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Parents face a timing problem as to when they should begin devoting resources from their own growth and survival to
mating and offspring development. Seed mass and number, as well as maternal survival via plant size, are dependent on
time for development. The time available in the favorable season will also affect the size of the developing juveniles and
their survival through the unfavorable season. Flowering time may thus represent the outcome of such a time partitioning
problem. We analyzed correlations between flowering onset time, seed mass, and plant height in a north-temperate flora,
using both cross-species comparisons and phylogenetic comparative methods. Among perennial herbs, flowering onset
time was negatively correlated with seed mass (i.e. plants with larger seeds started flowering earlier) while flowering onset
time was positively correlated with plant height. Neither of these correlations was found among woody plants. Among
annual plants, flowering onset time was positively correlated with seed mass. Cross-species and phylogenetically informed
analyses largely agreed, except that flowering onset time was also positively correlated with plant height among annuals in
the cross-species analysis. The different signs of the correlations between flowering onset time and seed mass (compar. gee
regression coefficient = —7.8) and flowering onset time and plant height (compar. gee regression coefficient = +30.5)
for perennial herbs, indicate that the duration of the growth season may undetlie a tradeoff between maternal size and
offspring size in perennial herbs, and we discuss how the partitioning of the season between parents and offspring may

explain the association between early flowering and larger seed mass among these plants.

The seasonality of favorable conditions has generated some
of the most conspicuous adaptations in nature: long-
distance bird migration, hibernation in mammals, and
autumn leaf shedding. The limited length of the favorable
season adds to this seasonality-driven evolution, illustrated
by expected shifts in phenology along gradients in seasonal
length. For example, plants flower earlier and at a smaller
size at higher latitudes and altitudes, and insects reduce the
length of the larval development period, the number of
instars, and the number of broods per year as the growth
season becomes shorter (Clausen et al. 1948, Masaki 1967,
Karlsson 1976, Mousseau and Roff 1989, Nylin and Svird
1991, Berner and Blanckenhorn 2006). Many resources and
hazards are also seasonally distributed within the favorable
season, generating further selection pressures on the timing
of different phases in the annual growth and reproductive
cycle (Augspurger 1981, Galen and Stanton 1991, Albon
and Langvatn 1992, Verhulst et al. 1995, Bradshaw et al.
2004, Dickerson et al. 2005, Tikkanen et al. 2006, Sola and
Ehrlén 2007). Because the different phases of growth and
reproduction are often temporally linked, these selection
pressures will involve tradeoffs and the evolutionary out-
come may be difficult to understand from studies of
singular phases (Ollerton and Lack 1992, Verhulst et al.
1995). For example, in plants, vegetative growth, flowering,

seed development, dispersal, and germination typically
follow in sequence with more or less overlap between the
phases, which means that the timing of any of these phases
must be considered the integrated outcome of selection on
the timing of all phases linked to it (Oberrath and Bshning-
Gaese 2002, Pico et al. 2002, Bolmgren et al. 2003,
Freeman et al. 2003, Bolmgren and Lénnberg 2005, Sola
and Ehrlén 2007).

Parents face a timing problem as to when they should
begin devoting resources from their own growth and
survival to mating and offspring development (Cohen
1976, Kozlowski 1992, Roff 2002). Earlier reproduction
(in this paper approximated as earlier flowering onset time)
implies fewer resources allocated for maternal plant growth,
smaller size at time of reproduction, and thus fewer
resources available for seed production. On the other
hand, earlier flowering will allow for a longer development
time of seeds, larger seeds, and a longer period available for
germination and juvenile growth. Few comparative studies
have asked whether such time—size tradeoffs are manifested
at the inter-specific level, and none have included highly
resolved data on both phenology and phylogenetic relations
(Primack 1985, Mazer 1989, 1990, Eriksson and Ehrlén
1991, Kolb et al. 2006, Vile et al. 2006). It is not obvious
that the time-size relations often found in intra-specific
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comparisons (Clausen et al. 1948) will translate to the
interspecific level, because resource allocation strategies
differ between lineages. For example, in perennial plants,
stored resources may be more important for reproduction
than resources acquired during the current season. The
vegetative and reproductive phases may even be separated
by a dormant phase such that flowers appear on leafless
plants, which, for example, is found in temperate, early-
flowering, wind-pollinated trees and Mediterranean, late-
flowering, bulbiferous herbs (Johnson 1993, Bolmgren
et al. 2003, Debussche et al. 2004). However, previous
comparative studies have found a positive correlation
between flowering onset time and plant size (Dahlgren
et al. 2006, Kolb et al. 2006, Vile et al. 2006) and a positive
correlation between fruit development time and seed size
(Eriksson and Ehrlén 1991, Moles and Westoby 2003),
while flowering onset time was negatively correlated with
both fruit size (Primack 1985) and seed mass (Mazer 1990,
Vile et al. 2006; but see Eriksson and Ehrlén 1991, Kolb
et al. 2006). Flowering onset time may thus represent the
outcome of the parent vs offspring development time
partitioning problem also at the inter-specific comparative
level (cf. Shitaka and Hirose 1998).

