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Abstract
Aim: Although patterns of biodiversity across the globe are well studied, there is still 
a controversial debate about the underlying mechanisms and their generality across 
biogeographic scales. In particular, it is unclear to what extent diversity patterns 
along environmental gradients are directly driven by abiotic factors, such as climate, 
or indirectly mediated through biotic factors, such as resource effects on consumers.
Location: Andes, Southern Ecuador; Mt. Kilimanjaro, Tanzania.
Methods: We studied the diversity of fleshy-fruited plants and avian frugivores at 
the taxonomic level, that is, species richness and abundance, as well as at the level 
of functional traits, that is, functional richness and functional dispersion. We com-
pared two important biodiversity hotspots in mountain systems of the Neotropics 
and Afrotropics. We used field data of plant and bird communities, including trait 
measurements of 367 plant and bird species. Using structural equation modeling, we 
disentangled direct and indirect effects of climate and the diversity of plant commu-
nities on the diversity of bird communities.
Results: We found significant bottom-up effects of fruit diversity on frugivore di-
versity at the taxonomic level. In contrast, climate was more important for patterns 
of functional diversity, with plant communities being mostly related to precipitation, 
and bird communities being most strongly related to temperature.
Main conclusions: Our results illustrate the general importance of bottom-up mecha-
nisms for the taxonomic diversity of consumers, suggesting the importance of active 
resource tracking. Our results also suggest that it might be difficult to identify signals 
of ecological fitting between functional plant and animal traits across biogeographic 
regions, since different species groups may respond to different climatic drivers. This 
decoupling between resource and consumer communities could increase under fu-
ture climate change if plant and animal communities are consistently related to dis-
tinct climatic drivers.

[Correction added on 26 November 2020, after 
first online publication: Projekt DEAL funding 
statement has been added.]  
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1  | INTRODUC TION

The distribution of biodiversity on earth has fascinated scientists 
for over two centuries (e.g., Darwin, 1859; von Humboldt, 1808). 
Consequently, the patterns of biodiversity along spatial and en-
vironmental gradients are very well documented (Gaston, 2000). 
Biodiversity generally peaks in the tropics and decreases toward 
higher latitudes (Allen et al., 2002; Hillebrand, 2004) and addition-
ally decreases along elevational gradients in mountain systems (e.g., 
Rahbek, 1995). Despite the extensive knowledge on biodiversity and 
its distribution, understanding the mechanisms behind these pat-
terns still constitutes a major challenge (Lewinsohn & Roslin, 2008; 
Mittelbach et al., 2007). For instance, many studies argue for taking 
the historical background of a biogeographical region into account to 
capture differences in colonization times or net diversification rates 
among continents and biogeographic realms (e.g., Jetz & Fine, 2012; 
Wiens & Donoghue, 2004). Furthermore, a large body of evidence 
links species coexistence and the resulting patterns of species diver-
sity to present-day abiotic and biotic drivers, such as energy availabil-
ity (Guégan et al., 1998; Rosenzweig, 1992; Roy et al., 1998) or biotic 
interactions (Bascompte, 2009).

Despite the controversial discussion about the mechanisms be-
hind spatial biodiversity patterns, it is widely recognized that climatic 
conditions are fundamentally correlated with biodiversity (Evans 
et al., 2005). For instance, warm and humid regions usually support 
higher levels of biodiversity than cold and dry regions because of the 
physiological limitations imposed by temperature and water availability 
on species’ occurrence (Currie et al., 2004). However, species do not 
occur alone, but coexist and interact with each other in ecological com-
munities (e.g., Bascompte, 2009). It has been shown that the diversity 
of species from higher trophic levels, that is, consumers, can depend 
on the diversity of species from lower trophic levels, that is, resources, 
because of bottom-up effects (Albrecht et al., 2014; Hanz et al., 2019; 
Scherber et al., 2010). While top-down regulation may also occur, 
such processes seem to be more important in complex systems with 
long trophic chains (e.g., Sandom et al., 2013). Bottom-up mechanisms 
are especially important in systems with short trophic chains, such 
as seed-dispersal systems (Albrecht et al., 2014; Ferger et al., 2014; 
Vollstädt et al., 2017). If bottom-up mechanisms prevail, the diver-
sity of primary producers is expected to be directly driven by energy 
availability, leading to direct climatic effects on the diversity of lower 
trophic levels and to indirect climatic effects on higher trophic levels 
(Wright, 1983). Yet, studies simultaneously disentangling direct and 
indirect effects of climate and resources on biodiversity remain scarce 
(but see Ferger et al., 2014; Vollstädt et al., 2017), especially across 
biogeographic regions (but see Hanz et al., 2019) and trophic levels. 
Specifically, our knowledge of bottom-up effects on avian seed-dis-
persal communities across different biogeographic regions is limited.

Bottom-up effects of resources can potentially drive the diversity 
of species from higher trophic levels through different mechanisms. For 
instance, the species richness of consumers may increase with higher 
abundance of resources (e.g., Ferger et al., 2014; Kissling et al., 2007) 
and may additionally follow patterns of fluctuating resource availabil-
ity (Mulwa et al., 2012). Such patterns suggest the necessity for behav-
ioral flexibility of consumers, since they need to actively track specific 
resources and their availability (Herrera, 1984, 1985).

Further, morphological barriers between species from different 
trophic levels can present a limiting factor. When species from differ-
ent trophic levels interact, such as in seed-dispersal interactions, they 
depend on specific functional traits that facilitate the matching of in-
teraction partners (Garibaldi et al., 2015; Jordano, 1987). For instance, 
bill size of birds limits the size of fruit, which avian frugivores may suc-
cessfully handle (Dehling et al., 2014; Wheelwright, 1985). Consistent 
with the concept of ecological fitting (Janzen, 1985), it was recently 
shown how the diversity of functional traits of fruit resources can 
result in a bottom-up regulation of the corresponding functional di-
versity of avian consumers across large environmental gradients, sug-
gesting trait matching between species groups (Dehling et al., 2014; 
Quitián et al., 2019; Vollstädt et al., 2017). Such bottom-up effects 
mediated by species traits can be described by the size of the trait 
space of those functional traits that are important for interactions, 
such as seed-dispersal interactions between plants and birds.

The distribution of consumer species in a functional trait 
space can reflect different patterns of niche occupancy (e.g., Pigot 
et al., 2016). For instance, functional dispersion has been associated 
with the expansion of a community's trait space because competi-
tion for limited resources may lead to species with more specialized 
functional traits (Karr & James, 1975; Macarthur, 1965). In contrast, 
functional clustering may occur, when environmental filtering leads 
to functionally similar species, which densely fill the community trait 
space (Karr & James, 1975; Klopfer & Macarthur, 1961). However, 
our knowledge about the relative importance of direct abiotic and 
indirect biotic effects on the patterns of niche occupancy across 
large environmental gradients is still very limited.

Seed dispersal by avian frugivores is ideally suited to study direct 
abiotic and indirect bottom-up effects of lower trophic levels on the 
taxonomic and functional diversity of higher trophic levels across 
environmental gradients (Vollstädt et al., 2017). Fruit resources 
fluctuate in their spatiotemporal availability, and specific plant and 
animal traits, such as fruit size in plants and bill shape in birds, are 
key matching traits that set the blueprint for pair-wise species in-
teractions (Dehling et al., 2014; Wheelwright, 1985). Moreover, 
tropical mountains are ideally suited for studies of covariation in 
species communities across environmental gradients, since the 
climatic conditions vary strongly over comparatively small spatial 
extents (Sanders & Rahbek, 2012). As diversity of frugivores and 
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plants varies fundamentally among biogeographic regions (Fleming 
et al., 1987; Kissling et al., 2012; Qian & Ricklefs, 2007), we perform 
the first intercontinental comparison to test for the combined ef-
fects of climate and resources on frugivore diversity in two regions 
with different biogeographic history.

Here, we investigate patterns of species diversity of interdependent 
species groups at both the taxonomic level, that is, richness and abun-
dance, and the level of functional traits that are relevant for seed-disper-
sal interactions. We compare these patterns across large environmental 
gradients between two major biodiversity hotspots of the Neotropics 
and the Afrotropics. We use field data of plant and bird communities, 
including trait measurements of 367 plant and bird species, from the 
Andes of southern Ecuador and from Mt. Kilimanjaro in Tanzania. Using 
structural equation models, we simultaneously test the effects of cli-
mate as well as the effects of resources on the diversity of frugivorous 
bird species. Specifically, we test the following hypotheses:

First, if bottom-up mechanisms play an important role in shap-
ing the diversity of higher trophic levels, we should find strong links 
between the taxonomic diversity of fruiting plants and frugivorous 
birds along both elevational gradients (link A in Figure 1a, Figure 1b). 
Similarly, if trait matching is an important mechanism that influences 
interactions between resources and consumers, we should find a 
positive link between the functional diversity of fruiting plants and 
frugivorous birds along both elevational gradients (link A in Figure 1a, 
Figure 1b). Second, if bottom-up mechanisms of fruit resources are 
important for the regulation of the diversity of frugivorous birds, the 
direct relationships of climate with taxonomic and functional diversity 
of frugivorous birds should be weak (links B, C in Figure 1a). Instead, 
these relationships should be indirectly mediated through the taxo-
nomic and functional diversity of plants (links D, E + A in Figure 1a).

