
Contemporary climate change in the Sonoran Desert
favors cold-adapted species

S A R A H K I M B A L L *, A M Y L . A N G E R T w , T R AV I S E . H U X M A N *z and D . L AW R E N C E

V E N A B L E *

*Department of Ecology and Evolutionary Biology, University of Arizona, Tucson, AZ 85721, USA, wDepartment of Biology,

Colorado State University, Fort Collins, CO 80523, USA, zB2 Earthscience, University of Arizona, Tucson, AZ 85721, USA

Abstract

Impacts of long-term climate shifts on the dynamics of intact communities within species ranges are
not well understood. Here, we show that warming and drying of the Southwestern United States
over the last 25 years has corresponded to a shift in the species composition of Sonoran Desert winter
annuals, paradoxically favoring species that germinate and grow best in cold temperatures. Winter
rains have been arriving later in the season, during December rather than October, leading to the
unexpected result that plants are germinating under colder temperatures, shifting community
composition to favor slow growing, water-use efficient, cold-adapted species. Our results demon-
strate how detailed ecophysiological knowledge of individual species, combined with long-term
demographic data, can reveal complex and sometimes unexpected shifts in community composition
in response to climate change. Further, these results highlight the potentially overwhelming impact
of changes in phenology on the response of biota to a changing climate.
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Introduction

Climate change can have surprising effects on biological

communities. Many studies have documented shifts in

the geographic ranges and phenology of organisms in

response to global climate change (Walther et al., 2002;

Parmesan & Yohe, 2003). Previous approaches focus on

directional range shifts to higher latitudes and elevations

in response to temperature increase (Kullman, 2001;

Sturm et al., 2001; Parmesan, 2006; Kelly & Goulden,

2008; Lenoir et al., 2008). Phenological studies document

earlier spring green-up and flowering due to warming

(Zhou et al., 2001; Wolfe et al., 2005; Parmesan, 2007).

However, it is clear that, due to individualistic responses

of different species, complex ecological systems do not

always respond in such straightforward ways (Her-

steinsson & Macdonald, 1992; Loya et al., 2001; Suttle

et al., 2007). Genomic studies are increasingly showing

that simple one-to-one mapping of genotypes and phe-

notypes may be clouded by complex interactions among

genes and between genes and their environment. Like-

wise, species interactions and environmental feedbacks

may lead to unexpected changes of plant communities in

response to variation in climate. Detailed data on demo-

graphic vital rates of species within their ranges allows

for analysis of such complexity.

Community-level studies often indicate changes to

community composition when species’ ranges shift

individualistically (Pauli et al., 2007; Wilson et al.,

2007; Chen et al., 2009; Wilson & Nilsson, 2009). Simi-

larly, individual responses of organisms sometimes lead

to mismatches in phenology of interacting species (Mill-

er-Rushing et al., 2007; Gordo & Sanz, 2009; Saino et al.,

2009). While most studies have focused on temperature

increases, additional climate components, such as the

timing and amount of precipitation, have also been

identified as important determinants of phenological

response to climate change (Penuelas et al., 2004; Cle-

land et al., 2006; Franks et al., 2007; Levine et al., 2008).

Changes in precipitation can impact community com-

position by altering germination, seedling establish-

ment, growth, and survival (Brown et al., 1997;

Weltzin et al., 2003; Lloret et al., 2009; Miranda et al.,

2009). Interestingly, changes in the timing, rather than

amounts, of rainfall had a greater influence on commu-

nity composition in some studies (Fay et al., 2002;

Levine et al., 2008).

In arid regions, where water is already a limiting

resource, changes in temperature and precipitation,
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including extreme events, are likely to have particularly

strong effects on biotic communities (Thibault & Brown,

2008; Miranda et al., 2009). Recent combinations of

several climate models identified the Southwestern

United States as an area where climate is expected to

change more than other parts of North America, becom-

ing significantly warmer and drier (Seager et al., 2007;

Diffenbaugh et al., 2008; Wise, 2009). We analyzed a 25-

year data set on germination, survival, and fecundity

for a guild of Sonoran Desert winter annual plants to

explore changes in demographic patterns over time

(Venable, 2007) and to relate those changes to growth

and ecophysiological patterns among species (Angert

et al., 2007; Huxman et al., 2008) and to recent climate

dynamics. Over the last 25 years, there has been a

general warming of the Southwestern United States

(Weiss & Overpeck, 2005). Additionally, there have been

poleward shifts of stormtracks associated with recent

high values of the January, February, and March index

of the Northern Annular Mode. Stormtrack shifts have

caused fall and spring rainstorms to travel north of the

Sonoran Desert, decreasing precipitation and increasing

temperatures in this region (McAfee & Russell, 2008).

