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Abstract. A major challenge in forecasting the ecological consequences of climate change
is understanding the relative importance of changes to mean conditions vs. changes to discrete
climatic events, such as storms, frosts, or droughts. Here we show that the first major storm of
the growing season strongly influences the population dynamics of three rare and endangered
annual plant species in a coastal California (USA) ecosystem. In a field experiment we used
moisture barriers and water addition to manipulate the timing and temperature associated
with first major rains of the season. The three focal species showed two- to fivefold variation in
per capita population growth rates between the different storm treatments, comparable to
variation found in a prior experiment imposing eightfold differences in season-long
precipitation. Variation in germination was a major demographic driver of how two of three
species responded to the first rains. For one of these species, the timing of the storm was the
most critical determinant of its germination, while the other showed enhanced germination
with colder storm temperatures. The role of temperature was further supported by laboratory
trials showing enhanced germination in cooler treatments. Our work suggests that, because of
species-specific cues for demographic transitions such as germination, changes to discrete
climate events may be as, if not more, important than changes to season-long variables.

Key words: annual plant; California Channel Islands, USA; climate events; germination; Gilia
tenuiflora; life-history transitions; Malacothrix indecora; Phacelia insularis; persistence under climate
change; precipitation.

INTRODUCTION

Growing concerns over the biological impacts of

climate change have motivated ecologists to explore how

changing climate variables influence natural communi-

ties (Walther et al. 2002, Root et al. 2003, Thomas et al.

2004). Most of these studies have focused on changing

mean conditions, such as annual temperature or rainfall

(Jentsch et al. 2007). Many ecological processes,

however, may be more sensitive to climate events—

discrete, short-term occurrences (Jentsch et al. 2007)

such as frosts, storms, and heat waves (Barret et al.

2008, Adams et al. 2009, Miao et al. 2009, Ross et al.

2009, Sorte et al. 2010). Although the severity and

frequency of many such events are forecast to increase

this century (Karl and Trenberth 2003), our under-

standing of how these changes will influence populations

and communities is only beginning to develop.

Changes to discrete climate events can impact

communities via a range of mechanisms. Most obvious

are cases where the events influence mortality or growth

(Knapp et al. 2008, Adams et al. 2009, Miao et al. 2009,

Ross et al. 2009, Albright et al. 2010, Sorte et al. 2010).

For example, severe storms and frosts can inflict heavy

mortality and reset succession (Ross et al. 2009).

Meanwhile, growing seasons with fewer, but larger, rain

storms may meet the water demands of vegetation less

consistently (Knapp et al. 2002). Our focus here, by

contrast, is changes to climate events that cue discrete

demographic transitions in a population, such as bud

burst, flowering, or seed germination (Adler and Levine

2007, Jentsch et al. 2009, Forest et al. 2010). Changes to

these events can shift the timing and length of the

growing season, determine the fraction of individuals

emerging from dormancy, and thereby influence popu-

lation growth and persistence. These ecological impacts

of climate change may be underappreciated, in part

because the life-history cues for demographic transitions

are often poorly understood.

For populations with climatically cued life-history

transitions, changes in the severity, frequency, and

timing of climate events have the potential to overwhelm

the impact of changing mean conditions (Jentsch et al.

2007, Levine et al. 2008). However, a recent review by

Jentsch et al. (2007) finds that only 20% of experimental

climate-change studies focus on events, and very few of

these compare the relative importance of changing

events to changing mean conditions (but see Fay et al.

2003).
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Here, we examine how changing the timing and

temperature of the first major storm of the growing

season influences rare annual plants occurring on the

California Channel Islands (USA). Understanding how

rare plant species on islands respond to climate change is

important because such species cannot shift their range to

match future climate. We focus on the first major storm

of the season, usually considered ;2.5 cm, because this

event triggers the germination of annual plants in the

mediterranean climate of the habitat (Bartolome 1979).

The temperature, timing, and moisture conditions asso-

ciated with such storms can determine the fraction of the

seed bank germinating that year (Heady 1958, Pitt and

Heady 1978, Baskin and Baskin 2001). Meanwhile, the

timing of the first rains can strongly influence later life

stages by determining the onset of the growing season.

Early first rains give plants a longer season to grow and

reproduce before soils dry in late spring, but also increase

the risk of early-season droughts (Pitt and Heady 1978,

Rice 1987). Thus, even though the first major storm

typically lasts no more than several days, it may have a

disproportionate impact on population fate each year.

This is especially true given that individual years differ

greatly in the timing and air temperature associated with

the first major storm (Fig. 1A, B).

Over the last 20 years the first major rain on the

northern Channel Islands has occurred anywhere

between mid-September and late February (Fig. 1A).

Given that most annual plants in the system complete

their life cycle around May, this drives a roughly

twofold variation in growing-season length between

years. Growing-season length, in turn, has strong

potential to influence biomass and therefore fecundity.

