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Comparative ecology of seed size and dispersal

MARK WESTOBY, MICHELLE LEISHMAN axp JANICE LORD*
School of Biological Sciences, Macquarie Unwersity, NSW 2109, Australia

SUMMARY

Seed mass is correlated with a number of other plant traits, including dispersal mode, growth form and
specific leaf area. Specific leaf area is the main determinant of potential relative growth rate and an
indicator of the site quality to which a species is adapted. The relationships with dispersal mode and
growth form have consistent form in five datasets from three continents, and each account for about
20-309, of variation in log seed mass. Thus, there is also very substantial variation within growth form
and dispersal categories. Much, but not all, of the 20-309, is associated with shifted family composition
between growth forms or dispersal modes.

Experiments have shown that seedlings of larger-seeded species are better able to survive hazards
including deep shade, drought, physical damage and the presence of competing vegetation. If there is a
common mechanism under these different hazards, it seemingly must be a ‘reserve effect’, whereby during
deployment and early growth larger-seeded species hold a bigger percentage of seed reserves uncommitted
to seedling structure and available to support respiration or repair damage. A reserve effect has not yet
been demonstrated directly. It remains possible that different mechanisms operate under different
hazards. Under a reserve effect, advantages of larger seed size should be temporary, and temporary
advantage has indeed been observed with regard to seedling survival under dense shade.

Although larger seed mass confers benefits on seedlings, larger seeds must necessarily be produced in
smaller numbers per unit of resource allocated. Seed mass is presumed to have evolved as a compromise
between these counterposed pressures. Yet there has proved to be surprisingly little difference in average
seed mass between very different vegetation regions, at least in temperate climates. Rather, there is
startlingly wide variation in seed mass among species growing interspersed with each other. Recent
applications of game theory may be capable of accounting for this wide variation between coexisting
species, but at present these models are driven by competition among seedling species (as opposed to
between seedlings and adults). It remains unclear whether competition among seedlings is a decisive
influence on species composition in most of the world’s vegetation types.
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1. INTRODUCTION

Between about 1965 and 1975, ecology changed
research style. People were becoming more acutely
aware that patterns as they are found in nature — so-
called ‘natural experiments’ —are hard to interpret
because factors are confounded. Even though every
effort is made after the fact to account for possible
cross-correlations, a natural experiment is not capable
of proving which of two confounded influences is a
direct cause and which a secondary correlate. In this
situation the idea that competitors could be removed,
or predators excluded with cages, in a properly
replicated and randomized manner in natural en-
vironments, caught the imagination of a generation.
Manipulative experiments have remained the research
style that defined leadership in ecology for the past 25
years up to the present (Roush 1995).

Now during the 1990s, research styles are in
transition again. Many hundreds of experiments have
accumulated on competition and other interactions.
Often they have different outcomes, depending on the

* Present address: Botany Dept, University of Otago, Dunedin,
New Zealand.

species and the situations involved. The problem of
scaling-up from experimental results has become acute.
Therefore over the next 10-20 years putting species
into comparative context will be the key to research
ecology. Comparative ecology will be crucial for
improved meta-analysis of the large numbers of
experiments that have already accumulated, for
generalizing from species and situations that have been
the subject of experiments, and for intelligent selection
of species for further experiments. This paper concen-
trates on seed mass. Our underlying interest, though, is
in understanding the whole attribute-constellation,
with a view to plant ecological strategy schemes.
Seed mass varies greatly between plant species
(Harper ¢t al. 1970; Westoby et al. 1992), against a
background of comparatively narrow variation within
species. Standard deviations for log seed mass between
species within a vegetation type are typically about 1.0,
in other words, tone SD spans 100-fold range
(unpublished data, seven floras ranging from 0.76 to
1.14). In contrast within-species SDs have medians
about 0.3, in other words 4 one SD spans about a four-
fold range (Michaels et al. 1988). Moreover, most of the
variation within species occurs among different seeds
on the same mother plant (Michaels et al. 1988; Obeso
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1993), indicating that it is largely due to vagaries in the
developmental process, rather than being heritable.

Ecological research to understand the variation in
seed mass (or any other attribute) between species
includes four distinct though complementary
questions:

1. In what patterns is seed mass correlated with
other components of the attribute constellation of plant
species?

2. To what extent can larger seed mass be shown
experimentally to support better seedling establishment
in the face of various hazards?

3. In what way is seed mass correlated with the
environmental conditions under which a species’
seedlings naturally establish?

4. To what extent does seed mass variation take the
form of relatively recent evolutionary divergences,
between species within genera, versus the form of older
divergences, between say orders or families?

This paper deals with the first three questions in
sequence, commenting where possible on the relation-
ship to phylogeny. Seed mass differences are often
conservative between genera or families (Hodgson &
Mackey 1986; Mazer 1990; Peat & Fitter 1994 ; Lord
et al. 1995).

Our approach through four questions is different,
and deliberately so, from that of a number of other
contributors to this meeting (e.g. Crawley ¢t al., Franco
& Silvertown, Kelly & Woodward, Silvertown &
Dodd, all this issue). These authors advocate a
single methodology, which they regard as ‘correct’. A
phylogenetic tree, plus the information on extant
species at the tree tips, is used to reconstruct trait
changes along branches of the tree. One then tests for
correlated evolutionary change — trait A changing in a
particular direction along the same branch where trait
B changes, more often than expected by chance. This
procedure estimates the number of separate diver-
gences for a trait combination. The question addressed
is a variant of question 4 above. Our disagreement with
these authors is not about the validity of the correlated-
change test, but about interpreting its outcome. They
regard the test for correlated change as producing the
correct answer, whereas tip correlations are flawed
because related species may share traits due to
‘commom ancestry, not adaptation’, leading to
‘pseudoreplication’ (Silvertown & Dodd, this issue).
Regrettably, at this meeting they have continued to
represent correlated-change tests as the only path to
correct answers, and have not qualified this by warning
readers that their claim is controversial (see the 1995
forum in Journal of Ecology: Ackerly & Donoghue 1995;
Fitter 1995; Harvey et al. 19954, b; Rees 1995;
Westoby et al. 19954, b, ¢).