2  | METHODS

2.1 | Study area

The study was conducted in Podocarpus National Park in the Eastern 
Cordillera of the southern Ecuadorian Andes (3°58′–4°6′S, 78°58′–
79°10′W, see Appendix S1 in Figure S1.1) and on Mt. Kilimanjaro in 
northern Tanzania (2°45′–3°25′S, 37°0′–37°43′E, see Appendix S1, 
Figure S1.2). Temperature decreases linearly with increasing elevation 

at both locations (Hemp, 2005; Moser et al., 2007). Rainfall increases 
with increasing elevation in Podocarpus National Park (Moser 
et al., 2007), while it peaks at an elevation of about 2,200 m asl on Mt. 
Kilimanjaro, decreasing toward lower and higher elevations, respectively 
(Hemp, 2005). In total, we combined data from 38 study plots (18 plots 
in the Ecuadorian Andes, 20 plots on Mt. Kilimanjaro). In the Ecuadorian 
Andes, we collected data on six replicate study plots of 30 × 100 m in 
three habitat types covering three elevations, respectively: evergreen 
premontane forest (1,000 m asl), lower montane forest (2,000 m asl) 
and upper montane forest (3,000 m asl). The forest within Podocarpus 
National Park is considered mostly undisturbed (Homeier et al., 2008). 
On Mt. Kilimanjaro, we collected data on five replicate study plots of 
30 × 100 m in four undisturbed habitat types at four elevations, re-
spectively: colline savanna (870–1,150 m asl), lower montane forest, 
(1,620–2,020 m asl), montane Ocotea forest (2,120–2,750 m asl) and 
upper montane Podocarpus forest (2,720–3,060 m asl).

2.2 | Climate

To describe the climatic conditions along the two elevational gradients, 
we compiled plot-level data on the mean annual temperature and mean 
annual precipitation available for both study regions. Plot-level data 
are especially important in tropical mountain systems, as regional and 
global datasets are interpolated, resulting in low precision of measure-
ments in montane environments. In the Ecuadorian Andes, the data 
were collected through an air temperature regionalization tool, which 
was designed for the study region (Fries et al., 2009) and through a 
combination of remote sensing and meteorological data (Rollenbeck & 
Bendix, 2011). This combination is best suited to derive local climate 
information for the southern slopes of the Ecuadorian Andes (Fries 
et al., 2009; Rollenbeck, 2006). On Mt. Kilimanjaro, data were collected 
over 15 years through a network of temperature loggers (maximum – 
minimum thermometers; ±0.1°C) and rain gauges (dipping bucket and 
funnel gauges, ±1 mm) distributed across the mountain (Hemp, 2006).

2.3 | Plant and bird communities

In the Andes, we recorded plant and bird communities between 
2014 and 2015, twice during the wettest months (May–July) and 

F I G U R E  1   (a) A priori hypothesized 
causal structure of the relationships 
between bird communities, plant 
resources, and climate (temperature 
and precipitation). The possible links are 
numbered alphabetically. The relative 
importance of each link in the models can 
be seen in Table 1. (b) Direct relationship 
between bird and plant communities 
at the level of taxonomic, as well as 
functional diversity (link A)
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twice during the driest months (October–December), resulting in 
four temporal replicates for each habitat type (Quitián et al., 2018; 
Santillán et al., 2018). On Mt Kilimanjaro, we recorded communi-
ties between 2013 and 2015, twice during the cold dry season 
(June–September) and twice during the warm dry season (January–
February), resulting in four temporal replicates for each habitat type 
(Vollstädt et al., 2017, 2018).

We recorded the communities of fleshy-fruited plants and fru-
givorous birds on each plot in both mountain ranges. Each plot 
covered a representative amount of fruiting plants typical for each 
habitat type. We recorded, mapped and identified all fruiting plants 
to species level. To assess resource abundance, we estimated the 
total number of ripe fruits for each plant individual. On plants with 
very large crop sizes, we counted the number of fruits for repre-
sentative branches and used these to estimate the crop size of the 
whole plant.

We recorded the communities of frugivorous birds by observing 
interactions with fruiting plants using binoculars. The entire area of 
the plot was observed with equal attention with the aid of field assis-
tants. On each plot, in each of the seasonal samples, frugivores were 
observed for a total of 25 hr distributed over five consecutive days 
(Quitián et al., 2018; Vollstädt et al., 2017, 2018). Birds were iden-
tified using Ridgely and Greenfield (2001) in the Ecuadorian Andes 
and using Zimmerman et al. (1999) on Mt. Kilimanjaro. Only inter-
action events considered as legitimate seed dispersal (i.e., swallow-
ing or transporting seeds away from mother plants) were included 
in the analysis. Sampling effort was sufficient to cover the pool of 
frugivorous birds in each respective habitat, as indicated by sampling 
curves (Ecuadorian Andes: see Figure A1 in Quitián et al., 2017; Mt. 
Kilimanjaro: see Appendix 7 in Vollstädt et al., 2018).

2.4 | Functional traits

To quantify the functional diversity of fruiting plant and frugivorous 
bird communities, we measured plant and bird traits that are known 
to influence interactions between the two species groups (Dehling 
et al., 2014). For fruiting plants, we measured four functional traits: 
fruit length, fruit diameter, plant height and crop mass. In the field, 
we collected 15 fruits for each plant species (five fruits each from 
three different individuals). We measured the length of the fruit (pe-
duncle to tip) and the maximum diameter of the fruit using a sliding 
caliper (±0.01 mm). We measured the height of all plant individuals 
of each species using a laser range finder (±1 m). We weighed fruits 
using a digital scale (±0.01 g) and multiplied mean fruit mass with 
the mean number of fruits per plant species to calculate crop mass 
for each species.

For frugivorous birds, we also considered four functional 
traits: bill length, bill width, Kipp's index and body mass. All traits 
were measured on museum specimens (Natural History Museum, 
Berlin; Museo Ecuatoriano de Ciencias Naturales, Quito; Zoological 
Research Museum Alexander Koenig, Bonn; Zoological Museum 
of Denmark at the University of Copenhagen). We measured two 

female and two male specimens of each species. We measured bill 
length and bill width using a sliding caliper (±0.01 mm). We mea-
sured bill length as the distance from the commissural point of the 
upper and lower bill to the tip of the closed bill, and bill width as 
the external distance between the two commissural points, which is 
functionally equivalent to gape width (Wheelwright, 1985). We de-
rived Kipp's index from measuring Kipp's distance (distance between 
tip of the first secondary and tip of the longest primary of the folded 
wing) as well as wing length; Kipp's index was then calculated as the 
ratio between Kipp's distance and wing length and is a measure of 
wing shape. We followed Eck et al. (2011) for all bird measurements. 
We compiled data on avian body mass using Dunning (2007). Except 
Kipp's index, all plant and bird traits were log-transformed to ap-
proximate normality.

2.5 | Taxonomic and functional diversity

We calculated two measures of taxonomic diversity. First, we meas-
ured species richness of each plant and bird community as the num-
ber of species recorded on each study plot. Second, we measured 
abundance of species in each plant and bird community. Abundance 
of plant resources in each community was measured as the sum 
of the crop sizes of all plant species recorded on each study plot. 
Abundance of birds in each community was measured as the total 
number of legitimate seed-dispersal visits of all frugivore species on 
each study plot. All abundance measures were log-transformed prior 
to analysis.

Additionally, we calculated two multivariate indices of func-
tional trait diversity for plant and bird communities on each study 
plot: functional richness (FRic; Villéger et al., 2008) and functional 
dispersion (FDis; Laliberté & Legendre, 2010). Calculation was 
based on the Euclidean distances between species in a Principal 
Coordinates Analysis (PCoA) that was used to project species into 
a multidimensional trait space. Functional richness is a measure 
of the total morphological variety of a species community and is 
given by the size of a convex hull around all individual species in 
multidimensional space. The functional richness value for each 
community was then standardized against the total functional 
richness value in each biogeographic region calculated from the 
mountain-level regional species pool (i.e., all species recorded on 
any plot along each elevational gradient). Functional dispersion 
measures the mean distance of species in a community to the cen-
troid of all species in that community. It is abundance weighted 
and therefore not as strongly influenced by extreme values as 
functional richness. For some plots, it was not possible to calculate 
functional richness values because either the fruiting plant or the 
avian frugivore communities were too small, that is, less than three 
species occurred in either trophic group. Overall, we were able to 
compute functional richness values for 16 plots in the Ecuadorian 
Andes and 18 plots on Mt. Kilimanjaro, and functional dispersion 
values for 17 plots in the Ecuadorian Andes and 18 plots on Mt. 
Kilimanjaro.
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To test whether the indices of functional diversity were mostly 
driven by species richness patterns, we additionally compared ob-
served to randomized communities derived from null models and 
calculated standardized effect sizes (FRicSES and FDisSES). We used 
the “independent swap” algorithm (Gotelli, 2000) to create 1,000 
randomized communities. This algorithm maintains the total oc-
currence frequency of each species and species richness of each 
community but randomizes species identity and abundance across 
communities. This allows to test for the effects of abiotic and biotic 
variables on functional diversity after accounting for the effects of 
species richness. Standardized effect sizes were calculated by sub-
tracting the mean of the randomized values for each community 
from the observed value of that community and dividing the results 
by the standard deviation of the randomized values.

