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Fleshy fruits, like drupes and berries, have evolved many times through angiosperm history. Two hypotheses suggest that 
fl eshy fruit evolution is related to changes in the seed mass fi tness landscape. ! e reduced dispersal capability following 
from an increase in seed mass may be counterbalanced by evolution of traits mediating seed dispersal by animals, such as 
fl eshy fruits. Alternatively, increasing availability and capabilities of frugivores promote evolution of fl eshy fruits and allow 
an increase in seed size. Both these hypotheses predict an association between evolution of fl eshy fruits and increasing seed 
size. We investigated patterns of fruit and seed evolution by contrasting seed mass between fl eshy and non-fl eshy fruited 
sister clades. We found a consistent association between possession of fl eshy fruits and heavier seeds. ! e direction of fruit 
type change did not alter this pattern; seed mass was higher in clades where fl eshy fruits evolved and lower in clades where 
non-fl eshy fruits evolved, as compared to their sister clades. ! ese patterns are congruent with the predictions from the two 
hypotheses, but other evidence is needed to distinguish between them. We emphasize the need to integrate studies of seed 
disperser eff ectiveness, seed morphology, and plant recruitment success to better understand the frugivores’ role in fl eshy 
fruit evolution.

Extant angiosperms feature a wide range of fruit and seed 
characteristics associated with endozoochory, animal medi-
ated seed dispersal, where seeds are dispersed after ingestion 
of fruits or seeds (Ridley 1930, van der Pijl 1972, Spjut 
1994). ! e mutualistic interaction of vertebrate seed disper-
sal goes back 300 million years (Tiff ney 2004), and is thus 
not unique to angiosperms. However, in quantitative terms, 
angiosperm seed dispersal by vertebrates has been a pro-
nounced and in many regions dominating interaction at 
least since the Early Tertiary (Tiff ney 2004). For example, in 
some tropical forests the majority of shrubs and trees are dis-
persed by vertebrates, and frugivores constitute the main 
part of vertebrate biomass (Fleming et al. 1987). ! e most 
common adaptation to endozoochory, a fl eshy fruit pulp, 
has evolved many times through plant history (Herrera 
1989, Eriksson and Bremer 1992, Ricklefs and Renner 1994, 
Bolmgren and Eriksson 2005), and two general and non-
exclusive mechanisms have been proposed for the evolution 
of fl eshy fruits: (1) the fl eshy pulp evolved to attract fruit-
eating vertebrates who then assist in seed dispersal (Howe 
and Smallwood 1982, Wenny and Levey 1998); (2) the 
fl eshy pulp evolved to reduce detrimental eff ects of frugivory 
and granivory by containing substances that repel seed pred-
ators and/or speed up gut passage (Murray et al. 1994, 
Cipollini and Levey 1997, Mack 2000, Tewksbury and Nabhan 
2001, Tsahar et al. 2002, Filardi and Tewksbury 2005).

! e evolution of fl eshy fruits may also have been aff ected 
by other parts of the life cycle, especially parts of the 
recruitment phase (Howe 1989, Herrera et al. 1994, Schupp 
and Fuentes 1995, Eriksson et al. 2000, Wenny 2000a, 

Wang and Smith 2002, Balcomb and Chapman 2003). For 
example, Alcántara and Rey (2003) found that the limited 
gape size of frugivores and diff erential recruitment success 
depending on seed size generate confl icting selection pres-
sures on seed size in Olea europaea. ! us, to understand the 
potential of frugivore selection in fl eshy fruit evolution, it is 
important to consider how frugivore fruit selection aff ects 
traits important to plant recruitment success. A link between 
frugivore fruit selection and plant recruitment success is sug-
gested by previous studies showing (1) that diff erent frugi-
vores disperse fruits of diff erent size (intraspecifi c 
comparisons: Wheelwright 1985, Sallabanks 1993, Jordano 
1995a, Rey et al. 1997; interspecifi c comparisons: Mack 
1993, Jordano 1995b, 2000), (2) that fruit size and seed 
mass are positively correlated in and among fl eshy fruited 
taxa (Eriksson and Ehrlén 1991, Sallabanks 1993, Jordano 
1995b, Bolmgren 2004, p. 30), and (3) that diff erent frugi-
vores disperse seeds to diff erent habitats (Wenny and Levey 
1998, Jordano and Schupp 2000). ! ere is also a general 
understanding that seed mass is an important factor in plant 
recruitment, aff ecting competitive ability, germination rate, 
and dispersal ability (Harper et al. 1970, Jakobsson and 
Eriksson 2000, Leishman et al. 2000, Coomes and Grubb 
2003, Mabry 2004, Moles and Westoby 2004, Bruun and 
Poschlod 2006). 