In fact, it is meaningless to assert the correctness or
otherwise of any statistical test except in relation to a
particular question or hypothetical model of the process
underlying a pattern (Harvey & Pagel 1991). The
generic claim to correctness is actually a claim that
only one question or model is worth investigating;
similarly with assertions that related species are not
independent samples. One cannot say this in the
abstract, one might as well say that species are not
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independent because both have wings on their seeds, or
have any other thing in common. Assertions about
independence are actually assertions about the model
that is being tested.

The test adopted by Silvertown, Kelly and others
estimates degrees of freedom correctly as a test of
correlated evolutionary change along the same tree
branch. But the correlated-change test is simply
incorrect for several other models that biologists might
be interested in. It is incorrect for the model that
change in one trait is a prerequisite for change in
another (e.g. Barrett ef a/., Donoghue & Ackerly, this
issue). Tests for this model need to look for changes in
A along tree branches that precede changes in B, not
along the same branch. The correlated-change test is
also incorrect for models that regard stasis or main-
tenance of a trait as meaningful events, just as
meaningful as change. Trait maintenance models
should be investigated when traits are suspected to be
responsive to selection, or when ‘traits’ are actually
ecological outcomes, such as geographic range (Kelly &
Woodward, this issue) or distribution on one soil type
rather than another (van Groenendael et al., this issue).
Ecological outcome ‘traits’ (see question 3 above)
arguably have to be maintained in each generation by
diaspores establishing in some habitats but failing in
others. For these models, the correlated-change test
incorrectly underestimates the degrees of freedom, by
ruling that maintenance of a trait is not evidence for
anything, whereas change in a trait is evidence. The
correlated-change test is also irrelevant to models
about a trait’s ecological function in the present day.
For the extreme case of a trait that has originated only
once, a correlated-change test will find only a single
divergence, and therefore will always accept a null
hypothesis that nothing meaningful has happened.
Plainly it is wrong to conclude that a trait that has
originated only once cannot have a meaningful
ecological function, so this example illustrates the
futility of using a correlated-change test to investigate
present-day functionality.

In summary, there are a number of legitimate
questions that can be asked (see the four above, also the
slightly different list in Westoby et al. 19954). Ac-
cordingly no single statistical procedure is ¢correct’ for
all purposes, and conversely procedures should not be
stigmatized as ‘incorrect’ without paying careful
attention to how the interpretation is phrased. It is
interpretations, rather than statistical procedures, that
are correct or incorrect.

Perhaps most fundamentally, comparative datasets
provide only correlative evidence, and what is more,
correlative evidence in which different causes are
confounded (Westoby et al. 1995¢). While the cor-
relative evidence deserves investigating for its con-
sistency with a given model of causation, in the final
analysis one can not determine causation from cross-
correlated patterns, no matter how sophisticated the
procedures for correcting one variable for another.
Confidence that we have understood causation cor-
rectly can only come from a mixture of types of
evidence, including experiments on ecological out-
comes, and understanding of physiological and de-
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Figure 1. Relationship of seed mass to (a) dispersal mode and (b) growth form in five temperate floras (open circles:
western New South Wales; open squares: central Australia; closed triangles: Sydney; open triangles: Indiana Dunes;

open diamonds: Sheffield), after Leishman et al. (1995).

velopmental mechanisms, as well as comparative data.
This paper brings together different types of evidence
about the ecology and evolution of seed mass, and
assesses the extent to which these different types of
evidence present a consistent picture.

2. SEED MASS IN RELATION TO OTHER
ATTRIBUTES OF SPECIES
(a) Dispersal biology

The relationship between seed mass and dispersal
mode is broadly similar in five temperate floras
spanning three continents (figure 1a). The nature of
the relationship is that seeds above 100 mg tend to be
adapted for dispersal by vertebrates, seeds below
0.1 mg tend to be unassisted, but between 0.1 and
100 mg all dispersal modes are feasible (Hughes ez al.
1994). Correspondingly, the relationship has substan-
tial 7* (0.29), but at the same time fully 719, of
variation in log seed mass occurs within dispersal
modes. While the differences between floras in the
shape of the relationship are significant, they are about
ten times smaller than the consistent element of the
pattern (flora x dispersal mode interaction r* = 0.03 vs
dispersal mode main effect r* = 0.29; Leishman et al.
1995).

Most but not all of the difference in average seed
mass between dispersal modes is associated with shifting
family representation (859, averaged across six floras;
Lord et al. 1995). Generally, seed mass is quite
phylogenetically conservative, with 559, of log seed
mass variation between orders or above, 129, between
families within orders, 269, between genera within
families and 89, between species within genera
(averages across six floras; Lord et al. 1995).

Phil. Trans. R. Soc. Lond. B (1996)

(b) Plant height and growth form

As was the case for dispersal mode, the relationship
of seed mass to growth form is reasonably consistent
between different floras (figure 15; growth form main
effect r* = 0.20 vs growth form x flora interaction r* =
0.02). Climbers and woody plants have average seed
mass about one order of magnitude larger than forbs
and graminoids (figure 15).

Growth form and dispersal mode are in turn
correlated, so there is some overlap between the
proportion of seed mass correlated with growth form
and the proportion correlated with dispersal mode, but
each is correlated with a substantial portion inde-
pendently of the other. Taken together, growth form
and dispersal mode were capable of predicting between
21 and 47 9%, of log seed mass variation in five different
floras (Leishman et al. 1995).

Most but not all of the difference in average seed
mass between growth forms is associated with shifting
family representation (93 9, averaged across six floras;
Lord et al. 1995).