2.6 | Statistical analysis

To disentangle effects of climate and taxonomic or functional diver-
sity of plant communities on the taxonomic or functional diversity 
of bird communities, we used structural equation models (SEMs) 
which are able to account for both direct and indirect relationships 
among variables in complex systems (Grace et al., 2012; Sonne 
et al., 2016). We first defined an a priori structure of the SEM, fo-
cusing on bottom-up mechanisms. This SEM included all biologically 
plausible links between bird communities, plant communities, tem-
perature and precipitation (Figure 1a). This approach allowed us to 
compare the respective importance of abiotic versus biotic drivers 
and their direct and indirect effects on bird communities. In order 
to understand the general importance of each driver for the bird 
communities, we ran the analyses across both biogeographic regions 
(i.e., Ecuadorian Andes and Mt. Kilimanjaro). To this end, we fitted 
the SEMs with biogeographic region as factor. We did not explicitly 

test for effects of the respective biogeographic region, because of 
sample size limitations and because results were qualitatively similar 
between biogeographic regions.

For each metric of taxonomic and functional diversity (species rich-
ness, species abundance, FRic, FDis, FRicSES and FDisSES), we fitted a 
separate SEM. Thus, we considered only corresponding metrics of plant 
and bird communities in each model (see Figure 2; see Appendix S2, 
Figure S2.3). We z-transformed all variables to zero mean and unit 
variance prior to analysis, to allow for comparison of the effect sizes 
between predictor and response variables with different scales. Based 
on the full a priori SEM, we performed a stepwise removal of nonsig-
nificant paths to simplify the SEM, which is a widely accepted approach 
(Sonne et al., 2016). We first excluded paths with the highest P-value 
and repeated this procedure until we reached the most parsimonious 
SEM for each response variable, which we identified using the infor-
mation theoretic approach (i.e., the model characterized by the lowest 
AICc value) (Shipley, 2013). We evaluated the resulting SEM through a 
χ2 test, the root mean square error of approximation (RMSEA) and the 
comparative fit index (CFI) (Grace et al., 2012; Hooper et al., 2008). A 
nonsignificant result of the χ2 test (p > 0.05, Hooper et al., 2008), lower 
90% of confidence intervals of RMSEA close to 0 (Grace et al., 2012) 
and CFI values larger than 0.95 (Hu & Bentler, 1999) indicate a good fit 
of the model to the observed data.

We tested the null expectation, that is, no relationship between 
bird and plant communities, by fitting environment SEMs for each 
diversity metric, where potential bottom-up effects of plant com-
munities were excluded (Sandom et al., 2013). The missing path was 
then accounted for in the model by adding error covariance between 
variable pairs (Sandom et al., 2013).

To visualize the patterns of taxonomic and functional diversity 
across the most important gradients according to the most parsimo-
nious SEM, we plotted partial residuals from the respective models 
(Figure 3).

F I G U R E  2   Relationships between bird communities, plant resource communities, and climate (temperature and precipitation) in the 
Ecuadorian Andes and on Mt. Kilimanjaro, according to the models with highest model fit for (a) species richness, (b) species abundance, 
(c) functional richness (FRic), and (d) functional dispersion (FDis). The path coefficients for paths in the best-fit model, their statistical 
significance (*p < 0.05, **p < 0.01, ***p < 0.001), and the coefficients of determination (R2) are given. Nonsignificant paths that were 
retained in the best models are represented by dotted lines
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All statistical analyses were performed with R version 3.5.1 (R 
Core Team, 2012) and the packages “FD” (Laliberté et al., 2014), “pi-
cante” (Kembel et al., 2010) and “lavaan” (Rosseel, 2012).

3  | RESULTS

Overall, we recorded 112 fruiting plant species and 130 frugivorous 
bird species across all plots of the Ecuadorian Andes, and 53 fruiting 
plant species and 72 frugivorous bird species across all plots of Mt. 

Kilimanjaro (see Appendix S3, Tables S3.3–S3.4). In the Ecuadorian 
Andes, the dominant, most frequently visited plants at lower el-
evations were species from the genera Miconia (779 visits) and 
Cecropia (492 visits), and Miconia (32 visits) was equally among the 
most frequently visited genera at higher altitudes (see Appendix S3, 
Table S3.3). The Paradise Tanager (Tangara chilensis, 531 visits) was 
the most frequent bird species at lower elevations of the Ecuadorian 
Andes, while the Lacrimose Mountain-Tanager (Anisognathus 
lacrymosus, 60 visits) was most frequent at higher elevations (see 
Appendix S3, Table S3.4). On Mt. Kilimanjaro, small trees such as 

F I G U R E  3   Taxonomic and functional 
diversity values of bird and plant 
communities across the most important 
gradients according to our models in the 
Ecuadorian Andes and on Mt. Kilimanjaro, 
for (a) species richness, (b) species 
abundance, (c) bird functional richness 
(FRic), (d) plant functional richness (FRic), 
(e) bird functional dispersion (FDis), and (f) 
plant functional dispersion (FDis). Shown 
are the relationships with the predictor 
variable that had the strongest link with 
the respective measure of diversity in 
the best-fit model (see Table 1, Figure 2). 
Data points represent partial residuals 
from this model for each study plot of the 
respective mountain range. Sample sizes 
were as follows: N (a) + (b) Ecuadorian 
Andes = 17, Mt. Kilimanjaro = 18; N 
(c) + (d) Ecuadorian Andes = 16, Mt. 
Kilimanjaro = 18; N (e) + (f) Ecuadorian 
Andes = 17, Mt. Kilimanjaro = 18
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Lannea (307 visits) and Ozoroa (91 visits) were frequently visited at 
lower elevations, while Schefflera (2,573 visits) was most frequently 
visited by birds at high elevations (see Appendix S3, Table S3.3). The 
Common Bulbul (Pycnonotus barbatus, 980 visits) was the most fre-
quent bird species at low elevations, while the Montane White-Eye 
(Zosterops poliogaster, 1,926 visits) was the most frequent visitor at 
high elevations of Mt. Kilimanjaro (see Appendix S3, Table S3.4).

Overall, plant and bird species richness varied from 8–22 (me-
dian = 13) and 2–53 (median = 23) species per plot in the Ecuadorian 
Andes and 5–15 (median = 7.5) and 7–23 (median = 12.5) species 
per plot on Mt. Kilimanjaro, respectively. Species turn-over be-
tween plots was high and, on average, 90% of plant species in the 
Ecuadorian Andes and 88% on Mt. Kilimanjaro, and 80% of bird 
species in the Ecuadorian Andes and 83% on Mt. Kilimanjaro were 
replaced between plots (Sørensen dissimilarity, mean ± SD along 
each elevational gradient; plants Ecuadorian Andes: 0.90 ± 0.23, 
Mt. Kilimanjaro: 0.88 ± 0.24; birds Ecuadorian Andes: 0.80 ± 0.27, 
Mt. Kilimanjaro: 0.83 ± 0.28). Moreover, FD of plant and bird 
communities varied across both mountain ranges (e.g., plant FRic 
Ecuadorian Andes: < 0.01–0.08, Mt. Kilimanjaro: < 0.01–0.06; bird 
FRic Ecuadorian Andes: < 0.01–0.20, Mt. Kilimanjaro: < 0.01–0.20; 
see Appendix S3, Table S3.2).

3.1 | Drivers of taxonomic and functional diversity

The best-fit SEMs for all variables showed a good fit to the data (in 
all cases: P(χ2) > 0.05; lower 90% of confidence intervals of RMSEA 
close to 0; CFI > 0.95). Results were consistent across biogeographic 
regions, with exception of plant functional dispersion (FDis, see 
Figure 3a–f).

Species richness of bird communities was strongly related to 
species richness of plants, which mediated indirect effects of mean 
annual temperature. The models testing the null expectation, that 
is, no relationship between species groups performed less well 
than the models testing for bottom-up effects (results not shown). 
With increasing temperature, species richness in plant commu-
nities significantly increased, which in turn caused a significant 
increase in species richness of bird communities (Figure 2a + 3a, 
Table 1a). Similarly, mean annual temperature had a positive, in-
direct effect on bird abundance that was mediated by increased 
plant abundance (Figure 2b + 3b, Table 1b). Additionally, we found 
a weak, but significant direct relationship between mean annual 
temperature and species richness of birds, while mean annual pre-
cipitation explained no variation in plant or bird taxonomic diver-
sity (Figure 2a + b).

