Ecology, 97(1), 2016, pp. 250-261
© 2016 by the Ecological Society of America

The contribution of germination functional traits to population
dynamics of a desert plant community

ZHENYING HUANG,' SHUANGSHUANG Liu,?> KENT J. BRADFORD,? TrRAVIS E. HUXMAN,? AND D. LAWRENCE VENABLE*?

IState Key Laboratory of Vegetation and Environmental Change, Institute of Botany, Chinese Academy of Sciences,

Beijing 100093, China
2Department of Plant Sciences, University of California, Davis, California 95616, USA
3Department of Ecology and Evolutionary Biology, University of California, Irvine, California 92697, USA
4Department of Ecology and Evolutionary Biology, University of Arizona, Tucson, Arizona 85721, USA

Abstract.  Early life-cycle events play critical roles in determining the population and
community dynamics of plants. The ecology of seeds and their germination patterns can
determine range limits, adaptation to environmental variation, species diversity, and com-
munity responses to climate change. Understanding the adaptive consequences and envi-
ronmental filtering of such functional traits will allow us to explain and predict ecological
dynamics. Here we quantify key functional aspects of germination physiology and relate
them to an existing functional ecology framework to explain long-term population dynamics
for 13 species of desert annuals near Tucson, Arizona, USA. Our goal was to assess the
extent to which germination functional biology contributes to long-term population pro-
cesses in nature. Some of the species differences in base, optimum, and maximum tem-
peratures for germination, thermal times to germination, and base water potentials for
germination were strongly related to 20-yr mean germination fractions, 25-yr average ger-
mination dates, seed size, and long-term demographic variation. Comparisons of germination
fraction, survival, and fecundity vs. yearly changes in population size found significant
roles for all three factors, although in varying proportions for different species. Relation-
ships between species’ germination physiologies and relative germination fractions varied
across years, with fast-germinating species being favored in years with warm temperatures
during rainfall events in the germination season. Species with low germination fractions
and high demographic variance have low integrated water-use efficiency, higher vegetative
growth rates, and smaller, slower-germinating seeds. We have identified and quantified a
number of functional traits associated with germination biology that play critical roles in
ecological population dynamics.
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Tumamoc Hill, Tucson, Arizona, USA.

INTRODUCTION

Ecologists face the challenge of determining how
functional traits of organisms mediate the responses
to the environment that determine population and
community dynamics. Understanding such mechanisms
is critical to building the predictive ecology that will
help us to understand how populations and commu-
nities will respond to environmental change in the
future. Early life events such as germination and plant
establishment have been identified as important in
determining population and community properties,
along with other traits such as growth rates, stress
tolerance, and flowering times (Grubb 1977, Geber
and Eckhart 2005, Bader et al. 2009, Donohue et al.
2010, Wilczek et al. 2010, Stanton-Geddes et al. 2012,
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Burghardt et al. 2015). In particular, seed germination
has been shown to significantly influence plant life
cycles and fitness (Baskin and Baskin 1984, Donohue
et al. 2010, Burghardt et al. 2015), niche construction
(Donohue et al. 2005), species coexistence (Angert
et al. 2009), and community composition in response
to climate change (Kimball et al. 2010). However, it
remains unknown how germination functional traits
(e.g., temperature and water potential thresholds, speed
of germination, uniformity, etc.) contribute to long-
term population processes of a community.

This paper explores the power of germination func-
tional traits to predict population dynamics for a
community of desert annuals near Tucson, Arizona,
USA. Our results not only elucidate the relationship
between the physiology of germination timing and
long-term population dynamics of a community of
coexisting plants, but also provide information and
tools for predicting ecosystem responses to climate
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change and for designing conservation strategies. This
is the first paper to correlate germination traits with
long-term population dynamics for a whole community,
which can reveal syndromes and correlations that studies
of single species cannot. Specifically, this paper ad-
dresses the following questions:

(1) Do germination functional traits predict population
ecology measured in the field?

(2) How do germination traits determine which species
germinate more or less than average in particular
years, and how is this determined by the environ-
ment in those years?

(3) What germination traits, growth and physiological
traits, and population ecology parameters tend to
be associated with each other in this desert
community?

(49) How much does germination contribute to popu-
lation dynamics in comparison to the growth-phase
processes of survival and reproduction?

Previous studies of this system have shown how the
physiology of growth and water use contribute to the
control of population and community dynamics. Early
work examined relative growth rates and patterns of
biomass allocation of the species in this community
in relation to water-use efficiency and long-term de-
mographic variation (Angert et al. 2007). Results
showed how morphological and physiological traits
influence demographic tracking of environmental var-
iability and determine a community-wide trade-off
between growth rate and water-use efficiency (Huxman
et al. 2008). These results were extended to investigate
functional trait contributions to species coexistence
(Angert et al. 2009, 2010). Long-term shifts in com-
munity composition favored cold-adapted species in
response to a multi-decadal trend of increasing tem-
perature and decreasing rainfall (Kimball et al. 2010).
This apparent paradox is explained by phenological
differences among species and a multi-decadal shift
to later-season germination at colder temperatures
(Kimbeall et al. 2011). The relation of cold adaptation
to water-use efficiency and growth rate was determined
by analyzing the temperature responses of field-grown
plants (Gremer et al. 2012, Barron-Gafford et al. 2013).
Other studies showed how growth and water-use traits
determine which species survive and reproduce more
or less than average in particular years and how this
is determined by the environment (Kimball et al. 2012).
More recent studies have measured natural selection
on growth and water-use traits in the wild (Kimball
et al. 2013), genetic structure of growth and water-use
traits (Angert et al. 2014), and how growth-phase
physiology determines competitive outcomes in wet vs.
dry conditions (Gremer et al. 2013). This system also
has been central to the testing of adaptive bet-hedging
theory (Pake and Venable 1996, Clauss and Venable
2000, Moriuchi et al. 2000, Venable 2007, Gremer
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and Venable 2014). The present study fills an important
gap by quantifying the contribution of germination
functional traits to the dynamics of these variable
populations.

MATERIALS AND METHODS

Study site

The study site is located at the Desert Laboratory
at Tumamoc Hill, Tucson, Arizona, USA (32°13'N,
111°0'W, 723 m above sea level), on an alluvial plain
dominated by Larrea tridentata (creosote bush) receiving
about 300 mm of annual precipitation, on average
(Bowers and Turner 1985). The Desert Laboratory is
a nature preserve and field station that has been pro-
tected from grazing since 1906 (Venable 2007).