The nightly low temperature associated with the storm

also varies, from 48 to 118C over the same period (Fig.

1B), a wide range given the sensitivity of germination to

temperature for many annual species in the California

flora (Went 1948, 1949). Previous work in the Channel

Islands study system has shown large between-year

variation in germination and fecundity, and, for some

species, the temperature associated with the first major

storm is negatively correlated with their spring popula-

tion size across years (Levine et al. 2008). However,

these years differ in many factors other than features of

the first rain event, motivating our direct manipulation

of this factor.

In California, we have several reasons to expect

features of the first major storm to shift with climate

change, and these changes may affect both germination

and post-germination success. First, warmer air temper-

atures (Dukes and Shaw 2007) will mean warmer

conditions surrounding storm events (shifting the

distribution in Fig. 1B to the right). Warmer first rains

might also be expected with forecasted enhancement of

El Niño conditions (Schonher and Nicholson 1989,

McFadden et al. 2006); in El Niño years, California

derives more of its moisture from warm storms

originating in the tropics. Less clear is the effect of

changing rainfall itself (Bell et al. 2004, Hayhoe et al.

2004). The most recent regional forecasts predict
moderately less annual precipitation in California, with

no major change to the Mediterranean pattern of

rainfall (Hayhoe et al. 2004, Cayan et al. 2006). Given
that storm intensity tends to increase until mid-season,

an equal reduction in rainfall through the year might

mean that sufficient rain for germination would not

come until later in the year (which is also when the
storms tend to be cold). Although this prediction

remains speculative, it would mean a shorter season

for growth and reproduction.

Although considerable uncertainty surrounds the

expected changes in the first major rains, better

FIG. 1. Variation in (A) ordinal date and (B) average air
temperature of the first 2.5-cm rains of the growing season,
1990–2010, on Santa Rosa Island, California, USA. Storm date
and temperature are negatively related with an R2 of 0.25, P¼
0.024. (C) Comparison of soil moisture (proportion) after an
experimentally imposed (5 cm of rain) and naturally occurring
(4.24 cm of rain) early storm event at the Malacothrix study
site.
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forecasting the ecological impacts of changing climate

requires better understanding the sensitivity of plant
populations to early storm events. We thus address four

questions in our Channel Islands study system. First,
how sensitive are plant population growth rates to the

first major rain event of the growing season? Second,
which stage of the plant life cycle is responsible for the
sensitivity? Third, how do the temperature and the

timing of the first storm determine how plants respond?
Finally, how do plant responses to the first storm

compare to their responses to season-long precipitation?
To answer these questions, we parameterized demo-

graphic models with field data to measure the popula-
tion growth rate of our focal plant species subjected to

experimentally imposed and naturally varying first rain
events in fall and winter. To determine the extent to

which population response to different first storms
results from germination or post-germination perfor-

mance, we conducted a life-table response experiment
with the demographic data. To identify storm features

determining the plant response, we correlated germina-
tion and fecundity with storm temperature and timing,

and conducted germination trials at different tempera-
tures. In the Discussion we compare the range of

population growth rates found in the current study to
those in our prior study (Levine et al. 2010) imposing
drought and season-long water-addition treatments on

the same focal species.

METHODS

Study system

We conducted our study on Santa Rosa Island,

located off the coast of Santa Barbara, California,
USA. Nearly all rainfall occurs between October and

April, and averages 32 cm per year. This study extended
over two growing seasons: fall 2004 to spring 2005, an El

Niño year with significantly more rain than average (51
cm); and fall 2005 to spring 2006, a year with near

average precipitation (28 cm) (Levine et al. 2010).
Hereafter, we will refer to rainfall years by the year of
the spring.

We examined how three rare and endangered annual
plants, Gilia tenuiflora ssp. hoffmannii, Malacothrix

indecora, and Phacelia insularis var. insularis (hereafter
Gilia, Malacothrix, and Phacelia) responded to manip-

ulations of the first major rain event. The three species
are endemic to the northern Channel Islands, and

federally listed as endangered. The focal species germi-
nate with the first major rains of the fall or winter (.

;2.5 cm), develop a taproot, and are small statured. All
three annuals develop a seed bank, as evidenced by low

germination rates and high annual survival of buried
seed (Levine et al. 2008) as well as by population

recovery in years following seed-set failure. Gilia grows
on stabilized dune soils, Malacothrix on sandy, eroding

terraces, and Phacelia on stabilized dune headlands. See
Levine et al. (2008, 2010) for additional details of the

study system.

