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Abstract

Aim We set out to test the hypothesis that rates of pre- and post-dispersal seed pre-
dation would be higher towards the tropics, across a broad range of species from around
the world. We also aimed to quantify the slope and predictive power of the relationship
between seed mass and latitude both within and across species.

Methods Seed mass, pre-dispersal seed predation and post-dispersal seed removal data
were compiled from the literature. Wherever possible, these data were combined with
information regarding the latitude at which the data were collected. Analyses were
performed using both cross-species and phylogenetic regressions.

Results Contrary to expectations, we found no significant relationship between seed
predation and latitude (log10 proportion of seeds surviving predispersal seed predation
vs. latitude, P ¼ 0.63; R2 ¼ 0.02; n ¼ 122 species: log10 proportion of seeds remaining
after postdispersal seed removal vs. latitude, P ¼ 0.54; R2 ¼ 0.02; n ¼ 205 species).
These relationships remained non-significant after variation because of seed mass was
accounted for. We also found a very substantial (R2 ¼ 0.21) relationship between seed
mass and latitude across 2706 species, with seed mass being significantly higher towards
the tropics. Within-species seed mass decline with latitude was significant, but only
about two-sevenths, as rapid as the cross-species decline with latitude. Results of
phylogenetic analyses were very similar to cross-species analyses. We also demonstrated
a positive relationship between seed mass and development time across ten species from
dry sclerophyll woodland in Sydney (P < 0.001; R2 ¼ 0.77; Standardized Major Axis
slope ¼ 0.14). These data lend support to the hypothesis that growing period might
affect the maximum attainable seed mass in a given environment.

Main conclusions There was no evidence that seed predation is higher towards the
tropics. The strong relationship between seed mass and latitude shown here had been
observed in previous studies, but had not previously been quantified at a global scale.
There was a tenfold reduction in mean seed mass for every c. 23� moved towards the
poles, despite a wide range of seed mass within each latitude.

Keywords

predispersal seed predation, postdispersal seed predation, seed size, seed development
time.

INTRODUCTION

Because temperatures are higher or more continuously
favourable towards the tropics, it has been widely expected
that herbivory and predation might be more sustained
threats there. Considerable evidence supports this. For
example, collation of data from seventeen studies showed
significantly higher rates of herbivory towards the tropics
(Coley & Aide, 1991), as did a meta-analysis of the

relationship between winter browsing intensity and latitude
across six species of woody plants (Swihart & Bryant, 2001).
Similarly, rates of predation on crabs (Dudley & Vermeij,
1978; Heck & Wilson, 1987), marine gastropods (Dudley &
Vermeij, 1978), wasps (Jeanne, 1979) and across seventy-
eight species of herbivorous insects (Hawkins et al., 1997)
have been shown to be higher towards the tropics.

Herbivore species diversity, as well as herbivore density
and activity, might contribute to greater herbivore pressure
experienced by plants towards the tropics. Indeed, there is
evidence that many important guilds of herbivores are
more diverse towards the tropics, including hemipterans
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(N. Andrew, unpubl. data), Papilionid butterflies (Sime &
Brower, 1998), and small mammals (Hansson, 1992).
However, evidence regarding patterns in herbivore density
with latitude is sparse and inconsistent. One study showed
hemipterans to be more abundant closer to the equator, but
found no particular relationship between the abundance of
Coleoptera and latitude (N. Andrew, unpubl. data). There
was no relationship between latitude and the abundance of
small mammals trapped over a 5-year period in Sweden
(Hansson, 1992).

The relationship between latitude and seed predation

Both the generality of the above mechanism, and the wide
range of taxa displaying latitudinal gradients in predation or
herbivory, suggest that levels of seed predation might be
higher towards the tropics. However, the only paper we are
aware of that investigates this relationship is by Garcia et al.
(2000), who found no correlation between predispersal seed
predation and latitude across thirty-one populations of
Juniperus communis at latitudes from 37�06¢ N to 68�13¢ N.
The paucity of information on the relationship between seed
predation and latitude is troubling, as pre- and post-dispersal
seed predation are known to be important selective filters. It
is not uncommon for plants to lose 90–100% of a given seed
crop to seed predators (Louda, 1989; Crawley, 1992;
Hulme, 1998), and these losses can result in significantly
reduced seedling establishment (Brown et al., 1979; Inouye
et al., 1980; De Steven & Putz, 1984; Hobbs, 1985; Louda,
1989; Heske et al., 1993; Asquith et al., 1997; Cornett
et al., 1998; Feller & Klinka, 1998).

In this paper we compile the available evidence to assess
whether pre- and post-dispersal seed predation are greater
towards the tropics.

The relationship between latitude and seed size

There are usually around six orders of magnitude of varia-
tion in seed mass within a given habitat (Leishman et al.,
2000). In addition to this huge range of variation in seed
mass within habitats, there are also significant differences in
seed mass between different habitats. One variable that
seems to be associated with shifts in seed mass between
different habitats is latitude. The relationship between seed
mass and latitude has been investigated at various taxonomic
levels. Within species, most studies have shown either sig-
nificantly larger seeds towards the tropics (thirty-six species),
or non-significant relationships between seed mass and lati-
tude (forty-one species), with only two species showing sig-
nificantly larger seeds towards the poles (Table 1). Within
genera, Crouch & Vander Kloet (1980) have shown a trend
for larger seeds towards the tropics across eight species of
Vaccinium section Cyanococcus (blueberries), and B.R.
Murray, A.D.H. Brown, J.P. Grace (unpubl. data) showed a
similar trend for larger seeds towards the tropics across all
thirty-eight Australian taxa in the genus Glycine. Levin
(1974) showed that seeds of species from the temperate zone
were significantly smaller than those from subtropical

regions, which were smaller than seeds from the tropics; this
was across 802 species of herbs, 204 species of shrubs and
280 species of trees. Suggestive trends in the same direction
were also found for sixty-two species of vines and eighty-
eight species of shrubby trees in the Fabaceae (Levin, 1974).
Lord et al. (1997) also showed that mean seed mass was
greater at a tropical site than at a subtropical than at a
temperate site in Australia, both across all species in the
communities, and within growth-forms, dispersal syndromes
and families.

