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Abstract

How plant populations, communities, and ecosystems respond to climate

change is a critical focus in ecology today. The responses of introduced species

may be especially rapid. Current models that incorporate temperature and pre-

cipitation suggest that future Bromus tectorum invasion risk is low for the Colo-

rado Plateau. With a field warming experiment at two sites in southeastern

Utah, we tested this prediction over 4 years, measuring B. tectorum phenology,

biomass, and reproduction. In a complimentary greenhouse study, we assessed

whether changes in field B. tectorum biomass and reproductive output influence

offspring performance. We found that following a wet winter and early spring,

the timing of spring growth initiation, flowering, and summer senescence all

advanced in warmed plots at both field sites and the shift in phenology was

progressively larger with greater warming. Earlier green-up and development

was associated with increases in B. tectorum biomass and reproductive output,

likely due early spring growth, when soil moisture was not limiting, and a

lengthened growing season. Seeds collected from plants grown in warmed plots

had higher biomass and germination rates and lower mortality than seeds from

ambient plots. However, in the following two dry years, we observed no differ-

ences in phenology between warmed and ambient plots. In addition, warming

had a generally negative effect on B. tectorum biomass and reproduction in dry

years and this negative effect was significant in the plots that received the high-

est warming treatment. In contrast to models that predict negative responses of

B. tectorum to warmer climate on the Colorado Plateau, the effects of warming

were more nuanced, relied on background climate, and differed between the

two field sites. Our results highlight the importance of considering the interact-

ing effects of temperature, precipitation, and site-specific characteristics such as

soil texture, on plant demography and have direct implications for B. tectorum

invasion dynamics on the Colorado Plateau.

Introduction

Climate change is one of the most critical environmental

challenges of the 21st century and thus a central focus in

ecology today lies in understanding how populations,

communities, and ecosystems will respond to the environ-

mental changes they face. In terrestrial ecosystems, the

responses of plants, the primary producers, lay the founda-

tion for all other members of an ecosystem. Characterizing

how individual plant species respond to change is an

important goal for researchers and land managers alike.

This is especially important when considering the differ-

ences between responses of native versus invasive species

(Dukes and Mooney 1999; Weltzin et al. 2003; Moore

2004; Thuiller et al. 2005). Several lines of evidence sug-

gest that climate change may benefit nonnative plants

more than native plants (Smith et al. 2000; Zinka 2003;

Hellmann et al. 2008; Walther et al. 2009; Bradley et al.
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2010; Zhang et al. 2011). In addition, long-term trends

show native perennial grasses in arid ecosystems decrease

in cover in warm and dry years (Munson et al. 2011).

Coupled with decreases in the cover of native grasses and

shrubs, the abundance, range, and proportion of nonna-

tive grasses is expected to increase as the climate contin-

ues to change (Archer and Predick 2008; Zhang et al.

2011).

Phenology is an essential metric for tracking and quan-

tifying the impacts of climate change because the timing

of important phenological events, such as flowering and

fruiting in plants, is sensitive to climatic cues (Cleland

et al. 2007; Sherry et al. 2007), temperature, water avail-

ability, and photoperiod (Partanen et al. 1998; Badeck

et al. 2004). Changes in plant phenology can have

far-reaching consequences, from altering species interactions

and community dynamics (Parmesan 2006; Cleland et al.

2007) to driving the annual cycle in carbon uptake (Keeling

et al. 1996; Myneni et al. 1997). Recent meta-analyses of

long-term observational data report that the onset of

spring has advanced at an average of 2.5 days per decade

(Parmesan and Yohe 2003; Menzel et al. 2006) and plants

that flower in the spring and early summer on average

show the greatest shift in development, possibly because

their phenology is linked to snowmelt (Sherry et al.

2007). Experimental warming studies yield similar results,

showing increased growth and extended duration of

reproductive phases for many species (Sherry et al. 2007;

Wolkovich et al. 2012), though there is evidence to suggest

that experiments under-predict phenological responses to

warming (Wolkovich et al. 2012).

Bromus tectorum, an invasive annual grass from Eurasia

and North Africa (Mack 1981), has spread throughout

the western United States after initial introduction around

1880 and is now a species of major management concern

(Di’Tomaso 2000). Climatic conditions may influence the

establishment of B. tectorum (Bradford and Lauenroth

2006), and current predictive models suggest that summer

and spring precipitation and winter maximum tempera-

ture determine the distribution of B. tectorum in western

United States, predicting a contraction of its southern

range under climate change scenarios and indicating low

invasion risk for the Colorado Plateau in southeastern

Utah (Bradley 2009; Bradley et al. 2009). Current models

project temperatures at lower elevations within the Colo-

rado Plateau to rise by 4–6°C by 2100 (Seager et al.

2007). There is more uncertainty associated with projec-

tions of future precipitation regimes for the desert south-

west, including for the Colorado Plateau (Smith et al.

2005). However, shifts in precipitation patterns, when

coupled with increasing temperatures, will likely lead to

an overall transition to a much drier climate across the

Colorado Plateau (NAST 2000, Seager et al. 2007; Cayan

et al. 2010; Seager and Vecchi 2010). Predictive models,

such as those used by Bradley and colleagues (2009), rely

on changes in annual temperature and precipitation,

though the timing of precipitation may be more impor-

tant in arid regions such as the Colorado Plateau (Lin

et al. 1996; Schwinning et al. 2005a,b; Schwinning et al.

