
Introduction

Seeds are a critical component of the life history of

higher plants, providing the main opportunity for a spe-

cies to disperse to new habitats and escape from adverse

conditions in space and time. Given that seeds perform a

similar function in all plants, it is remarkable that seed

germination time varies extensively. For example, vivipa-

rous seeds (e.g., mangrove trees) often germinate inside

the ripe fruit, while still on the mother plant (Figueroa and

Armesto 2001); however, seeds of many desert plants re-

main dormant and viable, while buried in the soil for years

or decades after dispersal (Venable and Lawlor 1980).

Variation in seed germination time is a functional re-

sponse of a plant in its most vulnerable stage to the

predictability of its abiotic and biotic environment

(Angevine and Chabot 1979). Venable and Brown

(1988) examined the selective interactions among

seed mass, dormancy, and dispersal and predicted that

trade-offs should exist between these variables. It has

also been argued that, because seedling establishment

rarely occurs in the vicinity of long-lived species

(Waller 1988), seeds of long-lived species should

have longer survival in soil than short-lived species.

Thompson (1987) suggested that perennials which

usually had larger seeds than annuals tended to have

more non-dormant seeds to avoid predation by herbi-

vores. Thus, it is clear there is no consensus on the ef-

fect of adult longevity on the evolution of dormancy.

Germination time may also correlate with dispersal

mode. For example, seeds dispersed by frugivores

must survive the passage through the digestive tracts

of the animals, and they should delay germination

longer than their abiotically dispersed relatives. Early

germination would reduce progeny survival in bioti-

cally dispersed species (Garwood 1983).

Additional evidence about the factors controlling de-

layed germination derives from studies of taxonomically

related species. According to recent studies, it is reason-

able to expect that, within a family or a genus, reproduc-
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Abstract: In this paper, 633 species (involving 10 classes, 48 families, 205 genera) collected from the alpine meadow
on the eastern Qinghai-Tibet plateau were studied. We tested potential factors affecting variation in mean germination
time (MGT), i.e., plant traits (adult longevity, dispersal mode and seed size) or phylogeny, to evaluate if these factors
were independent or they had interaction. Nested ANOVA showed that taxonomic membership accounted for the ma-
jority of MGT variation (70%), and in the generalized linear model, family membership could explain independently
the largest proportion of MGT variation (29%). The strong taxonomic effect suggests that MGT variation within taxo-
nomic membership is constrained. The other plant traits could also explain MGT variation independently (1% by adult
longevity and dispersal mode, respectively, and 2% by seed size). Thus, the phylogeny was an important constraint to
maintain the stability of species, and we could simplify the question if we regarded the phylogeny as an individual factor,
but we could not negate the adaptive significance of the relationship between other plant traits and seed MGT. In
addition, a large percentage of the variance remained unexplained by our model, thus important selective factors or
parameters may have been left out of this analysis. We suggest that other possible correlates may exist between seed
germination time and additional ecological factors (for example, altitude, habitat and post-dispersal predation) or phy-
logenetic related morphological and physiological seed attributes (e.g., endosperm mass) that were not evaluated in this
study.

Abbreviations: MGT — Mean Germination Time, GLM — Generalized Linear Model.



tive characters, such as seed mass and germination, could

be affected by phylogenetic constraints and developmen-

tal allometries that limit segregation (Kochmer and Han-

del 1986, Feinsinger 1987, Herrera 1992, Baskin et al.

1993, Jordano 1995, Baskin and Baskin 1998, Smith-

Ramírez et al. 1998, Figueroa and Armesto 2001, Zhang

et al. 2004). These examples support the hypothesis that

germination strategies can be stable evolutionary traits,

thus constraining interspecific variation in germination

behavior.

Despite the quite large number of empirical studies on

seed germination, very few studies have been addressed

to test seed germination in an entire plant community

(Garwood 1983, Westoby et al. 1992, Leishman et al.

1995, Lord et al. 1995, Jurado and Flores 2005). How-

ever, the study of germination of seeds collected from one

community at the same time may provide important infor-

mation to understand the dynamics of a community.