Demographic data

Sonoran Desert winter annuals germinate at this
site with autumn and early winter rains, usually between
October and January. Flowering occurs in spring, and
plants complete their life cycles before the onset of
the May-June arid fore-summer (Venable and Pake
1999, Clauss and Venable 2000, Venable and Kimball
2013). In 1982, permanent plots (initially 14, increased
to 72 in 1990) were established along a 250-m transect
located both in the open and under creosote shrub
canopies. Germination (seedling emergence) is mapped
following rains, and survival and reproduction are
measured until all plants have died. Detailed demo-
graphic data are available for each species in the
community for the past 32 yr, including germination
date, germination fraction (of total seeds present; G),
per capita survival to reproduction (/), average number
of seeds produced by survivors (), and lifetime per
capita fecundity (/b, the product of the previous two
parameters) (Venable and Kimball 2013).

Every year starting with the 1989/1990 season, the
density of viable non-germinating seeds was estimated
from soil cores. These annual samples were collected
after all germination had occurred and before new
seeds fell. The fraction of seeds that germinate in a
particular year was determined from the density of
seeds that germinated in the long-term plots and the
density of seeds that did not germinate from the seed
bank samples. In this paper, we consider both year-
to-year variation as well as the 20-yr average (across
years 1990-2009) in natural germination fractions.
Average germination date for each species was calcu-
lated by using the date of the germination census
(expressed as days since 1 October). When species had
multiple germination cohorts in a year, average ger-
mination date was calculated as the average germination
date of all seeds that germinated. We calculated the
25-yr average germination date for each species by
averaging the mean germination dates for the 25 yr
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(1983-2007). Mean seed mass of each species was
measured in at least 2 yr and averaged. Demographic
variation was calculated as the standard deviation of
30 yr of the natural log of /b, the per germinant
fecundities.

The 13 common winter annual species used in this
study (Appendix S2: Table S1) constitute 68% of all
winter annual individuals that have germinated on the
long-term plots during the last 30 yr. One of the spe-
cies, Pectocarya heterocarpa, is amphicarpic, producing
two types of aerial seeds (nutlets) as well as a third
type of basal seed below ground. We refer to the two
aerial seed types as “winged seeds” (nutlets with a
margin covered with barbed, membranaceous wings)
and “long seeds” (long, narrow nutlets with no wings).
The basal seeds are larger, oblong, and without barbs.

Germination experiments

Freshly matured seeds were collected from 50-100
plants of each of the 13 study species in the spring
of 2010. The seeds were shaken from the dry infruct-
escences of each species and placed in paper bags for
storage. Germination tests were conducted on fresh
seeds while other seeds were tested following after-
ripening for 4 or 5.5 months at constant 45°C, constant
30°C, and under natural field conditions (see Appendix
S1 for storage details). Seed germination trials were
carried out in petri dishes in growth chambers at dif-
ferent constant temperatures ranging from 8° to 35°C
and water potentials ranging from 0 to —1.0 MPa in
light (details are in Appendix S1).

A brief introduction to hydrothermal time models
is provided in Appendix SI. Thermal time (6,) for
suboptimal temperatures is calculated as the time from
imbibition to completion of germination of an arbitrary
percentage (7,, where g is the germination percentage,
e.g., 50%) multiplied by the degrees above a minimum
or base temperature (7,) permitting germination, i.e.,
0.(g) = (I-T) ¢, The hydrotime requirement for
germination (0,) is similarly the difference between
the current environmental water potential (W) and the
minimum or base water potential required for germi-
nation (¥,) multiplied by the time to completion of
germination of a specific percentage (g) of the seed
population (8,) = (¥-¥,(2)) 1,- These variables were
fitted using the germination data with calculation
methods implemented in an Excel program written by
S. Liu and K. J. Bradford (Gummerson 1986, Bradford
1990, 2005, Alvarado and Bradford 2002).

We determined base (7,), optimal (7, where ger-
mination is most rapid) and ceiling (7)) or maximum
germination temperatures (Alvarado and Bradford
2002, Bradford 2002, Allen et al. 2007). Seed germi-
nation rates (the inverse of time to a specific percentage,
lltg) increase linearly with temperature above 7, until
the optimal temperature for germination is reached.
Above the optimal temperature, the rate declines until
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the T, is reached for the germination fraction consid-
ered (0, = (T(9)—1) tg). Water potential requirements
for germination are somewhat similar to those of
temperature. Germination rates increase linearly as
water potential increases above the base water potential
for the germination fraction (¥ (g)) (Gummerson 1986,
Alvarado and Bradford 2002). Because water potentials
cannot be higher than zero, the maximum germination
rate is generally at ¥ = 0 MPa. To obtain the cardinal
temperatures, only data from seeds germinated in pure
deionized water (0 MPa) were used. Base temperature
(T,) and the mean and variance of ceiling temperatures
(where 7 (50%) was used as the estimate for 7)) were
estimated with probit regression of the cumulative
germination fraction as a function of thermal time
for suboptimal and supraoptimal temperatures at which
seeds germinated in the experiment. Basal temperatures
were constrained to be greater than or equal to 0°C
because seeds do not germinate in frozen water. Optimal
temperatures (7,) were calculated as the intersection
between the sub- and supraoptimal rates as a function
of temperature:
To = (asupra - asub)/(bsub - bsupra)

where [ and bsup”l are the intercept and the slope,
respectively, from the supraoptimal regression equation,
and a_, and b, are the intercept and the slope for
the suboptimal regression equation.

Functional traits utilized as predictors in the analyses
of this paper include 7,, T, and T, thermal time to
50% germination (6,(50)), base water potential (‘¥ (50))
after 4 months of after-ripening, maximum percentage
germination for fresh seeds, and maximum percentage
germination after 4 months of after-ripening. The latter
two traits were directly calculated from the raw ger-
mination data, whereas the others were fitted as
described previously. Thermal time was log-transformed
and maximum germination percentages of fresh and
4-months after-ripened seeds were arcsine square-root-
transformed for statistical analyses.

Analyses

To determine how germination functional biology
predicts field population biology (question 1), we used
hierarchical partitioning analysis to determine the
relative importance of each functional predictor to
each ecological dependent variable (Chevan and
Sutherland 1991, Murray and Conner 2009). The
ecological dependent variables were 20-yr average
germination fraction, germination date, seed size, and
long-term demographic variance. Hierarchical parti-
tioning analysis is a robust way to determine the
independent effects that a set of collinear predictors
have on a dependent variable. The first step is to
remove predictor variables that are not correlated
with the dependent variable (i.e., having “zero-order”
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correlation coefficients near zero). This filtering of
zero-order correlations close to zero has been shown
to be the best way to detect and remove spurious
correlations. The importance of each remaining pre-
dictor is then calculated as its average contribution
to the model R? across all possible models. This
method of averaging the effect of each predictor over
all possible regression models (comparing all models
including and excluding each predictor) provides a
more robust assessment of the relative importance
of each predictor (the independent effect) than any
single regression model. This is because it partitions
the variance shared by correlated predictors into the
variance contributed by each effect independently
while controlling for multicollinearity. This technique
has been shown to recover the true structure of sim-
ulated data better than partial correlations, semipartial
correlations, standardized regression coefficients, and
Akaike weights (Murray and Conner 2009). The in-
dependent effect is essentially the proportion of the
variance in Y independently explained by a predictor.
The independent percentages for all variables in the
model add up to 100% and are thus useful to compare
predictors on a common ratio scale. To interpret the
results of hierarchical partitioning analysis, we primarily
focus on the independent effects and independent per-
centages, but also report R?> and P values from uni-
variate linear regressions. Species are the unit of
observation, so residual degrees of freedom are all
near but less than 13. Hierarchical partitioning as
described by Chevan and Sutherland (1991) was con-
ducted using SAS 9.3 with the hierarchical partitioning
macro written by K. M. Berger and M. M. Conner
(personal communication) based on a Dominance
Analysis macro written by R. Azen and R. Ceurvorst.