2008). We tested the prediction that B. tectorum is

expected to respond negatively to warmer climate on the

Colorado Plateau (Bradley et al. 2009) in a 4-year field

warming experiment, superimposing an experimental

manipulation upon a natural variation in climate. We

assessed how phenology, biomass, and reproduction of

B. tectorum respond to temperature increases on the

Colorado Plateau. In contrast to a model predicting range

contraction with warming (Bradley 2009; Bradley et al.

2009), we predicted that warming would accelerate

phenological development in this annual invasive grass

when soil moisture was adequate and thereby result in

increased biomass and annual reproductive output. In a

complimentary greenhouse study, we assessed whether

warming treatments and changes in B. tectorum biomass

and reproductive output influenced offspring performance

and examined genetic variation in a subset of offspring

from warmed plants for evidence of evolutionary adapta-

tion to warming.

Materials and Methods

Experimental design

The experiment was initiated in the Fall of 2005 on the

Upper Colorado Plateau and from 2005 to 2008, the

study focused on measuring the effects of the climate

change manipulations on the structure and function of

biological soil crust communities (Zelikova et al. 2012).

The Colorado Plateau region is generally characterized as

a cool desert ecosystem, receiving approximately 65% of

the annual precipitation in winter months. We established

two field sites near Moab, UT: Castle Valley, UT (38.67485

N, �109.4163 W, 1310 m elevation; hereafter “Castle

Valley”, Fig. 1), initiated in 2005, and a site within the

Moab valley approximately 35 km from the Castle Valley

site (elevation 1226 m; hereafter “Kirby Lane”), initiated

in 2009. The soils at Castle Valley are classified as sandy

loam, calcereous, Rizno series and the vegetation is domi-

nated by two perennial grasses, Pleuraphis jamesii, Stipa

(Achnatherum) hymenoides, an annual invasive grass

B. tectorum, and the shrub Atriplex confertifolia. The

Castle Valley site aspect is west, with the +4°C block of

plots located on a 10 degree slope and the +2°C block is

located on a 13 degree slope. Kirby Lane soils are classi-

fied as sandy and vegetation is dominated by two grasses,

S. hymenoides and B. tectorum. The Kirby Lane site aspect
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is south and it is relatively flat. Warming treatments at

these sites were applied to 2 9 2.5 m plots in replicates

of five in a randomized block design and were paired

with controls. From 2005 to 2008, the soil surface in

Castle Valley plots was warmed +2°C above ambient

(Fig. 2). During this time, a new climate model (Seager

et al. 2007) predicted a larger temperature increase for

the southwest region. To more accurately reflect this

prediction, the original +2°C plots were increased to

+4°C warming beginning in January 2009. Additionally,

five blocks of +2°C warmed and control plots (a total of

10 plots) were added in randomized block design at the

Castle Valley site. The Kirby Lane site was added in Janu-

ary 2009 with the installation of five blocks of +2°C
warming treatments paired with controls, following the

same design as those in Castle Valley (Fig. 2).

The warming treatments were delivered by one (to

achieve +2°C warming) or two (to achieve +4°C warming)

800 W infrared radiant heaters (Kalglo Model MRM-

1208, with modified reflectors, see Harte et al. 1995)

installed at 1.3 m above the surface of the plots and all

lamps were oriented in a north-south direction in relation

to the plots to minimize shading of the plot (Harte et al.

1995; Kimball 2005). Each lamp emits an average of

60 Wm�2 of heat, equivalent to +2°C. The target soil

warming was achieved during night-time, while daytime

warming was slightly more seasonally variable. The

control plots each have dummy lamps of the same size

and shape, but these do not emit a heating treatment.

Leaf temperatures of plants under the lamps were moni-

tored with radiometers to ensure they did not exceed the

warming target. Soil temperatures were monitored with

three-tipped thermopile probes at 2, 5, and 15 cm depth

at Castle Valley and 5, 10, and 20 cm depth at Kirby Lane

to assure that the target warming was achieved. A meteo-

rological station at each site recorded air temperature and

relative humidity, precipitation, and wind speeds.

Phenology

Phenology measurements were initiated in 2009. We

tracked the timing and duration of phenophases through-

out the growing season following a modified field obser-

vational protocol based on Wein and West (1971). We

established five permanent 15 9 15 cm subplots within

each plot and each week, starting in April in 2009 and

February in 2010 and 2011, plants were scored based on

their phenological stage. In 2009, we began field observa-

tions in April, after spring green-up had occurred. B.

tectorum plants were scored on a plot-basis, with each plot

given a score based on the stage at which the majority of

the individual plants within that plot were found in. In

2010 and 2011, we individually scored each 15 9 15 cm

subplot. The four primary developmental stages were as

follows: (1) spring growth initiation, (2) anthesis, the

onset of flower production followed by the onset of seed

production, (3) maturation, when the growth rate slows

and seeds begin to drop off and disseminate, and (4)

senescence, when over 90% of the aboveground plant

tissue experiences loss of green coloration. We recorded

the Julian day when the transition from one phenophase

to the subsequent phenophase occurred. In 2012, a

different field protocol was used to measure phenology

and those results are not presented here.