Therefore, we expect to advance our understanding on

phylogenetic and ecological factors regulating seed ger-

mination times in plant communities. In this study, we

build up a database of 633 species (involving 10 classes,

48 families, 205 genera) collected from the alpine mead-

ows on the eastern Qinghai-Tibet plateau. The following

questions were addressed: (1) To what extent could seed

germination time be correlated with phylogenetic mem-

bership and other plant traits: adult longevity, seed mass

and dispersal mode? (2) Was the seed MGT variation con-

strained by the plant traits or phylogeny background?

Were these factors independent or there was interaction

among them?

Methods

Study site

The region of this study is located on the eastern Qing-

hai-Tibet plateau (101-103° E, 34-35°70’ N). The altitude

ranges from 2800 m to 4200 m, and the climate is cold

Humid-Alpine with mean annual rainfall of 450-780 mm.

Mean annual temperature is 1.2 °C with -10.7 °C in Janu-

ary and 11.7 °C in July, and there are on average 270 frost

days a year. The grassland type mainly belongs to alpine

meadow (59.32%), which is dominated by many mono-

cots, for example, Gramineae, Cyperaceae, and various

dicots, such as Ranunculaceae, Polygonaceae, Saxifra-

gaceae, Compositae, Scrophulariaceae, Gentianaceae,

and Leguminosae.

The database

In this study, we build up a database of 633 species

(involving 10 classes, 48 families, 205 genera) collected

from the alpine meadows of the study site. The sample

represented 65% of the species, 50% of the genera, and

50% of the families reported from the area. Seeds were

gathered from July to October in 2004, and species in-

cluded not only native but also introduced ones. Seeds

were collected in paper bags at the start of natural disper-

sal. Harvested seeds were transported to the laboratory,

and spread on tables and allowed to air-dry at room tem-

perature (approximately 15
�
C ), then weighed. Structures

supporting seed dispersal (like wings, pappus, etc) were

removed prior to weighing. Seeds were pooled per spe-

cies, and then three subsamples, each formed by ran-

domly selected 100 seeds were separated. The average

weight of the 3 subsamples was used as seed mass vari-

able. The germination experiment was started on the mid-

dle of March (starting season of germination in the study

area), in 2005. Seeds were placed in Petri dishes (9 cm

diameter) on double layers of moistened filter paper, and

then placed in climate chambers (made in Canada) under

conditions of 20
�
C, 12 h / 5

�
C, 12 h with continuous

darkness and a relative humidity of about 70%. The tem-

perature regime of the germination tests resembled natu-

ral conditions prevailing in the soil at 5 cm depth in April

and May. All of the species had three replicates of 50

seeds. Every day, the percentage of seeds germinated was

recorded, newly emerged seedlings were removed from

the Petri dishes and seeds were regularly watered with

distilled water. A seed was considered germinated when

the radicle was visible. The experiment of seed germina-

tion lasted 60 days.

Statistical analyses and comparative method

The following analyses were performed using the data

set generated by laboratory assays. Mean germination

time (MGT) was estimated as follows:

(Figueroa and Armesto 2001), where i is the number of

days of germination elapsed since the day of sowing (day

0) and G� is the number of seeds germinated on day i.

Seeds that did not germinate at the end of the assay were

not considered in this calculation.

For multifactorial ANOVAs of MGT, we grouped

these species into various major categories, defined as fol-

lows:

(1) Phylogenetic groups. Since much of the seed trait

variation among species is associated with family

membership (Mazer 1989, Rees 1993, Lord et al.

1995), we grouped species by family. Families were

considered according to the Angiosperm Phylogeny

Group (2003). Data for 40 families were used in the
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analysis because species of the further 8 families did

not germinate. A total of 66 species had no germina-

tion at the end of the essay and were not considered in

this calculation. Then, the number of species was 567.