(c) Specific leaf area

For unclear reasons, species with large seed mass
tend to have lower specific leaf area (SLA), leaf area
per leaf dry mass (figure 2). Species vary along a
spectrum from long-lived, evergreen leaves with low
SLA to short-lived leaves with large SLA. Species at
the low-SLA end of the spectrum typically have lower
N contents per unit mass (though not necessarily per
unit area), may allocate substantial mass to tannins,
phenols or other defensive compounds, and can achieve
only slow relative growth rate (RGR) even under
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Figure 2. Relationship of SLA measured during seedling
growth to seed mass, 11 PICs (data from Saverimuttu &
Westoby (19964)).

favourable conditions. Species with high SLA are
deploying more light-catching area per unit photo-
synthate invested, have faster potential RGR (Garnier
1992; Lambers & Poorter 1992; Reich et al. 1992,
Saverimuttu & Westoby 19964), and the resulting
faster turnover of plant parts permits a more flexible
response to the spatial patchiness of light and soil
resources (Grime 1994).

Low SLA and the associated nexus of attributes has
been widely identified as a syndrome of adaptation to
unfavourable sites (e.g. Grime 1977; Leps et al. 1982;
Loehle 1988; Reich et al. 1992; Aerts & van der Peijl
1993; Chapin et al. 1993; van der Werf et al. 1993).
Historically, attention first focused on potential RGR
of a species (Grime & Hunt 1975), measured on
exponentially growing seedlings given plentiful water
and nutrients, as the expression of this syndrome. A
spectrum of potRGR is central to theories about
comparative plant ecology and vegetation dynamics
(Grime 1977; Tilman 1990; Keddy & McLellan 1992).
It has now become apparent that a trade-off between
maximizing light-capturing area and maximizing leaf
durability underlies this spectrum. SLA accounts for
most potRGR variation between species, though LWR
(leaf as proportion of plant mass) sometimes plays a
role, especially in comparisons between growth forms.

Species-pairs in figure 2 were chosen to form
phylogenetically independent contrasts (PICs). Pairs
were contrasted for seed mass, and each pair repre-
sented a phylogenetic divergence independent of the
other pairs. The SLA-seed mass relationship is present
both as a tip correlation considered across all the
species, and as a tendency of lines connecting PIC pairs
to angle downwards. PICs were mostly within genera
or families, so the relationship resides both in
differences between superorders, orders and families,
and also in differences within genera and families.
Some of the effect is associated with species of larger

Phil. Trans. R. Soc. Lond. B (1996)
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seed mass belonging to taller or more perennial growth
forms, but several of the PICs are within growth forms.

Seed mass had previously been found correlated
with slower potRGR in most datasets (summaries in
Shipley & Peters 1990; Westoby et al. 1992; see also
Marafién & Grubb 1993; Swanborough & Westoby
1996, using PICs), so the relationship to SLA was
predictable, though the basis for it is not yet under-
stood.

3. SEEDLING OUTCOMES ASSOCIATED
WITH LARGER SEED SIZE

In experiments where particular environmental
hazards are deliberately varied independently of other
factors, seedlings from larger-seeded species have often
been shown to perform better than those from smaller-
seeded species (table 1). These experiments are directed
at demonstrating present day functionality. Taken
together, they show that larger seed size can be
functional in the present day in relation to a wide
range of hazards.

Two studies have used species selected to form PI1Cs.
Capacity to survive 959, excision of cotyledons was
associated with seed mass within genera and families,
but between families and orders there was little
relationship to seed mass, probably because differences
in seedling morphology became more important
(Armstrong & Westoby 1993). Cotyledon-stage lon-
gevity under dense shade (Saverimuttu & Westoby
1996 b) was associated with seed mass at all levels, both
in PICs within genera and families, and also in older
evolutionary divergences across P1Cs between families
and orders.

The exceptions where larger-seeded species did not
perform better are of interest. For drought, the
exception occurred under very hot field conditions,
when survival to emergence was low for all seed sizes.
For competition with established vegetation, the
exception did not span a very wide range of seed size.
For shading, the exceptions occurred after the initial
phase of deployment from seed reserves into seedling.
This evidence is relevant to mechanisms, which are
discussed under the next heading.

4. A COMMON MECHANISM FOR
TOLERATING DIFFERENT HAZARDS?

Might the better performance of larger-seeded
species, under a range of different hazards (table 1), be
mediated through common machinery? There would
seem to be three candidates for machinery that might
be operating:

1. Seedling size effect: because larger seeds give rise to
larger seedlings immediately after germination, they
may reach deeper into the soil to better water supplies,
or higher into the air to a better photosynthetically
active radiation (PAR) level.

2. Reserve effect: extra metabolic resources in larger
seeds may serve to support carbon deficits.

3. Metabolic effect: since larger-seeded species tend to
have slower potential RGR (for unknown reasons),
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Table 1. Experiments that manipulated the environment in order to test the proposition that seedlings from species having larger
seeds perform better than those from species having smaller seeds, under various hazards

hazard

larger-seeded species performed better

larger-seeded species did
not perform better

competition from established

Gross & Werner 1982; Gross 1984;

Thompson & Baster 1992

Augspurger 1984%;
Saverimuttu & Westoby
19964°

vegetation McConnaughay & Bazzaz 1987; Bakker
1989; Reader 1993; Burke & Grime 1996
deep shade Grime & Jeflrey 1965; Leishman &
Westoby 1994 4; Saverimuttu & Westoby
1996 4; Osunkoya el al. 1994
defoliation Armstrong & Westoby 1993

mineral nutrient shortage
1992
depth under soil or litter

Lee & Fenner 1989; Jurado & Westoby

Gulmon 1992; Peterson & Facelli 1992;

Vasquez-Yanes & Orozco-Segovia 1992

dry environments

Leishman & Westoby
19944 (glasshouse)

Leishman & Westoby 1994 4(field)®

*PAR at 17.5 pmol m™s7! was above compensation point. Mortality occurred not at cotyledon stage but mainly between
weeks 5-30, was mainly due to disease, and was correlated with lower wood density.

