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Mutualistic interactions between plants and animals can affect both plant and animal

communities, and potentially leave imprints on plant demography. Yet, no study has

simultaneously tested how trait variation in plant resources shapes the diversity of

animal consumers, and how these interactions influence seedling recruitment. Here,

we analyzed whether (i) phylogenetic diversity and functional diversity of fruiting

plants were correlated with the corresponding diversity of frugivorous birds, and (ii)

whether phylogenetic diversity and functional identity of plant and bird communities

influenced the corresponding diversity and identity of seedling communities. We recorded

mutualistic interactions between fleshy-fruited plants and frugivorous birds and seedling

communities in 10 plots along an elevational gradient in the Colombian Andes. We

built a phylogeny for plants/seedlings and birds and measured relevant morphological

plant and bird traits that influence plant-bird interactions and seedling recruitment.

We found that phylogenetic diversity and functional diversity of frugivorous birds were

positively associated with the corresponding diversities of fruiting plants, consistent with

a bottom-up effect of plants on birds. Moreover, the phylogenetic diversity of seedlings

was related to the phylogenetic diversity of plants, but was unrelated to the phylogenetic

diversity of frugivorous birds, suggesting that top-down effects of animals on seedlings

were weak. Mean seed mass of seedling communities was positively associated with

the mean fruit mass of plants, but was not associated with the mean avian body mass

in the frugivore communities. Our study shows that variation in the traits of fleshy-

fruited plants was associated with the diversity of frugivorous birds and affected the

future trajectory of seedling recruitment, whereas the morphological traits of animal

seed dispersers were unrelated to the phylogenetic and functional structure of seedling

communities. These findings suggest that bottom-up effects are more important than

top-down effects for seed-dispersal interactions and seedling recruitment in diverse

tropical communities. Data available from the BiK-F Data & Metadata Repository:

https://doi.org/10.12761/SGN.2017.10191.
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INTRODUCTION

Plant-animal interactions structure ecological communities in
terrestrial ecosystems (Price, 2002). For instance, mutualistic
interactions between plants and animals promote the
establishment of plant individuals or populations, contributing
to the stability of ecological communities (Lortie et al.,
2004; Bascompte and Jordano, 2007). Plants are an essential
component of local food webs by offering food resources to
a wide range of animal consumers (Power, 1992). In turn,
the foraging behavior of mutualistic animals influences plant
demography at the community level (Yang et al., 2008). Plant-
animal interactions are mediated by morphological traits, i.e.,
physically measurable properties of individuals, that modify
the intensity of interactions across trophic levels (Bello et al.,
2010; Maglianesi et al., 2014). Therefore, trait variation among
the plant species involved in the interactions affects ecological
processes and ecosystem functioning (Díaz and Cabido, 2001).
So far, only few studies have investigated the influence of
trait variation among plant resources on the phylogenetic and
functional diversity of animal consumers involved in mutualistic
interactions (Chamberlain et al., 2014; Dehling et al., 2014a).

Phylogenetic diversity (PD) and functional diversity (FD) are
powerful quantitative measures of biodiversity that may help to
elucidate how biodiversity is related to ecosystem functioning
(Petchey and Gaston, 2006; Cadotte et al., 2011). PD accounts for
the evolutionary history of co-occurring species and can be used
as a proxy for quantifying the diversity of species’ ecological roles
in a community. It assumes that distantly related species fulfill
more distinct functional roles than closely related species and,
thus, the metric increases if co-occurring species have distant,
rather than recent common ancestors (Cadotte et al., 2008).
Functional diversity (FD) comprises the range of functional
traits present in the co-occurring organisms and measures the
distinctiveness of a community in terms of functional traits
(Flynn et al., 2011). For instance, it represents the diversity
of Eltonian species’ niches or roles in a community (Villéger
et al., 2008) determined by species morphology (Dehling et al.,
2016). An additional component of functional diversity is
functional identity, which reflects the functional composition

of a particular trait in a community and influences trophic
interactions among species and ecosystem processes (Mokany
et al., 2008; Gagic et al., 2015). PD and FD provide more
information than only species richness or abundance (Díaz and
Cabido, 2001; Cadotte et al., 2011) as they reflect ecological
variation among species that is potentially associated with
species’ contributions to ecosystem functioning (Hooper et al.,
2005). While measures of FD account for the functional traits
that are relevant for a specific ecological function, e.g., a set
of morphological traits for frugivory (Dehling et al., 2016), PD
additionally accounts for unmeasured traits, such as behavioral,
life history or physiological traits, that are often associated
with the phylogenetic history of species (Cavender-Bares et al.,
2009). Thus, studying both PD and FD is needed for a deeper

understanding of how mutualistic plant-animal interactions

structure ecological communities and their associated ecosystem
functions.