To investigate the consequences of functional traits
for germination fraction in specific years in response
to weather variation (question 2), we reduced germi-
nation physiology to a single summary variable. Then
we examined the relationship of germination physiology
to greater or less than average germination of the
different species across years. First, the traits, base
water potential, ¥ (50); thermal time, 6.,(50); and ceiling
germination temperature, 7(50) were reduced to a
single principal component axis. This first principal
component explained 75% of the variation in the data
and described among-species variation in terms of fast
vs. slow germination speed. High values of the prin-
cipal component are correlated with high (less negative)
base water potential, high thermal time, and low ceiling
germination temperature, i.e., traits associated with
slow germination speed. We then expressed individual-
year field germination fractions as deviations from the
long-term (20-yr) species averages. This germination
deviation then was plotted against the principal com-
ponent of germination physiology to elucidate which
germination physiologies had higher or lower than
average germination in a particular year. A negative
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slope means that fast germinators had higher germi-
nation in relation to their long-term average than did
slow germinators in that year. A positive slope indicates
the opposite: slow germinators had higher germination
in relation to their long-term average relative to fast
germinators. We plotted the slopes through time to
show variation among years in how different physi-
ologies germinated more or less under natural condi-
tions. The intercept (centered at the average principal
component score) of these regressions indicates whether
desert annuals in general germinated more or less than
average in particular years. We then correlated the
slopes and intercepts with weather variables that might
discriminate between fast and slow germinators or
promote germination generally. The yearly weather
variables tested were the average temperature on days
with rain during the October—January germination
season, average temperature early in the germina-
tion season (October—November), date of first germi-
nation, the number of rainfall events that triggered
germination that year, total precipitation associated
with all germination cohorts for the year, the amount
of rain associated with the first germination cohort,
maximum and median germination season rainfall event
(October-January), and the average October-January
southern oscillation (El Nifo) index.

To examine trait correlations and trade-offs broadly
across the life history (question 3), we conducted a
principal component analysis on germination functional
traits (median base water potentials and thermal times),
the various field ecological variables already mentioned
(demographic variance, germination fraction, germina-
tion date, and seed mass), and growth functional traits
(stomatal conductance, integrated water-use efficiency,
and a principal component score representing the traits
underlying a trade-off between relative growth rate
and water-use efficiency). Details of how the different
traits were measured are given in Methods: Demographic
data and in the Supplemental Material, but some
aspects that could cause confusion are explained here.
Average survival is the 31-yr species average (1983-2013)
of survival from germination to reproduction. Average
seed set is the 31-yr species average (1983-2013) of
the seed set of plants that survived to reproduction
(In-transformed for this analysis). Integrated water-use
efficiency, A (based on 6'°C ratios calculated following
Farquhar et al. (1989) as A = (da—dp)/(1 + dp/1000),
where da is the carbon isotope ratio of CO, in the
atmosphere [assumed to be —8%o] and &p is the meas-
ured carbon isotope ratio of the leaf tissue), has lower
(positive) values as water-use efficiency increases. In
this analysis, we call it “water-use efficiency” and
reverse its sign so that higher values mean higher
water-use efficiency, as intuition would suggest. The
variable called “growth physiology” is a principal
component score from a previous analysis. It is con-
structed from five key traits that underlie the growth
capacity—low-resource tolerance trade-off: leaf:mass
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ratio (the ratio of leaf dry mass to total dry mass),
maximum electron transport capacity, specific leaf area
(the ratio of leaf area to leaf dry mass), relative growth
plasticity, and leaf nitrogen content (details given in
Angert et al. 2009). Higher values of this principal
component indicate traits underlying lower relative
growth rate and higher water-use efficiency. Thus, we
conducted a principal component analysis on a broad
range of traits, one of which, growth physiology, is
itself coded by principal component scores from a
previous principal component analyses on more specific
growth and resource use-efficiency traits. The previously
described principal component analysis on germination
traits used to investigate the consequences of functional
traits for germination fraction in specific years was
not used in this broad analysis of traits.

To determine the importance of germination for the
population dynamics of each species (question 4), we
compared germination fraction, survival, and fecundity
as predictors of year-to-year changes in population
size using hierarchical partitioning analysis. Population
size each year was determined as the number of seeds
just prior to initiation of germination, estimated as
the number of seeds germinating per square meter
plus the number of seeds per square meter that did
not germinate. Because annual plants may be absent
above ground for much of the year or even skip ger-
mination in some years, it is important to consider
both seeds and seedlings to measure true population
size. The increase from year y to year y + 1 was
calculated as the log ratio of the two years’ population
sizes. A value of 1 was added to each population size
to avoid taking the log of zero. The predictors were
the arcsine square root of germination fraction, survival
from germination to reproduction, and the log of mean
fecundity of survivors.

REsuLTS

Germination and hydrothermal time parameters

Growth chamber experiments revealed a wide array
of germination behaviors and functional traits for the
species in this winter annual guild. Some species such
as Draba cuneifolia, Evax multicaulis, and Schismus
barbatus were almost completely dormant when fresh
and only gradually lost dormancy with after-ripening
(Appendix S2: Fig. S1). Other species such as Plantago
spp., Pectocarya ssp., and Stylocline micropoides ger-
minated only at the lowest temperatures when fresh,
but gradually broadened their temperature range for
germination to include higher temperatures as after-
ripening progressed. Most species germinated to high
percentages by 4 months of after-ripening for at least
some temperatures and after-ripening regimes. However,
two species, Eucrypta micrantha and Vulpia octoflora,
germinated little even after 5.5 months of after-ripening.
Vulpia octoflora had maximum germination of around
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40%, whereas Eucrypta micrantha germinated less than
20% under all conditions (Appendix S2: Fig. SI).
Although base temperatures for germination did not
vary much among species (0-3.7°C), the optimum
temperatures varied from 8.6° to 27.6°C and ceiling
temperatures for germination varied from 15.3° to
50.9°C among species (Appendix S2: Table S2). Thermal
times to 50% germination (11-141 h) and base water
potentials (—2.32 to —0.19 MPa) also varied greatly
among species, reflecting a gradient of slow to fast
germination following imbibition. The variation in base
water potentials among seeds in the germinating pop-
ulations (i.e., the uniformity of response among indi-
vidual seeds) also differed among species, as indicated
by standard deviation values of ¢ = 0.19-0.79 MPa
(Appendix S2: Table S2). The base water potential
with associated standard deviation reported in Table B2
is the lowest base water potential chosen from among
all the temperature and after-ripening treatments. The
temperature and after-ripening treatment that resulted
in the lowest base water potential is also given in
Table S2.