Two seemingly contradictory views of flowering time
evolution persist in the literature. On the one hand, the
phylogenetic signal found for flowering time (Kochmer and
Handel 1986, Smith-Ramirez and Armesto 1994, Wright
and Calderon 1995) is often interpreted as evidence for
constrained evolution of flowering time (Ollerton and Lack
1992, Fenner 1998). On the other hand, there are many
classical examples of adaptive variation in flowering time
(Clausen et al. 1948), and sometimes these adaptive
responses have been very rapid (Franks et al. 2007). Here,
we try to bridge these perspectives by including information
on phylogenetic relations in analyses of life history
correlates. This approach will promote more mechanistic
interpretations of phylogenetically conserved patterns of
flowering time. Convergent evolution of flowering times
have previously been documented in relation to pollination
and dispersal modes, as well as growth forms (Johnson
1993, Bolmgren et al. 2003, Oberrath and Bshning-Gaese
2002). The present study tests for evidence of time—size
tradeoffs by analyzing interspecific correlations between
flowering onset time, seed mass, and plant height in a
north-temperate flora. This is the first phylogenetic
comparative analyses to use a resolved phylogeny and
detailed flowering time data, applying both independent
contrasts and generalized estimating equations approaches.
We asked whether flowering times differ between life/
growth forms and dispersal modes, then controlled for these
effects when further analyzing correlations between flower-
ing time, seed mass, and plant height.

Methods

Data set

A phenological survey was performed between 1873-1917
in the provinces of Uppland and Sédermanland (59°—

60°N) in southeastern Sweden (Arnell 1923). This data
set consists of 572 species and 133 000 data points (mainly
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flowering onset) compiled by laymen and professionals
according to a specified procedure and reported to the
Swedish National Meteorological-Hydrographical Institute.
From this data set, Arnell (1923) derived mean flowering
onset dates for the city of Uppsala (59°51'36”N,
17°38'24”E). We used these mean flowering onset dates
as our measure of flowering time. Data for all other traits
(seed mass, plant height, dispersal mode, and life/growth
form) were compiled from the literature (see References in
Online Appendix 1). Dispersal mode was coded as
anemochorous, autochorous (including ballistic), or zoo-
chorous (endozoochorous, ectozoochorous and myrmeco-
chorous), while growth/life form was coded as woody
perennials, perennial herbs and annual herbs. For the 126
species for which data on all traits was available, a supertree
was constructed (Appendix 1, Fig. Al). The ‘backbone’ of
the supertree was generated using Phylomatic (Webb and
Donoghue 2005), and the phylogenetic hypothesis gener-
ated by Phylomatic was checked against the APG II
hypothesis (Bremer et al. 2003) and the Angiosperm
Phylogeny Website (Stevens 2001 onwards). Increased
resolution at lower level nodes was accomplished by grafting
phylogenetic hypotheses from more focused studies pub-
lished as of 20 February 2007 (see References in Online
Appendix 1).

Analyses

All analyses were performed in R (R Development Core
Team 2006. R code is available upon request from the
corresponding author). We used Pearson product moment
correlation analyses (the cor.test function) to test for cross-
species correlations between flowering time, seed mass (log-
transformed) and plant height (log-transformed), and
analysis of variance (‘aov’ and Bonferroni corrected ‘paired
t-test’ functions) to test for differences in flowering time
between modes of dispersal and life/growth forms.