This decrease in precipitation should particularly influ-

ence winter annual plants that depend on fall and

winter rain events to trigger germination and on winter

and spring rainfall for successful reproduction.

The few climate change studies on annuals indicate

complex community-level responses. For example, in a

5-year water manipulation experiment in a California

grassland, increased water resulted in an increase in

nitrogen-fixing forbs 1 year, which lead to an increase in

annual grass cover the next year, which in turn lead to

decreased germination of forbs the following year (Sut-

tle et al., 2007). Higher temperatures altered seed bank

dynamics by increasing germination rates of some

species and decreasing seed viability of others in an

arid Australian shrubland (Ooi et al., 2009). In Spain, a

rainfall manipulation experiment indicated that large

reductions in precipitation decreased germination, de-

creasing diversity as well as annual plant cover (Mir-

anda et al., 2009). The timing of germination is critical

for the success of all annual species, and complex

dormancy requirements have evolved in response to

variable rainfall in deserts (Beatley, 1974; Gutterman,

1994; Adondakis & Venable, 2004). Selection is expected

to favor plants that germinate following environmental

cues that predict favorable future conditions for growth

and reproduction (Cohen, 1967; Pake & Venable, 1996).

For this reason, germination and vegetative physiology

may be correlated.

In a previous study, we measured ecophysiological

traits related to vegetative growth for the dominant

species in our system (Angert et al., 2007; Huxman

et al., 2008). These traits were condensed into a single

physiological principal component that characterizes

species according to their position along a tradeoff

between relative growth rate (RGR) and intrinsic

water-use efficiency (WUE, Huxman et al., 2008). Spe-

cies with high WUE seem to be better able to grow

during cool periods due to their photosynthetic and

water-use patterns (Huxman et al., 2008). This suggests

that temperatures during vegetative growth may influ-

ence which species will be successful.

In this study, we relate long-term demographic pat-

terns of a community of desert annual plants to climate

variation and reveal how complex interactions with the

environment lead to unexpected outcomes. We ad-

dressed the following questions: (1) How have weather

patterns at our study site changed? (2) How has the

winter annual plant community changed? (3) What

critical life history stage (germination, survival, and/

or fecundity) has driven any change in community

composition? (4) Have species with specific vegetative

physiology been favored?

Materials and methods

Long-term censuses

Since 1982, 72 permanent plots have been set up along a

250 m transect at the Desert Laboratory in Tucson,

Arizona, through a creosote shrub flat that has been

protected from grazing since 1906. Twenty-four of the

plots are 0.05 m2, and the rest are 0.10 m2. Germination,

survival, and fecundity of desert winter annuals have

been recorded annually (Venable, 2007). Each year, the

plots were visited after every autumn and winter rain

event to record germination. Plots then were visited

monthly or following subsequent rain events. Indivi-

duals were mapped and survival and reproduction

were recorded until all plants died at the end of the

growing season. In this study, we focused on nine

abundant species for which we have both long-term

demographic data and physiological data (Table 1).

These species are abundant enough to permit reliable

long-term demographic analysis and represent 74% of

all individuals enumerated in the long-term data set.

Shift in community composition

To describe changes in community structure, we ana-

lyzed seedling density data from the 1982 to 1983

growing season through 2006–2007 for nine dominant

species using two different methods, principal compo-

nent analysis (PCA) and ordination. Throughout the

rest of this paper, we will refer to each September

through May growing season by the year in which the
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season ends (i.e., the 1982–1983 through 2006–2007

seasons will be labeled 1983–2007). We used PCA to

collapse community structure onto few axes, to simplify

representation of any directional changes over time. For

the PCA, we took the natural log of the number of

seedlings per m2 for each of the nine focal species for

each year. The resulting data were approximately nor-

mally distributed. The first PC accounted for 60% of the

variation (supporting information Table S1). We also

used nonmetric multidimensional scaling (NMMDS) to

ordinate all years based on dissimilarity in the abun-

dance of each of the nine focal species that germinated

using the software PC-ORD (McCune & Mefford, 1999).