These germination functional traits were not all in-
dependent of one another and their pattern of corre-
lation is revealing as to how germination functional
traits interact to control the rate and percentage of
germination (Appendix S2: Table S3). Species with
high thermal time to 50% germination (i.e., it takes
them a long time to germinate following imbibition)
tend to have a low maximum germination of fresh
seeds, a low maximum germination of 4 months after-
ripened seeds, a high base water potential (requiring
high water content of the soil for germination), and
a high standard deviation of base water potential
(greater variation in germination time). In principle,
seeds could take a long time to germinate and require
high water potential to germinate, but still all germi-
nate at once after the appropriate thresholds are reached.
Yet they do not: slow-germinating species that require
high water potential to germinate also have high var-
iation in germination time (Appendix S2: Table S3).

Variation in germination fraction due to differences in
species responses to weather variation

First we used both univariate regression and hier-
archical partitioning analysis to assess how functional
germination traits were related to population ecology
traits measured on each species (question 1). We found
that the 20-yr average field germination fraction was
best explained by base water potential for germination,
ceiling germination temperature, and thermal time to
germination, with higher field germination fractions
associated with lower base water potentials, higher
ceiling temperatures, and shorter thermal times
(Table 1).

The hierarchical partitioning analysis showed that
species germinating later in the season in natural
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TasLE 1. Relative importance of germination functional traits as predictors of ecological traits of desert annual species near Tuc-
son, Arizona, USA; 20-yr (1990-2009) mean field germination fractions, 25-yr (1982-2007) mean field germination dates, seed

size, and 30-yr demographic variance are dependent variables.

Independent
Ecological trait and functional predictors R2 Sign P Independent effect percentage
20-yr mean field germination fractions
Base water potential 0.4466 - 0.02 0.1926 36.30
Ceiling temperature 0.3952 + 0.03 0.1824 34.40
Thermal time 0.3451 - 0.05 0.1558 29.40
25-yr mean field germination date
Thermal time 0.3346 + 0.04 0.1773 34.40
Optimal temperature 0.2673 - 0.07 0.1694 32.80
Maximum germination (4 month AR) 0.3238 - 0.04 0.1173 22.70
Base water potential 0.1727 + 0.15 0.0518 10.00
Seed size
Thermal time 0.4008 - 0.01 0.2208 34.10
Base water potential 0.3171 - 0.03 0.1295 20.00
Maximum germination (4 month AR) 0.1039 0.24 0.1223 18.90
Maximum germination (fresh) 0.3011 0.04 0.121 18.70
Ceiling temperature 0.1472 + 0.15 0.0544 8.40
30-yr demographic variance
Thermal time 0.7267 + 0.0004 0.2707 28.90
Maximum germination (fresh) 0.6318 - 0.002 0.2328 24.90
Base water potential 0.4921 + 0.01 0.1366 14.60
Maximum germination (4 month AR) 0.31 - 0.06 0.1164 12.50
Base temperature 0.2619 - 0.09 0.0896 9.60
Ceiling temperature 0.274 - 0.08 0.089 9.50

Notes: The first three columns give results from univariate

linear regressions, including the coefficient of determi-

nation (R?), the sign of the relationship, and P values for the regression coefficients. The final two columns give the
results of a hierarchical partitioning analysis that quantifies the independent effect of variables after accounting for
correlations between variables (see Analyses). The independent percentage is the percentage of the variance explained
by each variable relative to the others (sums to 100%). Germination after 4 months of after-ripening is abbreviated

as “4 month AR.”

populations had longer thermal times to germination,
lower optimal temperatures for germination, lower max-
imum germination percentages of 4-months after-ripened
seeds, and higher base water potentials (Table 1). This
makes sense because it is hotter early in the fall-to-
winter germination season, so higher temperature optima
permit earlier germination. Also, high thermal time, low
germination at 4 months of after-ripening, and high
base water potential are all found in species with slow,
and hence in this case, late germination.

Larger-seeded species had shorter thermal times to
germination, lower base water potentials, higher ger-
mination percentages after 4 months of after-ripening,
higher germination percentages of fresh seeds, and
higher ceiling germination temperatures (Table 1). These
are all indicators of fast germination, demonstrating
that in this guild of desert annuals, large-seeded species
germinate faster than small-seeded species.

Species with higher demographic variance of germi-
nated seeds (standard deviation of In-transformed
fecundity per germinant) had longer thermal times to
germination, lower germination percentages of fresh
seeds, higher base water potentials, low germination
of 4-months after-ripened seeds, and lower base and
ceiling germination temperatures (Table 1). These are
all traits associated with slower, later germination and
low germination fractions. Thus, species with more
variable fitness of germinated seeds tend to have cau-
tious, delayed germination strategies.

In summary, thermal time to germination and base
water potential were the germination functional traits
most consistently and strongly related to aspects of
natural population dynamics. Their relationships to
ecological variables were parallel: variables positively
associated with thermal time were positively related to
base water potential. This is to be expected, as changes
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in base water potential affect the speed of germination
across temperatures, with higher (more positive) base
water potentials resulting in longer thermal times to
germination (Alvarado and Bradford 2002).

Germination traits, population dynamics, and
correlations with environmental factors

We also investigated whether germination traits de-
termine which species germinate more or less than
average in particular years (question 2). When the
slopes of the regressions of germination deviations
from long-term average against germination physiology
PC score are plotted against time, we can see how
different germination physiologies do better or worse
than average in different years (Fig. 1A). In some
years, such as 1993, 2003, and 2005, fast germinators
germinated more relative to their long-term average
than did slow germinators. In other years, such as
2006 and 2009, slow germinators germinated more
relative to their long-term average than did fast ger-
minators. These shifting slopes illustrate how the spe-
cies X year interaction for germination fraction relates
to germination physiology. In some years, such as
1992, 2001, and 2012, almost all species germinated
more than average (high centered intercept) and ger-
mination physiology did not have a big effect (shallow
slope; Fig. 1B). In other years, such as 2002 and 2006,
all species germinated less than average.