Biomass and reproductive output

Because we could not destructively harvest the plants we

were monitoring within the long-term experimental plots,

we developed site-specific allometric equations for esti-

mating biomass annually, using plants outside the experi-

mental plots. Stalk height multiplied by the number of

individuals within the 15 9 15 cm subplots was the best

Figure 2. Experimental design at two sites, Castle Valley and Kirby

Lane. The Castle Valley site was established in 2005, with 2°C

warming applied to five replicate plots and associated nonwarmed

controls. The 2°C warming plots were converted to 4°C in 2009 and

an addition set of plots was established at Castle Valley, with 2°C

warming applied to five replicate plots, with five associated

nonwarmed controls. The Kirby Lane experimental site was also

established, with 2°C warming treatments applied in five replicates

and five nonwarmed controls in 2009.

Figure 1. Photograph of an experimental plot at the Castle Valley

field site.
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predictor of B. tectorum biomass, explaining 68% of the

variation in biomass. Thus, for biomass estimates, we

counted all plants and measured the height of 10 individ-

uals per subplot. To estimate reproductive output, we

counted the number of spikelets produced per inflores-

cence in the subplots.

Greenhouse study

In 2010, we collected three B. tectorum individuals with

inflorescences from each of the five replicate experimental

plots and five associated ambient plots across both experi-

mental sites, taking care not to remove plants from inside

the permanent subplots. In 2011, we collected 5 spikelets

from 10 individuals per plot. Because direct seed counts

require destructive dissection of each floret inside the

spikelet (McKone 1985), we estimate reproductive output

by counting spikelets rather than direct seed production.

Each year, we also collected 15 B. tectorum plants from

each research site to represent the background wild

population (WP). All plant material was stored in manila

envelopes at room temperature for 5 months until germi-

nation trials (Allen and Meyer 2002; Roundy et al. 2007).

To measure seed viability, we conducted germination

trials by placing 3–5 spikelets with multiple florets per

spikelet from each parental source on wet filter paper

(Whatman #5, 90 mm) inside Petri dishes. We added

fungicide and 10% bleach solution to each plate and ver-

nalized the seeds at 2°C with a 12 h light/12 h dark cycle

for 10 weeks. Germination was monitored weekly and a

floret was considered germinated upon radicle emergence.

Seedlings were transplanted into individual containers

filled with 50:50 mixture of standard potting mix and

sterile sand. Following a 10-week vernalization, all seed-

lings were moved into the greenhouse and watered once

per week. Seedling phenology was recorded weekly on an

individual plant basis, tracking all individuals in 2011 and

one individual per parental source in 2012. Plants were

harvested upon reaching the seed scatter phenophase and

we separated inflorescences, aboveground, and below-

ground biomass. Roots were washed with distilled water

to remove remaining soil particles. All biomass was dried

at 60°C for 24 h and weighed. Parental source spikelets

and offspring leaves and spikelets from the 2011 green-

house populations were analyzed for total C and nitrogen

(N) content with a CHN analyzer (Costech Analytical

Technologies, Inc., Valencia, CA).

Microsatellite variation

Given that B. tectorum, is a cleistogamous species that

only rarely shows evidence of outcrossing (Kao et al.

2008), it is important to determine whether the research

plots contained essentially the same genotypes, or if they

are genetically diverse. For a first glance into diversity at

the site, we genotyped 40 individuals (20 offspring of

plants from the +4°C warmed plots and 20 offspring of

plants from ambient plots from the Castle Valley field

site) at 5 microsatellite loci (Loci 4, 5, 26, 30, 33 from

Ramakrishnan et al. 2002) following the methods in Kao

et al. (2008).

Analyses

All statistical analyses were performed using JMP 10.0

software (SAS Institute, Cary, NC). To examine the effects

of field warming treatments on plant density, biomass,

and reproductive output, we used a two-way ANOVA,

with treatment as the main effect and block as a random

effect. The effect of warming on phenology was analyzed

using a survival analysis, with the Julian day a particular

phenophase was reached as a response variable and the

proportion of the population reaching that phase as the

survival function. This analysis includes a censoring factor

and allows for the inclusion of data points even when a

particular phenophase is not reached. The results of the

Wilcoxon nonparametric test are reported in Table 2. In

addition, we calculated the effect size of warming as the

difference between warmed and ambient plots and

compared that difference against a hypothesized different

of zero with a one-sample t-test. Because both temperature

and precipitation varied substantially between sampling

years and B. tectorum is an annual grass, data for each

year were analyzed separately. Due to substantial differ-

ences in soil properties and elevation between the Castle

Valley and Kirby Lane sites, analyses were also performed

separately for each site. Total C and N concentrations

and C:N ratios were compared between warmed and

ambient seed sources using a Student’s t-test, with sepa-

rate analyses for field-collected seeds, F1 aboveground

biomass, and F1 seeds. Germination rate was calculated as

the number of seedlings that germinated per spikelet and

survival was calculated as the number of plants that

survived until harvest divided by the total number of

transplanted seedlings. Because we do not have a direct

estimate of the number of seeds per spikelet, germination

rate may confound the effects of warming treatments on

seed and spikelet production such that increased viability

of seeds from warmed plants may alternatively indicate

increased seed production in warmed plants. We averaged

across replicate seedlings from the same seed source and

used a one-way ANOVA to compare between warmed

and unwarmed plots, using a Tukey–Kramer post hoc

analysis to differentiate between different groups. We used

GenoDive (Meirmans and Van Tienderen 2004) to calcu-

late heterozygosity and average number of alleles across
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loci, and effective number of alleles between warmed and

ambient plots. Additionally, we tallied the distinct

multilocus genotypes present at the site.