TA B L E  1   An overview of the model selection process and results for the structural equation models depicted in Figure 2: for (a) species 
richness, (b) species abundance, (c) functional richness (FRic), and (d) functional dispersion (FDis)

Birds Plants Covariance Model Fit

Plant Tmean Pmean Tmean Pmean Bird–Plant AICc ΔAICc

(a) Species richness

1 0.83*** 0.18*** 0.05 0.56** 0.02 — 100.78 6.22

2 0.83*** 0.18*** 0.05 0.56*** — — 97.13 2.57

3 0.84*** 0.16*** — 0.55*** — — 94.56 0

(b) Species abundance

1 0.99*** 0.02 0.05 0.51** 0.18 — 89.66 8.11

2 0.99*** — 0.03 0.51** 0.18 — 86.37 4.82

3 0.99*** — 0.03 0.42** — — 83.76 2.21

4 0.99*** — — 0.42** — — 81.55 0

(c) Functional richness

1 0.17 0.47** −0.09 0.21 0.59*** — 185.13 5.25

2 0.12 0.51*** — 0.21 0.59*** — 181.58 1.7

3 — 0.50** — 0.21 0.59*** 0.14 181.39 1.51

4 — 0.48** — — 0.48** 0.15 179.88 0

(d) Functional dispersion

1 0.21 −0.44** −0.71** 0.09 0.74*** — 169.67 3.15

2 0.21 −0.44** −0.71** — 0.68*** — 166.52 0

3 — −0.44** −0.57** — 0.68*** 0.16 166.52 0

Note: A stepwise removal of nonsignificant relationships led to a gradually better fit of the models. Error covariance between bird and plant 
communities was not explicitly assumed in the best-fit model for species richness and species abundance (Table 1a + b). We tested this relationship 
separately and model fit decreased considerably. Given are the respective estimates for all possible paths in the models (see Figure 1a) as well as 
the AICc score and the distance of each model to the best-fit model for each respective diversity metric. Significance levels of estimates: *p < 0.05, 
**p < 0.01; ***p < 0.001. Best-fit models had a good fit to the data (in all cases: P(χ2) > 0.05; lower 90% of confidence intervals of RMSEA close to 0; 
CFI > 0.95). R2 values of the best-fit models are shown in the respective figures (see Figure 2a–d).
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Functional diversity measures of bird communities showed con-
sistent, direct climatic effects and no significant relationships with 
the functional diversity measures of plant communities. Models per-
formed better when the error covariance between species groups 
was included, but covariance terms were not significant for neither 
FRic nor FDis. Functional richness (FRic) of bird communities in-
creased significantly with mean annual temperature, while FRic of 
plant communities was strongly positively linked to mean annual 
precipitation (Figure 2c + 3c,d, Table 1c). For both communities, the 
directions of the relationships were reversed when we calculated 
the standardized effect size (FRicSES), but these links were not sta-
tistically significant (see Appendix S2, Figure S2.3a + Table S2.1a). 
FDis of bird communities was negatively related to both mean an-
nual temperature and precipitation, while increasing FDis of plant 
communities was positively related to mean annual precipitation 
(Figure 2d + 3e,f, Table 1d). These patterns of the raw FDis values 
were consistent with those for the standardized effect sizes (FDisSES, 
see Appendix S2, Figure S2.3b + Table S2.1b).

4  | DISCUSSION

We compared patterns of taxonomic and functional diversity 
of frugivorous birds across two major mountain systems of the 
Neotropics and Afrotropics and simultaneously disentangled di-
rect and indirect effects of climate and resource diversity. The 
overall diversity of fleshy-fruited plants and avian frugivores was 
higher in the Ecuadorian Andes than on Mt. Kilimanjaro, which 
is in line with other studies showing similar differences between 
the two biogeographic regions (e.g., Hawkins et al., 2007; Kissling 
et al., 2012). Such patterns could be explained by different his-
torical backgrounds or by distinct biogeographical properties. For 
instance, mountains with humid bases such as the Andes usually 
show different diversity patterns than mountains with arid bases 
such as Mt. Kilimanjaro (McCain, 2009). Despite these biogeo-
graphic differences, the mechanisms behind the diversity of fruits 
and frugivores across elevational gradients were very similar in 
both regions.

We show that in both biogeographic regions, the taxonomic di-
versity of birds was most strongly related to the taxonomic diver-
sity of plants, while the functional diversity of birds was related to 
mean annual temperature and precipitation. Interestingly, the tax-
onomic diversity of plants was positively related to mean annual 
temperature and the functional diversity of plants was closely re-
lated to mean annual precipitation. Against our expectations, we did 
not find a link between the functional diversity of birds and plants, 
even though functional diversity was quantified based on matching 
traits that mediate bird-plant interactions. These findings suggest 
that bottom-up mechanisms can drive taxonomic diversity of avian 
frugivores across large environmental gradients, underlining the im-
portance of resource tracking by frugivores. Trait matching between 
birds and their plant resources however did not result in spatial co-
variation in the functional diversity of plants and birds.

4.1 | Bottom-up mechanisms

Both species richness and abundance of bird communities were con-
sistently linked to the corresponding measures of taxonomic diver-
sity of their resources across large environmental gradients in the 
Neotropics and Afrotropics. These findings confirm our first hypoth-
esis and are in line with previous findings (Ferger et al., 2014; Kissling 
et al., 2007; Loiselle & Blake, 1993). Our results underline how re-
sources may affect the richness and abundance of frugivorous birds 
through bottom-up mechanisms. The strong link between resource 
diversity and frugivore diversity at the taxonomic level hints at the 
particular importance of frugivore behavior, as active tracking is re-
quired in order to follow patterns of spatiotemporal fluctuations in 
the richness and abundance of fruit resources (Herrera, 1984, 1985).

Against our expectations, we did not detect relationships be-
tween the functional diversity of frugivore communities and their re-
sources. In an earlier study from the Peruvian Andes, the functional 
diversity of fleshy-fruited plants and frugivorous birds correlated 
closely across an elevational gradient covering natural habitat types 
from the lowlands to the tree line (Dehling et al., 2014). This pattern 
led the authors to propose that trait matching between resources 
and consumers caused bottom-up effects of plants on avian frugi-
vores. Trait matching between resources and avian frugivores has 
also been described for communities on Mt. Kilimanjaro (Vollstädt 
et al., 2017). In contrast to the here presented analysis, this study in-
cluded human-modified habitats, where a strong reduction of plant 
functional diversity caused decreasing functional diversity of fru-
givorous birds. A high functional diversity of frugivore communities 
could only be maintained if the functional diversity of resources was 
sufficiently high (Vollstädt et al., 2017).

Interestingly, we could not find similar dependencies of plant 
and bird functional diversity in near-natural habitats across the 
two mountain systems in the Neotropics and the Afrotropics. 
Instead, direct effects of climate were relatively more important 
in shaping consumer diversity than biotic resource effects medi-
ated by trait matching. Although the patterns of bird functional 
diversity were overall similar in both biogeographic regions, the 
functional diversity of plant communities was differently distrib-
uted across elevation. This difference is likely due to the different 
distribution of precipitation across the two elevational gradients, 
which is known to result in different patterns of diversity (e.g., 
McCain, 2009). Divergent responses of plant functional diversity 
in the Neotropics and Afrotropics might explain the relatively low 
explanatory power of our models for functional diversity (cf. R2 
values in Figure 2), and why we could not detect effects of eco-
logical fitting between resource and consumer species at the in-
tercontinental scale.

4.2 | Effects of climate

Climate explained much of the variation in functional diversity of 
both plant and bird communities. These findings are in contrast with 
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our expectations and a previous study (Hanz et al., 2019), since our 
hypothesis was a higher importance of indirect effects through bot-
tom-up mechanisms and plant communities for diversity patterns of 
bird communities. Instead, we found that different climatic drivers 
were related to functional diversity of birds and plants. Whereas bird 
communities increased their functional trait space (but were less 
functionally dispersed) with increasing temperature, plant communi-
ties increased their functional trait space and were more functionally 
dispersed with higher precipitation.

It is well documented that water availability can drive the spe-
cies richness of plants (Francis & Currie, 2003; Kreft & Jetz, 2007). 
The positive relationship between functional richness and precip-
itation suggests that the corresponding trait space of plant com-
munities may expand under favorable climatic conditions. The 
increase in functional dispersion with increasing precipitation 
additionally suggests that the abundance of functionally distinct 
plant species increases in these communities, leading to function-
ally over-dispersed plant communities with a potentially higher de-
gree of niche partitioning. Commonly, patterns of over-dispersion 
are attributed to competition among species, which results in the 
exclusion of functionally similar species and increasing functional 
specialization (Graham et al., 2009; Machac et al., 2011). We here 
included only traits that are directly related to seed dispersal by 
frugivores, such as fruit size and crop mass (Dehling et al., 2014; 
Wheelwright, 1985). The patterns we described for plant commu-
nities may thus primarily reflect competition for animal seed dis-
persers. This finding would be in line with previous work, where 
it has been shown that plants may compete for animal seed dis-
persers, especially when plant niche space becomes saturated 
(Albrecht et al., 2015).

In contrast, plant communities under harsh environmen-
tal conditions (i.e., low precipitation) showed signs of functional 
clustering, which is typically explained by environmental fil-
tering (Machac et al., 2011; Pavoine et al., 2010; Webb, 2000). 
Plants under such conditions may possibly not be able to invest 
into attracting specific seed dispersers. Hence, there seems to 
be an important difference in the patterns of functional disper-
sion between plots with high and low precipitation, possibly due 
to differences in the degree of competition for seed dispersers. 
Although we find this pattern to be consistent on both mountain 
ranges, there are differences between the Ecuadorian Andes and 
Mt. Kilimanjaro. Functional dispersion of plant communities was 
overall lower in the Ecuadorian Andes than on Mt. Kilimanjaro (see 
Figure 3f). This pattern may be explained by a potentially stronger 
competition for high-quality seed dispersers across the entire ele-
vational range of Mt. Kilimanjaro, as there are comparatively fewer 
and less specialized avian frugivores in the Afrotropics than in the 
Neotropics (Dugger et al., 2019; Kissling et al., 2012), leading to 
overall higher levels of functional dispersion there. Interestingly, 
functional dispersion of bird communities was negatively related 
to precipitation. Functional dispersion of bird communities was 
overall lower while simultaneously precipitation was overall con-
siderably higher in the Ecuadorian Andes than on Mt. Kilimanjaro 

(see Table S3.2). Previous work suggests that in the Ecuadorian 
Andes, bird diversity and abundance at low elevations is con-
strained by high precipitation (Santillán et al., 2018). Therefore, 
the negative relationship between the functional dispersion of 
bird communities and precipitation may arise, because only very 
competitive species with particular traits might be able to coexist 
locally under extreme rainfall.

