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Summary 
Global biodiversity is changing rapidly and contemporary climate change is an 

important driver of this change. As climate change continues, the challenge is to 

understand how it may affect the future of biodiversity. This is relevant to informing 

policy and conservation, but it requires reliable future projections of biodiversity. 

Biodiversity is the variety of life on Earth which includes the diversity of species. The 

species on Earth are linked in diverse networks of biotic interactions. Interacting 

species can respond differently to climate change. This can cause spatial or temporal 

mismatches between interacting species and result in secondary extinctions of species 

that lose obligate interaction partners. Yet, accounting for biotic interactions in 

biodiversity projections remains challenging. One way to address this challenge is the 

use of trait-based approaches because the impact of climate change on interacting 

species is influenced by species’ functional traits, i.e., measurable characteristics of 

the species that influence their abiotic and biotic interactions. First, species’ functional 

traits influence how species respond to climate change. Second, they influence 

whether the species find compatible interaction partners in reshuffled species 

assemblages under climate change. Thus, the overarching aim of this dissertation was 

to explore how trait-based approaches can increase our understanding of how climate 

change might affect interacting species. For this, I focussed on interactions between 

fleshy-fruited plants and avian frugivores along a tropical elevational gradient. 

I investigated three principal research questions. First, I investigated how traits 

related to the sensitivity of avian frugivores to climate change and their adaptive 

capacity vary along elevation and covary across species. I combined estimates of 

species’ climatic niche breadth (approximating species’ sensitivity) with traits 

influencing species’ dispersal ability, dietary niche breadth and habitat niche breadth 

(aspects of species’ adaptive capacity). Species’ climatic niche breadth increased with 

increasing elevation, while their dispersal ability and dietary niche breadth decreased 

with increasing elevation. Across species, there was no significant relationship of the 

sensitivity of the avian frugivores to climate change and their adaptive capacity. The 

opposing patterns of species’ sensitivity to climate change and their adaptive capacity 

along elevation imply that species from assemblages at different elevations may 

respond differently to climate change. The independence between species’ sensitivity 

and adaptive capacity suggests that it is important to account for both sensitivity and 

adaptive capacity to fully understand how climate change might affect biodiversity. 
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Second, I assessed how climate change might influence the co-occurrence of 

interaction partners with compatible traits, i.e., the functional correspondence of 

interacting species. I integrated future projections of species’ elevational ranges 

considering different vertical dispersal scenarios with analyses of the functional 

diversity of interacting species assemblages. The functional correspondence of fleshy-

fruited plants and avian frugivores was lowest if plant and bird species were projected 

to contract their ranges towards higher elevations in response to increasing 

temperatures. Contrastingly, if species were projected to expand their ranges upslope, 

the functional correspondence remained close. The low functional correspondence 

under a scenario of range contraction indicates that plant species with specific traits 

might miss compatible interaction partners in future assemblages. This could 

negatively affect their seed dispersal ability. These results suggest that ensuring the 

integrity of biotic interactions under climate change requires that species can shift their 

ranges upslope unlimitedly. 

Third, I examined whether avian seed dispersal is sufficient for plants to track 

future temperature change along the elevational gradient. With a trait-based modelling 

approach, I simulated seed-dispersal distances avian frugivores can provide to fleshy-

fruited woody plant species and quantified the number of long-distance dispersal 

events the plant species would require to fully track projected temperature shifts along 

elevation. Most plant species were projected to require several long-distance dispersal 

events to fully track the projected temperature shifts in time. However, the number of 

required long-distance dispersal events varied with the degree of trait matching and 

plant species’ traits. These findings suggest that avian seed dispersal is insufficient for 

plants to track future temperature change along the elevational gradient as woody plant 

species might not be able to undergo several consecutive long-distance dispersal 

events within a short time window, due to their long maturation times. These results 

also imply that the ability of bird-dispersed plant species to track climate change is 

associated with the specialization of the seed dispersal system and with plant species’ 

traits. 

Trait-based approaches are promising tools to study impacts of climate change 

on interacting species. The trait-based approaches that I have developed in this thesis 

are applicable more widely, e.g., to other types of biotic interactions, or to assess the 

effects of other drivers of global change. Moreover, these approaches may be further 

developed to model changes in biotic interactions under global change more 
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dynamically. Taken together, I have shown how a trait-based perspective could help 

to account for biotic interactions in biodiversity projections. The development of such 

approaches and the gained knowledge are urgently needed to facilitate the 

conservation of biodiversity in a rapidly changing world. 

  



 

4 
 

1. Introduction 
1.1. Biodiversity under contemporary climate change 
Biodiversity, i.e., the diversity of life on Earth, is crucial for the functioning of 

ecosystems and the potential of nature to contributing to people (Díaz et al. 2019). 

Nevertheless, global biodiversity is changing rapidly. Among the main drivers of this 

change are land-use and sea-use change, pollution, overexploitation, invasive species 

and contemporary climate change (Díaz et al. 2019). The global climate is changing 

fast. Since the preindustrial time (1850-1900), the average global surface temperature 

has increased by approximately one degree Celsius (IPCC 2014, 2018). This is linked 

to anthropogenic greenhouse gas emissions and is projected to continue if greenhouse 

gas concentrations in the atmosphere rise further (IPCC 2014, 2018).  