»Seedlings grown in full light to first-leaf stage, then transferred to dense shade.

“Very severe temperature conditions, low rates of emergence and survival even in the best-watered treatment,

perhaps they have slower respiration rates or otherwise
consume metabolic resources more slowly, and it is this
rather than seed size that gives them longer sur-
vivorship under various hazards.

We have positive evidence that the seedling size
effect and the metabolic effect can not be a common
machinery, though they might still be relevant in
particular situations. The seedling size effect is not
capable of accounting for the improved survivorship of
seedlings where gradients of resource supply away from
the soil surface are not relevant. It cannot account for
the longer survival when deprived of any access to
mineral nutrients or shaded experimentally below the
compensation point, nor for the outcome of the
defoliation experiment.

Saverimuttu & Westoby (19964) found evidence
against a metabolic rate mechanism. Among seedlings
placed in deep shade below the compensation point
immediately following germination, at cotyledon stage,
larger-seeded species tended to survive longer. But slow
dark respiration rates and slow potential RGR in full
light were not such good predictors of shade longevity
as was seed reserve mass itself. Further, when seedlings
were grown in full light through to first-leaf stage, a
stage when they had fully embarked on exponential
growth and seed reserves had been fully deployed, and
only then were transferred to deep shade, longevity in
deep shade was not well correlated with seed mass.
These seedlings died faster than cotyledon-stage seed-
lings, the difference being apparent especially for
species with larger seed mass. These results indicate
that the advantage of larger seeds applies only while
the seed reserves are being deployed into the seedling,
and does not persist into later seedling life.
Augspurger’s (1984) finding no relationship between
seed mass and survival was also consistent with this
conclusion. PAR at 17.5 mol m™ s™' was probably
above compensation point, and seedling mortality
occurred mainly between weeks 5-30 rather than in
earlier weeks, was mainly due to disease and was
correlated with lower wood density.

Phil. Trans. R. Soc. Lond. B (1996)

Three points may be made in summary of present
knowledge about the mechanism or mechanisms by
which larger seed size permits better seedling per-
formance in the face of different hazards. First, if there
is a single underlying mechanism, it must be the reserve
effect, as there is clear evidence against a size effect or
a metabolic effect, at least for some types of hazard. But
why should larger seeds have more resources available
to them relative to the size of the seedling to be supported?
The reserve effect would seem to require that in larger-
seeded species, a greater proportion of the seed’s stored
resources are in some sense uncommitted during
deployment, capable of being used to support res-
piration under carbon deficit. However, this prop-
osition that during deployment from seed into seedling,
larger-seeded species hold a greater proportion of seed
reserves in forms where they can be retrieved to
support respiration, has yet to be tested directly.

Second, if the reserve effect is a single unifying
mechanism, larger seed size might initially arise due to
selection by one type of hazard, but would subse-
quently be ecologically functional in relation to another
type — indeed, in relation to all other types of hazard.
This illustrates the general principle that forces
favouring the initial emergence of a trait are not
necessarily the same as those maintaining it. Con-
versely, experiments about present-day functionality
are not eligible evidence for researchers seeking to infer
the origins of traits, unless they are willing to make an
argument that past ecological circumstances have
much in common with those of the present day.

Third, if the mechanism is via a reserve effect, the
benefits conveyed by large-seededness are temporary.
At some point between cotyledon stage and true-leaf
stage, reserves are irreversibly deployed into the body
of the seedling and large-seeded species have no further
advantage. An important implication is that large-
seededness would only be expected to convey benefits
in relation to hazards that are temporary, where there
is at least some probability that conditions will improve
after a while.
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5. PATTERNS OF SEED MASS IN RELATION
TO ENVIRONMENTAL FACTORS

The only clearly established pattern in the field is a
tendency for species maintaining populations where
establishment in the shade is required to have larger
seeds (table 2). Any relationship to drought risk is
much more marginal. Mazer (1989) did not find it.
Baker (1972) is often cited as having found it, but his
California data actually show little trend across
moisture classes 1-5, with any tendency to smaller
seeds present only in intermittently or permanently
flooded sites of moisture class 6 (Westoby et al. 1992).

The absence of any pattern in relation to soil
nutrients is consistent with the idea that advantages
ought to apply only where the hazard may be
temporary. Similarly, it seems reasonable to regard
shading as a hazard that is potentially temporary.
While an increase in longevity below the compensation
point from (say) 15 to 30 days only provides a small
absolute probability that a tree will fall and a light gap
open up while the seedling is still alive, the probability
is nevertheless doubled. With regard to drought,
plainly dry soil is capable of being a temporary rather
than a continuing problem for a seedling. It is not
clear, though, whether environments with lower
annual rainfall pose a greater hazard of drought during
establishment. Seedlings will germinate only at par-
ticular times of year, sometimes only after soil-
saturating initial rainfall. Possibly in the period of 1-2
weeks between germination and independence from
seed reserves, seedlings in high rainfall zones are just as
much at risk from drought as seedlings in arid zones.

6. STATE OF EVIDENCE ON BENEFITS OF
LARGER SEED MASS IN RELATION TO
DIFFERENT HAZARDS

In summary, experiments show that larger seed mass
can be functional in relation to a wide range of
environmental hazards, but only in relation to es-
tablishment in the shade does there appear to be any
strong or consistent distribution pattern in the field.
(Though patterns in the field have hardly been
investigated in relation to seedling physical damage
risk and soil nutrients, and the evidence remains
indecisive in regard to drought risk.) Even in relation
to shading, the mechanism is not understood in depth.
For most benefits, the benefit and the larger seed mass
are modulated together to some extent within genera

Ecology of seed size and dispersal

and families, but in addition much of the correlation is
underpinned by older evolutionary divergences, be-
tween families, orders or superorders.

