunda ssp.
secunda J. Presl, and the woody shrub Artemisia tridentata Nutt. The middle grassland site was
755 m asl (NAD 83, 10U 0680873E, 5625967N) and the soil classified as Dark Brown Cherno-
zem [23]. Species richness at the middle grassland is higher than the lower elevation site, and
dominated by Pseudoroegneria spicata and Poa secunda ssp. secunda. The upper grassland at
900 m asl (NAD 83, 10U 0679866E, 5629464N) has Black Chernozem soil [23], and the plant
community is typically dominated by Festuca campestris Rydb., Achnatherum richardsonii
(Link) Barkworth and Hesperostipa comata (Trin. & Rupr.) Barkworth.

The region is semi-arid with annual precipitation of 279 mm, 75.5 mm of which is snowfall
[23]. A slight increase in precipitation occurs with elevation, which corresponds to changes in
soil type, plant community, and increasing productivity with elevation of the sites [23,24].

Experimental design

In April 2010, one cattle exclosure (approximately 30 m x 30 m) was erected at each of the
three sites. Experimental plots within the exclosures were set up and treatments started May
2010. Plots were 1 x 1 m square with an average of 1 m between plots (minimum of 0.5 m).
Sagebrush (Artemisia tridentata) plants were deliberately avoided. All sites were in areas grazed
by cattle in previous years.

Hand watering was applied to study the effects of precipitation change on the grassland
plant community in 2010 and 2011. All watering treatment plots were covered with temporary
rainout shelters (RS) in both spring (May-June) and fall (September-October), to block the
majority of natural precipitation to fall directly on the watering treatment plots. Unmanipu-
lated ambient precipitation (control) plots were not covered by RS’s. The RS’s were removed
from plots during July and August, and were similar in design to Kochy & Wilson [25] and
Carlyle et al. [22]. Previous work in the same grasslands, with the same RS design, showed that
plots with a RS had an approximate 50% reduction in soil moisture compared to ambient [22].
The shelter consisted of a thin sheet of plastic (Tufflite IV™ 6mil Polyethylene film, Tyco Plas-
tics and Agricultural Films Monroe, LA, USA) attached to four wooden stakes at the corners
of the plot. The plastic was anchored at 1 m height on the north-west side of the plot, and at 30
cm on the other three corners. Aside from the unmanipulated control plots, four combinations
of watering treatments were applied by hand watering: 1) spring watering applied every week
(spring-frequent), 2) spring watering applied every four weeks (spring-intensive), 3) fall water-
ing applied every week (fall-frequent), 4) fall watering applied every four weeks (fall-intensive).
The water addition amount was a 50% increase in the historical 30-year average for the respec-
tive month of watering (Table 1); therefore, the spring watering treatment plots received a total
addition of 89.4 mm, which was more than the fall watering treatment plots which received a
total of 66.3 mm. Relative rather than absolute watering manipulations are recommended for
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Table 1. Water amounts added to plots for the 1 week and 4 week treatments in the respective month of addition. No water was added during July
and August. Average precipitation was based on historical (1971-2000) data [27].

Average precipitation (mm)
50% increase (mm)
Amount per 1 week (L)
Amount per 4 weeks (L)

doi:10.1371/journal.pone.0168663.t001

SPRING SUMMER FALL
May June July August September October
24.4 35.2 NA NA 28 16.2
36.6 52.8 NA NA 42 24.3
9.15 13.2 NA NA 10.5 6.075
36.6 52.8 NA NA 42 24.3

field precipitation experiments [26]. Water addition was applied slowly to minimize surface
runoff. All treatments were applied in a fully factorial design, creating 5 treatment and control
plots in a block. Blocks were replicated six times at each of three sites to control for spatial het-
erogeneity within a site. Treatments were randomly assigned to plots within each block.

Sampling

The sampling area was the centre 0.25 cm? of each plot. This left a 25 cm border between the
plot edge and sampling area to account for edge effects. In a similar study, Yahdjian & Sala
[28] found edge effects extending up to 20 cm under the rainout shelters; therefore, the 25 cm
border was considered an adequate buffer.

Soil moisture as volumetric water content (VWC) and temperature (°C) measurements
were logged every half hour from May through October. Moisture and temperature probes
were placed in one block at each of the three sites. Soil moisture probes (Soil Moisture Smart
Sensor, S-SMB-MO005 using an ECH20®) Dielectric Aquameter probe, Decagon Devices, Inc.)
were 10 cm long and placed vertically into the soil. Measurements were averaged over the
length of the probe. The probes were connected to a HOBO®) Micro Station data logger or
Weather Station data logger, Onset Computer Corporation. Soil moisture data were calibrated
for soil type as in Carlyle et al. [22]. Soil temperature probes (TMC50-HD, connected to a
HOBO®) U12 Data Logger, Onset Computer Corporation) were placed approximately 5 cm
below the soil surface. Two of the soil probes in the upper grassland malfunctioned, and so we
had no data in the spring-intensive treatment past August 18, 2011 nor the fall-frequent treat-
ment past June 30, 2011.