Diversity and abundance of resources, as well as taxonomic and 
functional diversity of bird communities, were strongly and posi-
tively related to mean annual temperature. This pattern may be ex-
pected, since it is well established that temperature is a main driver 
of biodiversity worldwide (Evans et al., 2005), especially along trop-
ical elevational gradients (Peters et al., 2016). Functional richness 
of bird communities was highest on plots characterized by warm 
temperatures and declined with decreasing temperatures across el-
evation. Similar patterns have been described for bird communities 
in the Peruvian Andes (Dehling et al., 2014; Pigot et al., 2016). Our 
results thus suggest that the pattern of increasing functional rich-
ness and, consequently, expansion of the functional trait space with 
increasing temperature may be generally true for Neotropical and 
Afrotropical mountains. However, under warm conditions, the size 
of bird functional trait spaces was smaller than expected from null 
models. This pattern was corroborated by the patterns of functional 
dispersion, which generally decreased with ambient temperature. 
Increasing temperatures, thus, promoted the assembly of commu-
nities that were composed mainly of functionally similar species, 
suggesting functional clustering. We hence find a pattern that is 
contrasting earlier work, since communities are typically described 
as functionally clustered under harsh environmental conditions 
(Dehling et al., 2014; Machac et al., 2011; Pigot et al., 2016). We, in 
contrast, demonstrate that communities on plots with lowest tem-
peratures showed signs of functional over-dispersion. This pattern 
may imply that frugivores might have to compete for highly limited 
resources in such harsh environmental conditions, leading to niche 
partitioning and functional specialization. Similar patterns were de-
scribed in an earlier study on Mt. Kilimanjaro, where plant commu-
nities on warmer plots supported large communities of functionally 
similar frugivores, which overlapped in their resource use, while bird 
communities on colder plots apparently competed more strongly for 
resources (Vollstädt et al., 2017, 2018).

5  | CONCLUSIONS

In the first simultaneous comparison of the effects of climate and re-
sources on the diversity of avian frugivores between the Neotropics 
and Afrotropics, we show that bottom-up mechanisms drive spe-
cies richness and abundance of bird communities, but we do not 
find evidence for ecological fitting in terms of functional diversity. 
Functional diversity in communities of fleshy-fruited plants and 
avian frugivores was related to different climatic drivers, show-
ing distinct patterns of functional clustering and over-dispersion 
across environmental gradients. The different patterns of functional 
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over-dispersion between fleshy-fruited plants and frugivorous birds 
are remarkable, as they suggest distinct responses of resources and 
consumers to different climatic drivers. Consequently, ecological fit-
ting between the functional traits of resource and consumer species 
may be masked at large spatial scales by decoupling of plant and bird 
functional diversity. Different responses of plant and bird functional 
diversity to climatic drivers could potentially further increase such 
decoupling between plants and animals under future conditions.

ACKNOWLEDG MENTS
Agustín Carrasco and Patricio Estrella helped with fieldwork in 
Ecuador. Samuel Augustino, Jeremia Issack, Nelson Massam, 
Ramson Mmary, George Philipo, and Raymond Zaria helped with 
fieldwork on Mt. Kilimanjaro. Jon Fjeldså (Zoological Museum of the 
University of Copenhagen, ZMUC), Sylke Frahnert (Natural History 
Museum, Berlin, MfNB), and César Garzón (Museo Ecuatoriano de 
Ciencias Naturales del Instituto Nacional de Biodiversidad, Quito, 
MECN) allowed access to museum collections. Dagmar Hanz, Larissa 
Nowak, and Anna Phillips contributed bird trait measurements. The 
Ecuadorian Ministry of the Environment (MAE) kindly provided per-
mission to conduct research in Podocarpus National Park, Ecuador. 
COSTECH, TAWIRI, TANAPA, and the Immigration Office of Moshi 
permitted M.G.R.V. to conduct fieldwork in Tanzania and inside 
Kilimanjaro National Park. This work was funded by the Deutsche 
Forschungsgemeinschaft (DFG) through the research bundle FOR 
823–825 “Platform for Biodiversity and Ecosystem Monitoring and 
Research in South Ecuador” (PAK 825/1) and the research units FOR 
2730 “Environmental changes in biodiversity hotspot ecosystems 
of South Ecuador: RESPonse and feedback effECTs” and FOR 1246 
“Kilimanjaro ecosystems under global change: Linking biodiversity, 
biotic interactions and biogeochemical ecosystem processes,” and 
through Emmy Noether fellowship FR 3246/2-1 to S.A.F. Open ac-
cess funding enabled and organized by Projekt DEAL.

CONFLIC T OF INTERE S T
None declared.

AUTHOR CONTRIBUTIONS
Maximilian G. R. Vollstädt: Conceptualization (lead), data curation 
(lead), formal analysis (lead), funding acquisition (equal), investiga-
tion (lead), methodology (lead), project administration (lead), re-
sources (lead), software (lead), supervision (lead), validation (lead), 
visualization (lead), writing – original draft (lead), writing – review 
and editing (lead). Jörg Albrecht: Conceptualization (supporting), 
data curation (supporting), formal analysis (equal), funding acquisi-
tion (supporting), investigation (supporting), methodology (equal), 
project administration (supporting), resources (supporting), soft-
ware (supporting), supervision (supporting), validation (equal), vis-
ualization (equal), writing – original draft (equal), writing – review 
and editing (equal). Katrin Böhning-Gaese: Conceptualization 
(equal), data curation (supporting), formal analysis (supporting), 
funding acquisition (lead), investigation (supporting), methodol-
ogy (supporting), project administration (lead), resources (equal), 

software (equal), supervision (equal), validation (supporting), visu-
alization (supporting), writing – original draft (supporting), writing – 
review and editing (supporting). Andreas Hemp: Conceptualization 
(supporting), data curation (supporting), formal analysis (support-
ing), funding acquisition (supporting), investigation (supporting), 
methodology (supporting), project administration (supporting), 
resources (supporting), software (supporting), supervision (sup-
porting), validation (supporting), visualization (supporting), writing 
– original draft (supporting), writing – review and editing (sup-
porting). Kim M. Howell: Conceptualization (supporting), data 
curation (supporting), formal analysis (supporting), funding ac-
quisition (supporting), investigation (supporting), methodology 
(supporting), project administration (supporting), resources (sup-
porting), software (supporting), supervision (supporting), valida-
tion (supporting), visualization (supporting), writing – original 
draft (supporting), writing – review and editing (supporting). Laura 
Kettering: Conceptualization (supporting), data curation (support-
ing), formal analysis (supporting), funding acquisition (supporting), 
investigation (supporting), methodology (supporting), project ad-
ministration (lead), resources (supporting), software (supporting), 
supervision (supporting), validation (supporting), visualization 
(supporting), writing – original draft (supporting), writing – re-
view and editing (supporting). Alexander Neu: Conceptualization 
(supporting), data curation (supporting), formal analysis (support-
ing), funding acquisition (supporting), investigation (supporting), 
methodology (supporting), project administration (supporting), 
resources (supporting), software (supporting), supervision (sup-
porting), validation (supporting), visualization (supporting), writing 
– original draft (supporting), writing – review and editing (support-
ing). Eike Lena Neuschulz: Conceptualization (equal), data curation 
(equal), formal analysis (equal), funding acquisition (equal), investi-
gation (equal), methodology (equal), project administration (equal), 
resources (equal), software (equal), supervision (equal), validation 
(equal), visualization (equal), writing – original draft (equal), writ-
ing – review and editing (equal). Marta Quitián: Conceptualization 
(supporting), data curation (supporting), formal analysis (support-
ing), funding acquisition (supporting), investigation (supporting), 
methodology (supporting), project administration (supporting), 
resources (supporting), software (supporting), supervision (sup-
porting), validation (supporting), visualization (supporting), writ-
ing – original draft (supporting), writing – review and editing 
(supporting). Vinicio E. Santillán: Conceptualization (supporting), 
data curation (supporting), formal analysis (supporting), funding 
acquisition (supporting), investigation (supporting), methodology 
(supporting), project administration (supporting), resources (sup-
porting), software (supporting), supervision (supporting), valida-
tion (supporting), visualization (supporting), writing – original draft 
(supporting), writing – review and editing (supporting). Till Töpfer: 
Conceptualization (supporting), data curation (supporting), formal 
analysis (supporting), funding acquisition (supporting), investiga-
tion (supporting), methodology (supporting), project administra-
tion (supporting), resources (supporting), software (supporting), 
supervision (supporting), validation (supporting), visualization 



14206  |     VOLLSTÄDT eT aL.