7. THE WIDE SPREAD OF COEXISTING
SEED SIZES IMPLIES THEY ARE
DETERMINED GAME-THEORETICALLY
RATHER THAN BY SIMPLE OPTIMIZATION
IN RELATION TO ENVIRONMENT

Seed mass is thought to be shaped as a size-number
compromise (Harper et al. 1970; Harper 1977 ; Willson
1983 ; Westoby et al. 1992). This idea is made graphical
in the Smith & Fretwell (1974) model. The Smith-
Fretwell function describes a diminishing returns
relationship between seed reserve mass and a seedling’s
chances of establishing and eventually reproducing.
The prediction follows that there should be a single
best (fastest) A seed size. If species have different seed
sizes (as indeed they do), this should express the fact
that they are evolving under different Smith-Fretwell
functions.

Since the 1970s, most research on seed mass has been
directed at understanding how larger versus smaller
seeds perform under various hazards. The implied
agenda has been to look for differences in the Smith-
Fretwell functions. This implied agenda now needs to
be reconsidered. It has become apparent that there is
a wide range of seed mass strategies occurring
interspersed within most vegetation types, compared to
surprisingly small differences in the mean between
environments. Across five datasets, variation within
accounted for 969, of total variance, differences
between for only 49, (Leishman et al. 1995). Given
that the datasets ranged from arid woodlands, through
coastal rainforest and sclerophyll rainforest, to cool
temperate closed grasslands, it is hard to reconcile this
with the idea that the prevalence of different physical
circumstances during seedling establishment is the
main force favouring one seed size versus another.

Recently, game-theoretic methods have been ap-
plied to seed mass (Geritz 1995; Rees & Westoby
1996), superceding the tacit assumption that the
competitive context can be subsumed into the shape of
the Smith-Fretwell function. As we should have
expected, the game-theoretic approach makes a fun-
damental difference. Suppose we assume that seeds fall
at random into patches just big enough to accom-
modate a single adult plant. Competition determines
that within a patch, a larger seed will be successful at

Table 2. Publications reporting whether species whose seeds establish under particular environmental conditions tend to have larger

seed mass

yes

uncertain no

shaded Salisbury 1942; Foster &
Janson 1985; Mazer 1989;
Hammond & Brown 1995

low soil nutrients

droughted

Salisbury 1942; Baker
1972

Metcalfe & Grubb 1995

Westoby et al. 1990;
Hammond & Brown 1995
Mazer 1989
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the expense of smaller seeds. Then, no single seed mass
strategy constitutes an evolutionary stable strategy
(ESS). A strategy-set consisting of a single, medium
seed size, as might be predicted from Smith-Fretwell,
can be invaded by larger seeds because they win com-
petition in those patches where they occur. Smaller
seeds can invade, because they are produced in greater
numbers and there will be some patches that are
reached by them but not by any larger seeds. The
upper bound to the strategy-set is where the seeds
produced are so few that A < 1. The lower bound is at
the seed mass that maximizes A after density-
independent mortality during dispersal and germi-
nation, but before competition. A broad mix of seed-size
strategies is expected between those bounds. This result
echoes conclusions from models formulated as lotteries
(Agren & Fagerstrom 1984) and as a colonization-
competition trade-off (Tilman 1994), though those
models were not explicitly about seed mass.

So a game-theoretic approach is capable of pre-
dicting a wide mix of seed-mass strategies coexisting,
and this actually occurs for reasons otherwise un-
explained. But the game-theoretic models only apply
literally where species composition is determined to a
substantial extent by competition between seedlings.
This might be plausible for vegetation of annuals, fire-
prone vegetation, arid-zone vegetation where seedling
establishment occurs in bursts after major rain, and
forest vegetation with gap dynamics, but most plant
ecologists would not yet be ready to believe that it
applies universally in all vegetation types.

8. OUTSTANDING MATTERS THAT ARE
NOT YET CLEAR

The present state of knowledge includes both some
matters that seem reasonably settled and consistent,
and other matters that are by no means clear. The
most important unclear questions are:

1. What is the mechanism by which larger seeds
support seedlings better under different hazards —1is it
the case that larger seeds make a less complete
commitment of their reserves during seedling de-
ployment, holding more available to support the
seedling during temporary carbon deficits? Does the
mechanism imply that the benefit of larger seed mass
will be generic, applying under a wide range of
different possible hazards? And, might it be possible to
find an indicator of this incomplete commitment that
would serve as a better predictor than seed mass itself?

2. What is the reason for the correlation of larger
seed mass with lower SLA and its associated nexus of
attributes related to vegetative growth? Some of the
raw correlation is associated with taller growth forms,
but the correlation is also present within growth forms.

3. What might account for the very broad spread of
seed mass within vegetation types, compared to the
minor differences in mean seed mass between very
different vegetation types? Four hypotheses seem
possible candidates: (i) species germinate under
different circumstances, and therefore face a sufficiently
broad variety of establishment hazards within each
vegetation type—a sufficient diversity of Smith-
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Fretwell functions — to account for the spread of seed
mass; (i1) many species in any vegetation type might
occur as sink populations with internal A <1, but
supported by dispersal from source populations in
other habitats; (iii) Game-theoretic for seed mass as in
the models of Geritz (1995) and Rees & Westoby
(1996) — this implies that species composition is sub-
stantially determined by competition among seedlings;
(iv) game-theoretic for some other attribute, with seed
mass secondarily correlated with this other attribute.

