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 Within a community, species may germinate at different times so as to mitigate competition
and to take advantage of different aspects of the seasonal environment (temporal niche differentiation). We illustrated a hypothesis of the combined effects of abiotic and biotic competitive
factors on germination timing and the subsequent upscale effects on community assembly.
 We estimated the germination timing (GT) for 476 angiosperm species of the eastern Tibetan Plateau grasslands under two light treatments in the field: high (i.e. natural) light and low
light. We also measured the shift in germination timing (SGT) across treatments for all species.
Furthermore, we used phylogenetic comparative methods to test if GT and SGT were associated with seed mass, an important factor in competitive interactions.
 We found a significant positive correlation between GT and seed mass in both light treatments. Additionally, small seeds (early germinating seeds) tended to germinate later and large
seeds (late germinating seeds) tended to germinate earlier under low light vs high light
conditions.
 Low light availability can reduce temporal niche differentiation by increasing the overlap in
germination time between small and large seeds. In turn, reduced temporal niche differentiation may increase competition in the process of community assembly.

Introduction
The timing of germination can determine subsequent plant performance and success (Baskin & Baskin, 2001; Fenner &
Thompson, 2005). Germinating earlier in the growing season,
for instance, might permit a plant to grow larger and acquire
more resources for reproduction (Verd
u & Traveset, 2005; Donohue et al., 2010). Germinating too early, however, might put a
plant at risk of adverse environmental conditions, such as late
spring frosts (Inouye, 2008). Thus, there is the potential for selection to act on germination to optimize its timing with respect to
environmental conditions. Germination timing can also be mediated by species interactions (Dyer et al., 2000; Geber & Griffen,
2003). Within a community, species may germinate at different
times so as to mitigate competition and to take advantage of different aspects of the seasonal environment: this is known as temporal niche differentiation (De Luis et al., 2008; Donohue et al.,
2010; Roscher et al., 2011).
How species partition temporal niche space through germination timing will depend on the nature of competitive interactions
between species. Both abiotic and biotic factors can influence
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competition. For instance, resource limitation, such as low light,
can modify competition dynamics and thereby influence temporal niche differentiation. Resource limitation can either directly
intensify competitive interactions or act as an indirect cue of
increased competition (Miller et al., 1994). Earlier germination
to avoid competition is therefore one expectation under limited
resource conditions – especially among small, less competitive
seeds. With regard to light availability, previous studies have
found a general shift toward earlier germination under low light
or crowed conditions for several species (Miller et al., 1994; Dyer
et al., 2000; Weinig, 2000). However, studies of how germination timing shifts in response to light availability on a community-wide level are rare.
Biotic interactions might also affect germination timing by
constraining competition along alternative niche axes (Geber &
Griffen, 2003). For example, seed mass is a major biotic factor in
plant competition (Rees, 1995; Coomes & Grubb, 2003;
Muller-Landau, 2003). Larger seeds have a competitive advantage over smaller seeds because of their surplus resources (Turnbull et al., 1999; Volis & Bohrer, 2013). Germinants from small
seeds, therefore, may require a head start in growth in order to be
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competitive with germinants from larger seeds (Winn & Miller,
1995). One might predict then that small seeds should germinate
earlier than large seeds.
The interaction between competition and germination can
have upscale effects on community assembly. The abiotic and
biotic factors that influence germination time are also known to
be important factors in community assembly in general. For
instance, light availability can act as a filter that excludes species
based on their tolerance of low or high light (Connell & Slatyer,
1977; Nevo, 1997; Fenner & Thompson, 2005; Hautier et al.,
2009; Willis et al., 2010), with this filtering process often mediated at the germination and seedling stage (Van Couwenberghe
et al., 2013). By contrast, biotic interactions between species can
limit the co-occurrence of ecologically or functionally similar species (Weiher & Keddy, 2001; Cavender-Bares et al., 2004). As
with abiotic filtering, the effects of biotic interactions are often
mediated at the germination and seedling stage (Dyer et al.,
2000; Geber & Griffen, 2003). For instance, differential germination times may permit the co-existence of species that vary in
seed mass – a proxy for competitive ability – over several orders
of magnitude (Silvertown, 1981; Leishman & Westoby, 1994).
How these abiotic and biotic factors might interact to effect germination timing and the subsequent implications for community
assembly, however, remains largely unknown.
Given what we know about the effects of light availability and
seed mass on germination timing, we have illustrated a hypothesis
of the combined effects of these two competitive factors on germination timing and the subsequent upscale effects on community assembly (Fig. 1). The growing season in most seasonal
communities is bounded by unfavorable conditions before the
beginning of the season. Thus, if resource limitation (e.g. reduced
light availability) causes a general shift toward earlier germination
across all species, it will reduce the time available for temporal
niche differentiation. The result will be greater overlap in germination timing among small and large seeds. This will increase
biotic interactions that favor large seeds over small seeds, and ultimately reduce community diversity. The process is analogous to
the loss of alpine habitat on mountaintops due to climate change
(Gottfried et al., 2012; Pauli et al., 2012). As climate change permits low-elevation species to grow at higher altitudes, the available niche space of high-elevation species will be compressed,
bounded by competition with low-elevation species on one edge
and the top of the mountain on other. In the same way, we
hypothesize that low light will compress the available temporal
space for niche differentiation by ‘pushing’ the germination time
of all species up against the being of the growing season.
Finally, the extent to which germination timing exhibits phylogenetic signal can influence broader patterns of phylogenetic community structure. Phylogenetic signal is the tendency for closely
related species to share similar traits or niche preferences (Losos,
2008). The extent to which these shared traits or niche preferences
underlie community assembly processes can shape patterns of
phylogenetic relatedness within communities that is, phylogenetic
community structure (Cavender-Bares et al., 2009). Evidence for
phylogenetic signal in both functional traits and niche preference
in plants is now fairly common at broad phylogenetic scales
New Phytologist (2014)
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Fig. 1 Illustrated hypothesis of how light availability can influence
temporal niche differentiation and subsequent biotic interactions. The
ellipses represent seeds, different colors represent different species, and
the ellipse size indicates seed mass. The x-axis represents time during a
single growing season. As light availability decreases (left y-axis), so does
the available temporal niche space (right y-axis). The consequence is
greater overlap in germination timing between small and large seeds
(bottom of y-axes). This will result in greater competitive interactions
under low light conditions in favor of large seeds, as they tend to have a
competitive advantage over small seeds.