Among the prevalent biotic responses to climate change is spatial redistribution 

of species (Pecl et al. 2017). Globally, species are shifting their geographic ranges to 

higher latitudes and higher elevations to track shifts in their suitable climate (Chen et 

al. 2011; Lenoir et al. 2020). Individual species can thereby differ greatly in the 

magnitude and pace of these range shifts (Moritz et al. 2008; Chen et al. 2011). This 

spatial redistribution of life on Earth can reshuffle the composition of species 

assemblages and alter local to global-scale biodiversity patterns (Pecl et al. 2017). 

Another well-documented biotic response to climate change is phenological change, 

i.e., shifts in the timing of recurrent events in a species' life cycle (Parmesan & Yohe 

2003; Kharouba et al. 2018). The impacts of climate change on biodiversity are 

projected to continue (Urban 2015; Trisos et al. 2020). If climate change advances 

unmitigated, many species globally will experience climate conditions beyond those 

they have previously encountered (Mahony et al. 2017; Trisos et al. 2020). The 

challenge is to understand how that might affect the future of biodiversity.  

Future projections of global biodiversity can provide valuable information in this 

respect. For example, future projections of biodiversity enable assessing the potential 

consequences of different scenarios of future climate change, such as limiting global 

warming to 1.5 °C or failing to do so (IPCC 2018; Warren et al. 2018). Such knowledge 

may inform policy decisions and help to underpin the urgency of climate-change 

mitigation (IPCC 2018). Furthermore, knowledge of possible future trajectories of 

biodiversity can inform biodiversity conservation. For example, based on future 

projections of biodiversity, it is possible to determine the extent of protected areas 

required for preventing biodiversity loss (Hannah et al. 2020) or to evaluate the 
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efficiency of networks of protected areas in the face of global change (Bagchi et al. 

2013; Gillingham et al. 2015). However, informing policy and conserving biodiversity 

requires reliable future projections of biodiversity (Urban et al. 2016). 

 

1.2. The relevance of biotic interactions 
We can only fully understand how climate change may affect biodiversity if we consider 

biotic interactions (Zarnetske et al. 2012). Species are entangled in diverse networks 

of biotic interactions. In antagonistic interactions, one partner benefits while the other 

is negatively affected, such as in plant-herbivore or predator-prey interactions (Abrams 

2000; Stam et al. 2014). On the other hand, in mutualistic interactions, all involved 

interaction partners benefit, such as in plant-pollinator or plant-frugivore interactions 

(Bawa 1990; Jordano et al. 2011). Importantly, species that are linked to each other by 

biotic interactions might respond differently to climate change. Species can differ in 

their climatic niches, with relative increases of warm-adapted compared to cold-

adapted species under rising temperatures (Bowler et al. 2017). Furthermore, species 

can differ in their ability to track shifts in their suitable climate, due to differences in 

their dispersal ability or life history (Chen et al. 2011; Lenoir & Svenning 2015; Sunday 

et al. 2015; Lenoir et al. 2020). Short-lived species, for instance, seem to better track 

contemporary climate change than long-lived species (Lenoir et al. 2020). Species 

might as well differ in their ability to evolve wider tolerances or respond to climate 

change through phenotypic plasticity or behavioural changes (Dawson et al. 2011). 

Such differences can cause temporal or spatial mismatches in the abundance or the 

occurrence of interacting species (Schweiger et al. 2008; Kharouba et al. 2018; 

Schleuning et al. 2020). Well-known examples are changes in the phenological 

synchrony of interacting species, such as in the timing of the growing season of plants 

and the migration of herbivorous animals (Post & Forchhammer 2008), or, between 

peak insect abundance and avian egg-laying time (Renner & Zohner 2018). Similarly, 

spatial mismatches have been predicted for plant-herbivore and plant-pollinator 

interactions under future climate change (Schweiger et al. 2008; Sales et al. 2021b).  

Temporal or spatial mismatches can have negative consequences for interacting 

species. Mismatches between interacting plant and herbivore species, for example, 

can cause a reduction in the reproductive success of the herbivore (Post & 

Forchhammer 2008). The loss of an obligate interaction partner can cause secondary 

extinction of a species, unless the species can establish novel interactions (Colwell et 
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al. 2012; Brodie et al. 2014). This might even trigger climate-induced extinction 

cascades across several trophic levels (Brodie et al. 2014; Schleuning et al. 2016). 

Therefore, considering biotic interactions is crucial to project the future of biodiversity.  

 

1.3. Estimating climate-change impacts on biodiversity 
Impacts of future climate change on biodiversity are often estimated with a focus on 

species’ sensitivity to climate change (e.g., Thuiller et al. 2005, 2011; Bender et al. 

2019). A species’ sensitivity to climate change is the degree to which a species is 

affected by climate change (IPCC 2007; Foden et al. 2018), which is related to the 

species’ climatic niche, i.e., climate conditions in which the species can maintain stable 

populations and evolutionary fitness (IPCC 2007; Algar & Tarr 2018; Foden et al. 

2018). A common approach is to model species’ climatic niches from their current 

occurrences and associated climate variables (Guisan & Thuiller 2005). Species’ 

potential future distributions can then be predicted from their modelled climatic niche 

and their projected exposure to future climate change (Thuiller et al. 2005; Elith & 

Leathwick 2009).  

Another way of estimating potential impacts of future climate change on species 

are trait-based assessments of species’ vulnerability to climate change (Foden et al. 