Although these previous studies have clearly indicated a
relationship between seed mass and latitude, important
details regarding the nature of this relationship at a broad
scale remain unclear, including details of the amount of
variation in seed size that is associated with changes in
latitude, and the slope of the relationship at a global scale.
Thus, the second main aim of the present study was to
quantify the slope and predictive power of the relationship
between seed size and latitude across a wide range of species
from a diverse array of ecosystems from around the world.
We also investigated whether the shifts in seed mass within
species were similar in magnitude to the shifts in seed mass
observed among species.

Relationships between seed mass, seed predation and

latitude

The relationships between seed mass and rates of pre and
postdispersal seed predation are described in a separate
paper (A.T. Moles and M. Westoby, unpubl. data). The
major findings of that work were (1) no particular rela-
tionship between seed mass and rates of predispersal seed
removal and (2) a weak negative relationship between
postdispersal seed removal and diaspore mass. In the present
paper, we investigated the hypothesis that the slight negative
relationship between seed predation and seed mass might be
interacting with the positive relationship between seed mass
and latitude to cancel out or weaken relationships between
seed predation and latitude.

Seed development time

Several mechanisms might contribute to the relationship
between seed mass and latitude, including greater habitat
shadiness in the tropics, a greater prevalence of vertebrate
dispersal agents in the tropics and a higher proportion of
plants of larger growth forms (e.g. trees) towards the equa-
tor (reviewed in Lord et al., 1997). Another hypothesis
suggests that the shorter growing seasons experienced by
plants nearer the poles might constrain the maximum size of
seeds that can be produced at a given latitude (Stebbins,
1974). This mechanism could only contribute to the rela-
tionship between seed mass and latitude if larger seeds did
take longer to complete their development than small seeds.
Although this seems plausible, we are not aware of any
previous study of the relationship between seed mass and
development time. For this reason, we gathered data to
assess the slope and predictive power of the relationship
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between seed mass and development time, across ten species
from Ku-ring-gai Chase National Park in Sydney.

In summary, the questions addressed in this paper are:

1. Is there a relationship between predispersal seed preda-
tion and latitude?

2. Is there a relationship between postdispersal seed preda-
tion and latitude?

3. What is the magnitude of the cross-species relationship
between seed size and latitude?

4. What is the nature of the interaction between seed mass,
seed predation and latitude?

5. Is the relationship between seed mass and latitude within
species similar in magnitude to the relationship across
species?

6. Do large seeds take longer to complete development than
small seeds?

METHODS

Pre-dispersal seed predation and post-dispersal seed

removal

We compiled results from all the papers cited in reviews by
Crawley (1992) and S. Cunningham (unpubl. data). These
sources provided a relatively complete search of the pre- and
postdispersal seed predation literature up to 1992 (Crawley)
and 1994 (Cunningham). We also searched Current Con-
tents (1993–2000), for articles in English containing the
words �seed� and �predation� in the title or abstract. Papers
were excluded if they did not quantify seed predation or
removal, were from highly artificial situations such as
laboratories or plantations, or were about introduced spe-
cies. However, studies of predation on the seeds of weeds of
arable land were included, as it was considered that the
short-lived species resident in these communities might have
had sufficient time to adapt to their new environment. In
short, we aimed to include only those species that had
evolved in, or adapted to the study environment. This gave
postdispersal seed removal data for 205 species and predis-
persal seed predation data for 138 species.

For each species in each study, seed predation rates were
averaged over all sites, times and densities in order to produce
one mean predation rate. Averaging was weighted according
to the number of seeds in each category where this information
was available. Where a species occurred in more than one
study an average seed mass and predation rate were calcula-
ted. As seed fate has rarely been measured in studies of post-
dispersal seed �predation�, we have been forced to review rates
of postdispersal seed removal rather than rates of postdis-
persal seed predation per se. Implications of this limitation are
fully discussed in A.T. Moles and M. Westoby (unpubl. data).

Pre-dispersal seed predation data quantify the proportion
of seeds destroyed between seed initiation and seed dispersal.
Post-dispersal seed removal rates are given for 24-h periods.
Results from studies that quantified removal over longer
time periods were converted to 24-h basis assuming expo-
nential removal (equation 1).

Proportion of seeds removed in 1 day

¼ 1 � ½Proportion of seeds remaining after n daysðl=nÞ�

This conversion assumes that proportion of seeds removed
per 24 h was independent of the duration of study. This
was the simplest assumption we could make, and the only
one possible with much of the data. Exponential decline
has commonly been observed (Boman & Casper, 1995;
Hammond & Brown, 1995; Holl & Lulow, 1997; Kollmann
et al., 1998; Hulme & Hunt, 1999). Studies over more than
60 days were excluded.

Seed mass

The relationship between latitude and seed mass was inves-
tigated, first, for species included in the seed predation studies,
and secondly across a broad range of species from the litera-
ture. For species included in the predation paper, seed mass
data were gathered from the same sources as the predation
data wherever possible, or from other published sources (de-
tails in A.T. Moles and M. Westoby, unpubl. data). For seed
mass in relation to latitude, we were able to gather a larger
data set including 2706 species from 193 families (Appendix
1). While probably not a comprehensive collection of all data
that might be available, this does represent a significant ad-
vance on the number of species previously considered for the
relationship between latitude and seed mass.