Manipulation of the first major rain events

We manipulated the first major rain of the season in
two ways. In what we call the ‘‘natural storm

treatments,’’ we took advantage of the natural variation
among the first several storms of the growing season. We

covered plots with a water barrier, and removed the
barriers in a manner that exposed the plants to different

‘‘first’’ storms of the year. Because any year only
includes a handful of early storms, we also included

‘‘experimental storm treatments.’’ In these, we experi-
mentally imposed a first rain event by watering at

different times of the early growing season, after
covering plots to exclude the natural first storms. We

conducted our manipulations at three field sites, each
adjacent to a population of either Gilia, Malacothrix, or

Phacelia. These sites were selected to match the physical
conditions of the habitat of each focal species without

disturbing or overlapping the existing populations.
In fall 2004 we located 64, 60 3 60 cm plots at 2.5-m

intervals along transects at each of our sites (72 plots at
the Malacothrix site). The following first major rainfall

treatments were randomly assigned eight plots (nine at
the Malacothrix site): (N1) first natural storm, which
happened to be 2.8 cm on 19 October; (N2) second

natural storm, 6.5 cm on 27 December; (N3) second
natural storm repeated, 6.5 cm on 27 December; (N4)

third natural storm, 6.7 cm on 7 January; (E1)
experimental 1 November storm; (E2) experimental 1

December storm; (E3) experimental 6 January storm;
and (E4) experimental 6 February storm. Because

natural storm treatment N1 was assigned to receive the
first natural storm of the year, it needed no pre-storm

water barrier. Natural storm treatments N2, N3, and N4
were covered with a 131 m sheet of breathable moisture

barrier (Tyvek Home Wrap; DuPont, Wilmington,
Deleware, USA) until 13 November, 10 December,

and 1 January, respectively. The edges of the moisture
barrier were pinned to the ground with irrigation

staples. Because no major storm occurred between the
time treatments N2 and N3 were uncovered, they were
ultimately subject to the same first major rain event (27

December). Treatment N2, however, did experience
more sub-germinating moisture (fog and rain events

,1.2 cm) prior to 10 December, creating a modestly
different early-season environment relative to treatment

N3.
All plots subjected to the experimentally imposed first

storm events (treatments E1–E4) were covered with
moisture barrier until their designated experimental rain

event. The precise dates of the experimental storms were
chosen to spread the treatments through the fall and

early winter rather than target any particular climate
condition. We imposed the rain events by removing the

moisture barrier and using a watering can to distribute
water over a 70 3 70 cm area centered on each plot. To

mimic a large storm event, we added 5 cm of water over
a two-day period. Over this period, we also covered the

plots with a wooden frame supporting wetted burlap.
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This helped mimic natural storm conditions by shading

the plots and creating a humid environment near the soil

surface. Prior to the initiation of each storm treatment,

we installed HOBO data loggers (Onset Corporation,

Bourne, Massachusetts, USA) fitted with Decagon

probes (Decagon Devices, Pullman, Washington,

USA) to record soil moisture in the top 5 cm of soil in

representative plots. We also logged temperature at the

soil surface with temperature sensors (Onset Corpora-

tion) and had access to natural air temperature from the

island’s weather station.

We repeated the entire experiment in the 2005–2006

growing season. Though treatments N1, N2, and N3

were not uncovered until October, November, and

December, respectively, the first major rain event of

the experiment’s second year did not occur until 1

January, a 4.2 cm-event. These three treatments were

therefore subject to the same first major rain. They did,

however, differ in their exposure to the sub-germinating

rains and fog that occurred before this event, and this

proves to reasonably affect germination. Treatment N4

was uncovered in January, and the first major storm for

plots in this treatment occurred in a 4.7-cm event on 27

February. The experimental storm treatments (E1–E4)

followed the methods of the prior year’s implementa-

tion, imposed on 20 October, 14 November, 19

December, and 21 January. In both years, the dates

the experimental storm treatments were imposed dif-

fered by several days across sites due to our inability to

be in all locations at once (the dates reported are for the

Gilia site).

Plot design

In each plot we seeded a 153 15 cm area with seed of

the focal species for the site. The amount of seed added to

each subplot varied across year and species, often limited

by seed production the prior spring. Therefore, in the

2005 and 2006 experiments, we sowed the 15 3 15 cm

areas with 40 and 60 seeds, respectively, of Phacelia; 100

and 130 seeds, respectively, of Malacothrix, and 200

seeds of Gilia in both years. Seeds in the first natural

storm treatment (N1) were sown in early fall. For all

other treatments, seeds were added just after the

moisture barrier was removed. Seeds were stored under

laboratory conditions between their collection date and

the time when they were sown into the experiment.

Sowing seeds soon after their production to allow for any

influence of summer climate was impractical due to the

high loss rates expected with strong winds on the island.

Germination rates and plant size were low enough in

all years that interaction with conspecific individuals was

minimal. Heterospecific background vegetation was often

denser in the experimental sites than in our focal species’

natural habitat (where we could not work). We therefore

thinned heterospecific density by about half to better

match the natural habitat (as in Levine et al. [2010]).