Plant-available nitrogen (N) was measured using Plant Root Simulator (PRS)-probes [29]
placed in two replicate blocks per site. These probes consisted of an ion-replacing membrane
held in a plastic frame (15 cm x 2.5 cm x 0.5 cm) that captured free ions in the soil. N forms of
interest were nitrate (NO3-) and ammonium (NH4+). Two probes were needed for each anal-
ysis—one that captured and replaced anions (NO3-), and one for cations (NH4+). Probes were
replaced every sixty days, according to the three measurement seasons of spring, summer and
fall. The three sets of probes allowed a continuous measurement of soil N dynamics over the
entire six-month study season.

Total N in plot soils was also done to test the correlation between extractable NO3- and
NH4+ to the relative amount of plant-available N measured by PRS-probes. Samples of the
0-15 cm soil surface were collected from the same plots as the probes in early November
2011, shortly after the final watering treatments were completed. Samples were air-dried then
sieved using a 2 mm mesh. The samples were extracted for 1 hour at a ratio of 2.5 g soil: 25 ml
2N KCl and the centrifuged extracts analyzed for available NH4+- N and NO3—N using an
OI-Analytical “Alpkem FSIV” segmented flow analyzer. Analysis was performed at the Techni-
cal Services Laboratory for the British Columbia Ministry of Environment in Victoria, BC,
Canada.
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In November 2011, aboveground biomass from the centre 0.25 m2 sampling area was
clipped to soil surface, sorted to species, dried at 65°C for two days, then weighed.

Statistical analysis

Soil moisture and temperature were analysed using a repeated-measures ANOVA. Study
design allowed the use of General Linear Models (GLM), using site (lower, middle, upper),
watering season (control, spring, fall) and watering frequency (ambient, weekly, monthly) as
factors. Additionally, 3-way ANOV As were used to test grassland type (lower, middle, upper),
watering season (spring, fall) and watering frequency (weekly, monthly). Post-hoc Tukey’s
HSD tests were used to determine significant differences between the means. Two types of soil
N measurements were analysed, PRS™- probe N and soil extractable N. The PRS™ data had
three measurement seasons; spring, summer, and fall. For plant community analyses, depen-
dent variables included dry biomass, Shannon-Weiner diversity index and plant species rich-
ness. A functional group analysis was conducted on grasses and forbs. Data were either natural
log +1 transformed or square root transformed to meet the ANOVA assumption of equality of
variances, which resulted in normalized distributions for the data. All analyses were performed
using SYSTAT (version 13). All soil N and plant community data are available as Supporting
Information files (S1 File).

Results
Soil Moisture and Temperature

All grassland sites (lower, middle and upper) showed similar effects of the watering treatment
(Fig 1). The VWC daily mean for the fall frequent watering treatment was higher than the
other watering plots (F = 11.290, df = 3, P = 0.009). Spring, summer and fall seasons were also
analysed separately. Daily mean VWC was affected by watering in all three seasons. In the
spring, fall watered plots were drier than either spring watered or ambient (F = 15.942, df = 3,
P =0.004). During the summer, spring frequent plots and fall intensive plots were drier than
the others (F = 7.614, df = 3, P = 0.022). During the fall, spring watered plots were driest
(F =85.097,df =3, P <0.001).

Daily mean temperature was was analysed. We found no effect of watering on temperature
by site or by season; however, we did find that soil temperatures were lower directly following
watering events (F = 18.230, df = 3, P = 0.020).

Nitrogen

GLM:s on the PRS™- probe data showed similar trends between total N, NH3 and NO4; there-
fore only the total N is presented. Three GLM analyses were conducted, and three 3-way ANO-
VAs, for spring, summer and fall. In spring, PRS™- total N was affected by site (Table 2), such
that the lower grassland site had higher total N than the middle and upper sites (Fig 2A). Spring
total N was not affected by watering season or frequency (Table 2). In summer there was no
difference in PRS™- total N between treatments (Table 2). In fall, site and watering frequency
affected PRS™- total N (Table 2). By site, the middle grassland had a greater total N compared to
the lower and upper grassland sites (Fig 2A). By watering season, the fall watering had a greater
total N than the spring watering in the fall season (Fig 2B). Water frequency did not affect
PRS™- total N (Table 2; Fig 2C). There were no significant interactions between factors. Overall,
there was a trend towards increasing PRS™- total N from spring to summer to fall (Fig 2).