(supporting), writing – original draft (supporting), writing – review 
and editing (supporting). Matthias Schleuning: Conceptualization 
(lead), data curation (equal), formal analysis (equal), funding acqui-
sition (equal), investigation (equal), methodology (equal), project 
administration (equal), resources (equal), software (equal), supervi-
sion (equal), validation (equal), visualization (equal), writing – origi-
nal draft (equal), writing – review and editing (equal). Susanne A. 
Fritz: Conceptualization (lead), data curation (lead), formal analysis 
(lead), funding acquisition (lead), investigation (lead), methodology 
(lead), project administration (lead), resources (lead), software 
(lead), supervision (lead), validation (lead), visualization (lead), 
writing – original draft (lead), writing – review and editing (lead).

DATA AVAIL ABILIT Y S TATEMENT
All data are available upon request from the corresponding author. 
Metadata of all Kilimanjaro datasets are also available online: https://
www.kilim anjaro.bioze ntrum.uni-wuerz burg.de/Data/Data.aspx. 
Metadata of all datasets of the Ecuadorian Andes are also available 
online: www.tropi calmo untai nfore st.org.

ORCID
Susanne A. Fritz  https://orcid.org/0000-0002-4085-636X 

R E FE R E N C E S
Albrecht, J., Bohle, V., Berens, D. G., Jaroszewicz, B., Selva, N., & 

Farwig, N. (2015). Variation in neighbourhood context shapes 
frugivore-mediated facilitation and competition among co-dis-
persed plant species. Journal of Ecology, 103, 526–536. https://doi.
org/10.1111/1365-2745.12375

Albrecht, J., Gertrud Berens, D., Jaroszewicz, B., Selva, N., Brandl, R., & 
Farwig, N. (2014). Correlated loss of ecosystem services in coupled 
mutualistic networks. Nature Communications, 5, e3810. https://doi.
org/10.1038/ncomm s4810

Allen, A. P., Brown, J. H., & Gillooly, J. F. (2002). Global biodiversity, bio-
chemical kinetics, and the energetic-equivalence rule. Science, 297, 
1545–1548. https://doi.org/10.1126/scien ce.1072380

Bascompte, J. (2009). Mutualistic networks. Frontiers in Ecology and the 
Environment, 7, 429–436. https://doi.org/10.1890/080026

Currie, D. J., Mittelbach, G. G., Cornell, H. V., Field, R., Guegan, J.-F., 
Hawkins, B. A., Kaufman, D. M., Kerr, J. T., Oberdorff, T., O'Brien, E., & 
Turner, J. R. G. (2004). Predictions and tests of climate-based hypoth-
eses of broad-scale variation in taxonomic richness. Ecology Letters, 
7, 1121–1134. https://doi.org/10.1111/j.1461-0248.2004.00671.x

Darwin, C. (1859). On the origin of species by means of natural selection, or 
the preservation of favoured races in the struggle for life. John Murray.

Dehling, D. M., Töpfer, T., Schaefer, H. M., Jordano, P., Böhning-Gaese, 
K., & Schleuning, M. (2014). Functional relationships beyond species 
richness patterns : Trait matching in plant – bird mutualisms across 
scales. Global Ecology and Biogeography, 23, 1085–1093.

Dugger, P. J., Blendinger, P. G., Böhning-Gaese, K., Chama, L., Correia, M., 
Dehling, D. M., Emer, C., Farwig, N., Fricke, E. C., Galetti, M., García, 
D., Grass, I., Heleno, R., Jacomassa, F. A. F., Moraes, S., Moran, C., 
Muñoz, M. C., Neuschulz, E. L., Nowak, L., … Schleuning, M. (2019). 
Seed-dispersal networks are more specialized in the Neotropics than 
in the Afrotropics. Global Ecology and Biogeography, 28, 248–261. 
https://doi.org/10.1111/geb.12833

Dunning, J. B. (2007). CRC handbook of avian body masses (2nd ed.). Taylor 
and Francis.

Eck, S., Fiebig, J., Fiedler, W., Heynen, I., Nicolai, B., Töpfer, T., & 
Woog, F. (2011). Vögel vermessen [measuring birds]. Deutsche 
Ornithologen-Gesellschaft.

Evans, K. L., Warren, P. H., & Gaston, K. J. (2005). Species–energy rela-
tionships at the macroecological scale: A review of the mechanisms. 
Biological Reviews, 80, 1–25. https://doi.org/10.1017/S1464 79310 
4006517

Ferger, S. W., Schleuning, M., Hemp, A., Howell, K. H., & Böhning-Gaese, 
K. (2014). Food resources and vegetation structure mediate climatic 
effects on species richness of birds. Global Ecology and Biogeography, 
23, 541–549. https://doi.org/10.1111/geb.12151

Fleming, T. H., Breitwisch, R., & Whitesides, G. H. (1987). Patterns of 
tropical vertebrate frugivore diversity. Annual Review of Ecology, 
Evolution, and Systematics, 18, 91–109. https://doi.org/10.1146/
annur ev.es.18.110187.000515

Francis, A. P., & Currie, D. J. (2003). A globally consistent richness-climate 
relationship for angiosperms. The American Naturalist, 161, 523–536. 
https://doi.org/10.1086/368223

Fries, A., Rollenbeck, R., Göttlicher, D., Nauss, T., Homeier, J., Peters, 
T., & Bendix, J. (2009). Thermal structure of a megadiverse 
Andean mountain ecosystem in southern Ecuador and its region-
alization. Erdkunde, 63, 321–335. https://doi.org/10.3112/erdku 
nde.2009.04.03

Garibaldi, L. A., Bartomeus, I., Bommarco, R., Klein, A. M., Cunningham, 
S. A., Aizen, M. A., & Woyciechowski, M. (2015). Trait matching of 
flower visitors and crops predicts fruit set better than trait diversity. 
Journal of Applied Ecology, 52, 1436–1444.

Gaston, K. J. (2000). Global patterns in biodiversity. Nature, 405, 220–
227. https://doi.org/10.1038/35012228

Gotelli, N. J. (2000). Null model analysis of species co-occurrence pat-
terns. Ecology, 81, 2606–2621. https://doi.org/10.2307/177478

Grace, J. B., Schoolmaster, D. R., Guntenspergen, G. R., Little, A. M., 
Mitchell, B. R., Miller, K. M., & Schweiger, E. W. (2012). Guidelines for 
a graph-theoretic implementation of structural equation modeling. 
Ecosphere, 3, 1–44. https://doi.org/10.1890/ES12-00048.1

Graham, C. H., Parra, J. L., Rahbek, C., & McGuire, J. A. (2009). Phylogenetic 
structure in tropical hummingbird communities. Proceedings of the 
National Academy of Sciences of the United States of America, 106, 
19673–19678. https://doi.org/10.1073/pnas.09016 49106

Guégan, J.-F., Lek, S., & Oberdorff, T. (1998). Energy availability and hab-
itat heterogeneity predict global riverine fish diversity. Nature, 391, 
382–384. https://doi.org/10.1038/34899

Hanz, D. M., Böhning-Gaese, K., Ferger, S. W., Fritz, S. A., Neuschulz, E. 
L., Quitián, M., & Schleuning, M. (2019). Functional and phylogenetic 
diversity of bird assemblages are filtered by different biotic factors 
on tropical mountains. Journal of Biogeography, 46, 291–303.

Hawkins, B. A., Diniz-Filho, J. A., Jaramillo, C. A., & Soeller, S. A. (2007). 
Climate, niche conservatism, and the global bird diversity gradient. 
The American Naturalist, 170, 16–27. https://doi.org/10.1086/519009

Hemp, A. (2005). Climate change-driven forest fires marginalize the 
impact of ice cap wasting on Kilimanjaro. Global Change Biology, 11, 
1013–1023. https://doi.org/10.1111/j.1365-2486.2005.00968.x

Hemp, A. (2006). Continuum or zonation? Altitudinal gradients in the for-
est vegetation of Mt. Kilimanjaro. Plant Ecolgy, 184, 27–42. https://
doi.org/10.1007/s1125 8-005-9049-4

Herrera, C. M. (1984). A study of avian frugivores, bird-dispersed 
plants, and their interaction in Mediterranean scrublands. Ecological 
Monographs, 54, 1–23. https://doi.org/10.2307/1942454

Herrera, C. M. (1985). Determinants of plant-animal coevolution – The 
case of mutualistic dispersal of seeds by vertebrates. Oikos, 44, 132–
141. https://doi.org/10.2307/3544054

Hillebrand, H. (2004). On the generality of the latitudinal diver-
sity gradient. The American Naturalist, 163, 192–211. https://doi.
org/10.1086/381004

https://www.kilimanjaro.biozentrum.uni-wuerzburg.de/Data/Data.aspx
https://www.kilimanjaro.biozentrum.uni-wuerzburg.de/Data/Data.aspx
http://www.tropicalmountainforest.org
https://orcid.org/0000-0002-4085-636X
https://orcid.org/0000-0002-4085-636X
https://doi.org/10.1111/1365-2745.12375
https://doi.org/10.1111/1365-2745.12375
https://doi.org/10.1038/ncomms4810
https://doi.org/10.1038/ncomms4810
https://doi.org/10.1126/science.1072380
https://doi.org/10.1890/080026
https://doi.org/10.1111/j.1461-0248.2004.00671.x
https://doi.org/10.1111/geb.12833
https://doi.org/10.1017/S1464793104006517
https://doi.org/10.1017/S1464793104006517
https://doi.org/10.1111/geb.12151
https://doi.org/10.1146/annurev.es.18.110187.000515
https://doi.org/10.1146/annurev.es.18.110187.000515
https://doi.org/10.1086/368223
https://doi.org/10.3112/erdkunde.2009.04.03
https://doi.org/10.3112/erdkunde.2009.04.03
https://doi.org/10.1038/35012228
https://doi.org/10.2307/177478
https://doi.org/10.1890/ES12-00048.1
https://doi.org/10.1073/pnas.0901649106
https://doi.org/10.1038/34899
https://doi.org/10.1086/519009
https://doi.org/10.1111/j.1365-2486.2005.00968.x
https://doi.org/10.1007/s11258-005-9049-4
https://doi.org/10.1007/s11258-005-9049-4
https://doi.org/10.2307/1942454
https://doi.org/10.2307/3544054
https://doi.org/10.1086/381004
https://doi.org/10.1086/381004


     |  14207VOLLSTÄDT eT aL.