In summer 2005, after the first year of the experiment,

the location of all plots was shifted along the transect to

be nonoverlapping. This ensured that seed did not carry

over between the 2005 and 2006 experiments. In the

second year of the experiment (2006) we aimed to better

understand how surrounding vegetation influenced the

response of the focal annuals to early-season storm

events. Thus, in each plot, we sowed the focal species

into two 15315 cm subplots, and randomly selected one

of these to have background vegetation cleared.

However, results showed that clearing had no effect on

any focal species’ response to the storm treatments

(clearing 3 storm interaction P . 0.50), causing us to

pool the data from the two subplots prior to analysis (as

in Levine et al. 2008).

Per capita population growth and vital rate measurement

To assess how different first major rains influenced the

per capita population growth rate of our focal annuals,

we parameterized an annual plant population model.

Mathematical models of annual plant populations are

well developed (Watkinson 1980, Pacala 1986, Levine

and Rees 2004) and reasonably approximate the life

cycle. The yearly per capita population growth rate (k),
including both seed production and carryover in the soil,

can be described as follows:

k ¼ sð1� gÞ þ gF ð1Þ

where g is the germination fraction, s is the annual

survival of ungerminated seeds in the soil, and F is the

number of viable seeds produced per germinant (per-

germinant fecundity). See Levine et al. (2008) for model

details and assumptions.

We measured the germination fraction (g) and per-

germinant fecundity (F ) in each experimental plot. Seed-

bank survival fractions (s) for Gilia, Malacothrix, and

Phacelia were 75%, 57%, and 57%, respectively (from

Levine et al. 2008), and we assumed these were

independent of treatment. We measured germination

over a series of censuses by placing a toothpick near

each germinant. For the germination rate, the number of

germinants was divided by the total number of seeds

added, discounted by their viability (98%, 84%, and 90%
for Gilia, Malacothrix, and Phacelia, respectively, from

Levine et al. 2008). In the spring we measured the total

number of flowers produced by the focal species in each

subplot. To calculate the seeds per germinant, we

multiplied this latter number by the average number of

viable seeds per flower (23.3, 28.3, or 8.0 seeds for Gilia,

Malacothrix, and Phacelia respectively; Levine et al.

2008) and divided by the number of germinants.

With our parameterized models, we conducted life-

table response experiments to evaluate the degree to

which variation in population growth rate across

treatments was driven by observed variation in germi-

nation or per-germinant fecundity (Caswell 2001). We

assume that g and F can vary independently and that the

difference between the population growth rate in a given

storm treatment (kST) and the average population

growth rate across storm treatments (k̄) that year is a
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linear combination of the effects of changing g and F:

kST ¼ k̄þ ðgST � ḡÞ ]k
]g
þ ðFST � F̄Þ ]k

]F
: ð2Þ

The partial derivatives, the sensitivity of k to changes in

g and F, are respectively evaluated at ḡ and F̄ (the

within-year average for these parameters), and the ‘‘ST’’

subscript indicates the storm treatment (N1–N4, or E1–

E4). Eq. 2 allowed us to project how the per capita

growth rate would change across storms if only the

germination rate varied (FST � F̄ ¼ 0) or only the per-

germinant fecundity (F ) varied (gST � ḡ ¼ 0). We

assessed the contribution of the observed variation in

each parameter to cross-storm variation in k by

comparing these two projections to the observed

variation in per capita growth rate. Because the seed

death rate, s, is assumed to be constant across storms

(sST � s̄ ¼ 0), not contributing to variation in k, it is

absent from Eq. 2. We conducted separate life-table

response experiments for the two years of the study.

Germination trials

Because the first major storms of the season vary

considerably in the coincident air temperature (Fig. 1B),

we used laboratory trials to evaluate how the temper-

ature at the time of seed wetting influences germination.

All trials were conducted by Ransom Seed Laboratory

in Carpinteria, California, USA.

For each species, 200 seeds (100 seeds for Phacelia)

were placed in clear plastic germination boxes on wetted

germination paper, and kept for five days in a dark

growth chamber at 58, 108, 158, 258, or 308C. Seeds were

then transferred to a 208C chamber for two weeks (a

neutral temperature). Those that had not germinated

were cut, treated with gibberellic acid, and then stained

with tetrazolium to check viability (Baskin and Baskin

2001). Although the seed trials are necessarily contrived

relative to natural settings, we obtained similar results

when we sowed seeds on field or field-mimic soils in a

shade house and used ice to impose the different

temperature treatments (J. Levine, unpublished data).

While this first set of laboratory trials allowed us to

assess how temperature at the time of seed wetting

influences germination, ungerminated seeds eventually

experience a relatively cold event later in the growing

season. We were thus interested in whether early

exposure to warm conditions enforces dormancy when

later cool events arrive. To test this, we simultaneously

conducted a parallel set of trials, but before exposing

seeds to five days of 58C, we exposed them to five days of

158, 258, or 308C. This test was not designed to mimic a

specific rain sequence, but rather, it tested how seeds

respond to cold temperatures after exposure to warmer

conditions.