This variation in germination as a function of germi-
nation physiology probably is due to environmental dif-
ferences among years. We searched for the relationships
between the germination vs. physiology slope and weather
differences among years and found the strongest correlation
to be with the temperature during rainfall (R> = 0.44,
P < 0.004). High temperature during rainfall result in
greater germination of species with fast-germination phys-
iologies in that year. Thus, fast-germinating species are
likely to germinate in years with early autumn/winter rain
before the cool season or in years when it was relatively
warm during rainfall events, regardless of when they oc-
curred in the germination season. Other variables had
R?> < 0.2 and were mostly nonsignificant. The intercept,
which reflects the tendency of all species to germinate
more in a given year, was strongly negatively related to
the average temperature for October and November
(R? = 046, P < 0.0005) and positively related to the
total precipitation associated with all germination cohorts
for the year (R* = 0.60, P < 0.0003). Thus, as might be
expected in a desert environment, this guild of annuals
tends to have higher germination in years with cool au-
tumns and high precipitation during the germination season.
Other weather variables were not significant.

Trait syndromes and ecological strategies

To look for syndromes of traits and ecologies that
go together (question 3), we conducted a principal
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FiG. 1. (A) Slopes and (B) intercepts of the regressions of the
deviation of each year’s germination fraction for a given species
from that species’ long-term average as a function of the species’
principal component score from an analysis of the three most
important germination functional traits for germination
fraction. The regression was conducted separately for each year
with species used as data points. Negative slope indicates that, in
the year in question, species with fast-germination traits had a
higher germination fraction relative to their long-term average
than did species with slow-germination traits. Slopes tended to
be more negative in years with higher temperature when rains
occurred during the germination time period. The centered
intercept (intercept at the x-axis average) indicates high vs. low
germination fraction years. Overall germination tended to be
higher in years with more total precipitation during the
germination season and lower mean temperatures during
October and November.

component analysis on the ecological variables from
long-term field data, the most important germination
functional traits, and important growth-phase func-
tional traits that we have previously researched ex-
tensively (Angert et al. 2007, 2009, Huxman et al.
2008). The first principal component captures 61%
of the variance in the original 11 variables. It shows
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that species with high demographic variation and low
field germination fractions have small seeds, low av-
erage seedling—adult survival, high average seed pro-
duction of plants that survived to reproduce, low
integrated water-use efficiency, high relative growth
rate (low “growth physiology™ score), and germination
physiology suggestive of slow germination (Table 2).
Interestingly, a score summarizing species position on
a growth rate-water-use efficiency trade-off (growth
physiology) is highly correlated with germination ther-
mal time, base water potential, and seed size, such
that fast-germinating species tend to have large seeds,
high post-germination water-use efficiency, and slow
growth rates (Table 2).

Importance of germination fraction for
changes in population size

The relative importance of germination, survival,
and reproduction to changes in population size varied
from species to species (question 4). Germination was
most important for five species, survival for five species,
and fecundity for three species (Appendix S2: Table S4).
All three factors contributed significantly to population
change in seven of the 13 species.

DiscussioN

Combining long-term data with comparative phys-
iological ecology can yield a deeper understanding of

TaBLE 2. Principal component analysis of germination and
growth physiology along with various field ecological
measurements.

Variable PCR 1
correlations
Stomatal conductance 0.349
Water-use efficiency —0.728
Growth physiology -0.875
Thermal time, In-transformed 0.827
Base water potential 0.809
Germination date 0.279
Seed mass, In-transformed -0.974
Average survival -0.622
Average seed set, In-transformed 0.951
Germination fraction —-0.949
Demographic variance 0.867

Notes: Values reported are the correlations between the
species variables and the scores for the species on the first
principal component. Water-use efficiency (WUE) is based
on A but the sign is reversed so that high values mean
greater water-use efficiency. Growth physiology is the PC
score from a different principal components analysis of var-
iables underlying a vegetative growth rate-water-use efficiency
trade-off and a high value of “growth physiology” means
traits favoring high WUE but low relative growth rate (see
Methods for details on these and other variables here).
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the contribution of functional traits to population and
community dynamics and can focus our attempts to
understand the evolution of plant physiological char-
acteristics (Medina et al. 1984, Mooney 1991). In
previous studies, we have examined how growth and
water use can affect population and community ecology
(Angert et al. 2009, Kimball et al. 2012, Huxman
et al. 2013). Those studies shed light on trait evolution,
responses to climate change, differential response to
competition, and the forces that shape coexistence
among species. Here we have extended this to include
germination physiology and have discovered some im-
portant linkages. Species differences in thermal times
to germination, base water potentials for germination,
and variously base, optimum, or maximum temperatures
for germination under controlled temperature and water
conditions, were strongly related to the 20-year mean
germination fraction in nature, the average germination
date, seed size, and long-term demographic variation.
These patterns relating growth-chamber physiological
measurements to population parameters in natural field
conditions make intuitive sense.

Higher germination fractions in nature are found
for species with hydrothermal traits favoring fast
germination: short thermal time and low base water
potential. Also, high maximum temperature for
germination allows a species to start germinating
earlier in the fall season, resulting in more germi-
nation opportunities and thus higher cumulative
germination fractions. Germination fraction is a
population property with important implications
for evolutionary bet-hedging and species coexistence
in this community (Angert et al. 2009, Gremer and
Venable 2014).

Similarly, species that have higher temperature
optima, short thermal times, and low base water
potentials tend to germinate earlier in the season.
Germination date has important ecological implica-
tions. In this community, hydrothermal traits asso-
ciated with germination later during the season result
in cooler temperatures for seedling establishment and
growth. This can be beneficial with regard to seedling
water stress if species have appropriately adjusted
temperature optima for growth, which seems to be
the case for these species (Kimball et al. 2011, Barron-
Gafford et al. 2013, Gremer et al. 2013). However,
later-germinating species have less time to grow and
may experience asymmetric competition with earlier-
germinating species (Kelly and Levin 1997, Verdu
and Traveset 2005).

We found that larger-seeded species germinated
faster, had lower thermal times and base water
potentials, and had higher maximum temperatures
for germination. Germination rates in relation to seed
size have previously been investigated at both intra-
and interspecific levels (Baskin and Baskin 2014).
Most studies have found that larger seeds germinate
faster (Weis 1982, Tripathi and Khan 1990, Prinzie
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and Chmielewski 1994, Greipsson and Davy 1995,
Simons and Johnston 2000, Du and Huang 2008).
Some studies report that smaller seeds germinate faster
or to higher percentages (Stamp 1990, Zhang 1993),
whereas in other species, germination is not affected
by seed size (Cideciyan and Malloch 1982). Some
studies suggest that larger seeds should germinate
more quickly to escape seed predators attracted to
their larger resource package (Alcantara and Rey
2003, Gomez 2004). Greater resource reserves also
may improve the chances of seedling establishment,
making germination less risky and perhaps favoring
faster, less cautious germination (Venable and Brown
1988). Some authors suggest that larger seeds have
more protein and carbohydrate reserves that allow
them to germinate more readily (Tripathi and Khan
1990, Seiwa 2000, Du and Huang 2008). Reports of
smaller seeds germinating faster or no relationship
between seed size and germination rate suggest that
although the pattern we found of larger seeds ger-
minating faster is the most common, it is not universal,
apparently varying with the ecological and evolution-
ary forces, such as fire or predation, operating in a
particular environment.