Latitude

Latitude data were taken from the site descriptions in the
source papers wherever possible. Where necessary, latitudes
from nearby locations were used in place of exact readings
for the field sites. Where more than one site was used for a
species, an average latitude was calculated for each species,
unless the range of latitudes used was >5�, in which case the
species were excluded from this compilation.

Relationships between seed mass and latitude within

species

In order to assess whether the magnitude of the intraspecific
relationship between seed mass and latitude was similar to
that observed at the interspecific level, we compiled available
data regarding the mean seed mass of the populations at
highest and lowest latitudes for each species, and compared
the within-species change in mean seed mass per degree of
latitude to the slope of the between-species relationship.

Seed development

In order to investigate the hypothesis that large seeds take
longer to complete development than small seeds, we carried
out a small study in Ku-ring-gai Chase National Park, a
temperate coastal environment near Sydney that supports
fire-prone forest and heath. Three senescing flowers on each
of five individuals of ten species were tagged in June and July
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2000. The ten species used were the only species found at
two sites in Ku-ring-gai Chase that had a large enough
number of senescing flowers at this time. Tagged plants were
monitored at least once a week until the seeds had completed
development. Seed development was considered to have
begun when the flower showed visible signs of senescence.
Seed development was considered complete when the seed or
fruit exterior became hard and assumed the coloration
associated with ripeness in that species. The date of com-
pletion of development was estimated as half way between
the last date the seed ⁄ fruit was seen in an unripe state and
the first date the seed ⁄ fruit was seen in a ripe state. Where
plants produced fruit or inflorescences with multiple closely
packed seeds with significantly different ripening times we
calculated development as beginning when the first flower
showed signs of senescence and finishing when the first
seed reached maturity. For these species, seed mass was
determined by weighing twenty seeds on a Cahn microbal-
ance after they had been oven-dried at 60 �C for at least
3 days.

Statistics

Seed mass, the proportion of seeds surviving predispersal seed
predation and the proportion of diaspores remaining after
24 h of exposure to postdispersal seed predators were log10-
transformed before all calculations. In the two cases in which
all seeds were removed within 24 h, we added 0.01 to the
proportion of seeds remaining before performing the log
transformation. The relationships between latitude and pre-
dispersal seed predation, postdispersal seed removal and seed
mass were analysed across species using standard linear
regressions (Sokal & Rohlf, 1995). Phylogenetic regressions
(Grafen, 1989) were performed on the relationships between
latitude and log10 seed mass and log10 seed predation rates.
The phylogenetic tree used follows APG (1998) to order level,
with updates from Kuzoff & Gasser (2000) on the position
of basal angiosperm groups. Within families, we followed
Douglas (1995) for Proteaceae, Crisp & Doyle (1995) for
Fabaceae, Simon (1993) for Poaceae and Wilson (1984) for
Chenopodiaceae. We performed phylogenetic regressions
using a generalized linear interactive modelling program
(Phylo.glm version 1.03; Grafen, 1989). Path segment lengths
for the phylogenetic trees were calculated by assigning a
height to each node that was one less than the number of
species below or at that node in the tree (Grafen, 1989).

RESULTS

Predispersal seed predation and latitude

The proportion of seeds surviving predispersal seed preda-
tion ranged from 2 to 98.5% across the 122 species included
in this study. Contrary to our expectations, there was no
significant relationship between latitude and the proportion
of individuals surviving predispersal seed predation (cross-
species regression, P ¼ 0.63; R2 ¼ 0.02; phylogenetic
regression, P ¼ 0.60; R2 ¼ 0.006; Fig. 1).

Postdispersal seed removal and latitude

The proportion of diaspores remaining after 24 h of expo-
sure to postdispersal seed predators ranged from 0 to 100%
across 205 species. There was no significant relationship
between latitude and the proportion of diaspores remaining
after 24 h (cross-species regression P ¼ 0.54; R2 ¼ 0.02;
phylogenetic regression P ¼ 0.57; R2 ¼ 0.003; Fig. 2).

Relationships between seed mass and latitude across

species

Seed mass ranged from 0.01 mg (Hypericum gramineum;
Hypericaceae, from Australia) up to 816,000 mg (Bert-
holletia excelsa; Lecythidaceae, from Brazil) across the 309

Figure 1 The relationship between the proportion of individuals

surviving predispersal seed predation and latitude. Latitude is
expressed as an absolute number of degrees away from the equator.

Each point represents the mean value for one species.

Figure 2 The relationship between latitude and the proportion of

diaspores remaining after 24 h of exposure to postdispersal seed

predators. Latitude is expressed as an absolute number of degrees
away from the equator. Each point represents the mean value for one

species.
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species included in seed predation studies, and from
0.0007 mg (two species in the Orchidaceae from Australia)
to 816,000 mg (Bertholletia excelsa) across the broader
2706 species data set. Seeds were significantly larger towards
the tropics in both the cross-species regression (P < 0.001;
R2 ¼ 0.41; Fig. 3), and the phylogenetic regression
(P < 0.001; R2 ¼ 0.43) across the species included in the
seed predation studies. Similarly, seeds were significantly
larger towards the tropics across the full 2706 species
(P < 0.001; R2 ¼ 0.21; Fig. 4). Although there was a wide
range of seed mass at any given latitude, the trend with
latitude was highly significant. Slope was )0.85 (95% CIs:
)0.79 to )0.91) log units per 20� latitude, that is a sevenfold
reduction in mean seed mass for every 20� moved towards
the poles, a 1000-fold reduction across 70.5� of latitude.