Statistical analyses

We analyzed the effect of the first major storm on

species’ germination and per capita population growth

rates with nonparametric Kruskal-Wallis tests separate-

ly conducted for each focal species and year of the study.

This choice of test was made due to failure of the data to

meet key assumptions of ANOVA. We included all

natural storm treatments (regardless of whether the

identity of the first major rains differed) and all

experimental storms in a single analysis, because each

varied the early season conditions for a given year.

Moreover, for all species in both years, we found no

significant difference in any vital rate between the four

natural and four experimentally imposed storms.

To identify the storm features that determined species’

germination and per-germinant fecundity, we conducted

multiple linear regressions predicting how these demo-

graphic rates were predicted by storm date and

temperature. In the first model, we used the mean

germination proportion (arcsine transformed) in each

treatment over the two years as the dependent variable,

and the ordinal date of the storm and the three-day

average nightly low air temperature after the storm

(measured at the island weather station) as predictor

variables. We selected this specific temperature measure

because, relative to alternative measures, it best predict-

ed germination in univariate regressions. The second

model used the mean per-germinant fecundity (log-

transformed) in each treatment as the dependent

variable.

The influence of temperature on the proportion of

seeds germinating in the laboratory trials was tested with

a v2 test. All analyses were performed in R version 2.9.2

(R Development Core Team 2009).

RESULTS

The experimental storms reasonably mimicked the

pattern of water availability after real storm events (Fig.

1C). We also observed that the majority of germination

occurred soon after the first major rain in each

treatment, and not with later rains in the season.

For all three focal species, the different first rain

events drove large differences in germination and per

capita growth rate (Figs. 2–4). For Gilia, different first

storms imposed almost fourfold variation in per capita

growth rate in 2005 (Fig. 2A) and twofold variation in

2006 (Fig. 2B), although the 2006 differences were not

significant. Germination varied over 10-fold between

storms, much more than per capita growth rate (Fig.

2C, D). In addition, we found considerable variation

within both the natural storm (N1–N4) and experimen-

tal storm (E1–E4) treatments (Fig. 2A, B). Per-germi-

nant fecundity (Appendix; Fig. A1) showed considerably

less variation between the first-storm treatments. Life-

table response experiments showed that the per capita

growth rate variation between first-storm treatments

was driven more by variation in germination than

variation in per-germinant fecundity (Fig. 2A, B). This

is evidenced by the greater proximity of the solid line

(where only germination varies between treatments)

than the dashed line (where only per-germinant fecun-

JONATHAN M. LEVINE ET AL.2240 Ecology, Vol. 92, No. 12



dity varies) to the observed per capita growth rates in

Fig. 2A and B.

Malacothrix and Phacelia also showed large differ-

ences in per capita growth rate and germination between

different first-storm events, though germination was less

responsible for the variation in growth rate. In both

years of the study, Malacothrix showed threefold

variation in per capita growth rate between the first-

storm treatments (Fig. 3A, B). Germination varied 6-

and 20-fold in 2005 and 2006, respectively (Fig. 3C, D).

In the life-table response experiments, neither germina-

tion variation nor variation in per-germinant fecundity

alone predicted a per capita growth rate that closely

matched the observed values (Fig. 3A, B). This indicates

that the response of both vital rates contributed to the

between-treatment variation in per capita growth rate.

Phacelia showed a similar pattern of response as

Malacothrix (Fig. 4), though almost complete germina-

tion failure in 2005 left us with only one year of results

for Phacelia. Again, variation in per capita growth rate

(Fig. 4A) and germination (Fig. 4B) was large. However,

the life-table response experiment suggested that the

high per capita growth rate in treatment N3, the major

deviation from the average, corresponded to greater per-

germinant fecundity (Appendix: Fig. A1) rather than

greater germination.

Results presented thus far show that for each of the

three species, different first storms lead to considerably

different per capita growth rates, and for Gilia and

Malacothrix, these differences were driven in part by

germination. Subsequent multiple-regression analyses

showed that species differed in how germination and

per-germinant fecundity responded to the temperature

and timing of the first storm. Gilia germination only

responded significantly to the date of the storm (Table

1), with earlier events favoring higher germination than

later events (Fig. 5A). Malacothrix germination mean-

while, only responded significantly to the temperature

FIG. 2. Gilia tenuiflora ssp. hoffmannii (A, B) per capita population growth rate and (C, D) germination proportion as a
function of the first storm treatments in 2005 and 2006. The first-storm treatments are ordered by date, with the natural storms
(N1–N4) shown in black and the experimentally imposed storms (E1–E4) shown in gray. Data are meansþSE; Kruskal-Wallis test
results are given. In panels (A) and (B) the solid lines show the per capita growth rate predicted by life-table response experiments
when only germination varies across the eight treatments. The dashed lines show the predicted per capita growth rate when only
per-germinant fecundity varies across the treatments. Gaps in the dashed line arise when per-germinant seed production cannot be
calculated because no seeds germinated in a treatment.
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associated with the first storm (Table 1); warmer nightly

low temperatures after the storm were associated with

reduced germination (Fig. 5B). The per-germinant

fecundity of Gilia declined with later storms (Fig. 5C;

Table 1), likely due to the shorter growing season. By

contrast, Malacothrix per-germinant fecundity increased

with later storms (Fig. 5D; Table 1) due to greater

survival over the shorter season (Appendix: Fig. A2).