Results

The experimental sites experienced above-average monthly

temperatures for the majority of 2009–2012, compared

with the 30-year mean from 1982 to 2012 (Fig. 3).

Annual precipitation at this site was below the 30-year

mean in 2009, 2011, and through September 2012 and

wintertime (October–February) and spring growth

(March–May) precipitation were above the 30-year mean

only in 2010 (Table 1).

Phenology

In Castle Valley in 2009, the onset of flowering did not

differ between warmed and ambient plots, regardless of

warming level (Table 2). Similarly, the timing senescence

Figure 3. Average monthly temperature and

total monthly precipitation for 2009, 2010,

2011, and through August 2012 (filled in bars)

relative to the 30 year running average in

Castle Valley, UT (dashed lines) Data source:

Western Regional Climate Center (http://www.

wrcc.dri.edu/cgi-bin/cliMAIN.pl?ut1241)
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also did not differ between warmed and ambient plots. At

Kirby Lane, B. tectorum flowered, scattered seeds, or

senesced at the same time in warmed and ambient plots,

and the entire life cycle was initiated and completed earlier

at Kirby Lane than at Castle Valley.

In 2010, a wet winter/spring (Table 1), warming treat-

ments resulted in a substantial shift in B. tectorum

phenology (Fig. 4). Spring green-up advanced on average

2 weeks earlier in +4°C plots (14 � 1.3 days) and 1 week

earlier in +2°C plots (7 � 2.1 days), relative to ambient

plots in Castle Valley (Fig. 4a). Similarly, the onset of

flowering was advanced in +4°C plots (8.1 � 1.1 days)

and +2°C plots (3.5 � 0.8 days; Fig. 4b). Summer senes-

cence also occurred 5 days earlier in +4°C plots (5.8 �
0.7 days) and by 2 days in +2°C plots (Fig. 4c). Overall,

the growing season was extended by 7–10 days in +4°C
plots (7.2 � 1.4 days) and 2–4 days in +2°C plots

(4.1 � 2.7 days; Fig. 4d). At Kirby Lane, spring green-up

occurred at the same time in warmed and ambient plots,

but the onset of flowering was significantly earlier in the

warmed plots (4.4 � 3.2 days), though all plants senesced

in the same week. As a result, the length of the growing

season remained unchanged in warmed plots. In 2011,

there were no significant effects of warming on any mea-

sures of phenology in Castle Valley, but at Kirby Lane,

the onset of flowering was advanced by 3.5 days in the

warmed plots, though these changes did not alter the

length of the growing season.

Vegetative response

In 2009, B. tectorum density was almost 29 greater in the

+2°C plots at Castle Valley (Fig. 5a; Table 3), but did not

differ between +4°C and ambient plots. In contrast, plant

density was greater in the ambient plots at Kirby Lane.

We observed no warming effect on plant density in Castle

Valley in the wet year 2010, but density was almost 29

greater in the ambient plots at Kirby Lane. Variation in

plant density among the ambient plots was higher in the

following dry years 2011 and 2012, in contrast to the

variation among the warmed plots. For example, plant

density in 2012 varied between 27–613 plants/m2 in ambi-

ent plots in Castle Valley and 97–800 plants/m2 at Kirby

Table 1. Annual temperature and precipitation data collected in

Castle Valley from 2009 through September 2012.

30 year

mean 2009 2010 2011 2012

Mean annual

temperature (°C)

12.7 14.1 13.6 13.2 15.3

Annual

precipitation (mm)

261.7 189 286.4 199.1 116.5

October–February

precipitation (mm)

110 71 124 82 87

March–May

precipitation (mm)

74 62 88 71 20

June–September

precipitation (mm)

77 50 68 58 39

Wintertime precipitation includes total precipitation from October

through February, B. tectorum growing season represents total pre-

cipitation from March through May, and summertime precipitation

from June through September. The 30 year mean annual temperature

and precipitation data source is the Western Regional Climate Center

http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?ut1241).

Table 2. Statistical results comparing the timing (DOY) of green-up, flowering, and senescence phenophases between warming treatments and

their associated controls in Castle Valley and Kirby Lane experimental sites.

Site Year Phenophase

+4°C +2°C

Wilcoxon v2 P Wilcoxon v2 P

Castle Valley 2009 Flowering 1.5 0.22 2.18 0.14

Senescence 2.25 0.32 0.63 0.43

2010 Green-up 30.1 <0.0001 7.3 0.0069

Flowering 18.49 <0.0001 5.57 0.02

Senescence 22.93 <0.0001 3.03 0.08

2011 Green-up 0.0074 0.93 0.48 0.48

Flowering 1.2 0.27 0.16 0.69

Senescence 0.007 0.93 0.07 0.78

Kirby Lane 2010 Green-up 0.16 0.69

Flowering 6.57 0.01

Senescence 3.03 0.08

2011 Green-up 1.75 0.19

Flowering 10.8 0.001

Senescence 0.8 0.37

There was no variation in the timing of flowering or senescence in Kirby Lane in 2009 and those analyses are not presented.