2013, 2018). These assessments evaluate both species’ sensitivity to climate change 

and different aspects of the species’ adaptive capacity to identify species that are most 

vulnerable to future climate change and areas where many such species occur (Foden 

et al. 2013; Pacifici et al. 2015). A species’ adaptive capacity is defined as the species’ 

ability to adjust to climate change, respond to its consequences and moderate potential 

damage (IPCC 2007, 2014; Thurman et al. 2020). It is determined by several ecological 

and evolutionary attributes including the species’ ability to shift its range and utilize a 

wide range of resources (Dawson et al. 2011; Foden et al. 2018). 

These approaches to quantify climate-change impacts on biodiversity provide 

valuable information, but they also have shortcomings. First, studies that focus on 

species’ climatic niches often do not consider aspects of species’ adaptive capacity 

(Araújo & Guisan 2006; Khaliq et al. 2014; Nunez et al. 2019). However, since it 

remains untested whether species’ sensitivity and adaptive capacity covary, solely 

focussing on species' sensitivity might overestimate or underestimate the impact of 

future climate change on biodiversity. Second, while trait-based vulnerability 

assessments account for aspects of species’ adaptive capacity, they do not integrate 
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this information into biodiversity projections (Foden et al. 2013; Pacifici et al. 2015). 

Thus, to improve our understanding of the potential impacts of future climate change 

on biodiversity, we need to find new ways to account for aspects of species’ adaptive 

capacity as well as biotic interactions in biodiversity projections.  

 

1.4. The role of species traits 
The impact of climate change on interacting species is influenced by species’ functional 

traits. Functional traits are measurable characteristics of a species that influence the 

species' abiotic and biotic interactions (Violle et al. 2007; Schleuning et al. 2020). First, 

species’ sensitivity to climate change and their adaptive capacity are related to 

functional response traits that influence how species respond to environmental change 

(Hooper et al. 2005; Luck et al. 2012). Functional response traits that influence species’ 

sensitivity to climate change include traits that define species’ climatic niche, such as 

physiological traits related to species’ thermal tolerance (Khaliq et al. 2014; Foden et 

al. 2018). Essential to species’ adaptive capacity are functional response traits related 

to species’ dispersal ability as they determine the species’ capacity for geographic 

range shifts under climate change (Foden et al. 2018). For example, the dispersal 

ability of bird species is related to their wing shape (Dawideit et al. 2009; Santini et al. 

2019; Sheard et al. 2020), while the dispersal ability of plant species varies with plant 

height and seed size (Chen et al. 2019). Equally important for species’ adaptive 

capacity are functional response traits that relate to species’ ecological niche breadth 

because they influence the species’ ability to adjust to changes in resource availability 

(Slatyer et al. 2013). Assessing functional response traits and related species’ 

attributes has the potential to increase our understanding of how species might 

respond to future climate change.  

Second, functional matching traits influence whether species find matching 

interaction partners in reshuffled species assemblages under climate change. Trait 

matching between species is an important mechanism influencing biotic interactions 

(Garibaldi et al. 2015; Bender et al. 2018). Trait matching describes the compatibility 

of the traits of two species and influences the likelihood of their interaction (Schleuning 

et al. 2020). A prominent example is the size matching between the flower and the 

proboscis or the bill in plant-pollinator interactions (Stang et al. 2009; Maglianesi et al. 

2014; Weinstein & Graham 2017). Similarly, the fruit size and the bill size in plant-

frugivore interactions are generally closely related (Burns 2013; Dehling et al. 2014b; 
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Bender et al. 2018). Functional diversity allows to scale the functional-trait approach to 

the assemblage level and captures the value, range and relative abundance of such 

functional matching traits in a species assemblage (Tilman 2001; Díaz et al. 2007). 

The functional diversity often corresponds between assemblages of interacting species 

indicating that species with matching traits co-occur (Dehling et al. 2014b; Vollstädt et 

al. 2017). For example, the functional diversity of fleshy-fruited plant and avian 

frugivore assemblages are closely associated along elevational gradients in the 

Neotropics as well as in the Afrotropics (Dehling et al. 2014b; Vollstädt et al. 2017). 

Future climate change might reshuffle assemblages of interacting species, which could 

disrupt their functional correspondence (Lindström et al. 2013; Mokany et al. 2015; 

Pecl et al. 2017). Based on species’ matching traits it might be possible to identify 

ecological systems prone to such functional disruption between interacting species 

under climate change. Given the promising opportunities offered by a trait-based 

perspective, the overarching aim of this dissertation is to explore how trait-based 

approaches can improve understanding of the effects of climate change on interacting 

species. 

 

1.5. Avian seed dispersal 
In this dissertation, I focus on the impact of climate change on interacting fleshy-fruited 

plant and avian frugivore species. Plant-frugivore interactions are globally wide-spread 

(Kissling et al. 2009; Jordano 2014). Especially, in the tropics, about 90% of the woody 

plant species produce fleshy-fruits for animal seed dispersal, and many avian 

frugivores highly depend on fruits as part of their diet (Kissling et al. 2009; Jordano 

2014). The interactions between fleshy-fruited plants and avian frugivores are mutually 

beneficial (Herrera 2002). On the one hand, the frugivores receive valuable nutrients 

from the fruits (Moermond & Denslow 1985; Quintero et al. 2020). On the other hand, 

the frugivores ingest the seeds and transport them away from the mother plant, thus 

contributing to the important ecosystem function of seed dispersal (Wang & Smith 

2002). Seed dispersal influences crucial plant processes, such as prevention from 

sibling competition, avoidance of natural enemies and gene flow between populations 