Phylogenetic relations were considered in two different
ways using the analyses of phylogenetics and evolution
(APE) package (ver. 1.9) in R (Paradis et al. 2004). First,
we analyzed a general linear model based on phylogeneti-
cally independent contrasts (PIC Felsenstein 1985): flower-
ing time = B¢ PIC[log(plant height)] + B,PIC[log(seed
mass)]. Phylogenetically independent contrasts were calcu-
lated using the default settings of the ‘pic’ function in APE.
Branch lengths were set to 1 (Ackerly 2000) and linear
model regressions were forced through the origin (Garland
et al. 1992). Polytomies were resolved randomly with the
‘multi2di’ function in APE prior to linear model regres-
sions. Thus, we generated 999 completely and randomly
dichotomized trees and analyzed the linear models for each
one of them. When the model itself was significantly
different from the null in all analyses (p-values <0.05), we
present the mean statistics. In the case of marginally rejected
null models, i.e. when the mean of p-values <0.05, but
some of the randomly resolved phylogenies yielded a p-
value >0.05, both the mean and range of the statistics are
presented.

We also applied a second phylogenetic comparative
method, the implementation of generalized estimating
equations (GEE) in the ‘compar gee’ function of APE



(Paradis and Claude 2002). GEE allows the dependences
of the observations to be quantified by a correlation matrix,
and in the ‘compar.gee’ function this correlation
matrix is based on the phylogenetic relationships among
the observed taxa. Using the unresolved phylogeny
(Appendix 1, Fig. Al), we analyzed the model (flowering
time = B, [log(plant height)] 4 B2 [log(seed mass)] 4 factor
(dispersal mode) + factor(life/growth form)).

Results

Flowering onset times in the sample (126 species) ranged
from 12 April to 8 August (Julian dates 103-220) as
compared to 2 April to 16 August in the larger phenological
survey (572 species). 21 woody plants (trees, shrubs, and
shrublets), 93 perennial herbs and 12 annuals were sampled,
40 of which were zoochorous (endozoo-, ectozoo- and
myrmocochorous), 76 autochorous (including ballistic),
and 10 anemochorous (Fig. 1).

Both life/growth forms (Fig. 1A; ANOVA: F =3.7, 123,
p =0.027) and dispersal modes (Fig. 1B; ANOVA: F =
12.02,123, p=0.00002) differed in flowering time. How-
ever, Bonferroni-corrected pairwise comparisons only found
significant differences between dispersal modes (Fig. 1B:
anemochory vs autochory, p=0.008; anemochory vs
zoochory, p=0.00003; autochory vs zoochory, p=
0.007), and not between life/growth forms (annual herbs
vs perennial herbs, p=0.16; annual herbs vs woody
perennials, p =1.0; perennial herbs vs woody perennials,
p =0.1). The association between late flowering time and
anemochorous dispersal must be treated with caution, as all
anemochorous species in this data set were herbs while in
larger data sets early flowering, anemochorous trees are
common.

Correlations between flowering time, plant height and
seed mass (Table 1 and 2) differed between growth forms.
In the cross-species analyses, seed mass was correlated with
plant height in all samples except perennial herbs. The
perennial herbs also differed from the other groups in the
relations between flowering time and both plant height and
seed mass. While no relationship was found between
flowering time and the size measures in the full sample
and the woody perennials sub-sample (Table 1), both plant
height and seed mass were positively correlated with
flowering time in the annual herbs sub-sample. Whereas
in the perennial herbs sub-sample, plant height was
positively correlated and seed mass negatively correlated
with flowering time (Table 1).