Values in bold indicate statistically significant differences.
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(a)

(b)

(c)

(d)

Figure 4. Differences in day of year (DOY) of (a) spring growth

initiation, (b) flowering, (c) senescence, and (d) length of growing

season between warmed and ambient plots in 2010. Means (�SE)

were calculated by subtracting the DOY when a particular

phenophase was reached in the ambient plot from the warmed plot

and **the difference between the warmed and ambient plots is

significantly different from zero at a = 0.01.

(a)

(b)

(c)

(d)

Figure 5. Differences in (a) plant density, (b) plant height, (c) plot

biomass, and (d) reproductive output between warmed and ambient

plots. Means (�SE) were calculated by subtracting the ambient plot

means from the warmed plot means and indicates when the difference

between the warmed and ambient plots is significantly different from

zero. * difference at a � 0.05, ** difference at a � 0.01.
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Lane. In 2011, plant density was on average more than

29 greater in ambient plots than +4°C plots, but similar

between the +2°C and ambient plots at both sites. In

2012, plant density was significantly higher in ambient

plots, relative to +4°C plots, but we observed no effect of

+2°C warming on plant density at either site (Fig. 5a).

Plant height did not differ between warmed and ambi-

ent plots at either site in 2009, though plants were sub-

stantially taller at Kirby Lane than in Castle Valley.

However, in 2010, plants were almost 29 taller in +4°C
plots, 1.59 taller in +2°C plots in Castle Valley, and 1.59

taller in the warmed plots at Kirby Lane (Fig. 5b). This

trend was reversed in 2011, when +4°C warming had a

negative effect on plant height at Castle Valley and +2°C
warming had a similar negative effect at Kirby Lane.

There were no differences in plant height between

warmed and ambient plots in Castle Valley in 2012

(Fig. 5b), but plants were shorter in warmed plots at Kirby

Lane in 2012.

In 2009, plant biomass, calculated by multiplying plot

plant density by average plant height within the same

plot, did not differ between warmed and ambient plots

(Fig. 5c). However, plant biomass was greater across all

warmed plots in 2010. In 2011, plant biomass remained

similar to 2010 in ambient plots in Castle Valley, but was

significantly lower in +4°C plots in Castle Valley and

+2°C at Kirby Lane, largely driven by changes in plant

height rather than changes in plant density. We observed

a similar reduction is biomass at Kirby Lane in 2012

(Fig. 5c).

Reproductive response

Plant reproductive output, measured as the number of

spikelets produced per plant, was significantly greater in

warmed plots in Castle Valley in 2009 and 2010. While

+2°C warming slightly increased reproductive output in

Castle Valley in 2011, +4°C warming substantially reduced

the number of inflorescences produced per plant. We

observed no effect of +4°C or +2°C (Fig. 5d) warming on

reproductive output in 2012, when reproductive output

was generally low across all plots. At Kirby Lane, repro-

ductive output did not differ between warmed and ambi-

ent plots in 2009 and 2012. However, there was a positive

effect of warming in 2010 and a negative effect in 2011

(Fig. 5d).

Spikelets collected from +4°C plots at Castle Valley in

2010 weighed 49 more (mean weight 0.028 � 0.004)

than those from ambient plots (mean weight 0.007 �
0.001; df = 1, F = 28.29, P < 0.0001) and were 29 heavier

in +2°C plots (mean weight 0.016 � 0.002; df = 1,

Table 3. Statistical results comparing Bromus tectorum plant density

(# plants/m2), height (cm), biomass (g), and reproductive output (#

inflorescences/plant) between warming treatments and their associated

controls in Castle Valley and Kirby Lane experimental sites.

Site Year Phenophase

+4°C +2°C

F P F P

Castle

Valley

2009 Plant density 0.08 0.79 5.42 0.05

Height 0.85 0.38 1.36 0.28

Biomass 0.25 0.63 6.8 0.03

Reproduction 15.4 0.004 10.9 0.01

2010 Plant density 0.02 0.88 0.11 0.75

Height 26.2 0.009 12.7 0.007

Biomass 1.43 0.27 0.83 0.39

Reproduction 54.98 <0.0001 3.6 0.006

2011 Plant density 4.6 0.06 0.27 0.62

Height 14.61 0.005 1.88 0.18

Biomass 7.94 0.02 0.009 0.93

Reproduction 36.24 0.0003 0.56 0.48

2012 Plant density 10.4 0.03 0.1 0.76

Height 0.9 0.35 2.54 0.12

Biomass 16.34 0.004 0.26 0.63

Reproduction 0.41 0.54 0.21 0.66

Kirby

Lane

2009 Plant density 2.77 0.13

Height 0.01 0.91

Biomass 1.96 0.2

Reproduction 0.01 0.91

2010 Plant density 3.01 0.12

Height 8.84 0.02

Biomass 0.48 0.51

Reproduction 2.87 0.13

2011 Plant density 1.94 0.2

Height 9.66 0.004

Biomass 3.4 0.1

Reproduction 7.23 0.03

2012 Plant density 1.64 0.24

Height 12.97 0.001

Biomass 4.58 0.06

Reproduction 3.64 0.09

Values in bold indicate statistically significant differences.