(Howe & Smallwood 1982). Importantly, seed dispersal enables plants to colonize new 

habitats and to track shifts in their suitable climate during climate change (Howe & 

Smallwood 1982). For plant species under climate change, long-distance dispersal is 

particularly relevant as it determines the farthest distance a seed can be dispersed in 
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a seed-dispersal event (Cain et al. 2000; Nathan et al. 2008). However, the plant 

species' longevity can slow down their dispersal ability (Corlett & Westcott 2013), as 

there is a time lag between two consecutive dispersal events in which the plant needs 

to establish at the new location, mature and produce fruits before it can be dispersed 

a step further (Wang & Smith 2002). Long-lived woody plant species, for example, 

usually take several decades to mature (Salguero-Gómez et al. 2015).  

Both plant-frugivore interactions and seed-dispersal distances are influenced by 

species’ morphological traits. First, trait matching, such as between the fruit width and 

the bill width, influences which bird species feed on which plant species (Dehling et al. 

2014b; Bender et al. 2018). Interestingly, the degree of trait matching, i.e., how close 

the plant and the frugivore traits need to match to make an interaction likely, varies 

between seed dispersal systems (Bender et al. 2018). This may be due to a certain 

flexibility of the frugivores to switch between fruit resources (Bender et al. 2017). 

Second, seed-dispersal dispersal distances are influenced by the body mass of the 

avian disperser, because large-bodied frugivores tend to transport seeds over greater 

distances than small-bodied frugivores (Jordano et al. 2007; Wotton & Kelly 2012). 

Since avian seed dispersal systems are ecologically highly relevant and influenced by 

species’ traits, it is an excellent study system to assess potential impacts of future 

climate change on interacting plant and bird species with trait-based approaches.  

 

1.6. Tropical elevational gradients 
I study the impacts of climate change on interacting fleshy-fruited plants and avian 

frugivores along an elevational gradient in the Neotropics. Tropical elevational 

gradients, especially in the Neotropics, are among the most biodiverse regions in the 

world and host a high diversity of avian frugivores and fleshy-fruited plants (Myers et 

al. 2000; Jansson & Davies 2008; Kissling et al. 2009). Elevational gradients are 

valuable study systems because they display high climate and habitat turnover over 

relatively small spatial extents (Körner 2000; Sanders & Rahbek 2012). Specifically, 

due to their steep decrease in the average temperature with increasing elevation 

(Mokhov & Akperov 2006), elevational gradients enable plants to track vertical 

temperature shifts under climate change (Colwell et al. 2008).  

Elevational range shifts of species under climate change might alter elevational 

biodiversity patterns. At low elevations, biodiversity might decline if the number of 

species emigrating or going extinct from low elevations exceeds the number of species 
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that are warm-adapted and persist (i.e., lowland biotic attrition Colwell et al. 2008; 

Bender et al. 2019). At mid-elevations, there might be an elevated species turnover as 

lowland species immigrate and mid-elevation species shift their ranges upslope 

(Corlett 2011). At high elevations, biodiversity might accumulate due to immigrating 

species from lower elevations (Steinbauer et al. 2018). However, the extinction risk of 

high-elevation species might increase, if their suitable climate contracts towards the 

mountain top (Freeman et al. 2018b). In the tropics, the consequences of elevational 

range shifts might be particularly pronounced, as latitudinal temperature gradients are 

shallow and elevational range shifts are therefore more likely (Colwell et al. 2008). 

Tropical elevational gradients are thus an ideal system for studying impacts of climate 

change on interacting species.  

 

2. Dissertation structure and research questions 
In my dissertation, I investigated how future climate change might affect interacting 

species. I was particularly interested in exploring how trait-based approaches can 

increase understanding of the potential impacts of future climate change on interacting 

fleshy-fruited plant and avian frugivore species. I developed three main research 

questions (Figure 1). The first question (Q1) addresses the ability of avian frugivores 

to respond to climate change. The second question (Q2) explores potential disruptions 

of plant-frugivore interactions under climate change. Finally, the third question (Q3) 

examines the ability of fleshy-fruited plants to respond to climate change through long-

distance dispersal mediated by plant-frugivore interactions. To address these 

questions, I developed new concepts and combined trait-based approaches with 

estimates of species’ climatic niches and future projections of species’ elevational 

ranges. I structured my dissertation into three research articles, of which one is 

published (Nowak et al. 2019; appendix A2) and two are submitted (appendices A1, 

A3).  
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Figure 1: Schematic representation of the dissertation structure. I developed three 
main research questions to study potential impacts of climate change on interacting 
plant and bird species with trait-based approaches. Q1: How do species’ sensitivity to 
climate change and their adaptive capacity vary along elevation and covary across 
avian frugivore species? Q2: How will future climate change affect the functional 
correspondence of interacting plants and birds? Q3: Is avian seed dispersal sufficient 
for plants to track future temperature change along elevation?  