9. SOME MATTERS THAT SEEM
SUFFICIENTLY CLEAR

As well as pointing out matters that remain
unresolved and where further research is needed, it
bears emphasizing that we have also substantial
knowledge about seed mass, reasonably firmly es-
tablished:

1. Larger seed mass does convey benefits in seedling
establishment, under a wide variety of circumstances.

2. Seed mass is correlated with several other plant
attributes, those of greatest importance in defining the
ecology of a species being height or growth form,
dispersal mode and SLA or potential RGR. These
relationships have substantial 7%, and their patterns
appear consistent in floras from very different environ-
ments and having different phylogenetic backgrounds.
Attributes of the regenerative phase of life histories are
not in general well correlated with attributes of
vegetative growth (Grime et al. 1988; Shipley et al.
1989; Leishman & Westoby 1992). But seed mass is
connected both to dispersal biology and to growth
form and SLA, and occupies a pivotal position in the
constellation of attributes that determines under what
environmental opportunities a species is most com-
petitive.

We thank members of the Macquarie Ecology Discussion
Group, David Ackerly, Spencer Barrett, Toby Fagerstrom
and Lawrence Harder for valuable discussion. We are
grateful for funding from the Australian Research Council
and the New Zealand Foundation for Research Science and
Technology. This is contribution no. 214 from the Research
Unit for Biodiversity and Bioresources.

REFERENCES

Ackerly, D. D. & Donoghue, M. J. 1995 Phylogeny and
ecology reconsidered. J. Ecol. 83, 730-732.

Aerts, R. & van der Peijl, M. J. 1993 A simple model to
explain the dominance of low productive perennials in
nutrient-poor habitats. Otkos 66, 144—147.

;\gren, G. 1. & Fagerstrom, T. 1984 Limiting dissimilarity
in plants: randomness prevents exclusion of species with
similar competitive abilities. Otkos 43, 369-375.

Armstrong, D. P. & Westoby, M. 1993 Seedlings from large
seeds tolerate defoliation better: a test using phylo-
genetically independent contrasts. Ecology 74, 1092-1100.

Augspurger, C. K. 1984 Light requirements of neotropical
tree seedlings: a comparative study of growth and survival.
J. Ecol. 72, 777-795.

Baker, H. G. 1972 Seed weight in relation to environmental
conditions in California. Ecology 53, 997-1010.


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

1316 M. Westoby and others

Baker, H. G. 1972 Seed weight in relation to environmental
conditions in California. Ecology 53, 997-1010.

Bakker, J. P. 1989 Nature management by grazing and cutting.
Dordrecht: Kluwer.

Burke, M. J. W. & Grime, J.P. 1996 An experimental
study of plant community invasibility. Ecology 77, 776-790.

Chapin, F.S. III, Autumn, K. & Pugnaire, F. 1993
Evolution of suites of traits in relation to environmental
stress. Am. Nat. 142, S78-S592.

Fitter, A. H. 1995 Interpreting quantitative and qualitative
characteristics in comparative analyses. J. Ecol. 83, 730.
Foster, S. A. & Janson, C.H. 1985 The relationship
between seed size and establishment conditions in tropical

woody plants. Ecology, 66, 773-780.

Garnier, E. 1992 Growth analysis of congeneric annual and
perennial grass species. J. FEcol. 80, 665-675.

Geritz, S. A.H. 1995 Evolutionarily stable seed poly-
morphism and small-scale spatial variation in seedling
density. Am. Nat. 146, 685-707.

Grime, J. P. 1977 Evidence for the existence of three
primary strategies in plants and its relevance to ecological
and evolutionary theory. Am. Nat. 111, 1169-1194.

Grime, J.P. 1994 The role of plasticity in exploiting
environmental heterogeneity. In Exploitation of environmental
heterogeneily by plants: ecophysiological processes above- and
below-ground (ed. M. M. Caldwell & R. W. Pearcy), pp.
1-19. New York: Academic Press.

Grime, J. P. & Hunt, R. 1975 Relative growth rate: its
range and adaptive significance in a local flora. J. Ecol. 63,
393-422.

Grime, J. P. & Jeffrey, D. W. 1965 Seedling establishment
in vertical gradients of sunlight. J. Ecol. 53, 621-634.

Grime, J. P., Hodgson, J. G. & Hunt, R. 1988 Comparative
plant ecology : a functional approach to common British species.
London: Unwin-Hyman.

Gross, K. L. 1984 Effects of seed size and growth form on
seedling establishment of six monocarpic perennial plants.
J. Ecol. 72, 369-387.

Gross, K. L. & Werner P. A. 1982 Colonizing abilities of
‘biennial’ plant species in relation to ground cover:
implications for their distributions in a successional sere.
Ecology 63, 921-931.

Gulmon, S.L. 1992 Patterns of seed germination in
Californian serpentine grassland. Oecologia 89, 27-31.

Hammond, D. S. & Brown, V. K. 1995 Seed size of woody
plants in relation to disturbance, dispersal, soil type in wet
neotropical forests. Ecology 76, 2544-2561.

Harper, J. L. 1977 Population biology of plants. New York:
Academic Press.

Harper, J. L., Lovell, P. H. & Moore, K. G. 1970 The
shapes and sizes of seeds. 4. Rev. Ecol. Syst. 1, 327-356.
Harvey, P. H. & Pagel, M. D. 1991 The comparative method in

evolutionary biology. Oxford University Press.

Harvey, P. H., Read, A. F. & Nee, S. 19954 Why ecologists
need to be phylogenetically challenged. J. Ecol. 83,
535-536.

Harvey, P. H., Read, A. F. & Nee, S. 19955 Further
remarks on the role of phylogeny in comparative ecology.
J. Ecol. 83, 735-736.

Hodgson, J. G. & Mackey, J. M. L. 1986 The ecological
specialization of dicotyledonous families within a local
flora: some factors constraining optimization of seed size
and their possible evolutionary significance. New Phylol.
104, 497-515.