From paleoecological data it is known that there was a 
dramatic increase both in seed sizes and in the proportion 
of animal dispersed plants around the Cretaceous-Tertiary 
boundary (Tiff ney 1984, Wing and Boucher 1998, 
Eriksson et al. 2000, Tiff ney 2004, Eriksson 2008). ! ese 
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Methods

Data set

Phylogenetically independent matched pairs (PhyMPs) con-
sisting of one sister clade with fl eshy fruit types and one sister 
clade with non-fl eshy fruit types were used for the analyses 
(Felsenstein 2004). ! is way of sampling fruit type contrasts 
ignores Linnean taxonomic hierarchies. Instead, it is the 
phylogenetic hypotheses and the phylogenetic node of fruit 
type change that defi nes the sister clades (and the taxa 
included in them) to be contrasted. When compiling the 
sample of fruit type contrasts, we fi rst used general system-
atic compilations (Kubitzki 1990–2004, Watson and Dall-
witz 1992, Heywood 1993, Mabberley 1997) to fi nd families 
containing fl eshy-fruited species. Apart from the word 
‘fl eshy’, we also looked for ‘arillate’, ‘baccate’, ‘berry’ and 
‘drupe’. As some compilations only give fruit type, some taxa 
with, for example, capsules with arillate seeds, may have been 
incorrectly coded as non-fl eshy. Since such mistakes have a 
conservative eff ect on the analyses, they reduce our chances of 
fi nding diff erences between the contrasted clades. ! e list of 
fl eshy fruited taxa then passed through two fi lters: First, we 
needed updated phylogenies to be able to locate the sister 
clade to the fl eshy fruited clade (references to the phylogenetic 
hypotheses are found in Table 1), i.e. we only included 
PhyMPs where we explicitly could locate the phylogenetic 
node of fruit type change using published phylogenetic 
hypotheses. In addition to the references to these phyloge-
netic studies, Kubitzki (1990–2004) and Mabberley (1997) 
were consulted to be able to add taxa that belonged to the 
sister clades defi ned by, but not explicitly included in, the 
phylogenetic studies. Second, we needed seed mass data, 
which was sampled from the data compiled by A. T. Moles 
and the Royal Botanical Gardens Kew’s Seed Information 
Database (<www.rbgkew.org.uk/data/sid/>). See Moles et al. 
(2005b) for a detailed description of the seed size data set. ! e 
constructed PhyMPs included seed mass data for 3092 species 
and were spread over the whole range of the angiosperm phy-
logeny, from magnoliids to euasterids II sensu APGII (2003), 
representing 24 out of 45 of the APGII orders.

In a few cases there was a secondary fruit type shift within 
one of the sister clades in a fruit type contrast (PhyMP A). 
! is secondary fruit shift was used to construct another fruit 
type contrast (PhyMP B). However, since PhyMP B was 
nested within PhyMP A, all taxa included in PhyMP B were 
excluded from PhyMP A before the analyses. ! is is the 
procedure recommended by Felsenstein (2004, Fig. 25.7, 
p. 444), and it aff ected PhyMPs number 27, 42, 53, 54 and 
58 (Table 1) in the present study.