Species having high year-to-year variance in seed
production per germinant had small seeds and hydro-
thermal traits associated with slow and, hence, fractional
germination. This is predicted by life-history theory
about bet-hedging. Species experiencing greater variance
in the fitness of germinants are expected to have low
germination fractions (Ellner 19854, b, Gremer and
Venable 2014).

Community ecologists are interested in species dif-
ferences, but they are also interested in variation in
species differences. For example, the species X year
interaction for germination fraction is an important
component of the storage effect mechanism for species
coexistence in this community (Angert et al. 2009).
Here we found a link between species X year inter-
action for germination and species differences in ger-
mination  physiology.  Fast-germinating  species
germinated more in years with relatively warm rain
events, whereas slow-germinating species germinated
more with cool events. Angert et al. (2009) showed
that species X year interactions for per germinant fe-
cundity also contribute to the storage effect and are
related to species differences in growth and water-use
physiology. Kimball et al. (2010) extended this by
showing how specific aspects of weather favored dif-
ferent growth physiologies in different years.

Ecologists have long used the related concepts of
trade-offs and syndromes as organizing principles,
from the r—K gradient of MacArthur and Wilson
(1967) and the CSR triangle of Grime (1977) to the
macroecological trade-offs of functional traits (Wright
et al. 2004). Today it is widely thought that many
of the functional constraints that underlie trade-offs
and shape life histories also affect interspecific
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interactions, mechanisms of coexistence, and commu-
nity structure (Grubb 1977, Chesson and Huntly 1988,
Tilman and Pacala 1993, Venable et al. 1993, Bazzaz
1996, Turnbull et al. 1999, Rees et al. 2001). In our
desert winter annual system, we have previously iden-
tified a trade-off between growth rate and water-use
efficiency that has important implications for com-
munity structure and dynamics (Angert et al. 2009).
There is also a relationship between germination
fraction and year-to-year temporal variance in the
fitness of germinants (Venable 2007, Gremer and
Venable 2014). Here we expand and synthesize these
analyses to show that low-germination, high-
demographic-variance species are also low-integrated-
water-use efficiency, high-growth-rate species and have
smaller seeds (Fig. 2). These small-seeded, high-growth-
rate species tend to have low survival from germination
to reproduction but produce a large number of seeds
if they survive. They may be highly successful under
favorable conditions, but may perform very poorly
under drought conditions due to their low water-use
efficiency (Huxman et al. 2008). This high year-to-
year fitness variance for the germinated plants probably
constitutes the risk factor selecting for low germination
fraction (Gremer and Venable 2014). Low germination
fraction is associated with germination functional
traits: high thermal time to germinate and high base
water potential for germination. Low germination
fraction is apparently more tenable ecologically for
species in this community with small seeds that are
better at avoiding seed predation, a potent evolu-
tionary force in warm deserts. The relationships among
these functional, population, and community factors
are summarized in Fig. 2.

Collectively, these analyses demonstrate that germi-
nation biology has important impacts on plant pop-
ulation dynamics. We previously compared the relative
importance of variation in germination, survival, and
fecundity for year-to-year changes in population size,
concluding that germination was the primary deter-
minant in seven of nine species (Kimball et al. 2010).
Here we revisit this question with more years of data
on 13 species and a modified analytical approach. We
found that germination was the most important factor
for many species, but that survival and fecundity were
the most important factors for others, and that for
seven of 13 species, changes in population size were
significantly related to all three factors. This new anal-
ysis comes to the more nuanced conclusion that ger-
mination plays a prominent role in population size
changes in this community, along with survival and
fecundity.

The reason for the difference in conclusions is that
the Kimball et al. (2010) analysis used a slightly different
calculation, describing population changes from year to
year as In(seedlings germinating in the previous year
divided by seedlings germinating in the current year).
This ignores ungerminated seeds in the soil, which, for
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community dynamics, using a hypothetical rapid- germination, high water-use efficiency species as an example. Trade-offs are
indicated with double-headed connectors with dashed lines; links between processes at different scales are connected with arrows;
the nature of contributions to components are indicated by (+) and (—).

desert annuals, can be the entire population in a year
of insufficient rainfall for germination. To better capture
the size of the entire population, here we estimated
population size as the density of seeds germinating plus
the density of seeds that did not germinate.

The conclusions of our study probably are not
restricted to the highly variable desert environment.
A previous study with Arabidopsis thaliana on in-
traspecific variation has shown that seed dormancy,
vegetative growth rate, and flowering time vary along
a latitudinal gradient and that their covariation changes
with latitude (Debieu et al. 2013). A variety of other
studies (but not all) have shown potentially adaptive
correlations between germination traits and usually
early post-germination traits (Donohue et al. 2010,
Donohue 2014, Burghardt et al. 2015). For example,
germination niches with respect to temperature, light,
water availability, or ion concentration often have
corresponding seedling establishment niches (Donohue
et al. 2010). However, it is rare to synthesize com-
munity covariation patterns for such a broad array
of functional and population dynamic traits over
several decades, which has permitted us to uncover
the complex ecological syndromes that structure this
desert annual community.

ACKNOWLEDGMENTS

The authors thank the many field assistants and vol-
unteers who have helped with data collection over the last
30 yr. Ursula Basinger provided useful discussions and
assistance with the manuscript. The idea for this paper
came from interactions initiated at the working group
“Germination, trait coevolution, and niche limits in changing
environments” organized by Kathleen Donohue and Rafael
Rubio de Casas and sponsored by the National Evolutionary
Synthesis Center, National Science Foundation EF-0905606.
This research was supported by grants from NSF (DEB-
9107324, DEB-9419905, DEB-0212782, DEB 0453781, DEB-
0817121, DEB-0844780, and DEB-1256792), a Senior
Visiting Fellowship and Graduate Student Fellowship from
the State Scholarship Fund of the China Scholarship Council
(CSC) to Zhenying Huang and Shuangshuang Liu, respec-
tively, and a Graduate Student Scholarship from the
Department of Plant Sciences, UC Davis, to Shuangshuang
Liu.

LITERATURE CITED

Alcantara, J. M., and P. J. Rey. 2003. Conflicting selection pres-
sures on seed size: evolutionary ecology of fruit size in a
bird-dispersed tree, Olea europaea. Journal of Evolutionary
Biology 16:1168-1176.

Allen, P. S., R. L. Benech-Arnold, D. Batlla, and K. J. Brad-
ford. 2007. Modeling of seed dormancy. Pages 72-112 in K. J.



260 ZHENYING HUANG ET AL.

Bradford and H. Nonogaki, editors. Dormancy and germina-
tion. Blackwell, Oxford, UK.