The extractable soil N showed similar trends between total N, NO3 and NH4, and so only
total N is presented. A GLM of extractable total N showed an effect by site (F = 19.460, df = 2,
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Fig 1. Lower grassland volumetric water content (VWC). VWC in ambient (control) and watering
treatment plots (spring/ fall, weekly/ monthly).

doi:10.1371/journal.pone.0168663.9001

P <0.001) and watering frequency (F = 3.463, df = 1, P = 0.077). The upper grassland had the
greatest total N (Fig 3A). Monthly watering had a greater total N compared to weekly watering
(Fig 3C). Watering season did not affect extractable total N (Fig 3B). A 3-way ANOVA showed
an effect by site only, and there were no significant interactions between factors (Table 3).

Plant Community

GLMs and 3-way ANOV As showed that plant biomass was affected by site and by watering
season, but not by watering frequency (Table 4). The upper grassland site had the greatest bio-
mass (Fig 4A). Spring watering resulted in a greater plant biomass compared to fall watering
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Table 2. Three 3-way ANOVAs (Spring, Summer and Fall) to determine the effect of grassland site, watering season and watering frequency on
PRS™ —probe total N amounts. Bold values are significant at p < 0.05, while italicized values are significant at p < 0.10.

SOURCE

SPRING

Grassland site (G)
Watering season (WS)
Watering frequency (WF)
GxWS

Gx WF

WS x WF

G x WS x WF

Error

SUMMER

Grassland site (G)
Watering season (WS)
Watering frequency (WF)
GxWS

G x WF

WS x WF

G x WS x WF

Error

FALL

Grassland site (G)
Watering season (WS)
Watering frequency (WF)
GxWS

G xWF

WS x WF

G x WS x WF

Error

doi:10.1371/journal.pone.0168663.t002

Degrees Freedom Mean Squares F-Ratio p-Value
2 41.134 5.373 0.022
1 8.640 1.129 0.309
1 3.682 0.481 0.501
2 10.501 1.372 0.291
2 25.303 3.305 0.072
1 26.042 3.402 0.090
2 6.915 0.903 0.431
12 7.656

2 38.018 1.600 0.242
1 82.882 3.489 0.086
1 1.215 0.051 0.825
2 40.900 1.722 0.220
2 25.816 1.087 0.368
1 55.207 2.324 0.153
2 10.025 0.422 0.665
12 23.756

2 84.990 4.301 0.039
1 132.540 6.707 0.024
1 26.042 1.318 0.273
2 8.574 0.434 0.658
2 2.995 0.152 0.861
1 18.375 0.930 0.354
2 49.639 2.512 0.123
12 19.760

(Fig 4B). Species diversity, as measured by the Shannon diversity index, was affected by site,
watering season and watering frequency (Table 4). The upper grassland had the highest diversity
index and the lower grassland had the lowest (Fig 4D). Fall watering resulted in the highest diver-
sity index, compared to control and spring watering (Fig 4E). The weekly watering treatment
had a higher biomass than the ambient treatment (Fig 4F). Species richness was only affected by
site, not by watering season or frequency (Table 4). The upper grassland had more species than
the lower grassland (Fig 4G). There were no significant interactions between factors.

Plant Functional Groups

A GLM determined that the functional groups, grasses and forbs, differed by biomass

(Table 5). We found that functional group and site were significant main effects (Table 5). We
also found interacting effects between functional group and site, and functional group and
watering season (Table 6). Grasses, in general, had much greater biomass than forbs. The
upper grassland had greater biomass of grasses than the lower and middle grassland sites (Fig
5A), while the upper and middle grassland site had greater biomass of forbs than the lower
grassland (Fig 5A). Spring watering, and ambient, plots had greater biomass of grasses com-
pared to fall watering (Fig 5B). Fall and spring watering increased the forb biomass compared
to the watering control (Fig 5B).
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Fig 2. PRS—probe total N amounts. Total N by (a) grassland type (lower, middle and upper), (b) watering
season (control, spring and fall), and (c) watering frequency (ambient, weekly and monthly), measured at
three separate intervals: spring, summer and fall. Error bars are + SE, bars sharing similar letters are not
significantly different by measurement in spring, summer and fall. If there are no letters the model was not
significant.

doi:10.1371/journal.pone.0168663.9002

Discussion

We found that altering the season of watering affected plant biomass, diversity and plant avail-
able N. Whereas the frequency of watering events seemed to have little effect on grassland
shrub-steppe communities. The reduction in biomass as a result of fall watering compared to
spring watering seems to be a result of a decline in grass biomass, rather than forb biomass.

The watering treatments affected soil VWC. Welker et al. [30] found that water from small
precipitation events (less than 3 mm) caused by natural rain showers or by irrigation had
approximately the same residence time in soil. For larger events (above 6 mm) the irrigated
water addition stayed significantly longer than water from natural rainfalls. Water from
precipitation events < 10 mm remained in the soil for about two days, while water from
those > 10 mm stayed consistently longer. In our experiment, the smallest water addition
applied was 6.075 mm, so we can assume VWC was increased in the plots and persisted for a
minimum of several days after each watering, as was seen in a similar study in the same area
[22].