(Prinzing, 2001; Crisp et al., 2009; Norden et al., 2009; Davies
et al., 2013; Cornwell et al., 2014). These broad-scale patterns
have been linked to patterns of phylogenetic community structure
(Cavender-Bares et al., 2006). In the only large-scale phylogenetic
study of germination timing, Norden et al. (2009) reported that
mean germination time for tropical trees exhibited significant
phylogenetic signal across multiple tropical forest communities.
Thus, at least to some extent, germination timing via temporal
niche differentiation may have permitted greater phylogenetic
diversity in these tropical forest communities than otherwise
might have been expected. The extent to which additional competitive factors, such as resource limitation, might alter these
dynamics, however, remains poorly understood.
In this study, we investigate how abiotic (light availability) and
biotic (seed mass) competitive factors – both independently and
in combination – affect germination timing across 476 species
from the eastern Tibetan Plateau grassland. We interpret these
results with regard to their impact on community assembly and
phylogenetic community structure. Specifically, we address the
following three questions. How does light availability affect the
germination timing (GT) of species? Is seed mass correlated with
GT and SGT? Finally, do GT, SGT and seed mass exhibit phylogenetic signal?

Materials and Methods
Study region
The study area is located on the northeastern verge of the Tibetan
Plateau in China (101°050 –104°400 E, 32°600 –35°300 N, c.
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40 000 km2, see Fig. 2). The altitude ranges from 1200 to
4800 m a.s.l., and the climate is mainly alpine with a mean
annual precipitation of 450–780 mm (mainly in summer and
autumn) and a mean annual temperature of 4–9°C. The growing season general ranges from late April–late May to late October–early November. The grassland types are mainly alpine
meadow and temperate/subalpine steppe, which are dominated
by native monocotyledons (predominately species in the families
Poaceae and Cyperaceae) and by native dicotyledons (predominately species in the families Ranunculaceae, Polygonaceae, Saxifragaceae, Asteraceae, Scrophulariaceae, Gentianaceae and
Fabaceae). Sheep and yak have grazed these grasslands for centuries.
Seed collection
The 476 species (see species list in Supporting Information
Table S1) used in this study included most of the common
and dominant species found in the region. Seeds were collected
from the field at the start of natural dispersal, in 2008. Seeds
were collected from 20+ unique individual plants for the
majority of species, and from all available unique individual
plants for the remaining rare species. The collected seeds were
allowed to air-dry to a constant mass at room temperature (c.
15°C) and were pooled across individuals of a species before
being weighed and planted. Seeds were stored for 9–12 months
to minimize the effects of primary dormancy (Holdsworth
et al., 2008). K€orner (2003) documented that several months
of quiescence (at room temperature) was sufficient to reduce
dormancy and increased germination rates among many alpine
and sub-alpine species.
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Field germination experiment
The germination experiment was carried out at the Research Station of Alpine Meadow and Wetland Ecosystems of Lanzhou
University in the eastern Tibetan plateau, in Hezuo (34°550 N,
102°530 E, see Fig. 2), Gansu, China, on a broad, flat site at
2980 m a.s.l. At the site specifically, the mean annual temperature
is 2.0°C, ranging from 10°C in January to 11.7°C in July; the
maximum temperature of the growing season is 23.6–28.9°C (see
annual temperature of 2009 in Fig. S1). Mean annual precipitation over the previous 35 yr has been 532 mm, characterized by a
short, cool summer. The area has 2294 h of sunshine and > 270
frost days per year. The vegetation is dominated by Elymus sp.,
Roegneria sp., Scirpus sp. and Festuca sp.
We tested germination under two light treatments: high light
(100% unfiltered light, i.e. natural light) and a low light treatment manipulated with a plastic shade net. Based on the photosynthetic active radiation (PAR) at 1 cm above the soil surface
under and outside the plastic shade net, light availability under
low light treatment (mean PAR = 40675.4 lmol m2 s1,
SE = 3997.9) was only c. 2.9% of that of high light (mean
PAR = 112946.8 lmol m2 s1, SE = 6419.7). PAR was
recorded with a Decagon Sunfleck Ceptometer (Decagon, Pullman, Washington, DC, USA).
The temperature under the different light treatments differed
by an average of 1.3°C (paired t-test: t = 11.00, df = 110,
P < 0.0001; noonday means with standard error for 111 d in
June–September: high light, 17.9  0.46°C; low light
16.6  0.37°C). Furthermore, we have known that temperature
can effect germination time (Baskin & Baskin, 2001). Thus, we
recognize that temperature is a possible confounding effect on