In total, 59 PhyMPs were available for the fruit type con-
trasts (Table 1). For 24 of the PhyMPs, the phylogenetic stud-
ies used (Table 1) included reconstructions of fruit type 
evolution and thereby information on the ancestral state of the 
fruit type. For another 10 PhyMPs, the fruit type shifts were 
so deeply imbedded in a clade otherwise characterized by a 
conserved fruit type that it was considered uncontroversial to 
deduce the direction of the local fruit type shift (PhyMPs no. 
10–13, 18, 29, 31, 37, 45, 47; Table 1). ! us, using this set of 
34 PhyMPs we explored whether seed mass variation was 
dependent on the direction of fruit type shift. 

conspicuous changes in plant reproductive features have 
been related to two major events in the early Tertiary: the 
radiation of lineages containing present-day frugivores; and 
the change in vegetation patterns leading to global domi-
nance of multi-layered, tropical-like, angiosperm-domi-
nated forests, probably mediated by climate change and a 
paucity of large herbivores after the demise of the dinosaurs 
(Wing and Tiff ney 1987, Eriksson et al. 2000, Ericson et 
al. 2003, Janis 2003, Springer et al. 2003, Tiff ney 2004). 
! ese events have been suggested as instrumental in fl eshy 
fruit evolution, based on the following three mechanisms, 
or a combination of them (Wing and Tiff ney 1987): (1) 
evolution of large seeds and fl eshy fruits may have been 
driven by interactions with vertebrates  (Tiff ney 1984, 
2004), (2) altered recruitment conditions in closed, shaded, 
vegetation, favoring large seeds and dispersal by fl eshy 
fruits (Eriksson et al. 2000), or (3) by simultaneous evolu-
tion of large plant life forms (Moles et al. 2005a). However, 
phylogenetically independent origins of angiosperm fl eshy 
fruits are not confi ned to the early Tertiary, but are recur-
rent during the last 80 million years (Bolmgren and Eriks-
son 2005). ! erefore, a general explanation of fl eshy fruit 
evolution must consider time-independent mechanisms, 
not just referring to changes in the fauna and vegetation 
during the Early Tertiary. 

Within extant plant communities, larger seeds are gener-
ally animal dispersed (Hughes et al. 1994) and fl eshy fruited 
plants generally grow in tree- and shrub-dominated habitats 
(Willson et al. 1990, Guitiàn and Sanchez 1992, Herrera 
2002a, Patterson and Givnish 2002, Bolmgren and Eriksson 
2005). Moles et al. (2005a) refi ned this notion by fi nding 
that animal dispersal and larger seed mass are associated also 
when the phylogenetic context is considered. Evolving larger 
seeds implies that dispersal is reduced due to a lower number 
of heavier falling disseminules, a tradeoff  that could explain 
the advantage of evolving assisted dispersal in these environ-
ments. An alternative hypothesis is that fl eshy fruits evolved 
to circumvent the problems associated with understory 
recruitment conditions in closed vegetation, and thereby 
reduce the selection pressure for larger seeds, by using ani-
mals for more directed dispersal to canopy gaps and forest 
margins (Wenny 2000a).

Here, we examined seed mass between fl eshy versus non-
fl eshy fruited sister clades in a set of phylogenetically inde-
pendent matched pairs. ! e data also allowed us to explore 
whether the direction of fruit type shifts had any eff ect on 
seed mass diff erences between the fruit types. ! is is particu-
larly interesting as seed mass distributions often overlap 
extensively between fruit types (Hughes et al. 1994, Leishman 
et al. 2000, Coomes and Grubb 2003, Moles et al. 2005a) 
indicating that seed mass change is not a prerequisite for 
fruit type and/or dispersal mode change. ! e specifi c 
questions asked were: 1) is there a phylogenetically consis-
tent diff erence in seed mass between fl eshy versus non-fl eshy 
fruit types? 2) Are fruit type dependent diff erences in seed 
mass aff ected by the direction of fruit type evolution? We 
discuss the results in relation to the diff erent hypotheses 
suggested for the evolution of fl eshy fruits, as mentioned 
above, and in relation to three diff erent general hypotheses 
for seed dispersal – ‘colonization’, ‘directed dispersal’, and 
‘escape’ (Howe and Smallwood 1982).
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types and higher seed mass. ! e pattern was supported by 
"80% of the 59 phylogenetically independent matched 
pairs included, and the sample ranged from magnoliids to 
euasterids. ! is result corroborates previous fi ndings (Hughes 
et al. 1994, Moles et al. 2005a). Furthermore, the seed mass/
fruit type association was not dependent on the direction of 
fruit type change; seed mass decreased in clades where non-
fl eshy fruit types evolved and increased in clades where fl eshy 
fruit types evolved. ! erefore, it is reasonable to suggest that 
any general explanation of the evolution of fl eshy fruits and 
endozoochorous seed dispersal in angiosperms must consider 
seed mass. 