Seed dispersal by frugivores is a key mutualistic interaction
that provides an important ecosystem function for plant
communities (Farwig and Berens, 2012). Fleshy-fruited plants
depend on frugivorous animals to disperse their seeds. Indeed,
fruit removal and the ingestion and digestion of fruits by
frugivores enable seed movement away from the parental tree
and usually facilitate seedling recruitment (Herrera, 2002;Muñoz
et al., 2017b). Seed dispersal by animals is constrained by trait
matching between the phenotypic features of plant and animal
species in mutualistic interactions (Schleuning et al., 2015), e.g.
between fruit or seed size and avian gape width (Wheelwright,
1985; Dehling et al., 2014b) or between plant crop size and avian
body mass (Dehling et al., 2014b). Trait matching between plants
and animals structures mutualistic interaction networks, but can
also be detected in corresponding patterns of plant and animal
diversity across spatial gradients (Kissling et al., 2007; Dehling
et al., 2014b). The relationship between plant and animal FD is
expected to be particularly close if the degree of trait matching
in plant-animal interactions is high (Dehling et al., 2014b).
However, it is yet less clear how plant and animal diversity
are related to the associated ecosystem function of seedling
recruitment.

An important trait that affects seedling recruitment is seed
size (Muñoz et al., 2017a). Seed size influences seedling survival
and growth, and is related to a plant’s life history strategy
(Westoby et al., 1996; Rees et al., 2001). For instance, large-
seeded plant species can grow and survive in shaded conditions,
whereas small-seeded species usually depend on a high light
availability for establishment (Rees et al., 2001). Given the trait
matching between plants and animals in mutualistic networks,
it is expected that a diverse animal community will be able to
disperse seeds with a wide range of plant traits, such as seed
size, whereas the range of dispersed seeds should be reduced
in communities of low animal diversity (Vanthomme et al.,
2010). Top-down effects of animals on seedlings are expected
to be most pronounced if different animal species provide
complementary contributions to seed dispersal (Jordano et al.,
2007; Schleuning et al., 2015). In contrast, a high degree of
animal redundancy, and a low degree of trait matching, would
dilute the signal of frugivore traits on seedling diversity, e.g.,
because many large frugivores are able to feed on different fruit
sizes (Bender et al., 2017; Muñoz et al., 2017a). It has been
shown that mutualistic plant-animal interactions are influenced
by bottom-up effects of plants on animal diversity (e.g., Albrecht
et al., 2014), whereas top-down effects on these interactions are
usually weaker (Schleuning et al., 2016). If bottom-up effects
are more pronounced than top-down effects, one might expect
an association between the diversity of plant and seedling
communities even in a scenario where species traits have little
effect on mutualistic interactions. This is because the abundances
of plants and seedlings should be related if there is little trait
filtering during the seed-dispersal process (Díaz et al., 2007). To
our knowledge, there has been so far no attempt to relate the PD
and FD of plant and animal communities to the corresponding
diversity of seedling communities. Such studies can shed light
on the relevance of top-down vs. bottom-up effects in these
communities and are lacking for natural communities from
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highly diverse ecosystems, such as those present in the tropical
Andes.