Alvarado, V., and K. J. Bradford. 2002. A hydrothermal time
model explains the cardinal temperatures for seed germina-
tion. Plant Cell and Environment 25:1061-1069.

Angert, A. L., T. E. Huxman, G. A. Barron-Gafford, K. L.
Gerst, and D. L. Venable. 2007. Linking growth strategies to
long-term population dynamics in a guild of desert annuals.
Journal of Ecology 95:321-331.

Angert, A. L., T. E. Huxman, P. Chesson, and D. L. Venable.
2009. Functional tradeoffs determine species coexistence via
the storage effect. Proceedings of the National Academy of
Sciences USA 106:11641-11645.

Angert, A. L., S. Kimball, M. Peterson, T. E. Huxman, and D.
L. Venable. 2014. Phenotypic constraints and community
structure: linking trade-offs within and among species. Evo-
lution 68:3149-3165.

Bader, M. Y., G. Menke, and G. Zotz. 2009. Pronounced
drought tolerance characterizes the early life stages of the
epiphytic bromeliad Tillandsia flexuosa. Functional Ecology
23:472-479.

Barron-Gafford, G. A., A. L. Angert, D. L. Venable, A. P.
Tyler, K. L. Gerst, and T. E. Huxman. 2013. Photosyn-
thetic temperature responses of co-occurring desert win-
ter annuals with contrasting resource-use efficiencies and
different temporal patterns of resource utilization may al-
low for species coexistence. Journal of Arid Environments
91:95-103.

Baskin, J. M., and C. C. Baskin. 1984. The ecological life cy-
cle of Campanula americana in northcentral Kentucky USA.
Bulletin of the Torrey Botanical Club 111:329-337.

Baskin, C. C., and J. M. Baskin. 2014. Seeds: ecology, biogeog-
raphy, and evolution of dormancy and germination. Elsevier
Science, Burlington, Massachusetts, USA.

Bazzaz, F. A. 1996. Plants in changing environments: linking
physiological, population and community ecology. Cam-
bridge University Press, Cambridge, UK.

Bowers, J. E., and R. M. Turner. 1985. A revised vascular flora
of Tumamoc Hill, Tucson, Arizona. Madrofio 32:225-252.
Bradford, K. J. 1990. A water relations analysis of seed germina-

tion rates. Plant Physiology 94:840-849.

Bradford, K. J. 2002. Applications of hydrothermal time to
quantifying and modeling seed germination and dormancy.
Weed Science 50:248-260.

Bradford, K. J. 2005. Threshold models applied to seed germina-
tion ecology. New Phytologist 165:338-341.

Burghardt, L. T., C. J. E. Metcalf, A. M. Wilczek, J. Schmitt,
and K. Donohue. 2015. Modeling the influence of genetic and
environmental variation on the expression of plant life cycles
across landscapes. American Naturalist 185:212-227.

Chesson, P. L., and N. Huntly. 1988. Community consequences
of life-history traits in a variable environment. Annales Zoo-
logici Fennici 25:5-16.

Chevan, A., and M. Sutherland. 1991. Hierarchical partition-
ing. American Statistician 45:90-96.

Cideciyan, M. A., and A. J. C. Malloch. 1982. Effects of seed
size on the germination, growth and competitive ability of
Rumex crispus and Rumex obtusifolius. Journal of Ecology
70:227-232.

Clauss, M. J., and D. L. Venable. 2000. Seed germination in des-
ert annuals: an empirical test of adaptive bet hedging. Ameri-
can Naturalist 155:168-186.

Debieu, M., C. Tang, B. Stich, T. Sikosek, S. Effgen, E. Josephs,
J. Schmitt, M. Nordborg, M. Koorneef, and J. de Meaux.
2013. Co-variation between seed dormancy, growth rate and
flowering time changes with latitude in Arabidopsis thaliana.
PLoS ONE 5:¢61075.

Ecology, Vol. 97, No. 1

Donohue, K. 2014. Why ontogeny matters during adaptation:
developmental niche construction and pleiotropy across the
life cycle in Arabidopsis thaliana. Evolution 68:32-47.

Donohue, K., D. Dorn, C. Griffith, E. Kim, A. Aguilera, C. R.
Polisetty, and J. Schmitt. 2005. Niche construction through
germination cueing: life-history responses to timing of germi-
nation in Arabidopsis thaliana. Evolution 59:771-785.

Donohue, K., R. R. de Casas, L. Burghardt, K. Kovach, and
C. G. Willis. 2010. Germination, postgermination adaptation,
and species ecological ranges. Annual Review of Ecology,
Evolution, and Systematics 41:293-319.

Du, Y. J, and Z. L. Huang. 2008. Effects of seed mass and emer-
gence time on seedling performance in Castanopsis chinensis.
Forest Ecology and Management 255:2495-2501.

Ellner, S. 1985a. ESS germination strategies in randomly vary-
ing environments. I. Logistic-type models. Theoretical Popu-
lation Biology 28:50-79.

Ellner, S. 1985b. ESS germination strategies in randomly vary-
ing environments. II. Reciprocal yield-law models. Theoretical
Population Biology 28:80-116.

Farquhar, G. D., J. R. Ehleringer, and K. T. Hubick. 1989. Car-
bon isotope discrimination and photosynthesis. Annual Re-
view of Ecology and Systematics 40:503-537.

Geber, M. A., and V. M. Eckhart. 2005. Experimental studies of
adaptation in Clarkia xantiana. 11. Fitness variation across a
subspecies border. Evolution 59:521-531.

Gomez, J. M. 2004. Bigger is not always better: conflicting selec-
tive pressures on seed size in Quercus ilex. Evolution 58:71-80.

Greipsson, S., and A. J. Davy. 1995. Seed mass and germination
behavior in populations of the dune-building grass Leymus
arenarius. Annals of Botany 76:493-501.

Gremer, J. R, and D. L. Venable. 2014. Bet hedging in desert
winter annual plants: optimal germination strategies in a vari-
able environment. Ecology Letters 17:380-387.

Gremer, J. R., S. Kimball, A. L. Angert, D. L. Venable, and
T. E. Huxman. 2012. Variation in photosynthetic response
to temperature in a guild of winter annual plants. Ecology
93:2693-2704.

Gremer, J. R., S. Kimball, K. R. Keck, T. E. Huxman, A. L.
Angert, and D. L. Venable. 2013. Water-use efficiency and rel-
ative growth rate mediate competitive interactions in Sonoran
Desert winter annual plants. American Journal of Botany
100:2009-2015.

Grime, J. P. 1977. Evidence for existence of three primary strate-
gies in plants and its relevance to ecological and evolutionary
theory. American Naturalist 111:1169-1194.

Grubb, P. J. 1977. Maintenance of species-richness in plant
communities: the importance of the regeneration niche. Bi-
ological Reviews of the Cambridge Philosophical Society
52:107-145.