Phacelia germination and per-germinant fecundity

showed no significant correlation with the temperature

or the timing of the first major storm, though this may

partly reflect a reduced sample size for this species due to

the absence of 2005 results.

The storm variables correlated with germination

partly match the results of germination trials. All three

species showed almost no germination at very high

temperatures (308C), but they differed markedly in how

fast germination declined with increasing temperature

(Fig. 6). Consistent with its greater germination in

cooler storm events, Malacothrix was the only species to

show declining germination from 58 to 108C, which

covers the range of natural variation in storm events

(Fig. 6B). Though Gilia and Phacelia germination

dropped off precipitously at temperatures higher than

258 and 158C, respectively (Fig. 6A, C), these tempera-

tures are higher than what seeds face in or immediately

following natural storm events. In addition, we found

that Malacothrix seeds subject to initially warmer

temperatures (158C and greater), germinated one eighth

as well as unwarmed seeds when subsequently exposed

to cool (58C) temperatures (Fig. 6B). Similar, but

weaker effects of initial warming were seen for the other

two species (Fig. 6A, C).

DISCUSSION

Large effects of changing the first major rain event

Perhaps the most striking finding of this study is that

manipulating the first major rain of the growing season,

an event that lasts roughly two to three days, can induce

three- to fourfold variation in the focal species’ per

capita population growth rate, a vital rate that integrates

plant performance across the roughly six-month grow-

ing season.

In addition, past rainfall manipulations (Levine et al.

2010) allow us to compare the species’ response to

changes in the first major rain to their response to

FIG. 3. Malacothrix indecora (A, B) per capita population growth rate and (C, D) germination proportion as a function of the
first-storm treatments in 2005 and 2006. The format is as in Fig. 2.
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changes in season-long rainfall. In a prior study, we

subjected the same species to rainfall manipulations

ranging from season-long drought (75% reductions in

ambient rainfall) to season-long doubling of rainfall.

This generated an eightfold difference in total annual

precipitation between treatments, comparable to natural

variation over the last two decades (Levine et al. 2010).

Except for Phacelia in cleared plots, we saw no more

than a twofold per capita growth rate difference between

the season-long drought and water-addition treatments.

This is modestly less variation than found between the

first major rain treatments imposed in the current study.

We therefore conclude that changes to the first rains of

the growing season are likely to be as important as

eightfold changes to season-long rainfall, at least in our

study system.

Our conclusion needs to be qualified by the fact that

our current experiment allowed the total amount of

rainfall to vary with the timing of the first-storm

treatments, so that later first-rain treatments had both

shorter growing seasons and less total rainfall. Despite

this, we still saw no influence of season-long rainfall on

vital rates when the current results were combined with

past findings. Gilia germination was less when the first

storm was late (potentially due to less season-long

rainfall), but our past work shows that even a 75%
reduction in season-long rainfall had inconsistent effects

on Gilia germination (Levine et al. 2010). And while

Gilia’s post-germination fecundity was also greater in

the early storm treatments, life-table response experi-

ments showed that this vital rate contributed little to its

per capita growth rate response. Malacothrix germina-

tion was independent of storm timing, and its per-

germinant fecundity was actually greater with later

storms, the opposite of what would be expected if

greater rainfall in longer seasons provided an important

boost. Finally, our finding that manipulating the first

major rains affected population growth rates as much if

not more than imposing eightfold variation in season-

long rainfall was not restricted to the rare focal annuals.

The biomass of the most common annual competitor in

each of their habitats showed a similar response (J.

Levine, unpublished data).

Few other studies have compared the effects of

changes to season-long climate variables to the effects

of changing discrete climate events (Jentsch et al. 2007).

Fay et al. (2003) showed that repacking rainfall in fewer

large events (but having no effect on annual totals)

reduced tall grass prairie production in the central

United States. The reduction in production was

comparable to that found with a 30% reduction in total

rainfall. In contrast, in a more arid system, concentrat-

FIG. 4. Phacelia insularis var. insularis (A) per capita
population growth rate and (B) germination proportion as a
function of the first-storm treatments in 2006 (2005 saw
experiment-wide germination failure). The format is as in Fig. 2.

TABLE 1. Results of multiple-regression analyses relating the response variables germination and per-germinant fecundity of Gilia,
Malacothrix, and Phacelia to the three-day average nightly low temperature and the ordinal date of the storm treatments.