Here, we use PD and FD of plants and animals to quantify the
variability in functional roles in a diverse seed-dispersal system.
We ask how PD and FD of fleshy-fruited plants are associated
with the respective measures of the diversity of frugivorous
birds. Moreover, we test how PD of plants and birds are linked
to the respective diversity of seedling communities. First, we
hypothesize that a high PD and FD of fleshy-fruited plants
are positively associated with those of frugivorous birds, which
corresponds to a bottom-up effect of plants on animals. Second,
we hypothesize that the PD of seedlings is positively related to
the PD of frugivores, due to top-down effects of fruit removal by
frugivores on seedling recruitment. Third, we hypothesize that
the functional identity of fleshy-fruited plant and frugivorous
bird communities (measured as mean fruit and body mass) is
related to the functional identity of the seedling community
(measured as mean seed mass). Alternatively, only plant and
seedling diversity should be related if top-down effects of seed
dispersal on seedling recruitment are weak. We tested these
hypotheses by studying fleshy-fruited plants, frugivorous birds
and seedling communities in a montane forest of the Colombian
Andes.

METHODS

Study Area and Design
We conducted our study along an elevational gradient in the
Colombian Andes, at the western slope of the central Andean
range (Cordillera Central). The gradient covers continuous
forest, dominated by cloud forest, and is located in two protected
areas, the National Park Santuario de Fauna y Flora Otún
Quimbaya (4◦43′ N, 75◦34′W, 489 ha, elevational range 1,750–
2,276m), and the Regional Park Ucumarí (4◦42′ N, 75◦29′W,
3,986 ha, elevational range 1,850–2,700m). The annual rainfall
varies along the gradient between 2,000 and 4,000mm, and
there are two seasonal peaks of precipitation in April-May
and October-November. Mean annual temperature along the
gradient varies between 12 and 18◦C (Londoño, 1994). The forest
vegetation in the plots comprises mainly late secondary forests
(>50 years old) with a mean canopy height between 15 and 25m
(Doumenge et al., 1995).

Frugivorous Birds and Avian Morphological
Traits
We established 10 plots that were located between 1,800m and
2,700m a.s.l., with neighboring plots placed 100m of elevation
apart. Each plot had a size of 100 × 20 m. We recorded all
frugivorous birds feeding on fleshy fruited plants in each plot.
To detect frugivorous birds, we conducted four intensive surveys
in 2012, covering twice the rainy season (May and November)
and the dry season (February and July). Our surveys were based
on direct observations of fruiting plants in the morning (6:30–
12:30 h). In total, we conducted five visits per plot and survey
(30 h per plot) and repeated the surveys four times, yielding a
total of 120 h of observation per plot across the year.We recorded
all birds swallowing or carrying away fruits and excluded bird

species from the analyses that destroyed the seeds (i.e., parrot
species). Birds were identified to species level and unidentified
bird individuals were removed from the analysis (<2% of the
observations). We did not include mammal seed dispersers
because they play a minor role as seed dispersers in the study
area (Muñoz et al., 2017b). Based on the field observations, we
quantified the frequency of visits of each bird species to each
fleshy-fruited plant species on each plot.

We measured the morphological traits of all bird species
recorded during our observations in three natural history
museums in Colombia (i.e., Instituto de Ciencias Naturales in
Bogotá, Museo de la Universidad del Valle in Cali and Museo
de Ciencias Naturales Federico Carlos Lehman in Cali). We
measured three important morphological traits that are related
to fruit removal, i.e., bill width, Kipp’s index and body mass. Bill
width restricts the size of the fruits a bird can swallow, Kipp’s
index is related to the mobility and preferred forest stratum, and
body mass is associated with the energetic demands of a bird
species (Moermond and Denslow, 1985; Dehling et al., 2014b).
Bill width was measured as the external distance between the
two commissural points of the beak and corresponds to gape
width. We estimated Kipp’s index by dividing Kipp’s distance
(i.e., the difference between the tip of the first secondary feather
and the tip of the longest primary feather) by wing length (wing
length equals the distance between the bend of the wing and
the tip of the longest primary). We measured four specimens
per species, two females and two males, and chose the sub-
species present in our study area. We excluded one species
from the analysis because it was not available in the regional
museum collections (Vireo flavifrons, Vireonidade). In addition,
we compiled information on avian body mass using Dunning
(2007). We calculated the specie, mean of all three bird traits and
log-transformed body mass and bill width before the analysis.