Both the upper and lower limits of the seed mass range
seemed to decrease towards the poles (Fig. 4), and there was
no significant relationship between the variance in seed mass
and latitude (all sites represented by at least eight species
included in analysis; P ¼ 0.23, R2 ¼ 0.046; n ¼ 33). Thus, it
appears that the change in seed mass with increasing latitude
is caused by a simple downward shift in the lognormal dis-
tribution of seed mass. However, sampling biases might have
affected this result – particularly at the smaller end of the
seed mass spectrum. For instance, although few very small-
seeded species were included in the tropical data sets, many
small-seeded taxa (e.g. Orchidaceae) are present in tropical
ecosystems. Similar bias might also be present in the data
from seed predation studies, as seed predation may be easier
to study in large-seeded species.

Figure 3 The relationship between seed

mass and latitude for species for which seed
predation data were available. Latitude is

expressed as an absolute number of degrees

away from the equator. Each point represents

the mean value for one species.

Figure 4 The relationship between seed

mass and latitude across the global database.
Latitude is expressed as an absolute number

of degrees away from the equator. Each point

represents the mean value for one species.
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Interactions between seed mass, latitude and seed

predation

The relationship between latitude and seed mass was still
significant after controlling for variation in either predis-
persal seed predation (P ¼ 0.007), or post-dispersal seed
removal (P < 0.001). The proportion of individuals surviv-
ing predispersal seed predation, and the proportion of
individuals remaining after 24 h of exposure to postdispersal
seed predators, remained unrelated to latitude after variation
in seed mass was accounted for (P ¼ 0.586 and 0.189,
respectively).

Phylogenetic considerations

The results of the phylogenetic regressions and the cross-
species regressions were very similar. Conceivably, there
might have been positive relationships between seed mass,
seed predation and latitude within genera or families, that
is across distal branch-points in the phylogenetic tree, and
these might have been overridden in the cross-species
regression by large differences in basic natural history
between families or other major clades, producing an overall
negative relationship. The fact that phylogenetic regressions
were similar to cross-species regression eliminates this pos-
sibility from consideration.

Relationships between seed mass and latitude within

species

Species with wider latitudinal range were more likely to
show a significant decline in seed mass with latitude (logistic
regression, P < 0.001; Fig. 5). Studies spanning less than
c. 11� latitude had less than a 50% chance of finding a sig-
nificant negative relationship. There was no significant dif-
ference in the mean slope between species showing
significantly larger seeds towards the tropics, and those
showing no significant relationship (P ¼ 0.99). Evidently the
major reason for the lack of a significant intraspecific rela-
tionship between seed mass and latitude in some studies is
that over a small latitudinal range, the shift in seed mass is

small enough that it cannot be detected against the back-
ground of other sources of variation.

The mean decrease in seed mass within species was )0.29
log units, or c. 1.9-fold, per 20� of latitude. This was 3.6-fold
less than the slope of the relationship across species (Fig. 6).

Seed development time

Seed development time was confirmed as positively correla-
ted with seed mass across ten species from Ku-ring-gai Chase
National Park (Fig. 7; P < 0.001, R2 ¼ 0.77; Appendix 2).
The standardized major axis slope of this relationship was
0.14, that is, a tenfold increase in seed mass corresponded to

Figure 5 The relationship between the latitudinal range encompassed by intraspecific studies of the relationship between seed mass and latitude,

and the probability of finding a significant negative relationship. Box plots show the distribution of latitudinal ranges for studies showing
significant vs. nonsignificant relationships. The boxes encompass the 25th percentile to the 75th percentile. The line inside the box represents the

median. Whiskers indicate the 10th and 90th percentiles. Outliers are shown as dots. The curve was fitted using logistic regression (P < 0.001),

and shows the probability of a study with a given latitudinal range finding a significant negative relationship between seed mass and latitude.

Figure 6 Intraspecific relationships between seed mass and latitude.

Filled circles and solid lines represent species in which there was a
significant relationship between seed mass and latitude; unfilled

circles and dotted lines represent species with no significant rela-

tionship between seed mass and latitude. The two points shown for
each species are the upper and lower latitudes encompassed within

the study, and the mean seed mass of populations found at that

latitude. Note that this information was not available for all species.

Raw data are presented in Table 1. The dashed line represents the
slope of the relationship between seed mass and latitude from the

global cross-species relationship (Fig. 4).
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c. 40% increase in development time. These data lend sup-
port to the hypothesis that maximum attainable seed mass
might be constrained by the length of the growing season in
a given habitat (Stebbins, 1974).

DISCUSSION

Why was seed predation not higher towards the

tropics?

The lack of a relationship between seed size and latitude was
contrary to expectations based on predator diversity and
abundance (see Introduction). One possible explanation for
the absence of this relationship is that there might have been
selection for increased seed defences in areas near the
equator where seeds were exposed to a higher risk of pre-
dation (perhaps as a result of greater diversity and abun-
dance of seed predators at low latitudes). If increased
defence reduced seed predation, the net outcome might be no
particular relationship between seed predation and latitude.

If the mechanism described above were in operation, one
might expect to see higher levels of seed defences towards the
tropics. We are only aware of one study investigating this
relationship: Crouch & Vander Kloet (1980) showed that
seed coats were thicker at lower latitude across four species
of Vaccinium. However, it is clear that many important leaf
defences (including high concentrations of alkaloids, leaf
toughness and high tannin concentration) are greater
towards the tropics (reviewed in Coley & Aide, 1991).
Similarly, tropical birds have been shown to have higher
investment in immune system function than temperate birds
(Møller, 1998). These observations are sufficiently consistent
with our interpretation to suggest further investigation could
be worthwhile.