Comparative analyses of seed mass have often found dif-
ferences between plants from diff erent categories based on, 
for example morphology, habitat, or taxonomy (Salisbury 
1942, Harper et al. 1970, Baker 1972, Hodgson and 
Mackey 1986, Mazer 1989, Hughes et al. 1994, Lord et al. 
1995, Jakobsson and Eriksson 2002). However, the large 
overlaps in seed mass distributions between categories have 
raised concerns about overly simplistic explanatory models 
(Hughes et al. 1994, Leishman et al. 2000, Coomes and 
Grubb 2003). As the present study, by its design, explicitly 
acknowledged the unique evolutionary context of each 
phylogenetic lineage, the frequent occurrence of higher 
seed masses in fl eshy fruited lineages makes it relevant to 
discuss actual causal links between seed mass and fl eshy 
fruit evolution. However, it was beyond the scope of this 
study to optimize seed mass evolution around each phylo-
genetically independent fruit shift, and therefore we were 
not able to disentangle if any of the trait shifts, fruit type or 
seed mass, preceded the other. Instead, we discuss both 
alternatives.

Analyses

Seed mass evolution may be manifested either by shifts in 
the upper or lower boundary of the range, or by changes 
in average seed mass. ! erefore, we tested for diff erences in 
minimum, mean, and median of log-transformed seed 
mass between fl eshy and non-fl eshy fruited sister clades. 
We used a paired Wilcoxon signed rank test to determine 
whether there was a phylogenetically consistent association 
between fruit type and seed mass. We determined whether 
the direction of the fruit type shift aff ected the evolution of 
seed mass and the associations between fruit type and seed 
mass by repeating the paired Wilcoxon signed rank test on 
subsets of the data for which the ancestral fruit type was 
known (Table 2). We also used t-tests to determine whether 
a) the direction of fruit type change aff ected the magnitude 
of diff erences in seed mass between sister clades, and b) 
whether seed mass diff ered between clades that had the 
same fruit type but diff erent ancestral fruit state. All tests 
were performed in R ver. 2.4.0 (R Development Core Team 
2006).

Results

! ere was a consistent association between fl eshy fruits and 
heavier seeds in the present phylogenetically independent 
matched pairs (PhyMPs) data set (Fig. 1, Table 2). In 49 out 
of 59 PhyMPs, the fl eshy fruited clade had larger median 
seed mass than its sister clade with non-fl eshy fruits. ! e 
association between fl eshy fruit types and heavier seeds was 
also corroborated by analyses based on mean, as well as min-
imum seed masses (Table 2). On average fl eshy fruited taxa 
had 9.5 times higher seed mass compared to their non-fl eshy 
fruited sister taxa, and the diff erences in mean seed mass 
between fl eshy and non-fl eshy fruited clades ranged up to 
3.6 orders of magnitude.

! e association between fl eshy fruit types and heavier 
seeds was found both when fl eshy and non-fl eshy fruit types 
evolved (Fig. 1, Table 2). ! ere was one exception to this 
trend (Table 2; last row), but this may be an artefact caused 
by low statistical power (n # 6). ! e consistency of the asso-
ciation between large seeds and fl eshy fruit (regardless of the 
direction of change) shows that seed mass tends to increase 
in clades that evolve fl eshy fruit, and tends to decrease in 
clades that evolve non-fl eshy fruit. 

! e magnitude of the diff erence in seed mass between 
fl eshy and non-fl eshy fruited clades was not aff ected by the 
direction of fruit type change, regardless of seed mass mea-
sure (median seed mass: t # 0.13, DF # 13.6, p # 0.90). 
Seed mass did not diff er between clades with the same fruit 
type but diff erent ancestral fruit types (non-fl eshy fruit type; 
median seed mass: t # 0.33, DF # 17.8, p = 0.74; fl eshy fruit 
type; median seed mass: t # 0.56, DF = 17.9, p # 0.58).