The general linear models based on phylogenetically
independent contrasts (Table 2) confirmed several of the
patterns found in the cross-species analyses. Among
perennial herbs, shifts in flowering time were positively
correlated to shifts in plant height and negatively correlated
to shifts in seed mass. Shifts in seed mass and plant height
had no effect on flowering time shifts in the subset of
woody plants. Among annual plants, the general linear
model based on plant height and seed mass contrasts
differed marginally from the null. Neither of the predictors
was found to have a significant effect, though the relation-
ship between seed mass and flowering time exhibited the
same positive trend as in the cross-species analysis (Table 2).
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Fig. 1. Variation in flowering time in relation to (A) life/growth
form (w=woody perennials, h =perennial herbs, a =annual
herbs) and (B) dispersal mode (ane =anemochory, au =auto-
chory, zoo =zoochory). Boxplots show the median, 1st and 3rd
quartiles, and the full range of the sample. * All groups differed
from each other based on a Bonferroni corrected pairwise
comparisons. The result that later flowering time is associated
with anemochory in this study must be treated with caution, as all
anemochorous species were herbaceous in this study while it is
common to find early-flowering, anemochorous trees in more
complete data sets.

After a model simplification, when plant height contrasts
were excluded from the general linear model, seed
mass contrasts were a significant predictor of flowering
time contrasts among annuals (Im: B, =23.6, R?=0.49,
p =0.01).

The analyses using the GEE approach (Table 3) were
congruent with the ANOVA analyses (Fig. 1) and with all
analyses based on the ‘perennial herbs’ subsample (Table 2).
Plant height, seed mass, dispersal mode and growth form
were all significant in predicting variation in flowering time.
The different dispersal modes predicted different flowering
times, while no difference was found in the estimated
coefficients for the different life/growth forms. The regres-
sion coefficients estimated for plant height and seed mass
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Table 1. Pearson product moment correlation coefficients without considering phylogenetic relations. Plant height and seed mass were log-

transformed.

n Flowering time over Plant height Flowering time over Seed mass Seed mass over Plant height
Full sample 126 ns ns 0.52%**
Subsamples
Woody perennials 21 ns ns 0.73%**
Perennial herbs 93 0.34*** —0.26* ns
Annual herbs 12 0.62* 0.73%* 0.67*

*p <0.05, **p <0.01, ***p <0.001, ns p >0.05.

are similar to the ones estimated in the PIC analyses of
perennial herbs, suggesting that the heavy bias towards
perennial herbs in the data set is skewing the coefficients.
This suspicion is supported by GEE analyses on the
different life/growth form subsets (results not shown),
which are fully congruent with the PIC analyses (cf. Table
2 with the following): no correlations were found between
flowering time and plant height and seed mass in the woody
subsample; a weak, positive relationship (p =0.09) was
found between flowering time and seed mass in the subset
of annual herbs; the estimated regression coefficients in the
GEE analyses based on perennial herbs only were Bg; =
+30.5 for log(plant height) and Bg, = —7.8 for log(seed
mass).

Discussion

The obvious dependencies on other organisms (pollinators,
seed dispersers, herbivores, seed predators) and on external
and internal cues (photoperiod, temperature, soil water
content, plant size) suggest that it is necessary to have a
complex life cycle perspective when interpreting the evolu-
tion of a single phenological trait like flowering time (Lacey
et al. 2003). Flowering time must fit with the conditions for
pollination, but that does not mean that it evolves
independently of other traits (Rathcke and Lacey 1985,
Oberrath and Bshning-Gaese 2002, Bolmgren and Lénn-
berg 2005, Sola and Ehrlén 2007). A classic example of this
interdependence, and relevant to this study, is the parallel
evolution of plant size and flowering time often found along
latitudinal gradients (Clausen et al. 1948).

Here, we found that correlations among flowering time,
seed mass, and plant height differed between plant life and
growth forms. This lack of congruence supports the idea
that different ways of partitioning and storing resources
between annual, perennial, herbaceous, and woody plants