A second explanation for the lack of a relationship
between seed predation and latitude could be that increases
in seed predator diversity and density towards the equator
are no more than proportional to increases in seed produc-

tion and diversity. It is well known that plant diversity is
particularly high in tropical forests. It might also be the case
that the total production of seed is higher at lower latitudes,
as net primary productivity is generally higher towards the
equator (Bondeau et al., 1999; Schloss et al., 1999).

Implications of the lack of a relationship between seed

predation and latitude

Janzen (1970) and Connell (1971) suggested that density-
dependent mortality might increase plant diversity by redu-
cing the probability of successful seedling establishment near
conspecific adults. These authors also suggested that the
greater climatic fluctuations in temperate ecosystems might
reduce the efficacy of predators in maintaining this diversity.
These ideas have been widely taken up, and today the
Janzen–Connell hypothesis is one of the major explanations
cited to explain the high levels of diversity in tropical forests
(Wright, 2002). Our results are clearly of importance to this
body of literature. As rates of seed predation are not higher
in the tropics, it seems unlikely that the strength of the
density-dependent mortality would be stronger in the trop-
ics. If density-dependent mortality is just as strong at high
latitudes as at low latitudes, the Janzen–Connell hypothesis
does not predict higher diversity in the tropics than in the
temperate zone. Clearly, investigations of the Janzen–
Connell hypothesis that compare density-dependent mor-
tality at tropical and temperate sites will be necessary to
determine whether this mechanism can contribute to greater
diversity in tropical regions.

Why is there a relationship between seed size and

latitude?

Several hypotheses have previously been put forward to
explain why there is a relationship between seed size and
latitude, including (1) differences in the light availability in
different habitats, (2) differences in the seed disperser
assemblages, and (3) differences in the predominance of
plant growth forms (reviewed in Lord et al., 1997). The
evidence to date shows that although these factors do
influence seed mass, gradients in seed mass with latitude
exist even after these variables are accounted for. For
instance, Levin (1974) found an increase in mean seed mass
from herbs to shrubs to shrubby trees to trees, but also a
greater mean seed mass in tropical species than in temperate
species within herbs (802 species), shrubs (204 species), vines
(sixty-two species), shrubby trees (eighty-eight species) and
trees (280 species). Similarly, Lord et al. (1997) found that
tropical floras did have relatively higher proportions of woody
and vertebrate-dispersed species, but also that seed mass
decreased from the tropics to the subtropics to the temperate
zone within ten of eleven growth-form dispersal-mode com-
binations. Thus, while growth form, disperser assemblage and
habitat type may contribute to the observed relationship
between seed mass and latitude, other mechanism(s) must also
be operating. The following paragraphs outline two further
factors that might be significant contributors.

Figure 7 Median development time vs. seed mass for ten species

from Ku-ring-gai Chase National Park in Sydney.
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Development time

It has been suggested that the length of the growth period of
a habitat might constrain the upper bound of seed mass by
constraining the amount of time available for seed provi-
sioning (Baker, 1972; Stebbins, 1974). This mechanism
could potentially disadvantage large seeds at higher lati-
tudes, as there is some evidence that small seeds can com-
plete development in a shorter time than large seeds (Fig. 7).

Total seed production

The smaller number of seeds produced by large-seeded spe-
cies (Jakobsson & Eriksson, 2000; Henery & Westoby,
2001) is thought to be compensated for mainly during
seedling establishment. Seedlings from large-seeded species
have been shown to be stronger competitors than seedlings
from small-seeded species (Leishman, 2001), and are better
at tolerating a wide range of environmental stresses, such as
prolonged periods in deep shade, herbivory and nutrient
deprivation (reviewed in Leishman et al., 2000). Under
theory about coexistence of seed size strategies (Geritz,
1995; Fagerstrom & Westoby, 1997), large-seeded species
secure patches by outcompeting small-seeded species, while
small-seeded species rely on establishing in sites that are not
reached by the less abundant propagules of large-seeded
species. This theory can combine with a latitudinal trend in
net primary productivity (NPP) to offer a new hypothesis for
the observed trend for larger seeds towards the tropics. The
NPP is generally thought to be higher towards the tropics
(Bondeau et al., 1999; Schloss et al., 1999). It seems rea-
sonable to expect that higher NPP translates into higher
biomass of seeds produced per unit area. If average seed size
did not shift, then the total seedfall density would be greater
at higher NPP latitudes. This would decrease the probability
of a small seed reaching an otherwise unoccupied site. In this
way, selection would favour larger seeds in high productivity
environments such as the tropics. Note that a critical
assumption in this theory – that of greater total reproductive
output in vegetation towards the tropics – has not yet been
tested.

In summary, many potential explanations for the greater
size of seeds in the tropics have been offered, involving
habitat type, plant growth form, seed disperser assemblage,
the length of the growing period and NPP. These mecha-
nisms are not mutually exclusive, and it is most likely that
some combination of these factors generates the pattern
observed in nature.
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Appendix 2 Species list and data for the ten species from Ku-Ring-

Gai Chase National Park used to investigate the relationship be-
tween seed mass and seed development time.

Species Family

Median

development

time (days) Seed mass (mg)

Acacia myrtifolia Mimosaceae 110 11.3
Acacia suaveolens Mimosaceae 116 28.5

Boronia ledifolia Rutaceae 76 9.1

Conospermum
ericifolium

Proteaceae 83.5 2.3

Dilwynia retorta Fabaceae 97 5.5

Epacris longiflora Epacridaceae 50.5 0.12

Epacris pulchella Epacridaceae 69 0.06
Grevillea sericea Proteaceae 116 21.7

Phyllota phylicoides Fabaceae 97 2.96

Woollsia pungens Epacridaceae 55 0.21

References to Appendix 1

Abdullah, M.A.R. & Abulfatih, H.A. (1995) Predation of
Acacia seeds by bruchid beetles and its relation to altitudinal
gradient in south-western saudi arabia. Journal of Arid
Environments, 29, 99–105.