Fleshy-Fruited Plants and Morphological
Traits
In each plot, wemarked each plant individual bearing fleshy fruits
and identified all plants to species level that were consumed by
frugivorous birds during our surveys. To quantify the density
of adults, we also counted all adult plants independent of their
fruiting stage, i.e., we recorded all shrubs with a DBH ≥ 3 cm
and all trees with a DBH ≥ 20 cm in each plot. For each of these
groups, we measured three morphological traits that affect the
foraging behavior of frugivores and correspond to the respective
bird traits for trait matching: fruit size, plant height and crop
mass (Dehling et al., 2014b; Muñoz et al., 2017a). Fruits contain
the seeds of a plant species. Fruit size (i.e., length and width)
was measured for at least two individuals per plant species in
the laboratory (i.e., 20 or 30 fruits per species). Due to the high
correlation between fruit length and width (n = 47 species, r
= 0.8), we used fruit length as a proxy for fruit size in the
analysis. For each plant individual with ripe fruits, we recorded
plant height (i.e., the maximum height of the infructescence) and
estimated crop size by counting the number of fruits for a subset
of branches and the total number of branches with fruits (i.e.,
the number of ripe fruits on each fruiting plant), for details see
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Muñoz et al. (2017b).We additionally recorded the fruit mass per
plant species (i.e., the dry weight of a whole fruit) and estimated
the mean crop mass per species (i.e., mean crop size multiplied
by mean fruit mass). For the analysis, we log-transformed the
specie’s means of fruit length, fruit mass, plant height and crop
mass.

Seedling Establishment and Morphological
Traits
In order to record seedling recruitment of fleshy-fruited plants
along the elevational gradient, we counted the total number
of seedlings per species and plot. In each plot, we randomly
set up 60 sub-plots (1m2 in size), yielding a total of 600 sub-
plots across all plots. We counted seedlings recruited in two
surveys, the first survey was in March 2012 and the second in
February 2013. We only recorded seedlings of animal-dispersed
plants with fleshy fruits (excluding epiphytic plants) assuming
that birds were the primary dispersers of these species in the
study area. We marked all seedlings (i.e., individuals ≤20 cm
in height) with a unique code and identified them to species
level (in most of the cases) or to genus level with the help
of an expert botanist. Seedlings that we could not identify
in the sub-plots were compared to a reference collection of
seedlings grown in a greenhouse. We determined the abundance
of each seedling species (i.e., seedling density) in each plot. We
obtained the abundance of established seedlings by counting the
number of seedlings present in the first and second surveys,
i.e., seedlings that had survived 1 year plus the new seedlings
that had recruited in the meantime. For each seedling species,
we recorded the mass of the individual seed. To this end, we
made a reference collection of seeds that were collected from
at least three individual plants per species. The seeds of each
individual were oven-dried at 50◦C for seven days to weigh the
dry seeds (i.e., dry seed mass). We calculated the mean seed mass
for each plant species. We log-transformed seed mass before the
analysis.

Phylogenetic Diversity
We constructed phylogenies in order to estimate the PD of
each group in this study, i.e., fleshy-fruited plants/seedlings and
frugivorous birds. For each group and study plot, we estimated
PD following the definition given by Faith (1992), in which
PD represents the sum of all branch lengths contained by
the minimum spanning tree that links all species in a local
assemblage within the regional pool phylogeny, including the
root node. For the subset of fleshy-fruited plant species, we built
a dated phylogeny at genus and species level by pruning the
consensus tree (mega-tree) provided by the software Phylomatic,
version 3.0 (Webb and Donoghue, 2005). We adjusted the
branch lengths producing a dated phylogeny of the fleshy-
fruited plants with the software Phylocom 4.2 (Webb et al.,
2008). The phylogenetic tree for the fleshy-fruited plants had
some polytomies at genus level (e.g., Miconia and Palicourea).
Unsolved polytomies were held because congeneric species have
similar phylogenetic distances and, therefore, this inaccuracy
should not greatly affect the comparison of community-wide
PD among plots. We calculated the PD of fleshy-fruited plants

for each plot with the dated phylogeny of the plants and the
presence-absence matrix of adult plants for each plot using the
R package “Picante” (Kembel et al., 2010). We used the same
sources and protocol to build a dated phylogeny for seedlings.We
calculated the PD of seedlings per plot with the dated phylogeny
and a presence-absence matrix of seedlings species for each plot.