(2) Plant trait categories. (a) Adult longevity – species in

the flora were grouped into two classes: annual (168 spe-

cies, including a few biennials) and perennial (465 spe-

cies). (b) Seed size – seeds were sorted by weight into 8

size classes conformed to that of Baker (1972): 0.010-

0.031 mg (14 species), 0.032-0.099 mg (74 species),

0.100-0.315 mg (111 species), 0.316-0.999 mg (163 spe-

cies), 1.000-3.161 mg (162 species), 3.162-9.999 mg (72

species), 10.000-31.611 mg (32 species), 31.612-99.999

mg (5 species). (c) Dispersal mode – species in the flora

were classified into the following five large groups ac-

cording to the morphological features of their seeds

(Leishman et al. 1995): unassisted (441 species, no obvi-

ous morphological structure), ant-adapted (34 species,

with an elaiosome), adhesion-adapted (23 species, with

hooks, spines or bards), wind-adapted (108 species, with

wings, hairs or a pappus) and vertebrate-adapted (27 spe-

cies, with an aril or flesh).

To examine the taxonomic pattern of MGT variation,

a nested ANOVA model was fitted to the data set, and

component R
�
values were calculated by the proportion of

Type I sums of squares (SS) explained by each taxonomic

level. This characterized the amount of MGT variation

correlated with each level nested within the previous

level. Next, in order to examine divergence within, versus

among, taxonomic groups, one-way ANOVA models

were fitted to the data set using membership at the order

level, at the family level with the model fitted separately

to each order, and at the genus level with the model fitted

separately to each family.

Furthermore, we conducted a series of ANOVAs to

assess the significance of these factors in determining

MGT variation. The Type III sum of squares was used to

establish the significance level of each effect because the

data were unbalanced. Firstly, one-way ANOVAs esti-

mated the main effect of each factor on the variance of

MGT. In addition, to test the independent effect of each

factor, we used analysis of deviance. When we compared

the full model (e.g., families + adult longevity + seed

mass + dispersal mode) with different reduced models

(adult longevity + seed mass + dispersal mode), the dif-

ference between the proportion of the total sum of squares

(SS) explained by the full model (its R
�
) and the R

�
of the

reduced model explained the independent effect by the

deleted variable.

In addition, MGT was log-transformed before statis-

tical analysis to ensure homogeneity of variance. All

analyses were performed with SPSS 12.0.

Results

Seed germination time variation associated with

phylogeny

When we considered all taxonomic levels from class

to genus together, taxonomic membership accounted for

70% of MGT variation (Table 1). Thus, it is clear that

MGT is strongly related to phylogeny. Most seed germi-

nation variation was generally associated with differences

among orders within classes and differences among gen-

era within families (Component R
�
values; Table 1). Vari-

ation among families within orders contributed less pos-

sibly because there were fewer families per order than

genera per family or orders per class (Lord et al. 1995).

Differences between orders were statistically signifi-

cant; however, order membership could account only for

29% of log mean MGT variation (Table 2). Thus, the ma-

jority (71%) of MGT variation took the form of variation

within orders. At the level of family, strong divergence

between families was evident within Malpighiales (90%).

However, overall, no significant difference was found be-

tween families in 4 of 21 orders testable (10 orders that

had only one family were not listed ), and 7 of the 21 or-

ders in which a significant family effect was found, dif-

ferences between families accounted for less MGT vari-

ation (Table 2, R
�
= 0.40) than divergence within families.

At the level of genus, most variation in MGT (70%) could

be accounted for by genus membership (Table 2). 14
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families that had only one genus were not listed. There

was no significant difference within 17 families. Strong

divergence between genera, rather than within genus, was

evident within some families in the list (Table 2), for ex-

ample, Amaranthaceae, Asteraceae, Poaceae, Crassulaceae,

Lamiaceae, Fabaceae, Ranunculaceae and Rosaceae.

Seed germination time variation associated with other

plant traits

The plant traits had significant effects on log MGT

(Table 3). Adult longevity, seed dispersal mode and seed

size could account for 5%, 7% and 6% of MGT variation,

respectively. Given that MGT shows a strong phyloge-

netic pattern, the question arises whether other plant at-

tributes account for MGT independently, or are patterns

of traits correlation a product of phylogenetic conserva-

tive suites of traits.

In our GLM, when taxonomic family was used as the

first explanatory variable, it accounted for the larger pro-

portion of the variation in MGT (40%, Table 3). However,

when we compared the full model with different reduced

models, we found that the percentage of variance in MGT

explained by family membership independently de-

creased to 29% when removing the effects of the other

factors (see methods) (Table 4), and the other plant traits

could only account for independently 1% (adult longevity

and dispersal mode) and 2% (seed size).