Acosta, F.J., Delgado, J.A., Lopez, E. & Serrano, J.M. (1997)
Functional features and ontogenetic changes in reproductive
allocation and partitioning strategies of plant modules. Plant
Ecology, 132, 71–76.

Andersen, A.N. (1989) How important is seed predation to
recruitment in stable populations of long-lived perennials?
Oecologia, 81, 310–315.

Arnold, R.M. (1982) Pollination, predation and seed set in
Linaria vulgaris (Scrophulariaceae). The American Midland
Naturalist, 107, 360–369.

Auld, T.D. (1983) Seed predation in native legumes of south-
eastern Australia. Australian Journal of Ecology, 8, 367–
376.

Auld, T.D. & Denham, A.J. (1999) The role of ants and mammals
in dispersal and post-dispersal seed predation of the shrubs
Grevillea (Proteaceae). Plant Ecology, 144, 201–213.

Auld, T.D. & Myerscough, P.J. (1986) Population dynamics of
the shrub Acacia suaveolens (Sm.) Willd.: seed production
and predispersal seed predation. Australian Journal of
Ecology, 11, 219–234.

Auld, T.D. & O’Connell, M.A. (1989) Changes in predispersal
seed predation levels after fire in two Australian legumes,
Acacia elongata and Sphaerolobium vimineum. Oikos, 54,
55–59.

Baskin, J.M. & Baskin, C.C. (1977) Predation of Cassia
marilandica seeds by Sennius abbreviatus (Coleoptera:
Bruchidae). Bulletin of the Torrey Botanical Club, 104, 61–64.

Benkman, C.W. (1995) The impact of tree squirrels (Tasmias-
ciurus) on limber pine seed dispersal adaptations. Evolution,
49, 585–592.

Bermejo, T., Traveset, A. & Willson, M.F. (1998) Post-dispersal
seed predation in the temperate rainforest of southeast
Alaska. Canadian Field Naturalist, 112, 510–512.

Biere, A. & Honders, S.J. (1996) Impact of flowering phenology
of Silene alba and S. dioica on susceptibility to fungal
infection and seed predation. Oikos, 77, 467–480.

Blate, G.M., Peart, D.R. & 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.

Boe, A. & Wynia, R. (1985) Seed predation, seedling emer-
gence, and rhizome characteristics of American licorice.
Journal of Range Management, 38, 400–402.

Boman, J.S. & Casper, B.B. (1995) Differential post-dispersal
seed predation in disturbed and intact temperate forest.
American Midland Naturalist, 134, 107–116.

Burkey, T.V. (1994) Tropical tree species diversity – a test of the
Janzen–Connell model. Oecologia, 97, 533–540.

Chidumayo, E.N. (1997) Fruit production and seed predation in
two miombo woodland trees in Zambia. Biotropica, 29, 452–
458.

Chung, J.C. & Waller, D.M. (1986) Patterns of insect predation
on seeds of smooth sumac (Rhus glabra L.). The American
Midland Naturalist, 116, 315–322.

Cintra, R. (1997) A test of the Janzen–Connell model with two
common tree species in Amazonian forest. Journal of Tropical
Ecology, 13, 641–658.

Cowling, R.M., Lamont, B.B. & Pierce, S.M. (1987) Seed bank
dynamics of four co-occurring Banksia species. Journal of
Ecology, 75, 289–302.

De Steven, D. (1983) Reproductive consequences of insect seed
predation in Hamamelis virginiana. Ecology, 64, 89–98.

Diaz, I., Papic, C. & Armesto, J.J. (1999) An assessment of post-
dispersal seed predation in temperate rain forest fragments in
Chiloe Island Chile. Oikos, 87, 228–238.

Edwards, G.R. & Crawley, M.J. (1999) Rodent seed predation
and seedling recruitment in mesic grassland. Oecologia, 118,
288–296.

Ehrlen, J. (1993) Ultimate functions of non-fruiting flowers in
Lathyrus vernus. Oikos, 68, 45–52.

Ehrlen, J. (1996) Spatiotemporal variation in predispersal seed
predation intensity. Oecologia, 108, 708–713.

� 2003 Blackwell Publishing Ltd, Journal of Biogeography, 30, 105–128

126 A. T. Moles and M. Westoby



Englund, R. (1993) Fruit removal in Viburnum opulus – copious
seed predation and sporadic massive seed dispersal in a
temperate shrub. Oikos, 67, 503–510.

Forget, P.M. (1996) Removal of seed. by of Carapa procera
(Meliaceae) by rodents and their fate in rainforest in French
Guiana. Journal of Tropical Ecology, 12, 751–761.

Franson, S.E. & Willson, M.F. (1983) Seed predation and
patterns of fruit production in Asclepias syriaca. Oecologia,
59, 370–376.

Gardner, G. (1977) The reproductive capacity of Fraxinus
excelsior on the Derbyshire limestone. Journal of Ecology, 65,
107–118.

Green, T.W. & Palmbald, I.G. (1975) Effects of insect seed
predators on Astragalus cibarius and Astragalus utahensis
(Leguminosae). Ecology, 56, 1435–1440.

Greig, N. (1993) Predispersal seed predation on five Piper
species in tropical rainforest. Oecologia, 93, 412–420.