For the frugivorous bird species that were observed feeding
on fruits in the study area, we obtained 1,000 dated phylogenies
from BirdTree.org (Jetz et al., 2012). We created a majority-
rule consensus tree (25% burn-in removed, 95% maximum
clade credibility) with a Bayesian approach (Markov chain
Monte Carlo) using the package “TreeAnnotator” in BEAST
(Drummond et al., 2012). We calculated the PD of frugivorous
birds in each plot with the consensus tree and the presence-
absence matrix of frugivorous birds for each plot.

Functional Diversity and Functional Identity
We estimated the functional diversity (FD) of frugivorous bird
and fleshy-fruited plant communities in each plot. We calculated
functional dispersion (FDis) as a measure of functional diversity
because it quantifies species’ dissimilarity independent of species
richness (Laliberté and Legendre, 2010). Specifically, functional
dispersion is the mean distance of each species in a community to
the community centroid across all species in a multidimensional
trait space (Laliberté and Legendre, 2010). We calculated FDis
per plot based on three morphological traits that promote trait
matching between fleshy-fruited plants and frugivorous birds
(i.e., bill width, Kipp’s index and body mass for birds; fruit
length, plant height and crop mass for plants). To account for
trait collinearity, trait spaces of birds and plants were defined
by a Principal Coordinate Analysis (PCoA) on the Euclidean
trait distances between bird and plant species, respectively. Prior
to the PCoA, traits were standardized to zero mean and unit
variance. Consistent with the analysis of PD, communitymatrices
were unweighted and we only recorded the presence or absence
of a species on a specific plot. We did not calculate FDis for the
seedling community as we only measured a single functional trait
for the seedlings (i.e., seed mass).

We additionally calculated the functional identity of plant
and bird communities and of the recruited seedlings as the
community weighted mean (CWM) of specific traits in the
community (Laliberté and Legendre, 2010). For plants, we
estimated the CWM of fruit mass, weighted by the species’
density of adult plants recorded in each plot. For birds, we
calculated the CWM of the avian body mass for each plot,
weighted by the total frequency of interactions of each bird
species on all fruiting plants in each plot. For the seedlings, we
calculated the CWM of seed mass for each plot, weighted by the
species’ abundance of seedlings corresponding to the observed
seedling density in each plot. We used the R package “FD” to
estimate metrics of functional diversity and functional identity
for the respective groups (Laliberté et al., 2015).

Statistical Analysis
To describe how PD and FD of plants, birds and seedlings were
associated, we fitted linear regression models. First, we tested
the relationships between PD of plants and PD of birds and
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between FD of plants and FD of birds in two separate regression
models. Second, we analyzed how PD of seedlings was related
to PD of plants and PD of birds in two separate models. Third,
we examined in two separate models whether the functional
identity of frugivorous birds (avian body mass) and fleshy-fruited
plants (fruit mass) corresponded to the functional identity of the
seedling communities (seed mass). All analyses were performed
with R (R version 3.1.1, R Core Team, 2014).

RESULTS

We recorded 67 frugivorous bird species and 47 fleshy-fruited
plant species across all plots. The minimum and maximum
number of frugivorous bird species recorded in the plots was
11 and 30 species, respectively (mean = 17, standard deviation
SD = 5.8). The recorded bird species covered a wide range
of morphological sizes and shapes, e.g., the smallest frugivore
was Euphonia xanthogaster (Fringillidae, 13 g) and the largest
Aburria aburri (Cracidae, 1,407 g). Among the fleshy-fruited
plant species, we recorded 22 tree species, 13 shrub species, and
12 species of epiphytic plants. The minimum and maximum
number of fleshy-fruited adult plants recorded in the plots was
8 and 15 species, respectively (mean= 11, SD= 2.31).

In total, we recorded 2,265 seedlings of 112 fleshy-fruited
plant species (trees and shrubs) along the elevational gradient
across the study year. The minimum and maximum numbers
of seedlings recorded in the plots were 12 and 45 species,
respectively (mean = 28, SD = 11.4). There was a high variation
in the density of seedlings per species. Several species were
only recorded once, while we recorded a total number of 253
individuals of Aniba muca (Lauraceae). For each studied group,
the spatial turnover of species identities along the elevational
gradient was high, i.e., the mean Sørensen dissimilarity between
plots was 0.66 for birds, 0.59 for plants and 0.65 for
seedlings.