Discussion

In this comparison of fl eshy fruited versus non-fl eshy fruited 
plants, a consistent association was found between fl eshy fruit 
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Figure 1. Median seed masses for phylogenetically independent 
matched pairs of fl eshy versus non-fl eshy fruited sister clades. 
$ refers to comparisons where fl eshy fruit types evolved; ◊ refers to 
comparisons where non-fl eshy fruit types evolved, while direction 
of fruit type change was not assigned to those represented by !
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esis for the dramatic increase in seed sizes and fl eshy fruits in 
the Early Tertiary. He argued that plants exploiting the radi-
ating mammalian and avian fauna got the opportunity to 
evolve heavier seeds and hence colonize and develop a more 
closed vegetation.

Why should a fl eshy pulp evolve after an increase in 
seed mass?

! e intuitive answer to this question is that fl eshy fruits 
evolved to ensure adequate dispersal distance for heavier fall-
ing seeds by taking advantage of frugivore movements. Two 
diff erent mechanisms may explain why heavier seeds lead to 
a decrease in dispersal ability. First, it is likely that heavier 
seeds travel shorter distances unless they are aided by a biotic 
seed dispersal agent. Second, an evolutionary shift to heavier 
seeds comes with the cost of reduced seed number per unit 
energy invested, due to the resource-limitation based seed 
mass/seed number tradeoff  (Harper et al. 1970, Smith and 
Fretwell 1974, Geritz 1995, Rees and Westoby 1997, 
Coomes and Grubb 2003, Moles and Westoby 2006). Pro-
ducing a lower number of seeds implies a decrease in disper-
sal ability as fewer potential recruitment sites are reached. 
However, an interspecifi c comparison showed that the 
expected loss of seed number does not accompany increases 
in seed mass among angiosperms in general, because seed 
mass evolution is strongly correlated with shifts in plant size 
(Moles et al. 2004, 2005a, Moles and Westoby 2006). We 
are therefore more inclined to suggest the decrease in disper-
sal-by-distance than a decrease in dispersal-by-numbers as 
the potential driver behind the association between evolu-
tion of fl eshy fruit types and heavier seeds.

In the seed dispersal literature, three diff erent dispersal 
strategies have been proposed: ‘colonization’, ‘directed’, and 
‘escape’ dispersal (reviewed by Howe and Smallwood 1982). 
! e ‘colonization’ strategy has been considered most relevant 
for plants with numerous small seeds, typically found early 
in successional sequences and in ruderal habitats. Obviously 
this strategy does not fi t with the shift to heavier seeds found 
here for fl eshy fruited plants. ! e second dispersal strategy, 
‘directed’ dispersal, has been of particular interest in relation 
to fl eshy fruited plants, as the non-random movements of 
frugivores opens the opportunity for dispersal directed to a 
certain category of sites. ! e destinations that have mainly 

Why should seed mass increase after evolution of 
fl eshy pulp?

Seeds dispersed by endozoochory need to survive a mouth 
and gut passage. ! e increase in seed mass may thus refl ect 
an improved defense of the seed against the mechanical and 
chemical wearing during this passage, either due to a reduced 
surface/volume ratio, a thicker seed coat, or evolution of a 
seed enclosed in an endocarp (in drupes). When the relation 
between increased defensive seed tissue and seed predation 
was examined, though without considering dispersal mode, 
Moles et al. (2003) found no eff ect of seed mass or of the 
proportion of defensive seed tissue on pre- and post-dispersal 
seed predation. However, frugivory and gut passage of seeds 
add some complexity to the issue of defensive tissues. Gut 
passage has been found to increase germination success, but 
only in fl eshy fruited species. Seeds sampled from dry fruits 
generally showed decreased germination after gut passage 
(Traveset and Verdu 2002, Cosyns et al. 2005). Increasing 
gut retention time has a negative eff ect on the proportion of 
germinating seeds both among fl eshy fruited and non-fl eshy 
fruited taxa (Murray et al. 1994, Charalambidou et al. 2003), 
and Levey and Grajal (1991) showed that seed size is nega-
tively correlated with gut retention time. Taken together, 
these results suggest that survival through gut passage may 
have selected both for a more protective seed coat and 
increased seed size, to diminish detrimental abrasion during 
gut passage. ! ey also suggest that endozoochory should 
favor an improved protective ability in smaller seeds as their 
gut passage is longer. As far as we know, this has never been 
tested for endozoochorous taxa specifi cally, but in Moles et 
al. (2003), where all dispersal modes were lumped, the slope 
of the relationship between seed reserve mass and defensive 
tissue was 1.07, i.e. the relative mass of defensive tissue was 
no greater in smaller seeds.