constrain reproductive phenology (Rathcke and Lacey
1985, Johnson 1993, Debussche et al. 2004, Sola and
Ehrlén 2007). In woody plants, flowering time was not
correlated with plant height nor seed mass, suggesting that
the amount of stored resources allows for a complete
decoupling of reproductive and vegetative phenology. The
decoupling hypothesis is supported for shrubs and trees by
the well-known phenomena of flowering on leafless twigs
(e.g. Betula, Corylus, Daphne, Magnolia, Salix, Ulmus). A
basic assumption in many life history models is that delayed
reproduction is associated with larger maternal size and
thereby larger reproductive output. This pattern was
confirmed in the cross-species comparison of annuals
here; the larger annuals flowered later and produced heavier
seeds. However, only a weak correlation between seed mass
and flowering time persisted in the phylogenetically
informed analyses. Considering the small sample of annuals
and the inconsistency between the statistical methods, we
refrain from drawing general conclusions and call for
further comparative studies of this question. Life history
models also predict that annuals should reproduce earlier
than their perennate equals to counteract the greater cost of
mortality before reproduction in annuals, but we found no
such difference between perennials and annuals here.
Among perennial herbs, flowering time was negatively
correlated with seed mass and positively correlated with
plant height. This pattern was consistent in all analyses.
That increased maternal size is associated with later
flowering is in accordance with theory, but why should
larger seeds be associated with earlier flowering? In life
history models, the question about the optimal time of
reproduction is most often presented as the question about
maximizing fecundity and survival of the maternal plant. In
its trivial sense, fecundity is measured as the number of
offspring times their mean size, but as Ydenberg (1989)
discussed an essential part of this equation is what happens

to the offspring. Survival, growth and fecundity of the

Table 2. General linear model analyses of the effects of plant height and seed mass on flowering time based on phylogenetically independent
contrasts. Regression coefficients and R*-values are given as means from the 999 runs based on randomly dichotomized phylogenetic
hypotheses (Methods) and are only presented when the mean p-value <0.10. Statistics in parantheses represent the range of values for the

999 runs when some runs resulted in p-value >0.05.

Plant height (log) Bcs Seed mass (log) Bco DF R?
Full sample 20.6%** —7.9%* 2,123 0.12%**
Subsamples
Woody perennials ns ns 2,18 ns
Perennial herbs 25.7%%* —6.3* 2, 90 0.16%**
...annual herbs ns 20.6 ™ (18.7, 21.8) 2,9 0.51 * (0.45, 0.56)

Mp <0.10, *p <0.05, **p <0.01, ***p<0.001, ns p >0.10.
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Table 3. Generalized estimating equations (GEE) analyses, as
implemented in the phylogenetic comparative methods package
APE (Paradis and Claude 2002), of the effects of plant height, seed
mass, dispersal mode, and life/growth form on flowering time (n =
126). The degrees of freedom (DFp) were recalculated as part of the
analysis.

Effect DFp F p
Plant height (log) 1, 28 70.6 <10-7
Seed mass (log) 1,28 8.6 0.008
Dispersal mode 2,28 44.9 <107
Life/growth form 2,28 8.2 0.002

Estimation of coefficients:

Variable Estimate SE t p
Intercept 135.4 9.5 14.2 <107 "
Plant height (Bg) ~ 24.9 3.0 8.4 <1077
Seed mass (Bg2) —4.4 1.5 -29 0.008
Dispersal mode:

Zoochory —28.2 46  —6.2 <107°
Autochory —12.7 40 =32 <1077
Anemochory 40.9

Life/growth form:

Woody plants —4.7 5.4 -0.9 0.397
Perennial herbs 4.6 2.6 1.7 0.095
Annual herbs —0.1

offspring are the non-trivial part of fecundity, which must
be included to understand the evolution of flowering time.
For example, early flowering time may imply early
dispersal, germination, and emergence and thus a longer
period of growth available to the juvenile. But a long
juvenile period, including the unfavorable season, increases
the risk of mortality before reproduction.