Explanations: Narrowing bars along elevation in Q1 indicate expected variation 
of species’ sensitivity to climate change and their adaptive capacity along elevation. 
Triangles and dots in Q2 represent hypothetical plant and bird species projected into 
a trait space, here exemplified for two dimensions. Polygons spanning the species in 
the trait space illustrate the functional diversity of the plant and the bird assemblage. 
Similar values of the functional diversity of plant and bird assemblages denote a high 
functional correspondence. Shown in Q3 are the projected vertical temperature shift, 
i.e., the projected upslope shift of a species’ realized temperature niche, and the 
horizontal dispersal distance required to track the projected vertical temperature shift 
given the slope of the elevational gradient. To assess the plant species’ climate-
tracking ability, I simulated plant-frugivore interactions and the plant species’ long-
distance dispersal (LDD) ability based on species’ traits. 
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2.1 How do species’ sensitivity to climate change and their adaptive capacity 
covary? (Q1) 
Species’ potential responses to future climate change are often estimated with a focus 

on species’ sensitivity to climate change (e.g., Thuiller et al. 2005, 2011; Bender et al. 

2019). However, it is not yet clear whether the sensitivity of species to climate change 

is positively related to their adaptive capacity and consequently, whether the response 

of species to climate change can be estimated from studying exclusively species’ 

sensitivity. To assess, how response traits and attributes related to the sensitivity of 

avian frugivore species to climate change and their adaptive capacity covary, I 

combined estimates of species’ realized climatic niche breadth (approximating species’ 

sensitivity to climate change) with response traits reflecting species’ dispersal ability, 

dietary niche breadth and habitat niche breadth (i.e., aspects of species’ adaptive 

capacity; Nowak et al. submitted, appendix A1). I hypothesized that (a) species’ 

climatic niche breadth in frugivore assemblages increases with increasing elevation 

because increasing diurnal temperature variability at higher elevations should favour 

species with broad climatic niches (Ghalambor et al. 2006). In contrast, I expected that 

species’ dispersal ability as well as their dietary and habitat niche breadth decrease 

with increasing elevation as the trait diversity of avian frugivores might be filtered by 

the environment at high elevations (Dehling et al. 2014b, a). Across species (b), I 

expected species’ sensitivity to climate change and their adaptive capacity to be 

negatively related, because the sensitivity and the adaptive capacity of species that 

have survived climate change in the past could offset each other. This hypothesis is 

not clearly supported a priori. 

 

2.2 How will future climate change affect the functional correspondence of 
interacting species? (Q2) 
Climate change might lead to changes in the functional trait composition of the species 

assemblages (Pecl et al. 2017; Bender et al. 2019) and ultimately to a disruption of the 

functional correspondence between assemblages of interacting species. To assess 

how future climate change might affect the functional correspondence of fleshy-fruited 

plant and avian frugivore assemblages, I applied a new combination of future 

projections of species’ elevational ranges with analyses of functional diversity (Nowak 

et al. 2019; appendix A2). I hypothesized that projected changes in the functional 

diversity of the avian frugivore assemblages might be particularly pronounced at mid-
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elevations because species turnover between current bird assemblages is high at mid-

elevations (Jankowski et al. 2013b; Dehling et al. 2014a). I expected this to lead to a 

decoupling of the functional diversity of the projected fleshy-fruited plant and avian 

frugivore assemblages at mid-elevations. 

 

2.3 Is avian seed dispersal sufficient for plants to track future temperature 
change along elevation? (Q3) 
Recent range shifts of terrestrial plant species are reported to trail behind observed 

temperature shifts (Feeley et al. 2011b; Alexander et al. 2018; Lenoir et al. 2020), but 

quantitative estimates of plant species’ climate-tracking ability are rare (but see Naoe 

et al. 2016; González-Varo et al. 2017). With a novel integration of two recently 

developed trait-based models, I simulated seed-dispersal distances avian frugivores 

can provide to fleshy-fruited plant species and quantified the number of long-distance 

dispersal events the plant species would require to fully track projected temperature 

shifts along elevation (Nowak et al. submitted, appendix A3). I hypothesized that (a) 

plant species require less long-distance dispersal events if the degree of trait matching 

is low as dispersal distances of bird-dispersed plants are larger in seed-dispersal 

systems with a low degree of trait matching (Sorensen et al. 2020). Furthermore, I 

hypothesized (b) that large-fruited plant species require fewer long-distance dispersal 

events than small-fruited plant species since large-fruited plant species interact 

preferably with large-billed, large-sized frugivores which provide long dispersal 

distances (Jordano et al. 2007; Wotton & Kelly 2012; Burns 2013; Bender et al. 2018). 

The same may apply to canopy plants if plant height and fruit size are positively related 

(Shanahan & Compton 2001; Thomson et al. 2011).  

 

3. Study system 
I studied impacts of climate change on interacting fleshy-fruited plant and avian 

frugivore species co-occurring along an elevational gradient in the Manú biosphere 

reserve located in the tropical Andes of southeast Peru (‘Manú gradient’ hereafter; 

Figure 2). The Manú gradient ranges from approximately 250 to 3750 m a.s.l.. The 

mean annual temperature along the Manú gradient decreases from about 24°C in the 

lowlands to about 7 °C at the treeline (Girardin et al. 2010, 2013; Rapp & Silman 2012). 

The mean annual precipitation is generally high, varying between 1500 - 4800 mm 

(mean = 2709 mm; Girardin et al. 2010, 2013; Rapp & Silman 2012). The Manú 
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gradient is entirely covered in rainforest. Four main forest types can be distinguished 

(Patterson et al. 1998): Lowland rainforest (≤ 500 m a.s.l.) is characterized by canopy 

trees up to 50 m high; Montane rainforest (about 500-1500 m a.s.l.) lacks such tall 

trees and has denser understory vegetation; Cloud forest (about 1500-2500 m a.s.l.) 

is intermittently covered in slowly rising clouds and is characterized by a high number 

of epiphytes and bryophyte layers on tree branches; Elfin forest (> 2500 m a.s.l.) 

comprises of compact, densely-branched trees and shrubs; At the treeline (about 3500 

m a.s.l.), elfin forest gives way to Puna grassland (Patterson et al. 1998; Dehling et al. 