Most present-day fl eshy fruited plants rely on birds and 
mammals for seed dispersal. Due to their foraging and feed-
ing behavior seeds are generally dispersed to understory sites 
or at least below shrubs or trees (Debussche and Isenmann 
1994, Jordano and Schupp 2000) where frugivores retreat 
while digesting fruit. Evolving the fl eshy pulp may thereby 
secondarily lead to a selection pressure for higher seed mass, 
as heavier seeds seem to be favored in understory recruit-
ment conditions (Leishman et al. 2000). Tiff ney (1984, 
2004) reasoned along this line when developing his hypoth-

Table 2. Paired Wilcoxon signed ranks tests of differences in seed mass between phylogenetically independent matched pairs (PhyMPs) of 
fl eshy versus non-fl eshy fruited sister clades. Upper values concern the whole data set and lower values concern those comparisons where 
both sister clades where represented by three or more species. 

Ancestral fruit type Sample size Mean seed mass Median seed mass Minimum seed mass

Mixed 59
28

***
***

***
***

***
***

Non-fl eshy 24
9

**
**

**
**

**
**

Fleshy 10
6

*
0.16

*
0.22

*
0.22

Signifi cant differences are denoted as *** p ! 0.001, ** p ! 0.01, * p ! 0.05.
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dle heavier and larger seeds and fruits (Wheelwright 1985). 
Fruit size is an important factor in removal success (Salla-
banks 1993, Jordano 1995a, Rey et al. 1997, Alcántara and 
Rey 2003) and the fruit size–frugivore size correlation is the 
most consistent correlation among plant–frugivore interac-
tion traits (Jordano 1995b, 2000, Herrera 2002a). It is rea-
sonable to believe that the strength of frugivore selection, 
and particularly gape-limited seed mass evolution, will be 
positively correlated with the closedness of the surrounding 
vegetation. In this way, present-day dynamics in fl eshy fruit 
evolution may mirror the historical dynamics of fl eshy fruit 
evolution, particularly the conspicuous increase in seed 
mass and proportion of fl eshy fruits in times when tropical-
like forests expanded in the Early Tertiary (Wing and 
Tiff ney 1987, Tiff ney 1984, 2004, Eriksson et al. 2000, 
Eriksson 2008).