Discussion

A growing number of studies have documented that

phylogenetic relatedness of plant species within a com-

munity could account for a significant proportion of inter-

specific variation in reproductive traits. For example, seed

germination rates of species belonging to the same plant

families in Sheffield, England, were more similar than

those of species in different families (Grime et al. 1981).

Seven species of Alstroemeria that grow in different

mountain and lowland habitats in South America exhib-

ited similar germination strategies, regardless of their

habitat of origin (Figueroa and Armesto 2001). Baskin et

al. (1993) reported analogous results when dormancy

types were compared among species in the family Aster-

aceae. Species belonging to the Arcto-Tertiary flora pres-

ently inhabiting deciduous North American forests, had

germination strategies that matched those of congeneric

species presently occurring in East Asia (Baskin and

Baskin 1998). This study has confirmed that a large pro-

portion of between-species variation in MGT is correlated

with taxonomic membership. The strong taxonomic ef-

fect on MGT suggests that MGT variation within taxo-

nomic membership is limited. One possible interpretation

is that phylogeny imposes limits to variability in repro-

ductive traits within a clade, because of similar develop-

mental and design constrains in related species (Lanyon

1993, McKitrick 1993, Miles and Dunham 1993, Yoko-

yama 1994, Ackerley and Donoghue 1995).

However, our data suggested that MGT was also cor-

related with plant longevity, seed mass and dispersal

mode, traits obviously showing the apparent conservation

of sets of traits within lineages. The observation that MGT

is correlated with a number of other plant attributes could

be interpreted as adaptations to different life histories

(Lord et al. 1995). The overlap between family member-
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ship, plant longevity, seed mass and dispersal mode does

not negate the adaptive significance of the relationship

between adult longevity (or seed mass and dispersal

mode) and seed germination time. Furthermore, the asso-

ciation within a lineage between traits and the environ-

ment can be maintained by selection; descendant species

will be most successful if they show only minor variations

of the ancestral set of traits (Lord et al. 1995). For exam-

ple, selection against departure form the ancestral condi-

tion had been suggested as a factor maintaining charac-

teristic seed dispersal syndromes within lineages of

Neotropical plants (Lord et al. 1995).

In this study, the full model (family + adult longevity

+ dispersal mode + seed size) could only account for 44%

variation in MGT, and even if we considered all taxo-

nomic levels from class to genus together, taxonomic

membership could accounted for but 70% of seed MGT

variation. The variance accounted for by genus was in

doubt because many genera had only one or two species.

Thus, a large percentage of the variance remained unex-

plained by our model, and important selective factors or

parameters may have been left out of this analysis. Then

we suggest that other possible correlates may exist be-

tween seed germination time and additional ecological

factors (for example, altitude, habitat and post-dispersal

predation) or phylogenetic related morphological and

physiological seed attributes (e.g., endosperm mass) that

were not evaluated in this study.

In summary, when we considered the effect of phylo-

genetic and other plant traits on seed MGT in the alpine

meadow on the eastern Qinghai-Tibet plateau, we found

that the phylogenetic constraint was the strongest, the

other plant traits also accounted independently for partial

variation of seed MGT. Thus, the phylogeny was an im-

portant constraint to maintain the stability of species, and

we could simplify the question if we regarded the phylo-

geny as an individual factor, but we could not negate the

adaptive significance of the relationship between other

plant traits and seed germination time. The smaller pro-

portion accounted for by other plant traits might be the

result of the shorter history of the alpine meadow on the

eastern Qinghai-Tibet plateau, which was not enough

longer to form a stronger evolution of adaptation.
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Appendix

The longevity of adult plants, dispersal mode, seed

mass and mean germination time of 633 species in the al-

pine meadow on the eastern Qinghai-Tibet plateau. The

Angiosperm Phylogeny Group II (2003) was used to as-

sign the affiliation of each species to higher taxonomic

levels.

The electronic version of this appendix can be down-

loaded from the publishers web site at www.akademiai.

com.
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