Fig. 2 Digital Elevation Map (DEM) of study
region and China. The map in the upper lefthand corner highlights the complete range of
the Tibetan plateau. The call-out in the lower
right-hand corner highlights the study
region. Hezuo, indicated with a blue arrow, is
the site where the field germination
experiment was carried out (2980 m a.s.l.).
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our estimates of germination timing. Most studies, however, have
found that germination was earlier under increased temperature
(e.g. Bierhuizen & Wagenvoort, 1974; Garcia-Huidobro et al.,
1982). In our study, we found that germination was relatively
later under the high light (higher temperature) treatment (see the
Results section), suggesting that the effects of temperature on germination timing were minimal with respect to the effects of light
availability in our experiment.
For each treatment, we germinated 300 seeds of each species,
distributed over three replicate pots per species (i.e. for each species there were: 100 seeds 9 3 pots 9 2 treatments). Seeds were
placed on gray cotton fabric on top of local soil (see soil information in Table S2) in plastic pots. Seeds were germinated on cotton fabric because it made scoring of germination easier,
prevented the germination of contaminated seeds within the soil,
and kept seeds from becoming buried which may have biased germination timing measurements. The pots were kept in plastic
pools (see photographs of experimental facilities in Fig. S2). Germination at high elevation is restricted mainly to short periods in
late spring and early summer, with many species germinating as
soon as conditions are suitable (Bliss, 1971; K€orner, 2003). To
match the growing season, we began our germination trials as
soon as conditions and practicality allowed (9 June 2009) and
monitored seeds for germination time through late fall (30 September 2009) for a total of 114 d. Every day, the number of germinated seeds was recorded and newly emerged seedlings were
removed from the pots. The pools were regularly watered and
always full of water to keep the soil and grey cotton fabric wet. A
seed was considered germinated when the radicle was visible. In
addition, to avoid seeds being washed out by rain, we covered the
plots with tarpaulins at night and on rainy days. Before the conclusion of the experiment, we tested the viability of seeds (three
replicates of 50 seeds for each species) using a tetrazolium test
(Hendry & Grime, 1993). Final germination proportion (GP, or
‘germination fraction’) for each species was calculated as the
number of germinates divided by the total number of viable seeds
(Fig. S3). Germination proportion is an estimate of dormancy
within a species, and thus corrects for the bias dormancy might
have on our estimate of germination timing.
Seed mass, germination timing and shift
Seed mass was defined as the weight of the embryo, endosperm
and seed coat or fruit coat (e.g. Asteraceae seeds of which we cannot separate fruit coat from seed coat). Accessories (e.g. wings,
comas, pappus, elaiosomes, fruit flesh) were not included in measures of seed mass (Cornelissen et al., 2003). We weighed 100
seeds from pooled collections three times for each species, and
then took the mean divided by 100 as seed mass.
We calculated germination timing (GT, days post planting)
using the following formula:
X
X
GT ¼
ðGi  iÞ=
Gi
(i, number of days between seed sowing (day 0) and seed germination; Gi, number of seeds germinated on day i). As calculated,
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GT corresponds to the mean germination time of the fraction of
seeds that germinated, and does not factor in seeds that failed to
germinate. We calculated GT for all species within each light
treatment (GTlow, germination timing under low light treatment;
GThigh, germination timing under high light treatment).
We calculated germination timing shift (SGT) between the
above two treatments as the value of GTlow  GThigh for each
species. For SGT, values below 0 indicate earlier germination
under low light conditions whereas values above 0 indicate earlier
germination under high light.
Before analyses, seed mass (mg) and GT (days) were log-transformed to optimize normality of frequency distributions. The
final GP was logit-transformed {log10[x/(1x)]} (Warton &
Hui, 2011).
Phylogeny construction
A composite phylogeny of all species was constructed with Phylomatic v3 (Webb & Donoghue, 2005) based on the angiosperm
megatree (R20091120.new). This tree was further resolved based
on the Angiosperm Phylogeny Website v12 (Stevens, 2001
onwards). Branch lengths were made proportional to time using
the ‘bladj’ function in the program Phylocom 4.0 (Webb et al.,
2008) and divergence time estimates based on fossil data (Bell
et al., 2010; Smith et al., 2010).
Correlations of GT and SGT with seed mass
We used both standard linear regression and phylogenetic generalized linear models (PGLM) to test if GT and SGT were correlated with seed mass. Standard linear regression was conducted
using the ‘lm’ functions of the R package ‘stats’ (R Core Team,
2013). Phylogenetic generalized linear models control for the
effects and degree phylogenetic signal in the dependent variable
(Revell & Harrison, 2008). Phylogenetic generalized linear models were conducted using the ‘plgs’ functions of the R package
‘caper’ v0.5 (Orme et al., 2012). For the PGLM, k was estimated
for the dependent variable using a maximum likelihood framework.
Seed mass and germination time are both associated with a
suite of life-history traits such as life form, dispersal mode, adult
plant height and flower timing (Mazer, 1989; Leishman & Westoby, 1994; Bu et al., 2008; Chiang et al., 2009), as well as with
maternal habitat (Donohue, 2009; Guo et al., 2010). These associations can potentially confound the relationship between seed
mass and germination time. Therefore, when examining the relationship of GT or SGT with seed mass, we controlled for variation in life-history traits (life form, plant height, dispersal mode,
onset of flowering and duration of flowering; see description in
Notes S1) or maternal habitats (elevation, water in maternal habitat and light in maternal habitat; see description in Notes S1) by
using residuals. For example, the residuals of GT on life form
and the residuals of seed mass on life form were used in bivariate
regressions to examine the relationship between GT and seed
mass, independent of variation in life form, using standard linear
regression.
Ó 2014 The Authors
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Additionally, we also controlled for the effect of final GP on
germination timing. Similar to how we controlled for life-history
traits above, the residuals of GT on GP were used in regression
analysis of the effects of seed mass on GTresiduals.
Finally, we also used both standard linear regression and
PGLM to test if SGT was correlated with GT in both the high
light and low light treatments.
Phylogeny signal
We tested for phylogenetic signal in GT, SGT and seed mass by
estimating Pagel’s k with the ‘fitContinuous’ function in the R
package ‘geiger’ v1.99-3 (Harmon et al., 2013), which uses a
maximum likelihood framework to estimate the parameter k.
Pagel’s k can vary from 0 (no phylogenetic signal) to 1 (strong
phylogenetic signal) (Pagel, 1999; Freckleton et al., 2002). We
tested for the significance of phylogenetic signal against the
assumption of no signal (k = 0) using a likelihood ratio test.
In order to visualize the distribution of GT, SGT and seed
mass across their community phylogeny, we use the ‘contMap’
function in in the R package ‘phytools’ v0.3-10 (Revell, 2012).
The function estimates the ancestral states of each internal node
using maximum likelihood, and subsequently interpolates these
states along branch.
Sensitivity analyses
In order to test the robustness of our results to uncertainties associated with branch-length estimates, we ran our analyses on the
same composite tree, but with different node age estimates from
Wikstr€om et al. (2001). Also we tested the sensitivity of our
results to phylogenetic uncertainty in topology (Donoghue &
Ackerly, 1996). All of our analyses were run across a set of 50
trees with polytomies from the main tree randomly resolved.
Polytomies were resolved using the program Mesquite v2.75
(Maddison & Maddison, 2011).

Results
Under the high light treatment, GT ranged from 2.9 to 92.5 d,
while under the low light treatment, GT ranged from 2.6 to
95.3 d (Fig. 3a). The resulting SGT ranged from 44.9 to 23.6 d
(Fig. 3b). Seed mass varied from 1.1 9 102 to 37.6 mg (Fig. 3c).
On average, across all species, the low light treatment significantly accelerated GT by a mean of 4.8 d (paired t-test: t = 16.05,
df = 475, P < 0.0001, Fig. 3a).
For both standard linear regression and PGLM analyses, GT
was significantly positively associated with seed mass in both light
treatments (Fig. 4a,b; Table 1). Those relationships were also significant when controlling for variation in life-history traits,
maternal habitats or final GP that are known to affect germination timing (see detail in Figs S4, S5).
Shift in germination timing and seed mass were significantly
negatively correlated for both standard linear regression (Fig. 4c)
and PGLM analyses (Table 1); that is, small seeds tend to germinate later under low light vs high light conditions, while large
Ó 2014 The Authors
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seeds tend to germinate earlier (Fig. 5). This relationship was significant even when controlling for life-history traits and maternal
habitats that are known to affect germination timing (see detail
in Fig. S4).
For both standard linear regression and PGLM analyses, SGT
was significantly negatively correlated with GT under the high
light treatment (Table S3); that is, under high light, early germinating seeds tend to germinate later, while late germinating seeds
tend to germinate earlier when grown under low-light conditions.
However, SGT was significantly positively correlated with GT
under the low light treatment only when using PGLM analyses
(Table S3).
There was significant phylogenetic signal in GT under both
light treatments (Table 2, Figs S6, S7). There was significant phylogenetic signal in SGT (Table 2, Fig. S8) and seed mass
(Table 2, Fig. S9).
In general, our results were robust to phylogenetic sensitivity
analyses (Tables S4–S7).