N availability, as measured by PRS™- probes, tended to increase with each successive season
of measurement, from spring to summer to fall. This result is contrary to previous research on
N availability in a Californian grassland to shrubland gradient, where N availability decreased
as the growing season progressed [31]. In our study, the increase in available N in the fall may
be due to a combination of increased ambient precipitation, watering treatments, and reduced
plant growth, specifically grasses, during the fall growing season. These conditions may lead to
a temporal decoupling of N availability and uptake as previously proposed [15,32,33]. Moist
soil conditions provide the opportunity for microbes to mineralize labile N, but lower plant
growth or fewer plants that are active in the fall make it likely that N uptake is lower leading to
accumulation of N in the soil [34]. This reasoning would also explain why we found higher N
availability in the PRS™- probes measured in the fall in plots treated with fall watering com-
pared to spring watering. We are likely seeing increased bacterial growth in the fall, resulting
in higher N availability, but a reduced ability of plants to acquire those nutrients because their
growth rates are slowing as the plants begin to senesce.

Extracted N from soil samples show more than twice the total N in the upper grassland site
compared to the lower and middle sites. Higher total extracted N reflects the more productiv-
ity grassland community found in the upper site compared to the lower and middle sites
[22,24]. This alternate form of N measurement is a different way of estimating available N by
extracting NO3- and NH4+ from a larger soil sample than the PRS™- probes, and is not depen-
dent on water movement through soil. Why we found greater extractable N in soils watered
intensively (monthly) compared to frequently (weekly) is somewhat puzzling because this was
the only treatment effect on N that was observed due to watering frequency. Spence et al. [35]
found that a 3-wk watering interval led to an increase in plant-available soil P compared to
weekly watering, suggesting that changes in frequency can significantly affect nutrient cycling.

Spring watering increased plant production compared to fall watering, but not to the con-
trol plots. The difference between spring and fall watering was due to a reduction in grass
growth, measured as biomass clipped in the fall, as a result of fall watering; or, rather, the
delay in fall watering. Forb biomass, however, was similar between spring and fall watering
treatments, but the controlled watering treatment had less biomass than the spring and fall
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Fig 3. Extractable soil N. N amounts by (a) grassland type (lower, middle and upper), (b) watering season
(control, spring and fall), and (c) watering frequency (ambient, weekly and monthly), measured in the fall.
Error bars are + SE, bars sharing similar letters are not significantly different by measurement in spring,
summer and fall.

doi:10.1371/journal.pone.0168663.9003

watering treatments. Spring watering increased plant productivity in an arid sagebrush steppe
in Oregon (USA) [36], but it took four years after the beginning of the experiment for this
result to occur. Another watering experiment in a California grassland showed a rapid and
positive biomass response to an extended spring rainy season [37]. In the California experi-
ment, the strongest response to spring watering was by nitrogen-fixing forbs. Because forb bio-
mass was increased in our spring watered plots compared to control plots we suspect that
nitrogen-fixing forbs also responded to spring watering in our system. The fact that forb bio-
mass in fall watered plots was more than the control plots is likely because grass biomass in the
fall watered plots was significantly reduced, thus potentially releasing competitive dominance
on the subordinate forbs.

Shifts in plant production and species composition between the spring and fall watered
treatments had important consequences for biodiversity. With a reduction in biomass, as
observed within the fall watered treatments, we found an increase in plant diversity, similar to
watering experiments by Knapp et al. [12] and Fay et al. [38]. We suspect that the reduction in
biomass released competitive pressure from dominant grasses, providing the opportunity for
subordinate species to increase their relative proportional biomass [39]. Prevéy and Seastedt
[40] also found that altered seasonality of precipitation can have direct effects on plant com-
munity composition in a grassland in Colorado, USA; such that increased winter precipitation
caused an increase in cover of winter-active grasses and reduced species diversity. We did not
see an increase in species richness with a biomass reduction, but the relative increase in forbs,
in combination with a reduction in grasses, within the fall watered plots resulted in an increase
in the Shannon diversity index. Since increased diversity, specifically functional diversity, may,
in the long-term, affect ecosystem function and resistance to precipitation change [41, 42], it is
possible that an extended fall rainy season may result in a system that is more resistant to a
spring drought over time.

The majority of significant results we observed related to the seasonal application of water-
ing, whether plots received spring or fall watering. Frequency of watering events, between fre-
quent (weekly) and intensive (monthly) additions, had little effect. However, we did find that
the frequent application of watering resulted in a higher species diversity than ambient condi-
tions, and that intensive watered plots had higher extractable soil N than frequently watered
plots. The fact that Spence et al. [35] found weekly watering of grasslands in a Mongolian
steppe, compared to 3-wk watering, increased the total abundance of forbs suggests that

Table 3. General Linear Model to determine the effect of grassland site, watering season and watering
frequency on Extractable soil N. Bold values are significant at p < 0.05.