Homeier, J., Werner, F. A., Gradstein, S. R., Breckle, S. W., & Richter, M. 
(2008). Potential vegetation and floristic composition of Andean for-
ests in South Ecuador, with a focus on the RBSF. Ecolological Studies, 
198, 87–100.

Hooper, D., Coughlan, J., & Mullen, M. R. (2008). Structural equation 
modelling: Guidelines for determining model fit. Electronic Journal on 
Business Research Methods, 6, 53–60.

Hu, L., & Bentler, P. M. (1999). Cutoff criteria for fit indexes in covariance 
structure analysis: Conventional criteria versus new alternatives. 
Structural Equation Modeling: A Multidisciplinary Journal, 6, 1–55. 
https://doi.org/10.1080/10705 51990 9540118

Janzen, D. H. (1985). On ecological fitting. Oikos, 45, 308–310. https://
doi.org/10.2307/3565565

Jetz, W., & Fine, P. V. A. (2012). Global gradients in vertebrate diver-
sity predicted by historical area-productivity dynamics and con-
temporary environment. PLOS Biology, 10, e1001292. https://doi.
org/10.1371/journ al.pbio.1001292

Jordano, P. (1987). Patterns of mutualistic interactions in pollination 
and seed dispersal: Connectance, dependence asymmetries, and 
coevolution. The American Naturalist, 129, 657–677. https://doi.
org/10.1086/284665

Karr, J. R., & James, F. C. (1975). Eco-morphological configurations and 
convergent evolution in species and communities. In J. Diamond, & 
M. L. Cody (Eds.), Ecology and evolution of communities (pp. 258–292). 
Harvard University Press.

Kembel, S. W., Cowan, P. D., Helmus, M. R., Cornwell, W. K., Morlon, 
H., Ackerly, D. D., Blomberg, S. P., & Webb, C. O. (2010). Picante: 
R tools for integrating phylogenies and ecology. Bioinformatics, 26, 
1463–1464. https://doi.org/10.1093/bioin forma tics/btq166

Kissling, W. D., Rahbek, C., & Böhning-Gaese, K. (2007). Food plant 
diversity as broad-scale determinant of avian frugivore richness. 
Proceedings of the Royal Society B: Biological Sciences, 274, 799–808. 
https://doi.org/10.1098/rspb.2006.0311

Kissling, W. D., Sekercioglu, C. H., & Jetz, W. (2012). Bird dietary guild 
richness across latitudes, environments and biogeographic re-
gions. Global Ecology and Biogeography, 21, 328–340. https://doi.
org/10.1111/j.1466-8238.2011.00679.x

Klopfer, P. H., & Macarthur, R. H. (1961). On the causes of tropical spe-
cies diversity: Niche overlap. The American Naturalist, 95, 223–226. 
https://doi.org/10.1086/282179

Kreft, H., & Jetz, W. (2007). Global determinants of vascular plant di-
versity. Proceedings of the National Academy of Sciences of the United 
States of America, 104, 5925–5930.

Laliberté, E., & Legendre, P. (2010). A distance-based framework for 
measuring functional diversity from multiple traits. Ecology, 91, 299–
305. https://doi.org/10.1890/08-2244.1

Laliberté, E., Legendre, P., & Shipley, B. (2014). FD: Measuring functional 
diversity from multiple traits, and other tools for functional ecology. R 
package version 1.0-12. Retrieved from http://idg.pl/mirro rs/CRAN/
web/packa ges/FD/FD.pdf

Lewinsohn, T. M., & Roslin, T. (2008). Four ways towards tropical her-
bivore megadiversity. Ecology Letters, 11, 398–416. https://doi.
org/10.1111/j.1461-0248.2008.01155.x

Loiselle, B. A., & Blake, J. G. (1993). Spatial distribution of understory 
fruit-eating birds and fruiting plants in a neotropical lowland wet for-
est. Vegetatio, 107, 177–189.

Macarthur, R. H. (1965). Patterns of species diversity. Biological Reviews, 
40, 510–533. https://doi.org/10.1111/j.1469-185X.1965.tb008 15.x

Machac, A., Janda, M., Dunn, R. R., & Sanders, N. J. (2011). Elevational 
gradients in phylogenetic structure of ant communities reveal the in-
terplay of biotic and abiotic constraints on diversity. Ecography, 34, 
364–371. https://doi.org/10.1111/j.1600-0587.2010.06629.x

McCain, C. M. (2009). Global analysis of bird elevational diver-
sity. Global Ecology and Biogeography, 18, 346–360. https://doi.
org/10.1111/j.1466-8238.2008.00443.x

Mittelbach, G. G., Schemske, D. W., Cornell, H. V., Allen, A. P., Brown, J. 
M., Bush, M. B., Harrison, S. P., Hurlbert, A. H., Knowlton, N., Lessios, 
H. A., McCain, C. M., McCune, A. R., McDade, L. A., McPeek, M. A., 
Near, T. J., Price, T. D., Ricklefs, R. E., Roy, K., Sax, D. F., … Turelli, M. 
(2007). Evolution and the latitudinal diversity gradient: Speciation, 
extinction and biogeography. Ecology Letters, 10, 315–331. https://
doi.org/10.1111/j.1461-0248.2007.01020.x

Moser, G., Hertel, D., & Leuschner, C. (2007). Altitudinal change in a 
LAI and stand leaf biomass in tropical montane forest: A transect 
study in Ecuador and a pan-tropical meta-analysis. Ecosytems, 10, 
924–935.

Mulwa, R. K., Neuschulz, E. L., Böhning-Gaese, K., & Schleuning, M. 
(2012). Seasonal fluctuations of resource abundance and avian feed-
ing guilds across forest-farmland boundaries in tropical Africa. Oikos, 
122, 524–532. https://doi.org/10.1111/j.1600-0706.2012.20640.x

Pavoine, P., Vela, E., Gachet, S., de Bélair, G., & Bonsall, M. B. (2010). 
Linking patterns in phylogeny, traits, abiotic variables and space: A 
novel approach to linking environmental filtering and plant com-
munity assembly. Journal of Ecology, 99, 165–175. https://doi.
org/10.1111/j.1365-2745.2010.01743.x

Peters, M. K., Hemp, A., Appelhans, T., Behler, C., Classen, A., Detsch, 
F., Ensslin, A., Ferger, S. W., Frederiksen, S. B., Gebert, F., Haas, 
M., Helbig-Bonitz, M., Hemp, C., Kindeketa, W. J., Mwangomo, E., 
Ngereza, C., Otte, I., Röder, J., Rutten, G., … Steffan-Dewenter, I. 
(2016). Predictors of elevational biodiversity gradients change from 
single taxa to the multi-taxa community level. Nature Communications, 
7, 13736. https://doi.org/10.1038/ncomm s13736

Pigot, A. L., Trisos, C. H., & Tobias, A. (2016). Functional traits reveal the 
expansion and packing of ecological niche space underlying an ele-
vational diversity gradient in passerine birds. Proceedings of the Royal 
Society B: Biological Sciences, 283, 20152013.

Qian, H., & Ricklefs, R. E. (2007). A latitudinal gradient in large-scale beta 
diversity for vascular plants in North America. Ecology Letters, 10, 
737–744. https://doi.org/10.1111/j.1461-0248.2007.01066.x

Quitián, M., Santillán, V., Bender, I. M. A., Espinosa, C. I., Homeier, J., 
Böhning-Gaese, K., Schleuning, M., & Lena Neuschulz, E. (2018). 
Functional responses of avian frugivores to variation in fruit re-
sources between natural and fragmented forests. Functional Ecology, 
33, 399–410. https://doi.org/10.1111/1365-2435.13255

Quitián, M., Santillán, V., Espinosa, C. I., Homeier, J., Böhning-Gaese, 
K., Schleuning, M., & Neuschulz, E. L. (2017). Elevation-dependent 
effects of forest fragmentation on plant-bird interaction net-
works in the tropical Andes. Ecography, 41, 1497–1506. https://doi.
org/10.1111/ecog.03247

Quitián, M., Santillán, V., Espinosa, C. I., Homeier, J., Böhning-Gaese, K., 
Schleuning, M., & Neuschulz, E. L. (2019). Direct and indirect effects 
of plant and frugivore diversity on structural and functional compo-
nents of fruit removal by birds. Oecologia, 189, 435–445. https://doi.
org/10.1007/s0044 2-018-4324-y

R Core Team (2012). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Rahbek, C. (1995). The elevational gradient of species rich-
ness: A uniform pattern? Ecography, 18, 200–205. https://doi.
org/10.1111/j.1600-0587.1995.tb003 41.x

Ridgely, R. S., & Greenfield, P. J. (2001). The birds of Ecuador (Vol. II, 1st 
ed.). Cornell University Press.