Discussion
We investigated the combined effects of abiotic and biotic competitive factors on germination timing across 476 angiosperms
plants from the eastern Tibetan Plateau grassland. We found that
germination timing (GT) was dependent on abiotic competitive
environment (high light vs low light), with species generally germinating earlier under resource-limited (low light) conditions.
We also found that GT was positively associated with seed mass,
as predicted under conditions where seed mass positively
correlates with competitive ability. In combination, the effect of
low light appears to conflict with the effect of seed mass on germination timing, restricting the available temporal niche space
and likely increasing biotic competition among species. We
found significant phylogenetic signal in GT, SGT and seed mass.
The phylogenetic distribution of GT, SGT and seed mass in
combination with the effects of competition on germination timing is likely to have upscale effects on patterns of community
structure.
As predicted, we found that germination was earlier under
conditions of low resource availability (low light). Earlier germinants will not only have a head start in terms of growth, but also
a head start in accessing the limited resources available (Kalisz,
1986). Under conditions of limited resources, that advantage of
early germination will likely be exaggerated (Ross & Harper,
1972; Stanton, 1985; Wallre, 1985; Wilson, 1988; Streng et al.,
1989; Jones et al., 1994; Miller et al., 1994; Dyer et al., 2000;
Verd
u & Traveset, 2005). Thus, early germination has evolved in
part to reduce competition for limited resources for individuals,
but it may have increase interspecies competition at the community level (see later discussion).
The positive correlation of GT with seed mass we found is
consistent with several previous studies (Silvertown, 1981; Norden et al., 2009). It is well documented that seed mass can mediate competitive interactions, where large seeds tend to have a
competitive advantage over small seeds (Turnbull et al., 1999;
Volis & Bohrer, 2013). One explanation for the positive
New Phytologist (2014)
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(b)

Fig. 3 Box plot of the variation in (a)
germination timing under high light and low
light treatments, (b) shift in germination
timing across treatments, and (c) seed mass.
The ends of the box represent the first and
third quartiles and the middle line represents
the median. The error bars indicate 1.5-fold
the interquartile range. The different
lowercase letters in (a) indicate significant
differences of germination timing in the high
light and low light treatment. The
significance was tested using the paired
t-test.

(c)

(a)

(b)

(c)

Fig. 4 Linear regression analysis of germination timing and shift in germination timing with seed mass across 476 species. (a) Germination timing under
high light treatment and seed mass (b = 0.12, R2 = 0.14, P < 0.0001); (b) germination timing under low light treatment and seed mass (b = 0.090,
R2 = 0.078, P < 0.0001); (c) shift in germination timing and seed mass (b = 2.2, R2 = 0.03, P < 0.0001). The red line indicates the slope estimate (b) for
each regression. See Table 1 for phylogenetic linear regression results.

association between seed mass and GT, then, is that small seeds
germinate earlier to either avoid competition with or get a headstart over large seeds. There are alternative explanations for the
pattern we observed that do not necessarily invoke direct competition. Norden et al. (2009) suggested that the positive relationship between germination timing and seed mass is the result of
biophysical constraints and proposed several possible mechanisms
that could account for this pattern.
Another possible explanation is that small seeds have limited
ability to ‘escape’ from the soil, and thus need to germinate early
to avoid being buried. Small seeds generally need more light to
germinate and have limited ability to emerge from deep layers of
soil (Harper & Obeid, 1967; Wallre, 1985; Maun & Lapierre,
1986; Wulff, 1986; Milberg et al., 2000; Pons & Fenner, 2000;
Fenner & Thompson, 2005), and also can be easily lost in the
New Phytologist (2014)
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cracks or deep layers of soil following disturbance (Thompson
et al., 1993; Bekker et al., 1998). Additionally, there is evidence
that smaller seeds have relatively low viability in the soil and
post-dispersal seed survivorship (Lee et al., 1991; Osunkoya,
1994; Blate et al., 1998; Moles et al., 2003; Yu et al., 2007), contrary to the traditional view (Harper et al., 1970; Janzen, 1971;
Harper, 1977; Louda, 1989). Thus, on the one hand, selection
may favor a strategy of rapid or early germination in small seeds
to avoid being buried in deep layers of soil from which they cannot emerge. On the other hand, the fact that small seeds easily
move into, but have difficultly emerging from, deep soil layers
may also select for the ability of small seeds to survive for long
periods in the soil seed bank.
Whether the positive relationship between seed mass and germinating timing is the result of biotic competitive interactions or
Ó 2014 The Authors
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Table 1 Linear regression analysis of germination timing and shift in
germination timing with seed mass across 476 species using phylogenetic
generalized linear models
Dependent
variable

Predictor variable

b

P

F

R2

Log GThigh
Log GTlow
SGT

Log seed mass
Log seed mass
Log seed mass

0.094
0.059
2.46

< 0.0001
< 0.00016
< 0.00050

35.6
14.6
12.3

0.070
0.030
0.025

GThigh, germination timing under high light treatment; GTlow, germination
timing under low light treatment; SGT, shift in germination timing.
Significant P-values are indicated in bold type. See Fig. 4 for nonphylogenetic linear regression results.

Fig. 5 The effect of high light and low light treatments on the overlap of
germination timing in relationship to seed mass. Based on germination
timing (GT, see Supporting Information Table S1) under the high light
treatment, species were categorized into three groups: early germinates
(red), middle germinates (blue) and late germinates (black). The range of
germination timing for each group is included in the key in brackets. The
mean seed mass of each group is also included in the key. Under low light,
larger seeds germinated earlier, compressing the temporal niche. These
results support the hypothesis illustrated in Fig. 1. n, number of species
within each group.

other evolutionary or ecological factors, it nonetheless has the
effect of mitigating competition between small and large seeds.
Consequently, it is a mechanism that permits greater diversity in
a community and, therefore, is important for understanding
community assembly.
Our results support our hypothesis (Fig. 1) that abiotic competitive factors reduce the available temporal niche space and
increase the potential for biotic competition in favor of large
seeds. In both light conditions, small seeds germinated earlier
than large seeds, indicating that species were sorting along
Ó 2014 The Authors
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Table 2 Phylogenetic signal of germination timing traits and seed mass
k 95%
CI

Trait

n

k

Log
GThigh
Log
GTlow
SGT
Log
seed
mass

476

0.83

151.6

40.9***

116.7***

0.75, 0.92

476

0.85

175.0

47.6***

147.1***

0.77, 0.93

476
476

0.82 1638.0 1673.7*** 1662.7***
0.98
302.5
488.0***
305.8*

0.73, 0.93
0.97, 1.00

LogeLobs

LogeL0

LogeL1

n, number of species; LogeLobs, log-likelihood estimate of observed k;
LogeL0, log-likelihood estimate with k set to 0 (no phylogenetic signal);
LogeL1, log-likelihood estimate with k set to 1 (maximum phylogenetic signal); GThigh, germination timing under high light treatment; GTlow, germination timing under low light treatment; SGT, shift in germination timing.
Phylogenetic signal was estimated as Pagel’s k using a maximum
likelihood framework.
*, P < 0.05; ***, P < 0.0001.