Conclusion

Using an angiosperm-wide sample of fl eshy versus non-fl eshy 
fruited sister clades, this study found a consistent association 
between fl eshy fruit types and higher seed mass. ! e direction 
of fruit type change did not aff ect this pattern, as seed mass 
was higher in clades where fl eshy fruits evolve and lower in 
clades where non-fl eshy fruits evolved. Among the original 
hypotheses on the evolution of fl eshy fruits (Snow 1971, 
McKey 1975, Howe and Estabrook 1977, Howe and Small-
wood 1982, Cipollini and Levey 1997), only dispersal related 
hypotheses have considered seed mass. Our results fi t with the 
idea that fl eshy fruits evolved to maintain an ‘escape’ type of 
dispersal (sensu Howe and Smallwood 1982), counteracting 
the negative eff ects of heavier seeds traveling shorter distances. 
Increased seed mass may also represent an allocation to protec-
tive tissues to survive ingestion. More specifi c hypotheses, 
related to the Early Tertiary increase in seed mass and fl eshy 
fruit types, consider seed mass increase as a cause (Eriksson et 
al. 2000) or an eff ect (Tiff ney 1984, 2004) of fl eshy fruit evo-
lution. Moles et al. (2005a) suggested that seed mass increase 
was an eff ect of life form evolution associated with long life 
span, with no direct coupling to fruit type. As it was beyond 
the scope of this study to disentangle the order of fruit type 
and seed mass shifts, we cannot discriminate between these 
hypotheses. However, evolutionary divergences in seed mass 
have been more strongly correlated with growth form than 
with changes in fruit type (Moles et al. 2005a). ! is suggests 
that changes in fruit type are not the main driver of change in 
seed mass, and provides some support for the idea that changes 
in seed mass might generally precede changes in fruit type. 
! e consistent association between seed mass and fl eshy fruits 
calls for studies of seed disperser eff ectiveness where gape 
width, fruit size, and seed mass are examined in relation to 
seed fall patterns and recruitment success.
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been considered reasonable for frugivore-directed seed dis-
persal are forest margins and tree-fall gaps (Hoppes 1988, 
Levey 1988, Wenny and Levey 1998, Jordano and Schupp 
2000). We are not aware of any literature that suggests why 
the conditions of these forest margin habitats should moti-
vate a shift to heavier seeds. ! us, an association between the 
evolution of fl eshy fruits and the ‘directed’ dispersal strategy 
does not seem generally plausible. In desert habitats, though, 
directed dispersal towards crowded and thus shadier islands 
of vegetation could have favored the simultaneous evolution 
of larger seeds and fl eshy fruit types in some plant lineages. 
! e third dispersal strategy, ‘escape’, refers to Janzen’s (1970) 
and Connell’s (1971) idea of dispersal away from the mother 
plant. ! is strategy does not invoke any other qualitative 
aspect of dispersal than to avoid increased risk of mortality in 
the vicinity of the mother plant (Harms et al. 2000). As 
heavier seeds will fall closer to the mother plant, plants evolv-
ing heavier seeds may get involved in such distance-depen-
dent selection exerted by sibling competition or, for example, 
parasites, herbivores, predators etc. hosted by the mother 
plant. If so, selection will favor an evolutionary shift in 
resource allocation towards dispersal attributes parallel to the 
selection for heavier seeds (Eriksson and Jakobsson 1999). 
! e phylogenetic association between higher seed mass and 
fl eshy fruit types found here thus fi ts with this ‘escape’ dis-
persal strategy.

Frugivore selection

! e lack of between-year consistency in plant–frugivore 
interactions (Herrera 1998), the apparently low frequency 
of specialized plant–frugivore interactions (Herrera 1982, 
Wheelwright and Orians 1982), and the allometric plant–
fruit size relations (Herrera 2002b) have supported the view 
that frugivores exert weak selection pressures on fl eshy fruit 
evolution. However, quantitative knowledge of seed dis-
perser eff ectiveness is scarce (Jordano and Schupp 2000, 
Wenny 2000b) and there is a strong call for an integrated 
approach to understand the recruitment eff ects of frugivore 
fruit selection and seed dispersal (Herrera et al. 1994, Sch-
upp and Fuentes 1995, Wang and Smith 2002). Even 
though the present study did not aim to analyze evolution 
within fl eshy fruited taxa, the frequent occurrence of higher 
seed mass in fl eshy fruited clades gives us reason to discuss 
frugivore selection in relation to seed mass and recruitment 
ability in fl eshy fruited plants. Seed mass is a key trait for 
recruitment, and higher seed mass is often positively corre-
lated with seedling survival (Leishman et al. 2000), particu-
larly in understory habitats characterized by shade, litter 
and falling debris, i.e. habitats where we typically fi nd pres-
ent-day fl eshy fruited species (Willson et al. 1990, Guitiàn 
and Sanchez 1992, Herrera 2002a, Patterson and Givnish 
2002, Bolmgren and Eriksson 2005). Fleshy fruited plants 
growing in more closed vegetation types may thus be 
exposed to a prevailing selection pressure for heavier seeds. 
However, as the association between heavier seeds and fl eshy 
fruits suggests, dispersal ability is likely to be an important 
concern for plants with heavier seed mass. If this is true, 
seed mass evolution in fl eshy fruited plants may be con-
strained by the availability of larger frugivores that can han-
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