Hainsworth, F.R., Wolf, L.L. & Mercier, T. (1984) Pollination
and pre-dispersal seed predation: net effects on reproduction
and inflorescence characteristics in Ipomopsis aggregata.
Oecologia, 63, 405–409.

Hammond, D.S. (1995) Post-dispersal seed and seedling mortal-
ity of tropical dry forest trees after shifting agriculture, chiapas,
Mexico. Journal of Tropical Ecology, 11, 295–313.

Hare, J.D. (1980) Variation in fruit size and susceptibility to
seed predation among and within populations of cocklebur,
Xanthium strumarium. Oecologia, 46, 217–222.

Hau, C.H. (1997) Tree seed predation on degraded hillsides in
Hong Kong. Forest Ecology and Management, 99, 215–221.

Heithaus, E.R. (1981) Seed predation by rodents on three ant-
dispersed plants. Ecology, 62, 136–145.

Hemborg, A.M. & Despres, L. (1999) Oviposition by mutua-
listic seed-parasitic pollinators and its effects on annual fitness
of single- and multi-flowered host plants. Oecologia, 120,
427–436.

Herrera, C.M. (1984) Selective pressures on fruit seediness:
differential predation of fly larvae on the fruits of Berberis
hispanica. Oikos, 42, 166–170.

Holl, K.D. & Lulow, M.E. (1997) Effects of species, habitat,
and distance from edge on post-dispersal seed predation in a
tropical rainforest. Biotropica, 29, 459–468.

Holthuijzen, A.M.A., Sharik, T.L. & Fraser, J.D. (1987) Dis-
persal of eastern red cedar (Juniperus virginiana) into pastures:
an overview. Canadian Journal of Botany, 65, 1092–1095.

Hulme, P.E. (1996) Natural regeneration of yew (Taxus baccata
L.) – microsite, seed or herbivore limitation. Journal of
Ecology, 84, 853–861.

Hulme, P.E. (1997) Post-dispersal seed predation and the
establishment of vertebrate dispersed plants in mediterranean
scrublands. Oecologia, 111, 91–98.

Hulme, P.E. (1998) Post-dispersal seed predation and seed bank
persistence. Seed Science Research, 8, 513–519.

Hyatt, L.A. (1998) Spatial patterns and causes of overwinter
seed mortality in Phytolacca americana. Canadian Journal of
Botany Revue Canadienne de Botanique, 76, 197–203.

Kelly, D., Harrison, A.L., Lee, W.G., Payton, I.J., Wilson, P.R.
& Schauber, E.M. (2000) Predator satiation and extreme
mast seeding in 11 species of Chionochloa (Poaceae). Oikos,
90, 477–488.

Kelly, D., McKone, M.J., Batchelor, K.J. & Spence, J.R. (1992)
Mast seeding of Chionochloa (Poaceae) and pre-dispersal
seed predation by a specialist fly (Diplotoxa, Diptera:
chloropidae). New Zealand Journal of Botany, 30, 125–133.

Kjellsson, G. (1985) Seed fate in a population of Carex pilulifera
L. Oecologia, 67, 424–429.

Klinkhamer, P.G.L., De Jong, T. & van der Meijden, E. (1988)
Production, dispersal and predation of seeds in the biennial
Cirsium vulgare. Journal of Ecology, 76, 403–414.

Kollmann, J., Coomes, D.A. & White, S.M. (1998) Consis-
tencies in post-dispersal seed predation of temperate fleshy-
fruited species among seasons, years and sites. Functional
Ecology, 12, 683–690.

Kudoh, H. & Whigham, D.F. (1998) The effect of petal size
manipulation on pollinator ⁄ seed-predator mediated female
reproductive success of Hibiscus moscheutos. Oecologia,
117, 70–79.

van Leeuwen, B.H. (1983) The consequences of predation in the
population biology of the monocarpic species Cirsium palus-
tre and Cirsium vulgare. Oecologia, 58, 178–187.

Lord, J.M. & Kelly, D. (1999) Seed production in Festuca
novae-zelanidiae: the effect of altitude and pre-dispersal
predation. New Zealand Journal of Botany, 37, 503–509.

Louda, S.M. (1982) Limitation of the recruitment of the shrub
Haplopappus squarrosus (Asteraceae) by flower- and seed-
feeding insects. Journal of Ecology, 70, 43–53.

Louda, S.M. (1983) Seed predation and seedling mortality in the
recruitment of a shrub, Haplopappus venetus (Asteraceae),
along a climatic gradient. Ecology, 64, 511–521.

McCarthy, B.C. (1994) Experimental studies of hickory recruit-
ment in a wooded hedgerow and forest. Bulletin of the Torrey
Botanical Club, 121, 240–250.

McGuinness, K.A. (1997) Dispersal, establishment and survival
of Ceriops tagal propagules in a north Australian mangrove
forest. Oecologia, 109, 80–87.

McKee, K.L. (1995) Mangrove species distribution and prop-
agule predation in belize – an exception to the dominance
predation hypothesis. Biotropica, 27, 334–345.

Mitchell, R. (1977) Bruchid beetles and seed packaging by Palo
verde. Ecology, 58, 644–651.

Mittelbach, G.G. & Gross, K.L. (1984) Experimental studies of
seed predation in old-fields. Oecologia, 65, 7–13.

Moles, A.T. & Drake, D.R. (1999) Post-dispersal seed predation
on large-seeded species in the New Zealand flora. New
Zealand Journal of Botany, 37, 679–685.

Mucunguzi, P. (1995) Bruchids and survival of Acacia seeds.
African Journal of Ecology, 33, 175–183.

Myster, R.W. (1997) Seed predation, disease and germination
on landslides in neotropical lower montane wet forest.
Journal of Vegetation Science, 8, 55–64.