The dissimilarity measure used was Sorenson (Bray–

Curtis) distance. Mean annual temperature, total season

precipitation, the date of the first germination event,

temperature during first germination, and year were all

included in the secondary matrix of the ordination to

allow for correlations with ordination space. Correla-

tions of the species with position in ordination space

were also calculated.

Analysis of life stages determining shifts of abundance

Any long-term shift in community composition could

be due to changes in patterns of germination, survival,

and/or fecundity. To determine the relative importance

of each of these critical life history stages, we performed

analyses using 25 years of long-term data on the ratio of

seeds germinating in the current year divided by seeds

produced the previous year, the proportion of seedlings

that survived to reproduce, and per capita seed produc-

tion (Morris, 1959; Varley & Gradwell, 1970). We calcu-

lated ‘k,’ the logarithmic or proportional change in

abundance, for each life stage, then an overall k for

the entire year from germination to germination,

Table 1 The relative importance of germination, survivorship, and fecundity as determinants of the interannual fluctuations in the

abundance of each species

Species and family Life history stage Slope R2 P Independent effects

Erodium cicutarium (erci) Geraniaceae Germination 0.503 0.143 0.134 0.353

Survivorship 0.371 0.261 0.036 0.470

Fecundity 0.126 0.029 0.514

Eriophyllum lanosum (erla) Asteraceae Germination 1.086 0.634 0.000

Survivorship �0.102 0.062 0.353

Fecundity 0.016 0.001 0.921

Erodium texanum (erte) Geraniaceae Germination 1.438 0.521 0.002 0.525

Survivorship 0.140 0.065 0.339

Fecundity �0.577 0.198 0.084 0.202

Evax multicaulis (evmu) Asteraceae Germination 1.214 0.706 0.000

Survivorship �0.095 0.048 0.450

Fecundity �0.119 0.047 0.456

Pectocarya recurvata (pere) Boraginaceae Germination 0.269 0.042 0.430

Survivorship 0.270 0.132 0.153 0.067

Fecundity 0.469 0.261 0.025 0.204

Plantago insularis (plin) Plantaginaceae Germination 0.679 0.372 0.007 0.448

Survivorship 0.206 0.227 0.046 0.303

fecundity 0.115 0.029 0.500

Plantago patagonica (plpa) Plantaginaceae Germination 0.652 0.338 0.014 0.622

Survivorship 0.157 0.154 0.119 0.169

Fecundity 0.226 0.103 0.194 0.209

Schismus barbatus (scba) Poaceae Germination 0.947 0.351 0.008

Survivorship �0.032 0.004 0.804

Fecundity 0.125 0.022 0.530

Stylocline micropoides (stmi) Asteraceae Germination 1.122 0.730 0.000

Survivorship �0.051 0.016 0.670

Fecundity �0.016 0.001 0.919

The results reported are the regression of total k on individual life stage k’s where k is the logarithmic or proportional change in

abundance (see text for details). Significant factors are in bold. The final column gives the independent effect (determined by

hierarchical partitioning; see ‘Materials and methods’) for each life stage. First, variables with zero-order correlations near zero were

eliminated following recommendation in Murray & Conner (2009). Next, hierarchical partitioning was applied to models for species

with more than one variable remaining.
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analyzing each species separately. In life-table analyses,

k is known as the ‘killing power,’ or the intensity of

mortality at any life stage, is calculated as log(ax/ax 1 1),

and may be summed to compare total mortality from

generation to generation (Haldane, 1992). The change in

abundance for each species each year, ‘total k,’ was

defined as ln(seedlings in previous year/seedlings in

current year). ‘Survivorship k’ was calculated as ln(1/

per capita survivorship in previous year) and ‘fecundity

k’ was ln(1/per capita fecundity in previous year).

‘Germination k’ was calculated as ln(number of seeds

produced in the previous year/seedlings in current

year). Number of seeds produced in the previous year

was calculated as the number of seedlings per m2 in the

previous year times per germinant fecundity. We used

linear regression to determine the importance of each of

these k values to total k (Morris, 1959; Varley & Grad-

well, 1970; Haldane, 1992). This method is similar to a

‘key factor analysis,’ in which census data for multiple

years are used to construct a life-table, and the critical

phase that determines interannual fluctuations in po-

pulation size can be determined by calculating the

regression coefficient of each individual k value on the

total generation k value (Podoler & Rogers, 1975). One

potential problem with k analysis is that life stage k

values may be correlated. For this reason, after perform-

ing our linear regressions, we used hierarchical parti-

tioning to calculate the independent effect of variables

that did not have zero-order correlations near zero

(Murray & Conner, 2009). In this method, the effect of

each life stage k on total k was calculated as the

contribution of the life stage k to the variance in total

k averaged over all possible models with that life stage k

present (Murray & Conner, 2009).