temporal niche axis partly due to seed mass (Figs 1, 5). However,
small seeds (early germinating seeds) tended to germinate later
and large seeds (late germinating seeds) tended to germinate earlier under low light vs high light conditions (Fig. 5). That is to
say, under low light conditions, the temporal niche space was
compressed, with small seeded species and large seeded species
shifting toward each other with respect to their germination time
(Fig. 5). Because large seeds have a competitive advantage – an
advantage that may be even more intense in conditions of low
resource availability (reviewed in Leishman et al., 2000 and Volis
& Bohrer, 2013) – the net effect is that the compressed temporal
niche space will likely favor species with large seeds.
Species with relatively large seeds are often associated with low
light habitats (reviewed in Guo et al., 2010). Light availability
usually decreases along the succession gradient, with shade-tolerant, large-seeded species appearing in later succession stages
(Connell & Slatyer, 1977). In the Tibetan Plateau grassland specifically, Chu et al. (2007) found that large-seeded species were
more abundant than small-seeded species in the late phase of succession. Light availability also decreases with eutrophication
(Hautier et al., 2009; Yang et al., 2012). Again, large-seeded species have been documented as more common in heavily fertilized
communities of the Tibetan Plateau grasslands (X. Zhou et al.,
unpublished). Previous studies have often attributed the absence
of small seeds in shade habitats to the lack of seed resources sufficient to support their post-germination success (reviewed in
Leishman et al., 2000). Our results suggest, however, that the
absence of small seeds in shade habitats may have resulted from
low light compressing the temporal niche space and increasing
biotic competition among species in favor of those with large
seeds.
In the Tibetan Plateau grassland, we found that closely related
species share similar temporal niche preferences (i.e. germination
times) and competitive ability at germination (i.e. seed mass).
These results confirm previous findings of phylogenetic signal in
both germination timing (Norden et al., 2009) and seed mass
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(Moles et al., 2005). We also report the novel result that shift in
germination time in response to light availability exhibits significant phylogenetic signal. That this response to light is shared
among closely related species suggests that, at some level, the
genetic or physiological mechanisms that regulate germination
response to light may themselves be phylogenetic conserved.
With regard to community assembly, temporal niche differentiation in germination timing may permit greater phylogenetic
diversity in the Tibetan Plateau grassland. By contrast, the compression of temporal niche space under low light might result in
the phylogenetically biased exclusion of species with small seeds,
resulting in reduced phylogenetic diversity and greater phylogenetic clustering. It is not clear, however, if patterns of phylogenetic community structure at the germination stage will translate
into similar patterns of phylogenetic community structure at the
adult stage. For instance, Webb et al. (2006) found that among
Bornean rain forest tree communities, phylogenetic structure at
the seedling stage did not necessarily carry over to the sapling
stage. Whether similar dynamics apply to the eastern Tibetan
Plateau grasslands, which are dominated not by trees, but by
grasses and herbs, will require further long-term investigation.
Conclusions
We found that there are significant effects of abiotic (light availability) and biotic (seed mass) competitive factors on germination
time (GT) across 476 angiosperm plant species from the Tibetan
Plateau grasslands. These effects remained even after accounting
for additional life-history traits, maternal habitats and phylogenetic signal. When considered in combination, by examining the
shift in germination timing across light environments (SGT), we
found that limited resources (i.e. low light availability) reduce
temporal niche differentiation by increasing the overlap in germination time between small and large seeds. In turn, the reduced
temporal niche differentiation may increase competition in the
process of community assembly. Interpreting plant community
composition and ecosystem function from plant traits is a major
research challenge and focus in ecology (Shipley, 2010; Webb
et al., 2010). Seed mass is one of a core list of plant traits for
functional ecology (Westoby, 1998; Weiher et al., 1999; Westoby et al., 2002). Thus, it will be valuable to examine temporal
germination niche differentiation in relation to seed mass along
other environment gradients (e.g. rainfall and soil fertility) in
future studies. They, together with this study, will increase our
ability to understand the vegetation construction and
phylogenetic community structure as a function of germination,
a major component of a plant’s life cycle. Additionally, this study
is the first to show that shift in germination timing in response to
light availability exhibits significant phylogenetic signal.

Acknowledgements
We would like to thank three anonymous reviewers for their comments and suggestions. Our thanks and appreciations go to Professor Kathleen Donohue, Professor Ove Eriksson and Jennifer
Zou for their valuable comments on earlier versions of the
New Phytologist (2014)
www.newphytologist.com

manuscript. We thank Junping Lv, Yingying Zhang, Chenyang
Wang, Lei Zhang, Jun Wang, Xiong Li, Xuexue Qin, Wen Liu,
Wenxiang Hu and other workers at Institute of Ecology in
Lanzhou University for help with fieldwork and data collection;
Junyong Li for help analyzing soil properties; Baochen Jin for
help making DEM maps; and Wei Liu, Xianhui Zhou, Prof.
Shiting Zhang, Dr Weiya Qiang, Dr Gefei Zhang, Dr Renyi
Zhang, Mingxia Liu, Min Yang and Mei Su for suggestion on
experiment design. This work was supported by the Natural Science Foundation of China (41171214). C.Z. would like to thank
the China Scholarship Council (CSC) for his scholarship.