Nakamura, R.R., Mitchellolds, T., Manasse, R.S. & Lello, D.
(1995) Seed predation, pathogen infection and life-history
traits in Brassica rapa. Oecologia, 102, 324–328.

New, T.R. (1983) Seed predation of some Australian Acacias by
weevils (Coleoptera: Curculionidae). Australian Journal of
Zoology, 31, 345–352.

Ohkawara, K. & Higashi, S. (1994) Relative importance of
ballistic and ant dispersal in 2 diplochorous Viola species
(Violaceae). Oecologia, 100, 135–140.

� 2003 Blackwell Publishing Ltd, Journal of Biogeography, 30, 105–128

Latitude, seed predation and seed mass 127



Osunkoya, O.O. (1994) Post dispersal survivorship of north
Queensland rainforest seeds and fruits: effects of forest,
habitat and species. Australian Journal of Ecology, 19, 52–64.

Peres, C.A. & Baider, C. (1997) Seed dispersal, spatial
distribution and population structure of brazilnut trees
(Bertholletia excelsa) in southeastern Amazonia. Journal of
Tropical Ecology, 13, 595–616.

Pettersson, M.W. (1991) Flower herbivory and seed predation
in Silene vulgaris (Caryophyllaceae): effects of pollination and
phenology. Holarctic Ecology, 14, 45–50.

Pettersson, M.W. (1994) Large plant size counteracts early seed
predation during the extended flowering season of a Silene
uniflora (Caryophyllaceae) population. Ecography, 17, 264–
271.

Pizo, M.A. (1997) Seed dispersal and predation in two popu-
lations of Cabralea canjerana (Meliaceae) in the atlantic
forest of southeastern Brazil. Journal of Tropical Ecology, 13,
559–577.

Povey, F.D., Smith, H. & Watt, T.A. (1993) Predation of annual
grass weed seeds in arable field margins. Annals of Applied
Biology, 122, 323–328.

Radvanyi, A. (1970) Small mammals and regeneration of white
spruce forests in western Alberta. Ecology, 51, 1102–1105.

Rodgerson, L. (1998) Mechanical defense in seeds adapted for
ant dispersal. Ecology, 79, 1669–1677.

Rollo, C.D., Macfarlane, J.D. & Smith, B.S. (1985) Electro-
phoretic and allometric variation in burdock (Arcticum spp.):
hybridisation and its ecological implications. Canadian
Journal of Botany, 63, 1255–1261.

Russell, S.K. & Schupp, E.W. (1998) Effects of microhabitat
patchiness on patterns of seed dispersal and seed predation of
Cercocarpus ledifolius (Rosaceae). Oikos, 81, 434–443.

Schreiner, M., Bauer, E.M. & Kollmann, J. (2000) Reducing
predation of conifer seeds by clear-cutting Rubus fruticosus
agg. in two montane forest stands. Forest Ecology and
Management, 126, 281–290.

Smith, T.J. (1987) Seed predation in relation to tree domin-
ance and distribution in mangrove forests. Ecology, 68, 266–
273.

Smith, B.H., Ronsheim, M.L. & Swartz, K.R. (1986) Repro-
ductive ecology of Jeffersonia diphylla (Berberidaceae).
American Journal of Botany, 73, 1416–1426.

Sperens, U. (1997) Fruit production in Sorbus aucuparia L.
(Rosaceae) and pre-dispersal seed predation by the apple fruit
moth (Argyresthia conjugella Zell.). Oecologia, 110, 368–
373.

Sullivan, J.J., Burrows, C.J. & Dugdale, J.S. (1995) Insect
predation of seed. by of native New Zealand woody plants in
some central South Island localities. New Zealand Journal of
Botany, 33, 355–364.

Vaughton, G. (1998) Soil seed bank dynamics in the rare
obligate seeding shrub, Grevillea barklyana (Proteaceae).
Australian Journal of Ecology, 23, 375–384.

Verkaar, H.J., Schenkeveld, A.J. & Huurnink, C.L. (1986) The
fate of Scabiosa columbaria (Dipsacaceae) seeds in a chalk
grassland. Oikos, 46, 159–162.

Webb, S.L. & Willson, M.F. (1985) Spatial heterogeneity in
post-dispersal seed predation on Prunus and Uvularia seeds.
Oecologia, 67, 150–153.

Wenny, D.G. (1999) Two-stage dispersal of Guarea glabra and
G. kunthiana (Meliaceae) in Monteverde, Costa Rica. Journal
of Tropical Ecology, 15, 481–496.

Wenny, D.G. (2000) Seed dispersal, seed predation, and seedling
recruitment of a neotropical montane tree. Ecological Mon-
ographs, 70, 331–351.

Willis, A.J., Groves, R.H. & Ash, J.E. (1997) Seed ecology of
Hypericum gramineum, an Australian forb. Australian
Journal of Botany, 45, 1009–1022.

Willson, M.F. & Whelan, C.J. (1993) Variation of dispersal
phenology in a bird-dispersed shrub, Cornus drummondii.
Ecological Monographs, 63, 151–172.

Wurm, P.A.S. (1998) A surplus of seeds: high rates of post-
dispersal seed predation in a flooded grassland in monsoonal
Australia. Australian Journal of Ecology, 23, 385–392.

Yates, C.J., Talpin, R., Hobbs, R.J. & Bell, R.W. (1995) Factors
limiting the recruitment of Eucalyptus salmonophloia in
remnant woodlands. II. Post-dispersal seed predation and soil
seed reserves. Australian Journal of Botany, 43, 145–155.

� 2003 Blackwell Publishing Ltd, Journal of Biogeography, 30, 105–128

128 A. T. Moles and M. Westoby