Germination niche

After we determined that germination was primarily

responsible for the shifts in relative abundance and

community composition (see ‘Results’), we investigated

the germination niches of the species and related niche

dimensions to abundance patterns. We investigated the

rainfall and temperature components of the germina-

tion niches of each of the nine focal species. We calcu-

lated the total precipitation in the rainfall event that

triggered each germination cohort and the average

daily temperature during and for 5 days following the

rainfall event for all cohorts in the 25-year data set.

Maximum, mean, and minimum daily temperatures

between September 1 and May 25 for 1982–2007 were

all highly correlated (r40.86 for all variables for all

years), so we report the average temperature. For some

individuals it was difficult to determine the exact

rainfall event that triggered germination, so we only

included seedlings in cohorts larger than 100 indivi-

duals, which constituted 97% of all germinated indivi-

duals. The average temperature and precipitation

conditions for germination were calculated for each

species and the relationships between these germina-

tion niche variables and seedling abundance and phy-

siological PC score were explored with regression.

Niche topographies were constructed for each species

demonstrating the number of individuals that germi-

nated under different temperature and rainfall regimes.

To further define the germination niches of the nine

focal species, we again used NMMDS. In this case, we

ordinated all germination cohorts, rather than years as

in the earlier ordination, based on dissimilarity in the

abundance of each species that germinated with the

software PC-ORD (McCune & Mefford, 1999). Correla-

tions of the species with position in ordination space

were calculated. The average vegetative physiology of

each cohort was calculated by weighting the physiolo-

gical PC score of each species by its abundance in that

cohort (see ‘Physiological traits’ for more details or

Huxman et al., 2008). The resulting cohort physiological

PC value was included in the secondary matrix to

calculate the correlations with ordination space. The

total precipitation in the rainfall event that triggered

germination, cumulative precipitation that season be-

fore the germination event, average temperature during

and for 5 days following the rain event, and calendar

date of the year were also included in the secondary

matrix and correlated with ordination space.

Physiological traits

We used previously collected data on vegetative phy-

siology to determine whether abundance patterns were

related to plant growth physiology. In the 2004–2005

growing season, a large study was conducted to mea-

sure traits of nine focal species for which there are long-

term records from the censuses and that differ in their

degree of interannual demographic variability (Angert

et al., 2007; Huxman et al., 2008). In this previously

conducted study, thirty plots were established along a

250 m transect. Every 2 weeks throughout the growing

season (from germination through senescence) one or

two randomly selected individuals of each of nine

species were harvested from each plot to determine

biomass production and allocation characteristics. In

the lab, harvested plants were separated into root, leaf,

stem, and reproductive biomass. Buds, flowers, and

fruits were all considered reproductive biomass (Angert

et al., 2007; Huxman et al., 2008).

During February and March of 2005, carbon assimila-

tion (A) and internal CO2 concentration (Ci) response

curves were measured with a Li-Cor 6400 portable
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photosynthesis system (Li-Cor, Lincoln, NE, USA). The

CO2 concentration in the cuvette was varied to con-

struct A–Ci curves from which VCmax (maximum rate of

carboxylation by Rubisco) and Jmax (light-saturated rate

of electron transport) were calculated. Leaves were

analyzed for their carbon isotope ratios to determine

intrinsic WUE. Physiological traits were combined by

PCA into a single variable, physiological PC [a combi-

nation of integrated SLA (area under the curve of SLA

vs. time), integrated LMR, RGR responsiveness [(relative

change in RGR surrounding the mid-season rain event),

Jmax: VCmax, and leaf N]. These traits underlie the

construction of growth rate and WUE and were selected

purposefully to understand variation among strategies

in these species. More details regarding measurements

of physiological traits and PC can be found in Angert

et al. (2007) and Huxman et al. (2008).

In this study, we used the previously collected data

described above to calculate a community average

physiological PC score for each year or cohort by

averaging the physiological PC score of the nine species

weighted by their abundances in each year or cohort.

We summarized the trajectory of community vegetative

physiology by the directional trend in annual commu-

nity average physiological PC score over time.