Rollenbeck, R. (2006). Variability of precipitation in the Reserva Biólogica 
San Francisco/southern Ecuador. Lyonia, 9, 43–51.

Rollenbeck, R., & Bendix, J. (2011). Rainfall distribution in the Andes of 
southern Ecuador derived from blending weather radar data and 
meteorological field observations. Atmosperic Research, 99, 277–289. 
https://doi.org/10.1016/j.atmos res.2010.10.018

Rosenzweig, M. L. (1992). Species diversity gradients: We know more 
and less than we thought. Journal of Mammalogy, 73, 715–730. 
https://doi.org/10.2307/1382191

https://doi.org/10.1080/10705519909540118
https://doi.org/10.2307/3565565
https://doi.org/10.2307/3565565
https://doi.org/10.1371/journal.pbio.1001292
https://doi.org/10.1371/journal.pbio.1001292
https://doi.org/10.1086/284665
https://doi.org/10.1086/284665
https://doi.org/10.1093/bioinformatics/btq166
https://doi.org/10.1098/rspb.2006.0311
https://doi.org/10.1111/j.1466-8238.2011.00679.x
https://doi.org/10.1111/j.1466-8238.2011.00679.x
https://doi.org/10.1086/282179
https://doi.org/10.1890/08-2244.1
http://idg.pl/mirrors/CRAN/web/packages/FD/FD.pdf
http://idg.pl/mirrors/CRAN/web/packages/FD/FD.pdf
https://doi.org/10.1111/j.1461-0248.2008.01155.x
https://doi.org/10.1111/j.1461-0248.2008.01155.x
https://doi.org/10.1111/j.1469-185X.1965.tb00815.x
https://doi.org/10.1111/j.1600-0587.2010.06629.x
https://doi.org/10.1111/j.1466-8238.2008.00443.x
https://doi.org/10.1111/j.1466-8238.2008.00443.x
https://doi.org/10.1111/j.1461-0248.2007.01020.x
https://doi.org/10.1111/j.1461-0248.2007.01020.x
https://doi.org/10.1111/j.1600-0706.2012.20640.x
https://doi.org/10.1111/j.1365-2745.2010.01743.x
https://doi.org/10.1111/j.1365-2745.2010.01743.x
https://doi.org/10.1038/ncomms13736
https://doi.org/10.1111/j.1461-0248.2007.01066.x
https://doi.org/10.1111/1365-2435.13255
https://doi.org/10.1111/ecog.03247
https://doi.org/10.1111/ecog.03247
https://doi.org/10.1007/s00442-018-4324-y
https://doi.org/10.1007/s00442-018-4324-y
https://doi.org/10.1111/j.1600-0587.1995.tb00341.x
https://doi.org/10.1111/j.1600-0587.1995.tb00341.x
https://doi.org/10.1016/j.atmosres.2010.10.018
https://doi.org/10.2307/1382191


14208  |     VOLLSTÄDT eT aL.

Rosseel, Y. (2012). lavaan: An R package for structural equation model-
ing. Journal of Statistical Software, 48, 1–36.

Roy, K., Jablonski, D., Valentine, J. W., & Rosenberg, G. (1998). Marine lat-
itudinal diversity gradients: Tests of causal hypotheses. Proceedings 
of the National Academy of Sciences of the United States of America, 95, 
3699–3702. https://doi.org/10.1073/pnas.95.7.3699

Sanders, N. J., & Rahbek, C. (2012). The patterns and causes of el-
evational diversity gradients. Ecography, 35, 1–3. https://doi.
org/10.1111/j.1600-0587.2011.07338.x

Sandom, C., Dalby, L., Fløjgaard, C., Kissling, W. D., Lenoir, J., Sandel, B., 
Trøjelsgaard, K., Ejrnæs, R., & Svenning, J.-C. (2013). Mammal pred-
ator and prey species richness are strongly linked at macroscales. 
Ecology, 94, 1112–1122. https://doi.org/10.1890/12-1342.1

Santillán, V., Quitián, M., Tinoco, B. A., Zárate, E., Schleuning, M., 
Böhning-Gaese, K., & Neuschulz, E. L. (2018). Spatio-temporal vari-
ation in bird assemblages is associated with fluctuations in tempera-
ture and precipitation along a tropical elevational gradient. PLoS One, 
13, 1–15. https://doi.org/10.1371/journ al.pone.0196179

Scherber, C., Eisenhauer, N., Weisser, W. W., Schmid, B., Voigt, W., 
Fischer, M., Schulze, E.-D., Roscher, C., Weigelt, A., Allan, E., 
Beßler, H., Bonkowski, M., Buchmann, N., Buscot, F., Clement, L. 
W., Ebeling, A., Engels, C., Halle, S., Kertscher, I., … Tscharntke, T. 
(2010). Bottom-up effects of plant diversity on multitrophic interac-
tions in a biodiversity experiment. Nature, 468, 553–556. https://doi.
org/10.1038/natur e09492

Shipley, B. (2013). The AIC model selection method applied to path analyt-
ical models compared using a d-separation test. Ecology, 94, 560–564.

Sonne, J., Martín González, A. M., Maruyama, P. K., Sandel, B., Vizentin-
Bugoni, J., Schleuning, M., Abrahamczyk, S., Alarcón, R., Araujo, A. C., 
Araújo, F. P., de Azevedo, S. M., Baquero, A. C., Cotton, P. A., Ingversen, 
T. T., Kohle, G., … Dalsgaard, B. (2016). High proportion of smaller ranged 
hummingbird species coincides with ecological specialization across the 
Americas. Proceedings of the Royal Society B: Biological Sciences, 283, 
20152512.

Villéger, S., Mason, N. W. H., & Mouillot, D. (2008). New multidimensional 
functional diversity indices for a multifaceted framework in functional 
ecology. Ecology, 89, 2290–2301. https://doi.org/10.1890/07-1206.1

Vollstädt, M. G. R., Ferger, S. W., Hemp, A., Howell, K. M., Böhning-
Gaese, K., & Schleuning, M. (2018). Seed-dispersal networks respond 
differently to resource effects in open and forest habitats. Oikos, 
127, 847–854. https://doi.org/10.1111/oik.04703

Vollstädt, M. G. R., Ferger, S. W., Hemp, A., Howell, K. M., Töpfer, T., 
Böhning-Gaese, K., & Schleuning, M. (2017). Direct and indirect 
effects of climate, human disturbance and plant traits on avian 
functional diversity. Global Ecology and Biogeography, 26, 963–972. 
https://doi.org/10.1111/geb.12606

Von Humboldt, A. (1808). Ansichten Der Natur, Mit Wissenschaftlichen 
Erläuterungen (1st ed.). J. G. Cotta.

Webb, C. O. (2000). Exploring the phylogenetic structure of ecolog-
ical communities: An example for rain forest trees. The American 
Naturalist, 156, 145–155. https://doi.org/10.1086/303378

Wheelwright, N. (1985). Fruit-size, gape width, and the diets of fruit-eat-
ing birds. Ecology, 66, 808–818. https://doi.org/10.2307/1940542

Wiens, J. J., & Donoghue, M. J. (2004). Historical biogeography, ecol-
ogy and species richness. Trends in Ecology & Evolution, 19, 639–644. 
https://doi.org/10.1016/j.tree.2004.09.011

Wright, D. H. (1983). Species-Energy Theory: An Extension of Species-
Area Theory. Oikos, 41, 496–506.

Zimmerman, D. A., Pearson, D. J., & Turner, D. A. (1999). Birds of Kenya 
and northern Tanzania. Christopher Helm.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Vollstädt MGR, Albrecht J, Böhning-
Gaese K, et al. Direct and plant-mediated effects of climate on 
bird diversity in tropical mountains. Ecol Evol. 2020;10:14196–
14208. https://doi.org/10.1002/ece3.7014

https://doi.org/10.1073/pnas.95.7.3699
https://doi.org/10.1111/j.1600-0587.2011.07338.x
https://doi.org/10.1111/j.1600-0587.2011.07338.x
https://doi.org/10.1890/12-1342.1
https://doi.org/10.1371/journal.pone.0196179
https://doi.org/10.1038/nature09492
https://doi.org/10.1038/nature09492
https://doi.org/10.1890/07-1206.1
https://doi.org/10.1111/oik.04703
https://doi.org/10.1111/geb.12606
https://doi.org/10.1086/303378
https://doi.org/10.2307/1940542
https://doi.org/10.1016/j.tree.2004.09.011
https://doi.org/10.1002/ece3.7004