Grassland site (G) 2 21.576 19.624 <0.001
Watering season (WS) 1 1.767 1.607 0.411
Watering frequency (WF) 1 4.650 2.555 0.136
GxWS 2 0.172 0.156 0.857
G x WF 2 2.739 2.491 0.124
WS x WF 1 0.924 0.841 0.377
G x WS x WF 2 1.060 0.964 0.409
Error 12 1.099

doi:10.1371/journal.pone.0168663.t003
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Table 4. Three 3-way ANOVAs to determine the effect of grassland site, watering season and watering frequency Biomass, Shannon Diversity and
Species Richness. Bold values are significant at p < 0.05, italicized at p < 0.10.

SOURCE

BIOMASS

Grassland site (G)
Watering season (WS)
Watering frequency (WF)
GxWS

G x WF

WS x WF

G x WS x WF

Error

SHANNON DIVERSITY
Grassland site (G)
Watering season (WS)
Watering frequency (WF)
GxWS

G xWF

WS x WF

G x WS x WF

Error

SPECIES RICHNESS
Grassland site (G)
Watering season (WS)
Watering frequency (WF)
GxWS

G xWF

WS x WF

G x WS x WF

Error

doi:10.1371/journal.pone.0168663.t004

Degrees Freedom Mean Squares F-Ratio p-Value
2 6.998 30.448 <0.001
1 0.692 3.009 0.088
1 0.042 0.184 0.669
2 0.012 0.053 0.949
2 0.079 0.345 0.710
1 0.004 0.019 0.890
2 0.304 1.325 0.274
59 0.230

2 3.870 59.592 <0.001
1 0.607 9.352 0.003
1 0.101 1.548 0.218
2 0.094 1.451 0.243
2 0.094 1.446 0.244
1 0.008 0.121 0.729
2 0.068 1.022 0.366
24 0.065

2 169.872 57.501 <0.001
1 5.574 1.887 0.175
1 4.525 1.532 0.221
2 1.570 0.532 0.590
2 0.667 0.226 0.799
1 0.525 0.178 0.675
2 0.667 0.226 0.799
24 2.954

more work is needed to disentangle the effects of frequency of rainfall events on grassland
communities.

There are a number of climate change papers that show an immediate response to climate
manipulations in grasslands [37,43,44,45], but others have demonstrated a delayed response
from the plant community [6,36,46,47]. The study presented here is only short-term, so may
not measure all changes that will occur with changing precipitation.

Conclusion

After two years of field application, seasonal watering treatments altered the mean and vari-
ability of soil moisture, plant productivity, and plant diversity. The frequency of rainfall events
had little impact on grassland nitrogen levels or plant community measurements. A reduction
in growth by grasses under the fall watering treatment resulted in lower overall plant produc-
tivity and a concomitant increase in plant diversity. The fact that N availability in the soil is
increased by fall watering suggests that there is the potential for N loss through leaching or
denitrification. Climate factors play a large role in regulating rates of N mineralization and
uptake, and the effects of these can change dramatically during a single growing season.

In terms of the impact of altered precipitation on forage productivity for the cattle industry,
it would appear that an extended spring rainy season would result in the best outcome for
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Fig 4. Plant community results. Dry plant biomass by (a) grassland type (lower, middle and upper), (b) watering season (control,
spring and fall), and (c) watering frequency (ambient, weekly and monthly). Shannon diversity index by (a) grassland type, (b) watering
season, and (c) watering frequency. Species richness by (a) grassland type, (b) watering season, and (c) watering frequency. All
measured in the fall. Error bars are + SE, bars sharing similar letters are not significantly different by measurement in spring, summer

and fall.

doi:10.1371/journal.pone.0168663.g004

Table 5. General Linear Model to determine the effect of functional group, grassland site, watering season and watering frequency on dry bio-

mass. Bold values are significant at p < 0.05.

SOURCE
Functional group
Grassland site
Watering season
Watering frequency
Error

Degrees Freedom

1
2
1
2
171

doi:10.1371/journal.pone.0168663.t005

Mean Squares
66,679.601
9,128.882
1,418.187

42.231
411.257

F-Ratio
162.130
22.198

3.448

0.103

p-Value
<0.001
<0.001
0.065
0.902

Table 6. 3-way ANOVA to determine the effect of FG (functional group), Site (grassland site), and Season (watering season), and their interactions,
on dry biomass. Bold values are significant at p < 0.05.