Hughes, L., Dunlop, M., French, K. ¢ al. 1994 Predicting
dispersal spectra: a minimal set of hypotheses based on
plant attributes. J. Ecol. 82, 933-950.

Keddy, P. A. & McLellan, P. 1992 Centrifugal organization
in forests. Otkos 59, 75-84.

Phil. Trans. R. Soc. Lond. B (1996)

Ecology of seed size and dispersal

Lambers, H. & Poorter, H. 1992 Inherent variation in
growth rates between higher plants: a search for physio-
logical causes and higher consequences. Adv. ecol. Res. 23,
188-261.

Lee, W. G. & Fenner, M. 1989 Mineral nutrition allocation
in seeds and shoots of 12 Chionochloa sp. in relation to soil
fertility. J. Ecol. 77, 704-716.

Leishman, M. R. & Westoby, M. 1992 Classifying plants
into groups on the basis of associations of individual traits
— evidence from Australian semi-arid woodlands. J. Ecol.
80, 417-424.

Leishman, M. R. & Westoby, M. 1994« The role of large
seed size in shaded conditions: experimental evidence.
Funct. Ecol. 8, 205-214.

Leishman, M. R. & Westoby, M. 19944 The role of large
seeds in seedling establishment in dry soil conditions —
experimental evidence from semi-arid species. J. Ecol. 82,
249-258.

Leishman, M. R., Westoby, M. & Jurado, E. 1995
Correlates of seed size variation: a comparison among five
temperate floras. J. Ecol. 83, 517-530.

Leps, J., Osborna-Kosinova, J. & Rejmanek, K. 1982
Community stability, complexity and species life-history
strategies. Vegetatio 50, 53-63.

Loehle, C. F. 1988 Tree life history strategies: the role of
defenses. Can. J. for. Res. 18, 209-222.

Lord, J., Westoby, M. & Leishman, M. R. 1995 Seed size
and phylogeny in six temperate floras: constraints, niche
conservatism and adaptation. Am. Nat. 146, 349-364.

Marafién, T. & Grubb, P. J. 1993 Physiological basis and
ecological significance of the seed size and relative growth
rate relationships in Mediterranean annuals. Funct. Ecol. 7,
591-599.

Mazer, S.J. 1989 Ecological, taxonomic and life history
correlates of seed mass among Indiana dune angiosperms.
Ecol. Monogr. 59, 153-175.

Mazer, S. J. 1990 Seed mass of Indiana Dune genera and
families: taxonomic and ecological correlates. Evol. Ecol. 4,
326-357.

McConnaughay, K.D. M. & Bazzaz, F. A. 1987 The
relationship between gap size and performance of several
colonizing annuals. Ecology 68, 411-416.

Metcalfe, D. J. & Grubb, P.J. 1995 Seed mass and light
requirement for regeneration in South-East Asian rain
forest. Can. J. Bot. 73, 817-826.

Michaels H. J., Benner, B., Hartgerink, A. P. e/ al. 1988
Seed size variation: magnitude, distribution and ecological
correlates. Fvol. Ecol. 2, 157-166.

Obeso, J. R. 1993 Seed mass variation in the perennial herb
Asphodelus albus: sources of variation and position effect.
Occologia 93, 571-575.

Osunkoya, O. O., Ash, J. E., Hopkins, M. S. & Graham,
A. W. 1994 Influence of seed size and seedling ecological
attributes on shade-tolerance of rainforest tree species in
northern Queensland. J. Fcol. 82, 149-163.

Peat, H. J. & Fitter, A. H. 1994 Comparative analyses of
ecological characteristics of British angiosperms. Biol. Rev.
69, 95-115.

Peterson, C.J. & Facelli, J. M. 1992 Contrasting ger-
mination and seedling growth of Betula allegheniensis and
Rhus typhina subjected to various amounts and types of
plant litter. Am. J. Bot. 79, 1209-1216.

Reader, R.J. 1993 Control of seedling emergence by
ground cover and seed predation in relation to seed size for
some old-field species. J. Ecol. 81, 169-175.

Rees, M. 1995 EC-PC comparative analyses? J. Ecol. 83,
891-892.

Rees, M. & Westoby, M. 1996 Evolution of seed size in a
simple ecological model. Oikos. (In the press.)


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

Ecology of seed size and dispersal

Reich, P. B., Walters, M. B. & Ellsworth, D. S. 1992 Leaf
life-span in relation to leaf] plant, and stand characteristics
among diverse ecosystems. Fcol. Monogr. 62, 365-392.

Roush, W. 1995 When rigor meets reality. Science 269,
313-315.

Salisbury, E.J. 1942 The reproductive capacity of planis.
London: G. Bell & Sons.

Saverimuttu, T. & Westoby, M. 19964« Components of
variation in seedling potential relative growth rate:
phylogenetically independent contrasts. Oecologia 105,
281-285.

Saverimuttu, T. & Westoby, M. 19964 Seedling survival
under deep shade in relation to seed size: phylogenetically
independent contrasts. J. Ecol. (In the press).

Shipley, B., Keddy, P. A., Moore, D.R.J. & Lemkt, K.
1989 Regeneration and establishment strategies of emerg-
ent macrophytes. J. Ecol. 77, 1093-1110.

Shipley, B. & Peters, R. H. 1990 The allometry of seed
weight and seedling relative growth rate. Funct. Ecol. 4,
523-529.

Smith, C. C. & Fretwell, S. D. 1974 The optimal balance
between size and number of offspring. Am. Nat. 108,
499-506.

Swanborough, P. & Westoby, M. 1996 Seedling relative
growth rate and its components in relation to seed size:
phylogenetically independent contrasts. Funct. Ecol. 10,
176-184.

Thompson, K. & Baster, K. 1992 Establishment from seed
of selected Umbelliferae in unmanaged grassland. Funct.
Ecol. 6, 346-352.