References
Baskin CC, Baskin JM. 2001. Seeds: ecology, biogeography, and evolution of
dormancy and germination. San Diego, CA, USA: Elsevier Press.
Bekker RM, Bakker JP, Grandin U, Kalamees R, Milberg P, Poschlod P,
Thompson K, Willems JH. 1998. Seed size, shape and vertical distribution in
the soil: indicators of seed longevity. Functional Ecology 12: 834–842.
Bell CD, Soltis DE, Soltis PS. 2010. The age and diversification of the
angiosperms re-revisited. American Journal of Botany 97: 1296–1303.
Bierhuizen JF, Wagenvoort WA. 1974. Some aspects of seed germination in
vegetables. I. The determination and application of heat sums and minimum
temperature for germination. Scientia Horticulturae 2: 213–219.
Blate GM, Peart DR, Leighton M. 1998. Post-dispersal predation on isolated
seeds: a comparative study of 40 tree species in a Southeast Asian rainforest.
Oikos 82: 522–538.
Bliss LC. 1971. Arctic and alpine plant life cycles. Annual Review of Ecology and
Systematics 2: 405–438.
Bu H, Du G, Chen X, Xu X, Liu K, Shujun W. 2008. Community-wide
germination strategies in an alpine meadow on the eastern Qinghai-Tibet
plateau: phylogenetic and life-history correlates. Plant Ecology 195: 87–98.
Cavender-Bares J, Ackerly D, Baum D, Bazzaz F. 2004. Phylogenetic
overdispersion in Floridian oak communities. American Naturalist 163: 823–
843.
Cavender-Bares J, Keen A, Miles B. 2006. Phylogenetic structure of Floridian
plant communities depends on taxonomic and spatial scale. Ecology 87: S109–
S122.
Cavender-Bares J, Kozak KH, Fine PV, Kembel SW. 2009. The merging of
community ecology and phylogenetic biology. Ecology Letters 12: 693–715.
Chiang GC, Barua D, Kramer EM, Amasino RM, Donohue K. 2009. Major
flowering time gene, FLOWERING LOCUS C, regulates seed germination in
Arabidopsis thaliana. Proceedings of the National Academy of Sciences, USA 106:
11 661–11 666.
Chu CJ, Wang YS, Du GZ, Maestre FT, Luo YJ, Wang G. 2007. On the
balance between niche and neutral processes as drivers of community structure
along a successional gradient: insights from alpine and sub-alpine meadow
communities. Annals of Botany 100: 807–812.
Connell JH, Slatyer RO. 1977. Mechanisms of succession in natural
communities and their role in community stability and organization. American
Naturalist 111: 1119–1144.
Coomes DA, Grubb PJ. 2003. Colonization, tolerance, competition and
seed-size variation within functional groups. Trends in Ecology & Evolution 18:
283–291.
Cornelissen J, Lavorel S, Garnier E, Diaz S, Buchmann N, Gurvich D, Reich P,
Ter Steege H, Morgan H, Van Der Heijden M. 2003. A handbook of
protocols for standardised and easy measurement of plant functional traits
worldwide. Australian Journal of Botany 51: 335–380.
Cornwell WK, Westoby M, Falster DS, FitzJohn RG, O’Meara BC, Pennell
MW, McGlinn DJ, Eastman JM, Moles AT, Reich PB. 2014. Functional
distinctiveness of major plant lineages. Journal of Ecology 102: 345–356.
Crisp MD, Arroyo MT, Cook LG, Gandolfo MA, Jordan GJ, McGlone MS,
Weston PH, Westoby M, Wilf P, Linder HP. 2009. Phylogenetic biome
conservatism on a global scale. Nature 458: 754–756.
Ó 2014 The Authors
New Phytologist Ó 2014 New Phytologist Trust

New
Phytologist
Davies TJ, Wolkovich EM, Kraft NJ, Salamin N, Allen JM, Ault TR,
Betancourt JL, Bolmgren K, Cleland EE, Cook BI. 2013. Phylogenetic
conservatism in plant phenology. Journal of Ecology 101: 1520–1530.
De Luis M, Raventos J, Wiegand T, Carlos Gonzalez-Hidalgo J. 2008.
Temporal and spatial differentiation in seedling emergence may promote
species coexistence in Mediterranean fire-prone ecosystems. Ecography 31: 620–
629.
Donoghue MJ, Ackerly DD. 1996. Phylogenetic uncertainties and sensitivity
analyses in comparative biology. Philosophical Transactions of the Royal Society of
London B: Biological Sciences 351: 1241–1249.
Donohue K. 2009. Completing the cycle: maternal effects as the missing link in
plant life histories. Philosophical Transactions of the Royal Society B 364: 1059–
1074.
Donohue K, Rubio de Casas R, Burghardt L, Kovach K, Willis CG. 2010.
Germination, postgermination adaptation, and species ecological ranges.
Annual Review of Ecology, Evolution, and Systematics 41: 293–319.
Dyer AR, Fenech A, Rice KJ. 2000. Accelerated seedling emergence in
interspecific competitive neighbourhoods. Ecology Letters 3: 523–529.
Fenner M, Thompson K. 2005. The ecology of seeds. Cambridge, UK: Cambridge
University Press.
Freckleton RP, Harvey PH, Pagel M. 2002. Phylogenetic analysis and
comparative data: a test and review of evidence. American Naturalist 160: 712–
726.
Garcia-Huidobro J, Monteith JL, Squire GR. 1982. Time, temperature and
germination of Pearl Millet (Pennisetum typhoides S. & H.) I. Constant
temperature. Journal of Experimental Botany 33: 9.
Geber MA, Griffen LR. 2003. Inheritance and natural selection on functional
traits. International Journal of Plant Sciences 164: S21–S42.
Gottfried M, Pauli H, Futschik A, Akhalkatsi M, Barancok P, Alonso JLB,
Coldea G, Dick J, Erschbamer B, Kazakis G. 2012. Continent-wide response
of mountain vegetation to climate change. Nature Climate Change 2: 111–115.
Guo H, Mazer SJ, Du G. 2010. Geographic variation in seed mass within and
among nine species of Pedicularis (Orobanchaceae): effects of elevation, plant
size and seed number per fruit. Journal of Ecology 98: 1232–1242.
Harmon L, Weir J, Brock C, Glor R, Challenger W, Hunt G, FitzJohn R,
Pennell M, Slater G, Brown J et al. 2013. GEIGER: analysis of evolutionary
diversification. R package version 1.99-3. [WWW document] URL http://
www.webpages.uidaho.edu/~lukeh/software.html [accessed 15 November
2013].
Harper JL. 1977. Population biology of plants. London, UK: Academic Press.
Harper JL, Lovell P, Moore K. 1970. The shapes and sizes of seeds. Annual
Review of Ecology and Systematics 1: 327–356.
Harper JL, Obeid M. 1967. Influence of seed size and depth of sowing on the
establishment and growth of varieties of fiber and oil seed flax. Crop Science 7:
527–532.
Hautier Y, Niklaus PA, Hector A. 2009. Competition for light causes plant
biodiversity loss after eutrophication. Science 324: 636–638.
Hendry GAF, Grime JP. 1993. Comparative plant ecology: a laboratory manual.
London, UK: Chapman and Hall.
Holdsworth MJ, Bentsink L, Soppe WJ. 2008. Molecular networks regulating
Arabidopsis seed maturation, after-ripening, dormancy and germination. New
Phytologist 179: 33–54.
Inouye DW. 2008. Effects of climate change on phenology, frost damage, and
floral abundance of montane wildflowers. Ecology 89: 353–362.
Janzen DH. 1971. Seed predation by animals. Annual Review of Ecology and
Systematics 2: 465–492.
Jones RH, Sharitz RR, Dixon PM, Segal DS, Schneider RL. 1994. Woody plant
regeneration in four floodplain forests. Ecological Monographs 64: 345–367.
Kalisz S. 1986. Variable selection on the timing of germination in Collinsia verna
(Scrophulariaceae). Evolution 40: 479–491.
K€
orner C. 2003. Alpine plant life: functional plant ecology of high mountain
ecosystems. Berlin, Germany: Springer.
Lee WG, Grubb PJ, Wilson JB. 1991. Patterns of resource allocation in fleshy
fruits of nine European tall-shrub species. Oikos 61: 307–315.
Leishman MR, Westoby M. 1994. Hypotheses on seed size: tests using the
semiarid flora of western New South Wales, Australia. American Naturalist
143: 890–906.
Ó 2014 The Authors
New Phytologist Ó 2014 New Phytologist Trust