SOURCE

FG

Site

Season

FG x Site

FG x Season

Site x Season

FG x Site x Season
Error

Degrees Freedom

NN NN | =

= AN
D
o

doi:10.1371/journal.pone.0168663.t006

Mean Squares
62,842.208
7,408.670

692.050

5,435.599

982.635
383.651

257.439
330.440

F-Ratio
190.177
22.421

2.094

16.450

2.974
1.161
0.779

p-Value
<0.001
<0.001
0.127
<0.001
0.054
0.330
0.540
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Fig 5. Functional group response. Dry plant biomass of grasses and forbs by (a) grassland type (lower, middle
and upper), and (b) watering season (control, spring and fall). Error bars are + SE, bars sharing similar letters are
not significantly different by measurement in spring, summer and fall.

doi:10.1371/journal.pone.0168663.g005

sustainable range production. However, if climatic change resulted in a delayed fall rainy sea-
son there would be a reduction in forage productivity, at least in the short term. If plant avail-
able N is somehow retained in the system through the winter, it is possible that the long-term
effects of fall watering might equilibrate to current ambient conditions.

Supporting Information

S1 File. Meta data, plant community, functional group, PRS probes N, soil extractable N.
(XLSX)

Acknowledgments

We thank Cameron Carlyle, Tessa Jongbloets, Anna Sapozhnikova, Amanda Schmidt and
Laurenz Teuber for assistance in the field. This research was supported by a Future Forest Eco-
system Scientific Council (FFESC) grant and a Natural Sciences and Engineering Research
Council (NSERC) Discovery Grant to L. Fraser, as well as an NSERC Industrial Postgraduate
Scholarship in partnership with the Grasslands Conservation Council of BC to J. Densmore-
McCulloch. This study was conducted under permit # 102724 from BC Ministry of Environ-
ment, Parks and Protected Areas Division.

Author Contributions
Conceptualization: LHF JAD DLT.
Data curation: LHF JAD.

Formal analysis: LHF JAD.

Funding acquisition: LHF DLT.
Investigation: LHF JAD.

Methodology: LHF JAD.

Project administration: LHF JAD DLT.
Resources: LHF DLT.

Supervision: LHF.

Validation: LHF JAD.

Visualization: LHF.

Writing - original draft: LHF JAD.
Writing - review & editing: LHF JAD DLT.

References

1. Sala OE, Parton WJ, Joyce LA, Lauenroth WK. Primary production of the central grassland region of
the United States. Ecology. 1988; 69: 40—45.

PLOS ONE | DOI:10.1371/journal.pone.0168663 December 20, 2016 15/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0168663.s001

@° PLOS | ONE

Altered Precipitation on Grasslands

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Knapp AK, Smith MD, Hobbie SE, et al. Past, present, and future roles of long-term experiments in the
LTER network. Bioscience. 2012; 62: 377-389.

Intergovernmental Panel on Climate Change. Working Group | Contribution to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change. 2014; Intergovernmental Panel on Climate
Change, Gland, Switzerland.

Weltzin JF, Loik ME, Schwinning S, et al. Assessing the response of terrestrial ecosystems to potential
changes in precipitation. Bioscience. 2003; 53: 941-952.

White SR, Carlyle CN, Fraser LH, Cahill JF. Climate change experiments in temperate grasslands: syn-
thesis and future directions. Biol Lett. 2012; 8: 484—487. doi: 10.1098/rsbl.2011.0956 PMID: 22048893

Carlyle CN, Fraser LH, Turkington R. Response of grassland biomass production to simulated climate
change and clipping along an elevation gradient. Oecologia. 2014; 174:1065—-1073. doi: 10.1007/
s00442-013-2833-2 PMID: 24249117

Asner GP, EImore AJ, Olander LP, et al. Grazing systems, ecosystem responses, and global change.
Annu Rev Environ Resour. 2004; 29: 261-299.

Wehrden H von, Hanspach J, Kaczensky P, et al. Global assessment of the non-equilibrium conceptin
rangelands. Ecol Appl. 2012; 22: 393-399. PMID: 22611842

Maestre FT, Salguero-Gomez R, Quero JL. It is getting hotter in here: determining and projecting the
impacts of global environmental change on drylands. 2012; Phil Trans Roy Soc B. 2012; 367: 3062—
3075.

Bond WJ, Parr CL. Beyond the forest edge: Ecology, diversity and conservation of the grassy biomes.
Biol Conserv. 2010; 143: 2395-2404.

White R, Murray S, Rohweder M. Pilot Analysis of Global Ecosystems: Grassland Ecosystems. 2000;
World Resources Institute, Washington, DC. Available at: http://www.wri.org/wr2000.