Figure 6. Weight difference between B. tectorum inflorescences

collected from warmed and ambient plots in May 2010. * difference

at a � 0.05, ** difference at a � 0.01.
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F = 10.60, P = 0.003; Fig. 6). In contrast, N concentra-

tions were significantly higher in ambient plots (t = 2.28,

df = 1, P = 0.03). We saw no other differences in C and

N concentrations or C:N ratios. At Kirby Lane, spikelets

from warmed plots were also heavier (mean weight

0.022 � 0.002 g) than from ambient plots (mean weight

0.015 � 0.002; df = 1, F = 6.35, P = 0.02; Fig. 6). The

weight of all spikelets collected in 2011 did not differ

between warmed and ambient plots.

Greenhouse study

Overall germination in 2010 from warmed seed sources

was higher than from ambient seed sources for both

warming treatments across both experimental sites. Within

the first week, we saw 41% higher germination from

+4°C plots and 32% higher germination from +2°C plots

for Castle Valley plants, relative to the ambient plots

within the same experimental block (Fig. 7a). By the end

of the 10-week vernalization period, ambient seed sources

within the +4°C produced four germinants and ambient

seed sources within the +2°C blocks produced three

germinants, in contrast to 11 germinants from +4°C plots,

13 from +2°C plots, and eight germinants from the Castle

Valley WP. At Kirby Lane, germination rate was the same

between the warmed and WP seed sources, which was 29

greater than from ambient seed sources (Fig. 7b). As a

result, we saw 75% more germinants from +4°C seed

sources, 31% more germinants from +2°C seed sources at

Castle Valley, and 21% more germinants from warmed

Kirby Lane seed sources (Fig. 7b). Offspring (F1) from

warmed Castle Valley seed sources experienced low over-

all mortality (no mortality of seedlings from +4°C seed

sources vs. 10% mortality from respective ambient seed

sources and 1.6% mortality from +2°C seed sources vs.

19% mortality from respective ambient seed sources). The

effects of warming on above and belowground biomass of

the greenhouse plants were mixed. There were significant

differences in reproductive output (number of inflores-

cences produced per plant) from F1 plants between seed

sources from Castle Valley (F4,37 = 8.13, P = 0.0001,

Tukey–Kramer q* = 2.88). Specifically, reproductive output

was 59 lower from +4°C seed sources, relative to non-

warmed seed sources (1.2 spikelets � 0.54 vs. 6.4 spik-

elets � 1) and almost 29 greater from +2°C seed sources

(4.4 spikelets � 0.48 vs. 2.5 spikelets � 0.86). Despite

differences in reproductive output, we saw no differences

in the weight of spikelets produced by F1 plants. Differ-

ences in root:shoot ratios (F4,37 = 3, P = 0.03; Tukey–
Kramer q* = 2.88) were driven largely by differences in

aboveground biomass (F4,37 = 3.74, P = 0.01; Tukey–
Kramer q* = 2.88). Aboveground biomass of plants from

warmed seed sources was greater than ambient, with the

greatest biomass in offspring from +4°C seed sources.

The root:shoot ratios were higher for offspring from

+2°C seed sources than those from +4°C seed sources,

but did not differ from the ambient F1 plants. In contrast

to the results from Castle Valley, seedlings from warmed

seed sources at Kirby Lane experienced greater mortality

(24%) than seedlings from ambient seed sources (14%).

We found no differences in F1 aboveground, root, or seed
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Figure 7. (a) Weekly percent germination difference between radicles

started from warmed and control plots and (b) mean number (�SE)

of germinated seedlings per radicle vernalized over winter in 2010–

2011 and 2011–2012. Ambient represents plants collected from

control plots associated with the warming treatments. WP represents

“wild population” seeds collected from the general field site. CV is

Castle Valley and KL is Kirby Lane. Different letters in (b) indicate

statistically significant difference at a = 0.05. There were no

significant differences in germination between seed sources in 2012.
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weight between warmed and ambient seed sources and no

differences in reproductive output. We also found no

differences in total C and N content between warmed and

ambient plants and their offspring.

Seed germination was high across all treatments and

plots in 2011. Despite no differences in germination,

seedling mortality was lower from +2°C seed sources in

Castle Valley (9.5% from +2°C seed sources vs. 40% from

ambient seed sources). In contrast, seedling mortality was

29 higher for seedlings that germinated from +4°C plots

(14.3% vs. 7.7% from nonwarmed seed sources). We

observed no differences in germination or mortality for

plants collected in 2011 from Kirby Lane. Similarly, we

saw no differences in aboveground, root, or seed weight

between plants from warmed and nonwarmed seed sources,

no differences in growth rate, and no differences in repro-

ductive output for offspring from Castle Valley and Kirby

Lane.

Variation at microsatellite loci

Of the 40 samples, 17 from the +4°C plots and 19 from

the ambient plots amplified well at all or at least 4 of the

5 loci. Heterozygosity (across all 36 individuals) was 0.257,

indicating that there is indeed genetic diversity at the

Castle Valley field site. We found eight multilocus

genotypes total, four common to both warmed and

ambient plots, one found only in +4°C plots, and three

found only in ambient plots. Despite this trend toward

unique genotypes in the different plot types, there is little

statistical evidence for genetic differentiation of warmed

and ambient plots in these samples (FST is not significantly

different from zero, P = 0.63).