2014b). The tropical Andes are one of the most biodiverse regions globally (Myers et 

al. 2000). The Manú biosphere reserve hosts about 1000 bird species (Walker et al. 

2006). Similarly, it is a hotspot for plant diversity hosting alone several hundred tree 

species (Feeley et al. 2011b; Jankowski et al. 2013b).  

 

 
Figure 2: The Manú gradient is located in the Manú biosphere reserve in the Tropical 
Andes of southeast Peru. Shown are (A) elfin forest and patches of Puna grassland, 
(B) cloud forest, (C) lowland rainforest and (D) an avian frugivore (Tangara 
xanthocephala) feeding on a Miconia fruit (Melastomatacae). Authors of the pictures: 
(A-C) Larissa Nowak, (D) D. Matthias Dehling. Map adapted from Google Earth. 
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4. Data and methodological approaches 
4.1. Elevational ranges of plants and birds 
I compiled elevational range data of 392 fleshy-fruited plant species and 245 avian 

frugivore species along the Manú gradient from literature. Fleshy-fruited plant species 

occurring along the Manú gradient were sampled and identified by Dehling et al. 

(2014b). Elevational distributions of these plant species in Peru were obtained from 

Brako and Zarucchi (1993) and supplemented with data from Tropicos (2017). 

Information on the elevational distributions of the avian frugivore species occurring 

along the Manú gradient was derived from local checklists (Walker et al. 2006; Merkord 

2010), supplemented by field observations (Dehling et al. 2013). I excluded ground-

dwelling bird species (n = 18) from my analyses due to their distinct movement and 

foraging behaviour. Furthermore, I excluded the few migratory bird species that are not 

present year-round (n = 8). In my third chapter, I focussed on a subset of 343 woody 

fleshy-fruited plant species, as I was particularly interested in the climate-tracking 

ability of long-lived plant species.  

 

4.2. Trait data of plants and birds 
Morphological functional traits influence plant-bird interactions and avian seed 

dispersal (Jordano et al. 2007; Wotton & Kelly 2012; Dehling et al. 2014b; Bender et 

al. 2018). I compiled morphological trait data of the fleshy-fruited plant species and the 

avian frugivore species from previous studies and literature. For the fleshy-fruited plant 

species, I compiled data on fruit width (mm), fruit length (mm), plant height (m) and 

crop mass (g; the fresh mass of a single fruit multiplied by the number of ripe fruits per 

plant). Fruit dimensions and fruit mass were measured on fresh fruits sampled during 

field surveys, while plant height and number of ripe fruits were estimated on plant 

individuals in the field (Dehling et al. 2014b; Bender et al. 2018). For the avian frugivore 

species, I compiled data on bill width (mm), bill height (mm), wing pointedness (Kipp’s 

index or hand wing index sensu Sheard et al. 2020, measured as Kipp’s distance/wing 

length) and body mass (g). Bill dimensions and wing shape were measured on 

museum specimens (Dehling et al. 2014a), following measurement protocols of Eck et 

al. (2011). I derived information on avian body mass from literature (Dunning 2007).  
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4.3. Sensitivity and adaptive capacity 
The sensitivity of species to climate change is influenced by their climatic niche breadth 

(IPCC 2007; Algar & Tarr 2018; Foden et al. 2018). I estimated the realized climatic 

niche breadth of the avian frugivore species as two-dimensional hypervolume (Blonder 

et al. 2014) based on bioclimatic data and species’ occurrences across South America. 

I obtained current bioclimatic data from the Climatologies at High resolution for the 

Earth’s Land Surface Areas (CHELSA; Karger et al. 2017) and selected bioclimatic 

variables that capture minimum, maximum, mean, seasonality and diurnal variation of 

temperature and precipitation. Occurrence data for each bird species were 

downloaded from the Global Biodiversity Information Facility (GBIF.org 2017) and the 

data was subjected to a thorough quality check removing outliers and incorrect 

occurrence records (Bender et al. 2019; Nowak et al. submitted, appendix A1). 

Hypervolume estimates are most robust when computed in a low dimensionality 

(Blonder et al. 2014). Therefore, I performed a principal component analysis (PCA) 

across the bioclimatic variables at all occurrence points of the bird species in South 

America and used the first two axes of this PCA to compute each species’ climatic 

niche breadth as two-dimensional hypervolume in the PCA space (Blonder et al. 2014). 

The ability of species to track climate change and utilize novel resources are 

important aspects of their adaptive capacity (Dawson et al. 2011; Foden et al. 2018). 