Consistent with our first hypothesis, PD and FD of
frugivorous birds were significantly related to those of fleshy-
fruited plants (Figure 1). The PD of frugivorous birds increased
with the PD of fleshy-fruited adult plants (Figure 1A). Similarly,
there was a positive relationship between the FD of fleshy-
fruited plants and the FD of frugivorous birds (Figure 1B). In
line with our second hypothesis, PD of seedlings significantly
increased with the PD of fleshy-fruited plants (Figure 2A).
However, PD of seedlings was not significantly related to
that of frugivorous birds (Figure 2B). According to our third
hypothesis, the functional identity of seedlings communities
(i.e., the CWM of seed mass) was positively associated with
the CWM fruit mass of the fleshy-fruited plant communities
(Figure 3A). However, CWM seed mass was unrelated to
the CWM body mass of the frugivorous bird communities
(Figure 3B).

DISCUSSION

This empirical study in a tropical montane forest shows that
the PD and FD of fleshy-fruited plants is related to the

corresponding diversity of frugivorous birds, suggesting that
an increase in resource diversity leads to a corresponding
increase in the diversity of consumer species (bottom-up effect
of resources on consumers). Although seed dispersal is a
service provided by frugivorous birds to plants, we could not
detect a relationship between the PD or functional identity
of frugivorous birds and those of seedling communities (no
top-down effects of seed dispersers on seedling communities).
Instead, the PD and functional identity of seedlings was related
to those of adult plant communities. Our results suggest that trait
variation in fleshy-fruited plant communities has a community-
wide impact on communities of frugivores and seedlings.
Thus, morphological plant traits structure the communities of
their animal partners and affect the future trajectory of plant
recruitment.

Plant and Bird Communities
Consistent with our first hypothesis, we found that the PD and
FD of frugivorous birds were strongly associated with those of
fleshy-fruited plants. This relationship suggests that an increase
in resource diversity increases the number of feeding niches
of frugivorous birds (Dehling et al., 2016), consistent with
a bottom-up control of mutualistic plant-animal interactions
(Albrecht et al., 2014). Frugivorous birds have the ability
to track fruits and respond directly to the spatial-temporal
availability of fruits (Hampe, 2008; García et al., 2011). As
a consequence, a diverse community of fruiting plants can
attract a morphologically diverse bird community, which can
effectively exploit the whole spectrum of available fruits. This
finding is also corroborated by previous studies that have
shown that birds migrate along elevational gradients or show
seasonal displacement among habitats in response to spatially
and temporally fluctuating fruit availability (Wheelwright, 1983;
Mulwa et al., 2013). However, this is one of the first studies
that shows that differences in the type of resources offered
by fruiting plants influence the PD and FD of frugivorous
birds at the community level (see also Dehling et al., 2014a).
Thus, our results show that phylogenetic and morphological
variation in plant resources are an important element structuring
the PD and FD of fruit consumers in tropical mountain
forests.

The finding that PD and FD of fleshy-fruited plants are
correlated to corresponding measures of bird diversity is
consistent with trait matching between plants and birds and
with an ecological fitting between resource and consumer
communities (Janzen, 1985). Interactions between fleshy-fruited
plants and frugivorous birds are influenced by morphological
traits of birds and plants, which promote or constrain fruit
consumption (Dehling et al., 2014b; Muñoz et al., 2017a). Here
we estimated the FD of birds and plants by corresponding bird
and plant traits such as bill width and fruit size, wing shape
and foraging stratum and body mass and crop size (Dehling
et al., 2016). In fact, the relationship between FD of plants and
birds was slightly stronger than the respective relationship of
PD, indicating that FD comparisons are particularly valuable
when the functional traits involved in an interaction have
been previously identified. Although PD and FD of plant and
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FIGURE 1 | Positive relationship between (A) phylogenetic diversity (PD) and (B) functional dispersion (FDis) of fleshy-fruited adult plant and frugivorous bird

communities across ten study plots in the Colombian Andes (elevational range: 1,800–2700m a.s.l.). Shown are results from linear regression models. Given are the

overall model fit (r2) and the estimated slope (β) with its associated P-value; solid lines indicate the predicted trend lines.