Results

Weather patterns and germination

At our field site over the last 25 years, there was an

average 6.6 mm yr�1 decrease in precipitation during

the winter annual growing season (September 1–May 5)

and a corresponding 0.05 1C yr�1 increase in average

temperature (Fig. 1a and b; precipitation R2 5 0.224,

P 5 0.020; temperature R2 5 0.212, P 5 0.020). Most of

this decline in precipitation and increase in temperature

occurred early in the growing season (supporting in-

formation Fig. S1). During the critical germination

season (October–December), total precipitation de-

creased 4.4 mm yr�1 (R2 5 0.273, P 5 0.009) and mean

temperature increased 0.05 1C yr�1 (R2 5 0.131,

P 5 0.083). Along with the overall decrease in precipita-

tion, there was a reduction in number and a delay in

timing of germination-triggering rain events. Rain

events were defined as triggering germination when

new seedlings were present 10–14 days following the

rain event (previous experience has shown that vir-

tually all germination occurs within 14 days after a

storm). Germination often began in October in the

1980s, but shifted to primarily December by the current

decade. The date of first germination receded 2.67 day-

s yr�1 on average during our study (Fig. 1c, R2 5 0.303,

P 5 0.005; cf. supporting information Fig. S2 for timing

and relative size of all germination cohorts). The change

in timing has resulted in a dramatic decrease (0.4 1C yr�1)

in the average temperature at which first germination

occurred (Fig. 1d; R2 5 0.334, P 5 0.003).

Life stage determining shifts in community composition

Corresponding to the shift in climate, there was an

overall decline in the abundance of all winter annual

plants during our study (Fig. 2a). This decline affected

species unequally, shifting community composition

(Fig. 2b, supporting information Fig. S3, supporting

information Tables S1 and S2). Calculations of k fol-

lowed by simple regression and hierarchical partition-

ing analysis revealed that germination, rather than

survivorship or fecundity, was the primary factor driv-

ing abundance changes for seven of our nine

study species (Table 1, supporting information Fig.

S4). The other two species, Erodium cicutarium and

Pectocarya recurvata, had abundance patterns primarily

influenced by survivorship and fecundity, respectively.

Hierarchical partitioning confirmed these results and

provided additional information, clarifying the impor-

tance of germination in addition to survivorship for

E. cicutarium.

Germination niches and vegetative physiology

Some species tended to germinate earlier in the season

under warmer temperatures, while others germinated

later in the season under colder conditions (Fig. 3,

supporting information Fig. S5). Patterns of change in

abundance corresponded with these differences in ger-

mination niches, even for those species whose abun-

dance patterns were influenced more by later life

history stages (Figs. 2d, e and 3). For example,

E. cicutarium, a species that was best able to germinate

in cool temperatures, increased over time, while

Plantago insularis, a species that germinated best in

warmer temperatures, decreased (Fig. 3a: this

pattern was still significant when the one outlier was

removed).

The first axis for the germination cohort ordination

was positively correlated with year and average cohort

physiological PC score, and was negatively correlated

with cumulative growing season precipitation before

germination and temperature during germination (Fig.

4). In other words, cohorts with species that germinated

following larger precipitation events with higher tem-

peratures are located on the left side of the ordination

graph, while cohorts with species with high physiolo-

gical PC scores (low RGR and high WUE) that germi-

nated following smaller precipitation events and lower

temperatures are on the right side of the figure. This
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suggests that temperature and precipitation constitute

important germination niche axes for desert winter

annuals and that germination niche is correlated with

postgermination functional traits. Year was strongly

correlated with axis 1, reflecting the temporal trend in

species composition and community average physiolo-

gical PC score. The second axis indicates the abundance

of all species, which decreased with decreasing total

growing season precipitation (Fig. 4).

Germination niches were related to vegetative phy-

siology, as described by physiological PC score. Evax

multicaulis, the species with the lowest PC score (high

RGR and low WUE), decreased in abundance over time

and tended to germinate under warmer temperatures

and with more precipitation. P. recurvata, the species

with the highest PC score (low RGR and high WUE),

increased in abundance over time and had a broader

germination niche that included cooler temperatures

with less precipitation (Fig. 3b). This strong linkage

between germination and vegetative physiology re-

sulted in a striking shift in the community physiology.

Relative abundance of species with high physiological

PC scores (low RGR and high WUE) increased, and

species with low PC scores (high RGR and low WUE)

decreased (Fig. 2c).