Recent meta-analyses suggest that higher seed mass only
reduces juvenile mortality in the very early stage. Once seed
cohorts reach the stage where seed resources are depleted,
the number of surviving individuals does not differ
depending on seed mass (Moles and Westoby 2004, Verdu
and Traveset 2005). However, if seed mass evolved as a
response to evolution of earlier flowering and emergence
time in perennial herbs, it may have outweighed the
increased mortality risks due to the longer juvenile season.
Or, vice versa, if seed mass evolved first, earlier flowering
time could evolve as mortality per time was reduced
allowing the surviving juveniles to become larger when
the first favorable, reproductive season is entered. Mazer
(1990), who also found a negative correlation between
flowering time and seed mass in a comparative study of the
Indiana dunes flora (Vile et al. 2006), pointed out two
other possible explanations. Firstly, larger seeds require a
longer development time (Eriksson and Ehrlén 1991, Moles
and Westoby 2003), which may lead to earlier flowering
time when the growth period is limiting. A similar effect,
i.e. earlier flowering, has been found for zoochorous plants
(Oberrath and Bshning-Gaese 2002, Bolmgren and Lénn-
berg 2005), which are known to have larger seeds (Moles
et al. 2005). Secondly, Mazer (1990) suggested that the seed
mass—flowering time correlation may have come about due
to a third factor linking these traits. In the present case a
plausible such factor could be habitat. Plants growing in
deciduous forests often flower early before the canopy closes
(Schemske et al. 1978), thus they do not have time to grow
large before they flower. At the same time these plants need

to be able to germinate and survive under a closed canopy
with a lot of falling debris, which is the typical habitat
where larger seeds have been found to improve survival
(Leishman et al. 2000). An association between larger seed
mass and earlier flowering as part of an adaptation to this
habitat should then be coupled with the evolution of more
post-mating maternal growth (Kozlowski 1992).

To conclude: In this north-temperate sample, perennial
herbs show a positive correlation between flowering time
and plant height and a negative correlation between
flowering time and seed mass. This indicates that the
duration of the growth season may underlie a tradeoff
between maternal size and offspring size in perennial herbs,
and several testable hypotheses emerge. Is the negative
correlation between seed mass and flowering time habitat
dependent? Do early-dispersed seeds have a lower survival
rate? Is the early flowering and heavier seeds in perennial
herbs coupled with a comparably longer period of post-
mating maternal growth? At the mechanistic level, these
questions will be best approached at the intra-specific level.
However, it will also be interesting to see if these
correlations hold up at the inter-specific level, both within
clades and communities. If they do, it suggests that time—
size tradeoffs are constraining evolution within clades and
affecting the assembly of communities.
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Appendix 1

Fig. Al. Phylogenetic hypothesis used in the independent contrast and GEE analyses. Life/Growth form (w=woody perennials,
h=perennial herbs, a=annual herbs), dispersal mode (ane=anemochory, au=autochory, zoo=zoochory), flowering onset day, seed mass,
and plant height are indicated to the right of each terminal taxon. Seed mass (mg) data was compiled from recent studies performed in the
same provinces as the phenology study (Eriksson and Ehrlén 1991, Eriksson and Eriksson 1997, Froborg and Eriksson 1997, Kiviniemi
and Eriksson 1999, Froborg 2001, Kiviniemi 2001, Jakobsson and Eriksson 2003), while plant height (cm), dispersal mode, and growth/
life form were found in Mossberg and Stenberg (2003). The ‘backbone’ of the supertree was generated using Phylomatic (Webb and
Donoghue 2005), and the phylogenetic hypothesis generated by Phylomatic was checked against the APG II hypothesis (Bremer et al.
2003) and the Angiosperm Phylogeny Website (Stevens 2001 onwards). Increased resolution at lower level nodes was accomplished by
grafting phylogenetic hypotheses from more focused studies published as of 20 February 2007 (Asteraceae (Funk et al. 2005, B. Gemein-
holzer unpubl. and M. Englund, Dept of Botany, Stockholm, pers.comm); Dipsacales (Bell and Donoghue 2005); Apiaceae (Downie et
al. 2000); Veronica (Taskova et al. 2004); Lamiaceae (Wink 2003); Ericales/Ericaceae (Kron et al. 2002, Schénenberger et al. 2005);
Rosaceae (Eriksson et al. 2003, Potter et al. 2002); Prunus (Shaw and Small 2004, Bortiri et al. 2006); Fabaceae (Wojciechowski et al.
2004); Trifolium (Ellison et al. 2006); Geranium (Zoubir 2006); Saxifragales (Fishbein and Soltis 2004); Caprifoliales (Cuénoud et al.
2002); Caprifoliaceae (Fior et al. 2006); Ranunculaceae (Johansson 1995); Poaceae (Barker et al. 2001, Cataldn et al. 1997, 2004)).
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