FIGURE 2 | Positive relationship between (A) phylogenetic diversity (PD) of fleshy-fruited plants and PD of seedlings, and lack of a relationship (B) between PD of

birds and PD of seedlings across 10 study plots in the Colombian Andes (elevational range: 1,800 m–2,700m a.s.l.). Shown are results from linear regression models.

Given are the overall model fit (r2) and the estimated slope (β) with its associated P-value; the solid line indicates a significant trend.

bird communities were generally positively correlated (n =

10 plots; plants: r = 0.7, P = 0.03; birds: r = 0.6, P =

0.06), this could suggest that morphological trait matching was
more important for structuring the interacting communities
than associations in other types of plant and animal traits.
Such other species traits that are likely conserved along the
phylogenetic tree, and for instance, relate to the physiological
demands of consumers or the nutritional content present in
fruit resources (Lavin et al., 2008; Valido et al., 2011; Blendinger
et al., 2016) may be less important than phenotypic matching
traits. This is also corroborated by a recent study that shows
that fruit nutritional content had a weaker effect than crop
and fruit size on fruit removal by animals (Muñoz et al.,
2017b). This suggests that seed-dispersal interactions in a
community are primarily constrained by the phenotypes of
species, and that morphological trait matching seems to directly
influence the assemblage structure of frugivorous birds, due to
ecological fitting between plant and animal communities. These
findings suggest that bottom-up effects of plants on animals are

important for structuring ecological communities in the tropical
Andes.

Seedling Communities
We did not detect an effect of PD and functional identity
of frugivorous birds on seedling communities, consistent with
a lack of top-down effects of birds on the phylogenetic and
functional structure of seedling communities. Instead, we found
that PD and functional identity of seedlings were only affected by
corresponding measures of fleshy-fruited adult plants. The lack
of a top-down effect of birds on seedlings could be due to a high
degree of redundancy in the seed-dispersal functions provided
by the bird community. Especially large frugivorous birds are
able to feed on a wide range of fleshy-fruited plants (Muñoz
et al., 2017a), which could contribute to a decoupling between
bird and seedling traits. In the study area, large frugivorous
birds were present in all plots. For example, the green toucanets
(Aulacorhynchus prasinus, Aulacorhynchus haematopygus) were
important seed dispersers at the lowest elevation, whereas the
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FIGURE 3 | Positive relationship between (A) fruit mass of adult plants and seed mass of recruited seedlings, and a lack of a relationship (B) between avian body

mass and seed mass across 10 study plots in the Colombian Andes (elevational range: 1,800m to 2,700m a.s.l.). Trait values correspond to the community-weighted

means (CWM) of the respective communities. Shown are results from linear regression models. Given are the overall model fit (r2) and the estimated slope (β) with its

associated P-value; the solid line indicates a significant trend.

mountain toucans (Andigena hypoglauca, Andigena nigrirostris)

fulfilled a similar role at the highest elevations. Similarly, different
species of guans (Cracidae) occurred throughout the elevational
gradient. Hence, it is likely that the importance of large generalist
frugivores in the study area weakened the relationship between
animal and seedling traits and suggests that trait filtering by seed-
dispersal processes is relatively weak in natural forests in the
tropical Andes. In contrast, other studies from disturbed tropical
forests have shown that a reduction in the trait diversity of animal
seed dispersers, especially the absence of large-bodied frugivores,
leads to a reduced diversity of seedling communities (Terborgh
et al., 2008; Galetti et al., 2013). Hence, the local extirpation of
large frugivores is usually not buffered by compensation effects
from other animal species and seems to have important top-down
effects on plant recruitment.