Discussion

Many recent studies report global shifts in the timing of

important phenological events and have linked these

shifts with changes in climate (Sherry et al. 2007; Bertin

2008). In our study, the effects of warming on phenology,

biomass, and reproductive output were variable not only

year to year, but also site to site. We found that the

timing of phenological events, such as the timing of spring

growth initiation, flowering, and summer senescence all

advanced in warmed plots and the shift in phenology was

progressively larger with greater warming. However, these

large shifts in phenology and development were only

evident following a wet winter and early spring. In the fol-

lowing two dry years, we saw no differences in phenology

between warmed and ambient plots. In dryland eco-

systems, moisture can be the most important factor influ-

encing phenological development (Jolly and Running

2003) and the seasonal timing of precipitation has been

shown to influence B. tectorum invasion across a range of

sites (Bradford and Lauenroth 2006; Blumenthal et al.

2008). In our study, low wintertime precipitation over-

turned the positive effects of warming on plant phenology

and development seen during wet years and combined

with +4°C warming, had an overall negative effect.

Earlier spring growth and development in the warmed

plots during the wet year was associated with increases in

B. tectorum biomass and reproductive output on both soil

types, likely the result of warmed soils enabling earlier

and faster growth early in the spring, when water was not

limiting. The overall extension of the growing season we

observed in warmed plots was associated with taller, more

fecund plants. The taller inflorescences from the warmed

plots produced larger spikelets, suggesting that either the

seeds were better provisioned or that the spikelets pro-

duced more seeds. Unfortunately, because we could not

destructively harvest seeds from the spikelets, we were

unable to get direct measures of seed production. How-

ever, the increase in spikelet size dramatically increased

germination, offspring performance, and survival, all of

which were progressively greater in the +4°C plots.

The differences between the germination rate from the

site B. tectorum population (WP) and the ambient seed

sources within the +4°C block in Castle Valley and ambient

seed sources from Kirby Lane are puzzling and likely reflect

site-specific mechanisms. In Castle Valley, the depressed

germination from the ambient plots may reflect the legacy

effects from the work on these plots in 2005–2008. Dur-
ing this period, the focus of the research within these

plots was on biological soil crusts and a portion of each

plot was destructively harvested for soil analyses (Zelikova

et al. 2012) and the overall effect of destructive harvests

likely remains, though we would expect a similar trend in

both warmed and ambient plots. Another nonmutually

exclusive possibility is that decreased germination from

ambient seed sources may reflect the spatial heterogeneity

of resource distribution at both sites. Regardless, there is

no clear explanation for the discrepancy between germi-

nation from ambient and WP seed sources in 2011. How-

ever, these differences did not emerge in 2012, suggesting

a differential ability to take advantage of increased soil

water availability in 2011 between experimental and wild

populations.

Whereas, the effect of warming on phenology, biomass,

and reproductive output in the wet year of 2010 was

straightforward across both sites, the effect of warming in

drier years (2009, 2011, 2012) was more nuanced and

influenced by both the amount of warming and site,

likely differences in soil type. Overall, warming decreased

plant density, size, and reproductive output in the +4°C
plots in Castle Valley and the +2°C plots at Kirby Lane,

but not the +2°C Castle Valley plots. Both the lack of an

ª 2013 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 1383

T. J. Zelikova et al. Bromus tectorum Responses to Field Warming



effect of warming in moderately dry years and the nega-

tive response to increasing temperature in the driest year

support the growing body of work that suggests that plant

responses to warming are tempered by soil moisture

availability (Rustad et al. 2001; Belote et al. 2004). The

fact that the negative effects of warming were only evident

with +4°C warming and not with +2°C warming in Castle

Valley also suggests a possible threshold response at that

site. When compared with the significant effects of +2°C
warming at Kirby Lane, the data also suggest an interact-

ing effect of site, which may be related to soil texture. In

comparison with the fine textured sandy loam soils in

Castle Valley, the Kirby Lane site is characterized by well-

drained sandy soils. Sandy soils generally have lower volu-

metric water content than loamy soils and thus lower

plant water availability (Miller et al. 2006). It is possible

that heating the less water limited, finer-textured loamy

soils in Castle Valley 4°C was equivalent to heating the

more water-limited sandy soils 2°C at Kirby Lane in

terms of soil moisture loss and the effect on B. tectorum.

Other studies have shown an effect of soil type on

B. tectorum growth at other sites in southeastern Utah

(Miller et al. 2006). Miller et al. (2006) showed that soil

water content was lowest in the sandy soils and B. tectorum

fall germination and subsequent growth were also lower.

Additionally, water limitation reduced fall germination

and spring growth, indicating that B. tectorum establish-

ment and success were both a function of two interrelated

factors: soil texture and soil water availability. Thus, one

potential explanation for the differences in plant

responses to warming between experimental sites is that

heating treatments depend on soil water content and

heating sandy Kirby Lane soils by even 2°C may acceler-

ate the loss of water from these already low moisture soils

to achieve essentially the same effect as greater heating of

fine textured Castle Valley soils. However, we cannot rule

out that other differences between the Castle Valley and

Kirby Lane sites, including differences in B. tectorum

genotype, the structure and composition of the plant

community, soil biota, and climate also contribute to the

site-specific patterns we see.