Variable

Gilia Malacothrix Phacelia

Slope t P Slope t P Slope t P

Germination

Temperature �0.0069 �1.23 0.241 �0.0382 �2.44 0.030 0.0027 0.36 0.737
Date �0.0014 �3.79 0.002 �0.0013 �1.35 0.200 �0.0008 �1.30 0.250

Per-germinant fecundity

Temperature �0.0604 �1.14 0.283 �0.0182 �0.15 0.881 �0.0441 �0.15 0.886
Date �0.0124 �3.34 0.008 0.0240 3.29 0.006 0.2579 1.15 0.301

Note: Boldface entries indicate significance at P , 0.05. For germination the model R2 for Gilia is 0.53; for Malacothrix, 0.32;
and for Phacelia, 0.41. The per-germinant fecundity model R2 for Gilia is 0.53; for Malacothrix, 0.53; and for Phacelia, 0.32.
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ing storms in fewer larger events actually increased

production (Heisler-White et al. 2008).

Underlying mechanisms

Understanding the demographic and climatic pro-

cesses causing the first major rain to influence popula-

tion dynamics is critical for predicting the consequences

of potential changes to the rainfall regime. With respect

to the demographic mechanism, we found that germi-

nation responded more strongly than per capita growth

rate to the different first-rain treatments. For Gilia, life-

table response experiments showed that between-treat-

ment variation in germination was sufficient to produce

the observed variation in per capita growth rate. For

Malacothrix, variation in both germination and per-

germinant fecundity contributed to its per capita growth

rate response, and for Phacelia the per-germinant

fecundity seemed more important than germination.

Our findings on the relative contribution of germina-

tion and fecundity to population-growth variation need

to be qualified by the fact that our experiment was

designed to minimize intraspecific interactions between

the experimental plants. The only exception might be

Malacothrix individuals in high-germination treatments

in 2005, a year in which we saw high mortality of

germinants due to damping off. In nature, individuals of

all three species sometimes occur at much higher

densities than those in our experiment. We might expect

intraspecific competition in these locations to dampen

fecundity variation between years. Similarly, first rain

storms that favor high germination would likely increase

intraspecific competition. This might counter the pop-

ulation growth advantage that would arise from greater

germination alone.

For the two species that showed some influence of

germination on the per capita growth rate differences

between storm treatments, we can partly identify the

FIG. 5. Germination and per-germinant fecundity responses of Gilia and Malacothrix to the three-day average nightly low
temperature and the ordinal date of the storm treatments (see Table 1 for statistical analysis). Shown are the significant effects of
(A) storm date on Gilia germination and (B) storm temperature on Malacothrix germination. Panels (C) and (D) show the effect of
storm date on per-germinant fecundity for each species.
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storm factors associated with greater germination. For

Gilia, we found no influence of storm temperature, but a

significant influence of storm timing, such that early

storms showed much greater germination than later

storms. Although the mechanism underlying the storm-

timing response is unknown (it may relate to day length;

Baskin and Baskin 2001, Adondakis and Venable 2004),

the absence of a temperature response is consistent with

the germination trials for this species. In the laboratory

Gilia germination declined little between 58 and 158, a

temperature range roughly bracketing the nightly low

temperatures measured after real storm events.

In contrast to Gilia, Malacothrix germination re-

sponded significantly to the cold temperatures associat-

ed with the storms imposed in our project, but not to

their timing. Consistent with its response to field

manipulation of the first major rain, Malacothrix

germination in lab trials declined from roughly 90% at

58C, to roughly 25% at 108C, and even less at greater

temperatures. Nonetheless, each season eventually

presents a cold storm, so Malacothrix germination

might be expected with the second, third, or fourth

storm of the season (as soon as a cold storm occurs).

This is not what we observed in the field, however, and

may be explained by our finding that seeds initially

exposed to warm temperatures (15–308C) have only 15%
germination when subsequently exposed to 58C (com-

pared with ;90% for unwarmed seeds).

Germination induced by cold temperatures at the time

of first seed wetting has long been noted for the annual

flora of California deserts (Went 1948, 1949), and is

common in desert winter annuals worldwide (Baskin

and Baskin 2001, Adondakis and Venable 2004, Facelli

et al. 2005). The adaptive significance of this germina-

tion cue in coastal California is unknown, but may relate

to avoiding germination with late summer rains (Jain

1982, Levine et al. 2008). Such early rain events are rare

in coastal California, but when they occur, they are

unlikely to be followed by significant rain for several

months, a drought long enough to kill any germinants

(Rice 1987). Cold temperatures at the time of seed

wetting may signal the onset of fall or winter, times of

the year when subsequent rainfall is expected within a

month. Another consideration is that Malacothrix

actually made more seeds per germinant with later

storms due to greater survival to flowering in the shorter

season (Appendix: Fig. A2). Thus, foregoing germina-

tion until years with later (cold) first storms may avoid

early season droughts, and for species like Malacothrix,

also enhance fecundity when no drought occurs.