This is determined by the species’ dispersal ability and ecological niche breadth 

(Slatyer et al. 2013; Foden et al. 2018). I estimated the bird species’ dispersal ability 

by their wing pointedness (i.e., hand-wing index sensu Sheard et al. 2020) which is 

positively related to their natal dispersal distances and their ability to fly over long 

distances (Winkler & Leisler 1992; Dawideit et al. 2009; Santini et al. 2019). I 

approximated the bird species’ dietary niche breadth by their bill width which influences 

the range of fruit sizes avian frugivores can feed on (Wheelwright 1985). I utilized data 

on species’ habitat niche breadth from Barnagaud et al. (2017). In this dataset, the 

habitat niche breadth of the avian frugivore species was estimated as the number of 

habitat classes in which a species was recorded (Barnagaud et al. 2017). This was 

based on the habitat classification scheme (version 3) of the International Union for 

Conservation of Nature (IUCN). It included eleven habitat classes that represent a 

gradient from forest to open habitats. 
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4.4. Projecting the functional diversity of interacting species  
I projected the elevational ranges of the fleshy-fruited plant species and the avian 

frugivore species into the future considering three previously observed scenarios of 

how species’ elevational ranges change under global warming (Freeman et al. 2018b, 

a). To this end, I computed the projected temperature increase along the Manú 

gradient based on current and future mean annual temperature downloaded from 

Wordclim (Hijmans et al. 2005). I then used the tropospheric lapse rate (i.e., the rate 

by which temperature decreases with increasing elevation; Mokhov & Akperov 2006) 

to compute projected vertical distances (i.e., the distance by which a certain surface 

temperature shifts upslope under global warming) for the Manú gradient. Specifically, 

I computed the vertical distance at each elevation of the Manú gradient by dividing the 

projected temperature increase of an elevation by the tropospheric lapse-rate of that 

elevation. Finally, I computed species-specific vertical distances as the mean vertical 

distance across all elevations at which a species currently occurs. This estimates the 

distance a species has to shift its range vertically to track its current realized 

temperature niche under future global warming.  

I applied three vertical dispersal scenarios, i.e., range contraction, range 

expansion and range shift. Under the range contraction scenario, I assumed that 

species cannot persist under temperatures that exceed their current realized 

temperature niche and that species are unable to shift upslope. Consequently, species’ 

lower elevational range limit shifts upslope, but their upper elevational range limit does 

not change. Under the range expansion scenario, I assumed that species can tolerate 

or adapt to temperatures that exceed their current realized temperature niche and that 

species can shift upslope to track temperature shifts. Therefore, species’ lower 

elevational range limit does not change, but their upper elevational range limit shifts 

upslope. Finally, under the range shift scenario, I assumed that species cannot persist 

under temperatures that exceed their current realized temperature niche but can shift 

upslope. As a result, species shift their lower and upper elevational range limits 

upslope and fully track their current realized temperature range along elevation.  

I computed the multiple-trait functional diversity and the single-trait functional 

identity of the current and the projected fleshy-fruited plant and avian frugivore 

assemblages at the Manú gradient. Currently, the functional diversity and the 

functional identity of the fleshy-fruited plant and avian frugivore assemblages are 

positively related along the Manú gradient (Dehling et al. 2014b). I aimed to explore 
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how future climate change might affect this functional correspondence between 

interacting species. For this, I considered morphological traits that have been shown 

to determine interactions between fleshy-fruited plants and avian frugivores via trait 

matching, i.e., the fruit dimensions and the bill dimensions, the plant height and the 

wing pointedness, as well as the crop mass and avian body mass (Dehling et al. 2014b; 

Bender et al. 2018). I computed the functional diversity of the plant and bird 

assemblages as functional richness. To this end, I computed Euclidean distances 

between the species of an assemblage according to their differences in the considered 

traits. I then performed a Principal Coordinate Analysis (PCoA) to project the species 

into a multidimensional trait space and calculated functional richness as the inner 

volume of a minimum convex hull spanning all species in the trait space (Villéger et al. 

2008). In addition, I computed the functional identity of each plant and bird assemblage 

as the mean value of each trait across all species in an assemblage (Gagic et al. 2015). 

I assessed the functional correspondence of the fleshy-fruited plant and the avian 

frugivore assemblages under each vertical dispersal scenario. A significant positive 

relationship between the functional diversity and the functional identity of the plant and 

the bird assemblages along the Manú gradient denotes a high functional 

correspondence between the interacting assemblages. 

 

4.5. Trait-based simulations of plants’ climate-tracking ability 
Both plant-frugivore interactions and seed-dispersal distances provided by avian 

frugivores are influenced by species’ morphological traits (Jordano et al. 2007; Wotton 

& Kelly 2012; Dehling et al. 2014b; Bender et al. 2018). Therefore, I integrated two 

recently developed trait-based simulation models to estimate plant species’ long-

distance dispersal ability and ultimately their ability to track future temperature change. 

First, I simulated interaction events between the woody fleshy-fruited plant species and 

the avian frugivores at the Manú gradient with a trait-based interaction model. This 

model is based on species’ trait matching, particularly, the size difference between the 

bill width and the fruit width (Fründ et al. 2016; Donoso et al. 2017). In this model, the 

probability of an interaction is high if the size difference is zero (bill width = fruit width). 

A positive mismatch of the bill width and the fruit width (bill width > fruit width) 

decreases the probability of an interaction. A negative mismatch (bill width < fruit width) 

results in an interaction probability close to zero (Donoso et al. 2017) since small-billed 

birds cannot swallow fruits that are much wider than their bill (Bender et al. 2018). The 
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degree of trait matching, i.e., how close the bill width and the fruit width need to match 

to make an interaction likely, can be adjusted in the model. I simulated interaction 

events considering a low, an intermediate and a high degree of trait matching 

corresponding to a low, an intermediate and a high degree of specialization of the 

seed-dispersal interactions. Second, I applied a trait-based seed-dispersal model to 

simulate plant species’ long-distance dispersal ability (Sorensen et al. 2020). 