Discussion

We have shown that warming and drying of the Sonor-

an Desert over the last 25 years is associated with

changes in the composition of the winter annual plant

community. Delayed onset of germination-triggering

winter rains resulted in lower temperatures during

germination, leading to an increase in cold-adapted

species despite warmer winter temperatures. We have

demonstrated how this system’s response to changes in

climate is determined less by the temperature during

the growing season than by the timing of germination-

triggering rain events, a factor that has been important

in other systems as well (Fay et al., 2002; Levine et al.,

2008). Our study demonstrates how phenology (in this

case, the timing of germination), can constrain the

ability of organisms to respond to changes in climate

drivers, leading to unexpected results. Other examples

(a) (b)

(c) (d)

Fig. 1 Climatic and germination trends for 1982–1983 to 2006–2007 winter annual seasons. Each growing season is labeled with the year

in which the season ended (i.e., 1983–2007). (a) Bars indicate total precipitation during the desert annual season (September 1–May 5, in

gray) and the amount of precipitation that triggered the first germination event (in black). (b) Mean growing season temperature. Error

bars indicate SE of the means. (c) The date that the first germination event occurred. The regression is still significant when the year 2000

outlier is removed (P 5 0.002). (d) Mean temperature during the first rain event and for 5 days following that rain event.
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of paradoxical responses to climate change due to

phenological constraints include a study on buzzards,

which found that increased temperatures in spring lead

to early egg hatching, but summer temperatures were

unchanged, resulting in lower temperatures experi-

enced by hatchlings and higher mortality (Lehikoinen

et al., 2009). Similarly, earlier snowmelt in the Rocky

Mountains resulted in advanced flowering phenology

for Delphinium barbeyi, Erigeron speciosus, and Helianthel-

la quinquenervis, and more frost damage to flower buds

of those species despite warming trends in the growing

season (Inouye, 2008).

The decrease in rainfall and increase in temperatures

for January through April were not as strong as changes

in weather patterns earlier in the growing season (sup-

porting information Fig. S1). If the weak later season

trends continue, then they may also favor species with

low physiological PC scores, because their high WUE

may provide increased survivorship and fecundity later

in the season (Huxman et al., 2008). However, the

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 2 Linear regressions between temporal changes in the annual plant community and potential environmental and physiological

drivers from 1983 to 2007. Each growing season is labeled as the year in which the season ended. (a) Total annual seedling density of all

nine species. Each dot represents 1 year. (b) Community composition over time. Each dot represents 1 year. The y-axis indicates the first

principal component score from the analysis of the yearly abundance of the nine focal species. Other methods, like the ordination in

supporting information Fig. S3, gave similar results. (c) The average physiological PC scores of seedlings (species PC scores weighted by

abundance) over time. (d) Proportional change in abundance vs. the average amount of precipitation that triggered germination for each

species. (e) Change in abundance and the average germination temperature (the temperature during the rain event that triggered

germination and for 5 days following the event) for each species. (f) Change in abundance vs. the physiological PC score for each species.

Full species names are given in Table 1.
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change in the community postgermination growth

physiology seems to have had a minor role in the

community changes that this group of plants has under-

gone during the last 25 years. Our long-term demo-

graphic dataset allowed us to compare the relative

importance of germination, survival, and fecundity in

changing community composition, and our k analysis

indicated that the primary life stage determining multi-

decadal community shift in this system was germina-

tion (Table 1).

Germination phenology, rather than vegetative

growth, may be the most important driver of commu-

nity shifts in response to climate change, while shifts in

survivorship and fecundity correlated with physiology

are secondary modifiers that act as a filter following the

strong driver of the altered germination climate. These

results are reinforced by the tight relationship between

the mean temperature and precipitation experienced by

each species at germination and the 25-year change of

abundance (Fig. 2d and e). The correspondence of

species’ physiological PC scores and their long-term

change in abundance was much weaker (Fig. 2f). This

supports other recent studies predicting the importance

of seasonal timing rather than conditions at the height

of the growing season in determining changes in com-

munity composition with warming (Bradshaw & Hol-

zapfel, 2008; Levine et al., 2008).