Tilman, D. 1990 Constraints and tradeoffs: toward a
predictive theory of competition and succession. Oikos 58,
3-15.

Tilman, D. 1994 Competition and biodiversity in spatially
structured habitats. Ecology 75, 2—16.

van der Werf, A., van Nuenen, M., Visser, A. J. & Lambers,
H. 1993 Contribution of physiological and morphological
plant traits to a species’ competitive ability at high and low
nitrogen supply. Oecologia 94, 434-440.

Vasquez-Yanes, S. C. & Orozco-Segovia, A. 1992 Effects of
litter from a tropical rainforest on tree seed germination
and establishment under controlled conditions. 77ree
Physiol. 11, 391-400.

Westoby, M., Jurado, E. & Leishman, M. 1992 Com-
parative evolutionary ecology of seed size. Trends Ecol.
Lvol. 7, 368-372.

Westoby, M., Leishman, M. R. & Lord, J. M. 19954 On
misinterpreting the ‘phylogenetic correction’. J. Ecol. 83,
531-534.

Westoby, M., Leishman, M.R. & Lord, J. M. 19955
Further remarks on phylogenetic correction. J. Ecol. 83,
727-730.

Westoby, M., Leishman, M. R. & Lord, J. M. 1995¢ Issues
of interpretation after relating comparative datasets to
phylogeny. J. Ecol. 83, 892-893.

Willson, M. F. 1983 Plant reproductive ecology. New York:
Wiley.

Discussion

H. PoorTER (Department of Plant Ecology and Evolution Biology,
P.O. Box 800.84, 3508 TB Ulrecht, The Netherlands) This
morning some people conveyed the message that, in their
view, comparative plant ecology could not be done without
PICs. In your presentation you showed trends within PICs as
well as between all species investigated. Could you comment
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on how important and how necessary you think PICs are if
correlations between traits are of interest.

M. WesToBy. First I would like to emphasize that PICs
cannot solve the problems of deciding whether a trait has a
particular function in the present day. A trait can perfectly
well be functional, but have arisen on one or a few separate
occasions, so that a contrasts analysis can never have enough
degrees of freedom to show a relationship. Conversely, a trait
can be repeatedly correlated with an ecological outcome
across many PICs, but nevertheless not be the true cause. An
example in our paper is the relationship of seed mass to
cotyledon-stage seedling shade survival. This occurs re-
peatedly within PICs, but nevertheless we currently think the
true cause of longer shade survival is slower commitment of
the seed reserves, rather than larger seed reserves absolutely.
Understanding of function comes about through combining
comparative information with understanding and with
experiments on field outcomes.

On the other hand when the issue is how evolution
happened up the phylogenetic tree, then naturally ‘tree-
thinking’ is obligatory. PICs are one form of tree-thinking,
though not the only one. A significance test using PICs
addresses a model of correlated evolution, that when one trait
has changed along any given branch length of the evol-
utionary tree, a second trait has changed in concert. Other
models of the evolutionary history, for example one trait
having been a prerequisite for another, demand other
significance tests.

In my opinion, phylogeny will have a bright future in
functional ecology. This will not be for the usual reason
given, that phylogeny applies a supposed correction for lack
of independence in the evidence. That supposed correction is
spurious, as I have explained. Rather, the bright future will
be in selecting species to study according to phylogenetic
designs. My group’s work up to the present has selected
species to form PICs, but these are relatively primitive
designs, and we hope to do better in the future. The objective
of selecting species according to phylogenetic designs would
be to extrapolate understanding of function more powerfully.
Physiologists and experimentalists necessarily are restricted
in how many species they can study. But we know that
ecology and therefore function are often conservative down
lineages, so by hanging our knowledge about function on the
phylogenetic tree, we can hope to arrive more quickly at an
overview of function across the whole of the seed plants.

In summary, then, phylogenetic information has a con-
siderable role in ecology, whether as PICs or as other designs.
But much more care is needed in the interpretation of
phylogenetic analyses. Especially, it needs to be more widely
understood that PIC analyses do not settle questions about
present-day function, one way or the other, and therefore
they most definitely are not obligatory for functional
ecologists. Phylogeny is stimulating as a fashion but stul-
tifying as a dress code.

DANIEL J. ScHOEN (Department of Biology, McGill University,
Montreal, Quebec, Canada H3A 1BI1) What do the game-
theoretical models for seed size predict about the shape of the
distribution of seed sizes produced by an individual plant? It
would seem that if you apply your logic and experimental
findings to the question, one might expect that seed size
distributions ought to be skewed; in other words, it may be
beneficial for an individual plant to first invest in ‘stay-at-
home’ (or heavy) seeds before it becomes profitable to invest
in ‘dispersal’ (or lighter) seeds. Does this seem to be the case?

M. WestoBy. A very interesting point. The theoretical
situation is fluid at present, but in my view the fact that the
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between-species distribution of seed mass is broad and
approximately lognormal, is quite a significant line of
evidence supporting the game-theoretical models.

Geritz (1995) presents his game-theoretic model as
predicting a wide spread of seed mass within species, but in
fact it simply predicts a wide spread of seed mass strategies,
and says nothing about how those strategies are inherited.
There are several reasons to expect that each new strategy
invading the strategy mix would usually take the form of a
new species invading, rather than the form of a seed
polymorphism emerging within a species already present.
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The spacing between seed mass strategies, in the ESS
strategy mix, will be driven by the workings of competition
(Rees & Westoby 1996). What seed size advantage will be
required for one strategy to consistently defeat another?
Probably competitive advantage depends on the ratio
between seed mass strategies — say, a twofold mass difference
means the larger seed wins 90 9, of the time — rather than on
the arithmetic difference. This would spread out the
coexisting strategies on a log scale rather than an arithmetic
scale, consistent with the roughly lognormal distribution of
seed mass strategies that is actually observed.
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