Knapp AK, Fay PA, Blair JM, et al. Rainfall variability, carbon cycling, and plant species diversity in a
mesic grassland. Science. 2002; 298: 2202—2205. doi: 10.1126/science.1076347 PMID: 12481139

Schwinning S, Sala OE. Hierarchy of responses to resource pulses in arid and semi-arid ecosystems.
Oecologia. 2004; 141:211-220. doi: 10.1007/s00442-004-1520-8 PMID: 15034778

Schwinning S, Sala OE, Loik ME, Ehleringer JR. Thresholds, memory, and seasonality: Understanding
pulse dynamics in arid/semi-arid ecosystems. Oecologia. 2004; 141: 191-3. doi: 10.1007/s00442-004-
1683-3 PMID: 15300489

Dijkstra FA, Augustine DJ, Brewer P, von Fischer JC. Nitrogen cycling and water pulses in semiarid
grasslands: are microbial and plant processes temporally asynchronous? Oecologia. 2012; 170: 799—
808. doi: 10.1007/s00442-012-2336-6 PMID: 22555358

Novoplansky A, Goldberg DE. Effects of water pulsing on individual performance and competitive hier-
archies in plants. J Veg Sci. 2001; 12: 199-208.

Goldberg DE, Novoplansky A. On the relative importance of competition in unproductive environments.
J Ecol. 1997; 85:409-418.

Gurevitch J, Scheiner SM, Fox GA. The Ecology of Plants, 2nd ed. 2006; Sinauer Associates, Inc.,
Sunderland, MA, USA

lovieno P, Baath E. Effect of drying and rewetting on bacterial growth rates in soil. FEMS Microbiol Ecol.
2008; 65:400-7. doi: 10.1111/j.1574-6941.2008.00524.x PMID: 18547324

Gentry AH. Changes in plant community diversity and floristic composition on environmental and geo-
graphical gradients. Ann Missouri Bot Gard. 1988; 75: 1-34.

Dunne JA, Saleska SR, Fischer ML, Harte JH. Integrating experimental and gradient methods in eco-
logical climate change research. Ecology. 2004; 85: 904—916.

Carlyle CN, Fraser LH, Turkington R. Tracking soil temperature and moisture in a multi-factor climate
experiment in temperate grassland: Do climate manipulation methods produce their intended effects?
Ecosystems. 2011; 14: 489-502.

Ryswyk AL van, McLean A, Marchand LS. The climate, native vegetation, and soils of some grasslands
at different elevations in British Columbia. Can J Plant Sci. 1966; 46: 35-50.

Lee RN, Bradfield GE, Krzic M, et al. Plant community—soil relationships in a topographically diverse
grassland in southern interior British Columbia, Canada. Botany. 2014; 92: 837—-845.

Kochy M, Wilson SD. Semiarid grassland responses to short-term variation in water availability. Plant
Ecol. 2004; 174: 197-203.

Knapp AK, Avolio ML, Beier C, et al. Pushing precipitation to the extremes in distributed experiments:
recommendations for simulating wet and dry years. Global Change Biol. 2016;

PLOS ONE | DOI:10.1371/journal.pone.0168663 December 20, 2016 16/17


http://dx.doi.org/10.1098/rsbl.2011.0956
http://www.ncbi.nlm.nih.gov/pubmed/22048893
http://dx.doi.org/10.1007/s00442-013-2833-2
http://dx.doi.org/10.1007/s00442-013-2833-2
http://www.ncbi.nlm.nih.gov/pubmed/24249117
http://www.ncbi.nlm.nih.gov/pubmed/22611842
http://www.wri.org/wr2000
http://dx.doi.org/10.1126/science.1076347
http://www.ncbi.nlm.nih.gov/pubmed/12481139
http://dx.doi.org/10.1007/s00442-004-1520-8
http://www.ncbi.nlm.nih.gov/pubmed/15034778
http://dx.doi.org/10.1007/s00442-004-1683-3
http://dx.doi.org/10.1007/s00442-004-1683-3
http://www.ncbi.nlm.nih.gov/pubmed/15300489
http://dx.doi.org/10.1007/s00442-012-2336-6
http://www.ncbi.nlm.nih.gov/pubmed/22555358
http://dx.doi.org/10.1111/j.1574-6941.2008.00524.x
http://www.ncbi.nlm.nih.gov/pubmed/18547324

@° PLOS | ONE

Altered Precipitation on Grasslands

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M.

42,

43.

44.

45.

46.

47.

Environment Canada. National Climate Data and Information Archive. 2012. Available at: http://climate.
weatheroffice.gc.ca/climate_normals/index_e.html.

Yahdjian L, Sala O. A rainout shelter design for intercepting different amounts of rainfall. Oecologia.
2002. 133:95-101.

Western Ag Innovations Inc. Plant Root Simulator (PRS TM) Operations Manual. 2010. Available at:
http://www.westernag.ca/innovations/technology/basics.

Welker JM, McClelland S, Weaver T. Soil water retention after natural and simulated rainfall on a tem-
perate grassland. Theor Appl Climatol. 1991; 44:229-237.