In addition to the phenotypic responses we saw in the

field, B. tectorum may also be capable of evolving in

response to changing climate conditions. Evolutionary

change can occur quickly, even under field conditions

(Agrawal et al. 2012) and the potential to respond to

warming (Willis et al. 2008), along with relatively rapid

evolution (Busswell et al. 2011; Shaw and Etterson 2012),

has been shown to be more common with introduced

plant species than native species. In addition, annuals are

expected to be more responsive to environmental changes

than perennial grasses and shrubs (Franks et al. 2004).

The traits that tend to be under selection include

dispersal ability (Cheptou et al. 2008), size (Bossdorf

et al. 2004), reproductive output (Ridley and Ellstrand

2009), and phenotypic plasticity (Richards et al. 2006)

and when we observed changes in these traits under field

conditions, they were associated with similar changes in the

follow-up greenhouse experiments. It is not yet possible to

know the relative contributions of maternal effects (which

are likely to be strong) and genetic shifts in plants from our

experimental plots. However, the existence of substantial

genetic variation in North American B. tectorum popula-

tions (Rice and Mack 1991a,b,c; Leger et al. 2009; Scott

et al. 2010; Huttanus et al. 2011) the documentation of

local adaptation (Leger et al. 2009) at Nevada sites, and

our evidence that even at the relatively small scale of our

plots, there exists a diversity of genotypes, together sug-

gest that adaptation to our experimental warming may be

possible. Future tests of adaptation to experimental

warming may thus help inform process-based modeling

predictions of B. tectorum range shifts with ongoing

climate change (Bradley et al. 2010).

In contrast to models that predict negative responses to

warmer climate for B. tectorum in the southern part of its

distribution (Bradford and Lauenroth 2006; Bradley 2009;

Bradley et al. 2009), our results suggest that the invasive

grass B. tectorum has the potential to quickly shift pheno-

logical development to earlier in the spring, with impor-

tant consequences for growth and reproduction in wetter

years. Importantly, these changes affect not only the

plants that are directly experiencing the warmer condi-

tions, but also their offspring. In fact, the larger seeds

produced by warmed plants in the field have higher

germination rates and yield larger offspring, even under

greenhouse conditions with the warming treatment

removed. The changes to B. tectorum phenology, biomass,

and reproduction we observed in the field experiment

translated to changes in offspring development both in

the wet and dry years, suggesting the potential for evolu-

tionary change. At this time, we cannot separate purely

ecological responses from evolutionary ones, but earlier

phenology is likely to be adaptive (Franks et al. 2004;

Verd�u and Traveset 2005; Kulpa and Leger 2013) and

traits that affect plant fitness, such as reproductive out-

put, are expected to respond to selection (Leimu and

Fischer 2008; Kulpa and Leger 2013).

Shifts in the phenology of one species, especially an

invasive, can have large consequences for other commu-

nity members (Goergen et al. 2011), especially during the

reproductive phases, when resource demand is generally

high. The invasive B. tectorum has higher water use (Booth

et al. 2003) and N uptake (DeFalco et al. 2003) than native

grasses. Therefore, the earlier growth initiation we observed

during a wet year likely allowed B. tectorum to access limited

resources. The widespread B. tectorum invasion has already
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been shown to exert a selective pressure on native plant pop-

ulations (Goergen et al. 2011) and how native plants cope

with this pressure appears to be context-dependent. For

native perennial grasses on the Colorado Plateau, the ability

to shift phenology to earlier in the spring, when resources are

less limiting, may be an effective competition strategy (Goer-

gen et al. 2011). An alternative nonmutually exclusive possi-

bility is tolerance of B. tectorum presence, especially during

drier years. Long-term trends on the Colorado Plateau indi-

cate that native perennial grasses are declining as a result of

increasing annual temperatures (Munson et al. 2011), but

B. tectorum appears to decline following years with below-

average wintertime precipitation (Belnap and Phillips 2001).

Such years may provide native grasses with the opportunity

to overcome the negative effects of B. tectorum if they can

persist while B. tectorum declines.

The southwestern United States is expected to become

much drier by the end of this century (Cayan et al.

2010). Overall, our results highlight the importance of

considering the interacting effects of temperature, precipi-

tation, and site-specific characteristics such as soil texture

on plant demography (Leuzinger et al. 2011) in predict-

ing the effects of climate change. The interaction between

natural climate variation and experimental warming we

report may also help explain the lack of consistent effects of

warming in other studies (Rustad et al. 2001) and highlights

the need for longer-term studies to capture the natural varia-

tion in climate. Future modeling efforts to predict the spread

of B. tectorum may benefit from taking a more mechanistic

approach that incorporates both changes in plant phenology

and demography as well as wintertime precipitation patterns.

In addition, climate change experiments conducted across

elevation or latitudinal gradients evaluate whether manipu-

lated conditions select for particular genotypes or traits and

provide the experimental context for understanding climate

tracking and disequilibrium dynamics, which help esti-

mate how quickly organisms can exploit newly available

habitats. These combined approaches can improve future

predictive distribution models (Ib�a~nez et al. 2013).
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