Since top-down effects of animals on seedlings were weak,
a positive relationship between adult plant and seedling
communities is expected because abundant plants should recruit
more seedlings than rare plants in the absence of trait filters. The
association of the PD of seedlings with that of adult plants may
be further strengthened by abiotic filters, such as species-specific
habitat requirements. Establishment limitationmay filter the type
of seedlings that are able to recruit and can override effects of
seed dispersal and arrival (Nathan and Muller-Landau, 2000;
Beckman and Rogers, 2013). For instance, many pioneer species
have a high fruit removal rate by frugivorous birds (Kessler-Rios
and Kattan, 2012). However, seedling recruitment of these species
is restricted to early successional habitats (Dalling et al., 2002).
Similarly, the habitat filtering hypothesis states that specific
life history strategies are selected by specific environmental
conditions (Webb et al., 2002). Environmental heterogeneity, e.g.
associated with light or nutrients, may favor the co-existence of
adults and seedlings in many tropical forests (Webb and Peart,
2000; Engelbrecht et al., 2007). Such effects of abiotic conditions
on plant recruitment may be particularly pronounced along
the elevational gradient studied here, due to the topographic
variation and environmental heterogeneity in tropical mountains

(Lippok et al., 2014). In addition to these abiotic filters, it is

expected that more seedlings recruit near parental plants if seed
dispersal is spatially constrained (Nathan and Muller-Landau,
2000). Thus, plant life-history characteristics in interaction with
local environmental conditions along the elevational gradient
may leave stronger imprints on seedling communities than
animal seed dispersers. Since we generally found a higher PD of
seedlings than plants, our results further suggest that there is a
local increase in PD during seed dispersal, probably due to the
immigration of seeds to new localities. The reduction in PD from
the seedling to the adult stage could then be the consequence of
abiotic filters or competition that constrain survival and growth
from the seedling to the adult stage.

We found a positive correlation between mean fruit mass
of adult plants and mean seed mass of recruited seedlings,
whereas the mean body mass and seed mass of birds and
seedlings were unrelated. These findings underscore that trait
filtering by animals was generally weak. Our results, however,
suggest that morphological plant traits, such as seed size,
influence the recruitment probability of seedlings, which appears
to result in a match between the functional identities of
current and future plant communities. This is also consistent
with the generally positive relationship between fruit and seed
size in plants (Wright et al., 2007). In our study system,
communities that were dominated by large-fruited species, such
as those from the Lauraceae or Arecaceae families, were also
characterized by seedling communities with a large mean seed
mass. Seedlings with large seed mass may have an advantage in
forest regeneration because these species establish and compete
more successfully than small-seeded species, particularly in late
successional, closed forests (Rees et al., 2001; Muñoz et al.,
2017a). Hence, habitat conditions are likely to play an important
role by filtering seed traits prior to seedling recruitment. Our
finding is also consistent with the mass ratio hypothesis (Grime,
1998) which states that traits of the most productive species
in terms of biomass are the most important determinants of
ecosystem properties, such as seedling establishment. Thus, our
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findings corroborate that the functional diversity and identity of
fleshy-fruited adult plants may influence the future composition
of montane forests and that these bottom-up effects on seedling
recruitment appear to be more important than top-down
effects mediated by animal seed dispersers. Our results also
warn against inferring information on plant population and
community dynamics from studies on seed-dispersal interactions
that do not account for bottom-up effects of current plant
communities.

CONCLUSION

We show that the PD and FD of frugivorous birds closely
correspond to the respective diversity of fleshy-fruited plants.
The positive association between resource and consumer
diversity underpins the relevance of bottom-up effects in
ecological communities. One important implication of this
finding is that the loss of plant diversity, e.g., due to forest
conversion, selective logging or climate change, could have
cascading effects on the associated animal communities (Brodie
et al., 2014; Schleuning et al., 2016). In contrast to the bottom-
up effects of plants on animals, the PD and functional identity
of bird dispersers were unrelated to the PD and functional
identity of seedlings. This finding demonstrates that top-down
effects of animals on the phylogenetic and functional structure
of plant communities are comparatively weak although animal

seed dispersers can have important quantitative effects on the
establishment of specific plant species (Cavallero et al., 2013;
Martínez and Garcıa, 2016) and entire plant communities
(Muñoz et al., 2017b). Finally, we found that the PD and
functional identity of seedlings was contingent on that of
the adult plants. Hence, the diversity of fleshy-fruited plant
communities plays a fundamental role for the diversity of

consumer species and future forest composition in this tropical
mountain forests.
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