Our study raises questions about the future of the

Sonoran Desert winter annual community. Will current

weather trends continue or are our observations part of

a longer-term cycle? There is some evidence that tropi-

cal cyclone activity was unusually high during the

1970s and 1980s, so the decline during our study

may be a return to longer-term average conditions

(see http://www.cefa.dri.edu/Westmap/, Daly et al.,

2008). If the Sonoran Desert does continue to get war-

mer and drier, as current climate models predict

(Diffenbaugh et al., 2008), will species with high RGR
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individuals that germinated. The third panel illustrates the relative abundance of the two species (based on the abundance of all nine
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and low WUE continue to decline in abundance? Final-

ly, will germination phenology continue to be the driver

altering community composition? Germination may

have been the dominant factor in vegetation change

because most of the climate change over our study

period occurred during the germination season (sup-

porting information Fig. S1). Perhaps, if later season

growing conditions continue to become warmer and

drier, and if later conditions change more relative to the

weather during germination, survivorship and fecund-

ity (and hence growth physiology) will become more

important to shifts in community composition.

Previous studies have also documented unexpected

biological responses to linear climatic trends (Inouye,

2008; Lehikoinen et al., 2009). One study on germination

of annual plants indicated that temperature during

germination was critical in determining the population

growth rate for three rare species (Levine et al., 2008).

Our study is unique in using long-term data on vital

rates to demonstrate which critical life history stage

determines shifts in the dynamics of an entire, intact

community. It is also unique in its focus on how

germination phenology alters the way species experi-

ence environmental change, producing counter-intui-

tive results. In this case, the warming and drying of the

southwestern US has increased the abundance of cold-

adapted species.
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Supporting Information

Additional Supporting Information may be found in the online version of this article:

Figure S1. Total precipitation and mean temperature for different parts of the growing season from 1983 to 2007. September through

December is on the left and January through April is on the right. Each growing season is labeled as the year in which the whole

season ended.

Figure S2. Timing of all rain events that triggered a germination cohort during the 1983 to 2007 germination seasons (Oct.1 to April

15). Each growing season is labeled as the year in which the season ended. The amount of rainfall and the proportion of total

germination for each year are given.

Figure S3. Ordination of growing seasons in species space. The seasons are colored according to the passage of time, from blue to

green to yellow-green to orange. Each growing season is labeled as the year in which the season ended. The distance between the

years is proportional to their dissimilarity in species composition. Note that species composition changed with time (along axis 1).

The final stress for the ordination was 7.68. Vectors indicate correlations of secondary matrix variables with ordination space

(supporting information Table S2).

Figure S4. Linear regressions of the life stage k values (germination, survivorship, and fecundity) on total k. Each species was

analyzed separately. R2 and P values are given in Table 1 of the manuscript.

Figure S5. Contour plots indicating the germination niches of Eriophyllum lanosum, Erodium texanum, Plantago patagonica, Schismus

barbatus, and Stylocline micropoides. Circles in the graph on the lower right indicate conditions during all rain events that triggered

germination. Precipitation is the total precipitation in the rain event that triggered germination. Temperature is the average tem-

perature during and for five days following the rain event. The z-axis is the number of individuals that germinated. See Fig. 3 of the

manuscript for contour plots of the other four focal species.

Table S1. Results of the principal component analysis on species composition from 1983–2007 (Fig. 2b). Correlations of species

abundance with the first two PCs are given. The first PC accounted for 60% of the variation and the second accounted for 16% of the

variation.

Table S2. r values indicating the relationship of species and secondary variables with community composition ordination space

(supporting information Fig. S3). ‘Temperature’ is the average growing season temperature, ‘Precipitation’ is the total growing season

precipitation, ‘Germination Date’ is the date of the first germination event that year, ‘Germination Temperature’ is the temperature

during the first germination event, and ‘Year’ is the calendar year in which the growing season ended.

Table S3. r values indicating the relationship of species and secondary variables with germination ordination space (Fig. 4 of

manuscript). ‘Temp’ is the average temperature during the rain event and for 5 days following the rain event that triggered ger-

mination. ‘Precipitation’ is the total precipitation in the rain event that triggered germination. ‘Seasonal precip’ is cumulative

growing season rainfall prior to that particular germination event, ‘date’ is the date of germination, ‘PCA’ is the physiological PC

score from high RGR and low WUE to low RGR and high WUE, and ‘year’ is the year of germination.
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Any queries (other than missing material) should be directed to the corresponding author for the article.

C L I M AT E I N D U C E D C O M M U N I T Y C H A N G E 1565

r 2009 Blackwell Publishing Ltd, Global Change Biology, 16, 1555–1565