Gummerson, R. J. 1986. The effect of constant temperatures
and osmotic potentials on the germination of sugar beet.
Journal of Experimental Botany 37:729-741.

Huxman, T. E., G. A. Barron-Gafford, K. L. Gerst, A. L.
Angert, A. P. Tyler, and D. L. Venable. 2008. Photosynthetic
resource-use efficiency and demographic variability in desert
annual plants. Ecology 89:1554-1563.

Huxman, T. E., S. Kimball, A. L. Angert, J. R. Gremer,
G. A. Barron-Gafford, and D. L. Venable. 2013. Understand-
ing past, contemporary, and future dynamics of plants, popu-
lations, and communities using Sonoran Desert winter annu-
als. American Journal of Botany 100:1369-1380.

Kelly, M. G., and D. A. Levin. 1997. Fitness consequences and
heritability aspects of emergence date in Phlox drummondii.
Journal of Ecology 85:755-766.

Kimball, S., A. L. Angert, T. E. Huxman, and D. L. Venable.
2010. Contemporary climate change in the Sonoran Desert



January 2016

favors cold-adapted species. Global Change Biology 16:1555-
1565.

Kimball, S., A. L. Angert, T. E. Huxman, and D. L. Venable.
2011. Differences in the timing of germination and reproduc-
tion relate to growth physiology and population dynamics of
Sonoran Desert winter annuals. American Journal of Botany
98:1773-1781.

Kimball, S., J. R. Gremer, A. L. Angert, T. E. Huxman, and D.
L. Venable. 2012. Fitness and physiology in a variable envi-
ronment. Oecologia 169:319-329.

Kimball, S., J. R. Gremer, T. E. Huxman, D. L. Venable, and
A. L. Angert. 2013. Phenotypic selection favors missing trait
combinations in coexisting annual plants. American Natural-
ist 182:191-207.

MacArthur, R. H., and E. O. Wilson. 1967. The theory of island
biogeography. Princeton University Press, Princeton, New
Jersey, USA.

Medina E., H. A. Mooney and C. Vazquez-Yanes, editors. 1984.
Physiological ecology of plants of the wet tropics. Tasks for veg-
etation science. Volume 12. Junk, The Hague, The Netherlands.

Mooney, H. A. 1991. Plant physiological ecology-determinants
of progress. Functional Ecology 5:27-135.

Moriuchi, K. S., D. L. Venable, C. E. Pake, and T. Lange. 2000.
Direct measurements of seed bank age structure of a Sonoran
Desert annual plant. Ecology 81:1133-1138.

Murray, K., and M. M. Conner. 2009. Methods to quantify vari-
able importance: implications for the analysis of noisy ecolog-
ical data. Ecology 90:348-355.

Pake, C. E., and D. L. Venable. 1996. Seed banks in desert an-
nuals: implications for persistence and coexistence in variable
environments. Ecology 77:1427-1435.

Prinzie, T. P., and J. G. Chmielewski. 1994. Significance
of achene characteristics and within-achene resource-
allocation in the germination strategy of tetraploid Aster
pilosus var. pilosus (Asteraceae). American Journal of Bot-
any 81:259-264.

Rees, M., R. Condit, M. Crawley, S. Pacala, and D. Tilman.
2001. Long-term studies of vegetation dynamics. Science
293:650-655.

Seiwa, K. 2000. Effects of seed size and emergence time on tree
seedling establishment: importance of developmental con-
straints. Oecologia 123:208-215.

Simons, A. M., and M. O. Johnston. 2000. Variation in seed
traits of Lobelia inflata (Campanulaceae): sources and fitness
consequences. American Journal of Botany 87:124-132.

Stamp, N. E. 1990. Production and effect of seed size in a grass-
land annual (Erodium brachycarpum, Geraniaceae). American
Journal of Botany 77:874-882.

GERMINATION TRAITS AND PLANT ECOLOGY 261

Stanton-Geddes, J., P. Tiffin, and R. G. Shaw. 2012. Role of cli-
mate and competitors in limiting fitness across range edges of
an annual plant. Ecology 93:1604-1613.

Tilman, D., and S. Pacala. 1993. The maintenance of species
richness in plant communities. Pages 13-25 in R. E. Rick-
lefs and D. Schulter, editors. Species diversity in ecological
communities. University of Chicago Press, Chicago, Illinois,
USA.

Tripathi, R. S., and M. L. Khan. 1990. Effects of seed weight
and microsite characteristics on germination and seedling
fitness in two species of Quercus in a subtropical wet hill for-
est. Oikos 57:289-296.

Turnbull, L. A., M. Rees, and M. J. Crawley. 1999. Seed mass
and the competition/colonization trade-off: a sowing experi-
ment. Journal of Ecology 87:899-912.

Venable, D. L. 2007. Bet hedging in a guild of desert annuals.
Ecology 88:1086-1090.

Venable, D. L., and J. S. Brown. 1988. The selective interactions
of dispersal, dormancy, and seed size as adaptations for re-
ducing risk in variable environments. American Naturalist
131:360-384.

Venable, D. L., and S. Kimball. 2013. Temporal niches, ecosystem
function and climate change. Pages 140-164 in C. K. Kelly, M.
G. Bowler and G. A. Fox, editors. Temporal dynamics and eco-
logical process. Cambridge University Press, Cambridge, UK.

Venable, D. L., and C. E. Pake. 1999. Population ecology of So-
noran Desert annual plants. Pages 115-142 in R. Robichaux,
editor. Ecology of Sonoran Desert plants and plant commu-
nities. University of Arizona Press, Tucson, Arizona, USA.

Venable, D. L., C. E. Pake, and A. C. Caprio. 1993. Diversity
and coexistence of Sonoran Desert winter annuals. Plant Spe-
cies Biology 8:207-216.

Verdu, M., and A. Traveset. 2005. Early emergence enhanc-
es plant fitness: a phylogenetically controlled meta-analysis.
Ecology 86:1385-1394.

Weis, I. M. 1982. The effects of propagule size on germination
and seedling growth in Mirabilis hirsuta. Canadian Journal of
Botany 60:1868-1874.

Wilezek, A. M., L. T. Burghardt, A. R. Cobb, M. D. Cooper, S.
M. Welch, and J. Schmitt. 2010. Genetic and physiological bas-
es for phenological responses to current and predicted climates.
Philosophical Transactions of the Royal Society B 365:3129-
3147.

Wright, 1. J., et al. 2004. The worldwide leaf economics spec-
trum. Nature 428:821-827.

Zhang, J. H. 1993. Seed dimorphism in relation to germination
and growth of Cakile edentula. Canadian Journal of Botany
71:1231-1235.

SUPPORTING INFORMATION

Additional supporting information may be found in the online version of this article at http://onlinelibrary.wiley.com/

doi/10.1890/15-0744.1/suppinfo