Research 9
Leishman MR, Wright IJ, Moles AT, Westoby M. 2000. The evolutionary
ecology of seed size. In: Fenner M, ed. Seeds: the ecology of regeneration in plant
communities. Wallingford, UK: CABI, 31–57.
Losos JB. 2008. Phylogenetic niche conservatism, phylogenetic signal and the
relationship between phylogenetic relatedness and ecological similarity among
species. Ecology Letters 11: 995–1003.
Louda S. 1989. Predation in the dynamics of seed regeneration. In: Leck MA,
Parker VT, Simpson RL, eds. Ecology of soil seed banks. New York, NY, USA:
Academic Press, 25–51.
Maddison W, Maddison D. 2011. Mesquite: a modular system for evolutionary
analysis. Version 2.75. [WWW document] URL http://mesquiteproject.org
[accessed 15 November 2013].
Maun MA, Lapierre J. 1986. Effects of burial by sand on seed germination and
seedling emergence of four dune species. American Journal of Botany 73: 450–
455.
Mazer SJ. 1989. Ecological, taxonomic, and life history correlates of seed mass
among Indiana dune angiosperms. Ecological Monographs 59: 153–175.
Milberg P, Andersson L, Thompson K. 2000. Large-seeded spices are less
dependent on light for germination than small-seeded ones. Seed Science
Research 10: 99–104.
Miller TE, Winn AA, Schemske DW. 1994. The effects of density and spatial
distribution on selection for emergence time in Prunella vulgaris (Lamiaceae).
American Journal of Botany 81: 1–6.
Moles AT, Ackerly DD, Webb CO, Tweddle JC, Dickie JB, Pitman AJ,
Westoby M. 2005. Factors that shape seed mass evolution. Proceedings of the
National Academy of Sciences, USA 102: 10 540–10 544.
Moles AT, Warton DI, Westoby M. 2003. Do small-seeded species have higher
survival through seed predation than large-seeded species? Ecology 84: 3148–
3161.
Muller-Landau H. 2003. Seeds of understanding of plant diversity. Proceedings of
the National Academy of Sciences, USA 100: 1469–1471.
Nevo E. 1997. Evolution in action across phylogeny caused by
microclimatic stresses at “Evolution Canyon”. Theoretical Population
Biology 52: 231–243.
Norden N, Daws MI, Antoine C, Gonzalez MA, Garwood NC, Chave J. 2009.
The relationship between seed mass and mean time to germination for 1037
tree species across five tropical forests. Functional Ecology 23: 203–210.
Orme D, Freckleton R, Thomas G, Petzoldt T, Fritz S, Isaac N, Pearse W.
2012. CAPER: comparative analyses of phylogenetics and evolution in R. R
package version 0.5. [WWW document] URL http://CRAN.R-project.org/
package=caper [accessed 15 November 2013].
Osunkoya OO. 1994. Postdispersal survivorship of north Queensland rainforest
seeds and fruits: effects of forest, habitat and species. Australian Journal of
Ecology 19: 52–64.
Pagel M. 1999. Inferring the historical patterns of biological evolution. Nature
401: 877–884.
Pauli H, Gottfried M, Dullinger S, Abdaladze O, Akhalkatsi M, Alonso JLB,
Coldea G, Dick J, Erschbamer B, Calzado RF. 2012. Recent plant diversity
changes on Europe’s mountain summits. Science 336: 353–355.
Pons TL, Fenner M. 2000. Seed responses to light. In: Fenner M, ed. Seeds:
the ecology of regeneration in plant communities. Wallingford, UK: CABI,
237–260.
Prinzing A. 2001. The niche of higher plants: evidence for phylogenetic
conservatism. Proceedings of the Royal Society B 268: 2383–2389.
R Core Team. 2013. R: a language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing. [WWW document]
URL http://www.R-project.org/ [accessed 15 November 2013].
Rees M. 1995. Community structure in sand dune annuals: is seed weight a key
quantity? Journal of Ecology 83: 857–863.
Revell LJ. 2012. phytools: an R package for phylogenetic comparative biology
(and other things). Methods in Ecology and Evolution 3: 217–223.
Revell LJ, Harrison AS. 2008. PCCA: a program for phylogenetic canonical
correlation analysis. Bioinformatics 24: 1018–1020.
Roscher C, Kutsch WL, Kolle O, Ziegler W, Schulze E-D. 2011. Adjustment
to the light environment in small-statured forbs as a strategy for
complementary resource use in mixtures of grassland species. Annals of
Botany 107: 965–979.
New Phytologist (2014)
www.newphytologist.com