Goedhart CM, Pataki DE, Billings SA. Seasonal variations in plant nitrogen relations and photosynthe-
sis along a grassland to shrubland gradient in Owens Valley, California. Plant Soil. 2010; 327: 213—
223.

Austin AT, Yahdjian L, Stark JM, et al. Water pulses and biogeochemical cycles in arid and semiarid
ecosystems. Oecologia. 2004; 141:221-35. doi: 10.1007/s00442-004-1519-1 PMID: 14986096

Collins SL, Sinsabaugh RL, Crenshaw C, et al. Pulse dynamics and microbial processes in aridland
ecosystems. J Ecol. 2008; 96: 413-420.

Bloor JMG, Bardgett RD. Stability of above-ground and below-ground processes to extreme drought in
model grassland ecosystems: interactions with plant species diversity and soil nitrogen availability. Per-
spectives in Plant Ecol Evol Syst. 2012; 14: 193-204.

Spence LA, Liancourt P, Boldgiv B, et al. Short-term manipulation of precipitation in Mongolian steppe
shows vegetation influenced more by timing than amount of rainfall. J Veg Sci. 2015;

Bates JD, Svejcar T, Miller RF, Angell RA. The effects of precipitation timing on sagebrush steppe vege-
tation. J Arid Environ. 2006; 64: 670-697.

Suttle KB, Thomsen MA, Power ME. Species interactions reverse grassland responses to changing cli-
mate. Science. 2007; 315: 640—642. doi: 10.1126/science.1136401 PMID: 17272720

Fay PA, Carlisle JD, Knapp AK, et al. Productivity responses to altered rainfall patterns in a C-4-domi-
nated grassland. Oecologia. 2003; 137: 245-251. doi: 10.1007/s00442-003-1331-3 PMID: 12845518

Fraser LH, Pither J, Jentsch A, et al. Worldwide evidence of a unimodal relationship between productiv-
ity and plant species richness. Science. 2015; 349: 302—-305. doi: 10.1126/science.aab3916 PMID:
26185249

Prevéy JS, Seastedt TR. Seasonality of precipitation interacts with exotic species to alter composition
and phenology of a semi-arid grassland. J Ecol. 2014; 102: 1549-1561.

Maestre FT, Quero JL, Gotelli NJ, et al. Plant species richness and ecosystem multifunctionality in
global drylands. Science. 2012; 335: 214-8. doi: 10.1126/science.1215442 PMID: 22246775

Nippert JB, Knapp AK, Briggs JM. Intra-annual rainfall variability and grassland productivity: can the
past predict the future? Plant Ecol. 2006; 184(1): 65—74.

Fry EL, Manning P, Allen DGP, et al. Plant functional group composition modifies the effects of precipi-
tation change on grassland ecosystem function. PlosOne. 2013; 8(2): e57027.

Grime JP, Brown VK, Thompson K, et al. The response of two contrasting limestone grasslands to sim-
ulated climate change. Science. 2000; 289: 762—765. PMID: 10926535

Heisler-White JL, Blair JM, Kelly EF, et al. Contingent productivity responses to more extreme rainfall
regimes across a grassland biome. Glob Chang Biol. 2009; 15: 2894-2904.

Heisler-White JL, Knapp AK, Kelly EF. Increasing precipitation event size increases aboveground net
primary productivity in a semi-arid grassland. Oecologia. 2008; 158: 129—40. doi: 10.1007/s00442-008-
1116-9 PMID: 18670792

Adler PB, Levine JM. Contrasting relationships between precipitation and species richness in space
and time. Oikos. 2007; 116:221-232.

PLOS ONE | DOI:10.1371/journal.pone.0168663 December 20, 2016 17/17


http://climate.weatheroffice.gc.ca/climate_normals/index_e.html
http://climate.weatheroffice.gc.ca/climate_normals/index_e.html
http://www.westernag.ca/innovations/technology/basics
http://dx.doi.org/10.1007/s00442-004-1519-1
http://www.ncbi.nlm.nih.gov/pubmed/14986096
http://dx.doi.org/10.1126/science.1136401
http://www.ncbi.nlm.nih.gov/pubmed/17272720
http://dx.doi.org/10.1007/s00442-003-1331-3
http://www.ncbi.nlm.nih.gov/pubmed/12845518
http://dx.doi.org/10.1126/science.aab3916
http://www.ncbi.nlm.nih.gov/pubmed/26185249
http://dx.doi.org/10.1126/science.1215442
http://www.ncbi.nlm.nih.gov/pubmed/22246775
http://www.ncbi.nlm.nih.gov/pubmed/10926535
http://dx.doi.org/10.1007/s00442-008-1116-9
http://dx.doi.org/10.1007/s00442-008-1116-9
http://www.ncbi.nlm.nih.gov/pubmed/18670792