For those species not responding strongly to cold

temperatures at the time of seed wetting, seasonal cycles

of seed dormancy (Baskin et al. 1993) might allow plants

to avoid germination with summer rain. In addition,

factors other than the features of the first rains might

control germination, including conditions prior to the

germination-inducing rains (Baskin and Baskin 2001,

Adondakis and Venable 2004). Indeed for all three

species in 2006, we saw at least threefold variation in

germination between treatments N1–N3 (Figs. 2D, 3D,

and 4B), treatments that received the same first rain

event. What differed were the climate conditions

experienced prior to that event.

While ecologists generally acknowledge that rainfall is

the climate variable that begins the growing season in

California annual systems (Bartolome 1979, Rice 1987),

the environmental triggers for the end of the growing

season (flowering) are less well understood. Nonetheless,

for our focal species, we observed high year-to-year

consistency in the timing of peak flowering (Gilia in late

April, Malacothrix in mid-June, and Phacelia in mid-

March). That this consistency emerges despite large year-

to-year variability in season-long precipitation suggests a

possible photoperiod cue for flowering. If this hypothesis

is correct, the start of the growing season is highly

variable, driven by the timing of the first rains, while the

end of the season is rather fixed. This could be a quite

general phenomenon in water-limited systems (Wolko-

vitch and Cleland 2011), and would lead to the prediction

FIG. 6. Laboratory germination trial results for the three
rare and endangered annuals, along with v2 tests of significant
differences between temperature treatments. Tests to the right
of the dashed line involved exposing wetted seeds to the noted
temperature for five days, followed by exposure to 58C for five
days. See Methods: Germination trials for details.
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of less fecundity in years with later growing-season

initiation. However, in our study, only one of our three

species, Gilia, showed less fecundity with later first rains.

In prior work, we have used monitoring data to

correlate the springtime plant population size of Gilia,

Malacothrix, and Phacelia with the temperature at the

time of the first rains (Levine et al. 2008), and these past

results are partly consistent with what we found here. In

our present study Malacothrix germination was highest

with cold temperatures in both the storm treatments and

laboratory germination trials, and, indeed, this species

had its greatest population sizes in years with relatively

cold first rains (Levine et al. 2008). By contrast, our past

interpretation of the Gilia and Phacelia monitoring

results are not supported by the current experiments.

Our past study suggested that, like Malacothrix, both

species showed greater population sizes in years with

cold first rains. Yet in our present study we saw little

evidence that these species’ germination increased with

cold temperatures in either the field manipulation of first

rains or the laboratory trials (over a temperature range

observed in real storms). The discrepancy likely reflects

limitations of the monitoring results. Censuses of the

aboveground plant population size in springtime,

without a measure of the pre-germination seed bank

allow only weak inference of the true germination

behavior of the species. Alternatively, Gilia and Phacelia

may indeed have a cold-temperature cue for germina-

tion, but only after experiencing the summer conditions

bypassed in the experiment.

Persistence under climate change

Our results suggest that changing characteristics of

the first rain storm could strongly influence annual plant

populations in coastal California. However, the mech-

anism underlying this response is likely to differ across

species. If first storms become warmer, a likely scenario

given current climate models, species like Malacothrix,

which benefit from cold first rains, will likely suffer

reduced population growth. Meanwhile, if predictions

for less total rainfall (Hayhoe et al. 2004, Cayan et al.

2006) mean that large storms commence later in the

year, then species like Gilia, which benefit from early

storms, will also suffer. Predictions for Phacelia are

difficult because although the species responded strongly

to the field manipulation of first storm events, the

mechanism behind its response is unresolved.

The more general conclusion of our study is that

changes to discrete climate events such as the timing and

temperature of the first major storm may be as—if not

more—important than trends in season-long climate

variables (Jentsch et al. 2007). The importance of

discrete climate events poses several challenges for

predicting ecological responses to climate change. Aside

from the difficulty of predicting the future of discrete

events such as storms and droughts, species’ responses

to these events can be idiosyncratic, as found here with

the germination of our focal species. Finally, our

emphasis on species-specific life-history cues in mediat-

ing ecological responses to climate events differs from

the growth and mortality focus of most studies on this

topic (Knapp et al. 2008, Adams et al. 2009, Miao et al.

2009, Ross et al. 2009, Sorte et al. 2010, Albright et al.

2010). This emphasis is important because if species-

specific cues for demographic transitions dominate

ecological response to climate change, predicting this

response may be even more challenging than previously

recognized.
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APPENDIX

Two figures presenting additional demographic responses to the experimental manipulation of the first major rains for the three
focal species of the study (Ecological Archives E092-194-A1).

December 2011 2247FIRST-STORM EFFECTS ON PLANT POPULATIONS



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU ([Based on 'AP_Press'] Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