New
Phytologist

10 Research
Ross MA, Harper JL. 1972. Occupation of biological space during seedling
establishment. Journal of Ecology 60: 77–88.
Shipley B. 2010. From plant traits to vegetation structure: chance and selection in the
assembly of ecological communities. Cambridge, UK: Cambridge University Press.
Silvertown JW. 1981. Seed size, life span, and germination date as coadapted
features of plant life history. American Naturalist 118: 860.
Smith SA, Beaulieu JM, Donoghue MJ. 2010. An uncorrelated relaxed-clock
analysis suggests an earlier origin for flowering plants. Proceedings of the
National Academy of Sciences, USA 107: 5897–5902.
Stanton ML. 1985. Seed size and emergence time within a stand of wild radish
(Raphanus raphanistrum L.): the establishment of a fitness hierarchy. Oecologia
67: 524–531.
Stevens PF. 2001 onwards. Angiosperm phylogeny website. Version 12, July 2012
[and more or less continuously updated since]. [WWW document] URL http://
www.mobot.org/MOBOT/research/APweb/ [accessed 29 June 2012].
Streng DR, Glitzenstein JS, Harcombe PA. 1989. Woody seedling dynamics in
an east Texas floodplain forest. Ecological Monographs 59: 177–204.
Thompson K, Band SR, Hodgson JG. 1993. Seed size and shape predict
persistence in soil. Functional Ecology 7: 236–241.
Turnbull LA, Rees M, Crawley MJ. 1999. Seed mass and the competition/
colonization trade-off: a sowing experiment. Journal of Ecology 87: 899–912.
Van Couwenberghe R, Gegout J-C, Lacombe E, Collet C. 2013. Light and
competition gradients fail to explain the coexistence of shade-tolerant Fagus
sylvatica and shade-intermediate Quercus petraea seedlings. Annals of Botany
112: 1421–1430.
Verd
u M, Traveset A. 2005. Early emergence enhances plant fitness: a
phylogenetically controlled meta-analysis. Ecology 86: 1385–1394.
Volis S, Bohrer G. 2013. Joint evolution of seed traits along an aridity gradient:
seed size and dormancy are not two substitutable evolutionary traits in
temporally heterogeneous environment. New Phytologist 197: 655–667.
Wallre DM. 1985. The genesis of size hierarchies in seedling populations of
Impatiens capensis Meerb. New Phytologist 100: 243–260.
Warton DI, Hui FKC. 2011. The arcsine is asinine: the analysis of proportions in
ecology. Ecology 92: 3–10.
Webb CO, Ackerly DD, Kembel SW. 2008. Phylocom: software for the analysis
of phylogenetic community structure and trait evolution. Bioinformatics 24:
2098.
Webb CO, Donoghue MJ. 2005. Phylomatic: tree assembly for applied
phylogenetics. Molecular Ecology Notes 5: 181–183.
Webb CO, Gilbert GS, Donoghue MJ. 2006. Phylodiversity-dependent seedling
mortality, size structure, and disease in a Bornean rain forest. Ecology 87: S123–
S131.
Webb CT, Hoeting JA, Ames GM, Pyne MI, LeRoy Poff N. 2010. A structured
and dynamic framework to advance traits-based theory and prediction in
ecology. Ecology Letters 13: 267–283.
Weiher E, Keddy P. 2001. Ecological assembly rules: perspectives, advances, retreats.
Cambridge, UK: Cambridge University Press.
Weiher E, Werf A, Thompson K, Roderick M, Garnier E, Eriksson O. 1999.
Challenging Theophrastus: a common core list of plant traits for functional
ecology. Journal of Vegetation Science 10: 609–620.
Weinig C. 2000. Differing selection in alternative competitive environments:
shade-avoidance responses and germination timing. Evolution 54: 124–136.
Westoby M. 1998. A leaf-height-seed (LHS) plant ecology strategy scheme. Plant
and Soil 199: 213–227.
Westoby M, Falster DS, Moles AT, Vesk PA, Wright IJ. 2002. Plant ecological
strategies: some leading dimensions of variation between species. Annual
Review of Ecology and Systematics 33: 125–159.
Wikstr€om N, Savolainen V, Chase MW. 2001. Evolution of the angiosperms:
calibrating the family tree. Proceedings of the Royal Society B 268: 2211–2220.
Willis CG, Halina M, Lehman C, Reich PB, Keen A, McCarthy S,
Cavender-Bares J. 2010. Phylogenetic community structure in Minnesota oak
savanna is influenced by spatial extent and environmental variation. Ecography
33: 565–577.
Wilson JB. 1988. The effect of initial advantage on the course of plant
competition. Oikos 51: 19–24.

New Phytologist (2014)
www.newphytologist.com

Winn AA, Miller TE. 1995. Effect of density on magnitude of directional
selection on seed mass and emergence time in Plantago wrightiana Dcne.
(Plantaginaceae). Oecologia 103: 365–370.
Wulff RD. 1986. Seed size variation in Desmodium paniculatum: II. Effects on
seedling growth and physiological performance. Journal of Ecology 74: 99–114.
Yang Z, Powell JR, Zhang C, Du G. 2012. The effect of environmental and
phylogenetic drivers on community assembly in an alpine meadow community.
Ecology 93: 2321–2328.
Yu S, Sternberg M, Kutiel P, Chen H. 2007. Seed mass, shape, and persistence
in the soil seed bank of Israeli coastal sand dune flora. Evolutionary Ecology
Research 9: 325.

Supporting Information
Additional supporting information may be found in the online
version of this article.
Fig. S1 Mean temperature, maximum temperature and minimum
temperature during each month of 2009 for the experimental
location.
Fig. S2 Photographs of experimental facilities.
Fig. S3 Box plot of final germination proportion for each treatment.
Fig. S4 Bivariate regression analysis across 476 species using standard linear regression.
Fig. S5 Relationship between germination timing and seed mass
independent of variation in germination proportion using standard linear regression.
Fig. S6 Visualization of distribution of germination timing under
high light treatment (GThigh) across community phylogeny.
Fig. S7 Visualization of distribution of germination timing under
low light treatment (GTlow) across community phylogeny.
Fig. S8 Visualization of distribution of shift in germination timing (SGT) across community phylogeny.
Fig. S9 Visualization of distribution of seed mass across community phylogeny.
Table S1 Species list and dataset
Table S2 Soil properties of the soil used in this study
Table S3 Linear regression analysis of germination timing with
shift in germination timing across 476 species using standard linear regression and phylogenetic generalized linear model
(PGLM)
Table S4 Phylogenetic signal of germination timing traits and
seed mass using a phylogeny with branch lengths adjusted using

Ó 2014 The Authors
New Phytologist Ó 2014 New Phytologist Trust

New
Phytologist

Research 11

alternative estimated divergence times from Wikstr€om et al.
(2001)

Notes S1 Characterization of life-history traits and maternal habitats.

Table S5 Phylogenetic signal of germination timing traits and
seed mass over 50 trees with randomly resolved polytomies

Please note: Wiley Blackwell are not responsible for the content
or functionality of any supporting information supplied by the
authors. Any queries (other than missing material) should be
directed to the New Phytologist Central Office.

Table S6 Results for bivariate regression analysis using phylogenetic generalized linear model (PGLM) using a phylogeny with
branch lengths adjusted using alternative estimated divergence
times from Wikstr€om et al. (2001)
Table S7 Results for bivariate regression analysis using phylogenetic generalized linear model (PGLM) over 50 trees with randomly resolved polytomies

New Phytologist is an electronic (online-only) journal owned by the New Phytologist Trust, a not-for-profit organization dedicated
to the promotion of plant science, facilitating projects from symposia to free access for our Tansley reviews.
Regular papers, Letters, Research reviews, Rapid reports and both Modelling/Theory and Methods papers are encouraged.
We are committed to rapid processing, from online submission through to publication ‘as ready’ via Early View – our average time
to decision is <25 days. There are no page or colour charges and a PDF version will be provided for each article.
The journal is available online at Wiley Online Library. Visit www.newphytologist.com to search the articles and register for table
of contents email alerts.
If you have any questions, do get in touch with Central Office (np-centraloffice@lancaster.ac.uk) or, if it is more convenient,
our USA Office (np-usaoffice@lancaster.ac.uk)
For submission instructions, subscription and all the latest information visit www.newphytologist.com

Ó 2014 The Authors
New Phytologist Ó 2014 New Phytologist Trust

New Phytologist (2014)
www.newphytologist.com