Specifically, I computed a seed-dispersal distance for each simulated interaction event 

based on the body mass of the avian disperser and allometric scaling of avian gut 

passage time and flight speed (Sorensen et al. 2020). I then approximated the long-

distance dispersal ability of the bird-dispersed plant species as the 95% quantile of all 

simulated dispersal distances per plant species (Donoso et al. 2020). Finally, to assess 

the climate-tracking ability of the plant species, I computed the number of long-distance 

dispersal events the plant species would require to fully track projected upslope shifts 

of their realized temperature niche under future climate change. Specifically, I 

compared a plant species’ long-distance dispersal ability to the horizontal dispersal 

distance required to track the projected vertical temperature shift given the average 

slope of the Manú gradient. 

 
5. Main results and discussion 
5.1. Independent variation of avian sensitivity to climate change and adaptive 
capacity (Q1) 
I assessed relationships between response traits and attributes related to the 

sensitivity of avian frugivore species to climate change and their adaptive capacity 

(Nowak et al. submitted, appendix A1). I found that species’ climatic niche breadth 

increased with increasing elevation. Contrastingly, their dispersal ability, approximated 

by their wing pointedness, and their dietary niche breadth, approximated by their bill 

width, decreased with increasing elevation. Across species, there was no significant 

relationship of response traits and attributes related to the sensitivity of the avian 

frugivores to climate change and their adaptive capacity. The independent variation of 

species' sensitivity and adaptive capacity suggests that reliable future projections of 

species assemblages under climate change require consideration of species’ 

sensitivity and their adaptive capacity. 

The positive relationship of species’ climatic niche breadth with elevation was 

according to my expectations. This relationship is in line with Rapoport’s rule stating 
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that species' range sizes increase with increasing elevation due to a greater tolerance 

for climate variation of species at high elevations (Stevens 1989, 1992). It is further 

consistent with Janzen’s climate variability hypothesis according to which species from 

more variable climates have broader thermal niches than species from stable climates 

(Janzen 1967; Ghalambor et al. 2006). This relationship has also been confirmed for 

bird species along latitudinal gradients (Khaliq et al. 2014). Along the Manú gradient, 

the diurnal temperature variation increases with increasing elevation, which might 

favour avian frugivore species with larger climatic niches in high-elevation 

assemblages (Ghalambor et al. 2006; Rapp & Silman 2012). Accordingly, it has been 

reported that bird species from high elevations in the Peruvian Andes are more 

resistant to heat loss, but as capable of tolerating high lowland temperatures as 

species from lower elevations (Londoño et al. 2017).  

The negative relationships of wing pointedness and bill width with elevation were 

according to my expectations. Since most avian frugivores in the tropics highly depend 

on fruit in their diet (Kissling et al. 2009), these relationships might be due to bottom-

up effects of the fleshy-fruited plant assemblages on the trait composition of the avian 

frugivore assemblages (Githiru et al. 2002; Vollstädt et al. 2017). Along the Manú 

gradient, low plant heights at high elevations might favour rounded-winged bird species 

at these elevations, due to trait matching between the plant height and avian wing 

pointedness (Dehling et al. 2014b; Bender et al. 2018). Similarly, small fruit sizes at 

high elevations might promote small-billed frugivores in high-elevation assemblages, 

due to trait matching between the fruit width and the bill width (Burns 2013; Dehling et 

al. 2014b; Bender et al. 2018). Moreover, the availability of resources decreases with 

increasing elevation, which may cause environmental filtering of bird traits at high 

elevations, resulting in a lower trait diversity of high-elevation bird assemblages (Hanz 

et al. 2019).  

The opposite patterns of species’ sensitivity to climate change and their adaptive 

capacity along elevation imply that avian frugivore species from low and high 

elevations might respond differently to climate change. Their rather narrow climatic 

niche suggests that the avian frugivore species from lowland assemblages might be 

sensitive to climate change and shift their elevational ranges upslope to track their 

suitable climate under contemporary climate change. Indeed, bird species along 

tropical elevational gradients have been reported to shift their ranges upslope under 

contemporary climate change (Forero-Medina et al. 2011; Freeman & Class Freeman 
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2014; Freeman et al. 2018b). Due to their good dispersal ability, pointed-winged 

species of the lowland assemblages might be especially well equipped to shift their 

ranges upslope (Dawideit et al. 2009; Santini et al. 2019). Moreover, broad-billed 

lowland species might be well able to find matching fruit resources at higher elevations, 

because broad-billed bird species are able to feed on a wide range of fruit sizes, thus 

being flexible in their fruit choice (Wheelwright 1985). Yet, changes in the fruit resource 

use of avian frugivores have thus far undergone little research (Bender et al. 2017).  

Avian frugivore species from assemblages at higher elevations might be less 

sensitive to climate change, due to their rather broad climatic niches. In line with this, 

avian frugivore species at high elevations in the tropics were projected to persist in 

their current assemblages despite future climate change (Bender et al. 2019). 

Furthermore, globally, plant and animal species from high elevations have shifted their 

ranges upslope at lower rates than species from low elevations in response to 

contemporary climate change, potentially due to their broader climatic niches 

(Mamantov et al. 2021). However, avian frugivore species from high-elevation 

assemblages might be less well equipped to adjust to changes in the fruit resource 

availability. Due to their rather narrow bills, many species are restricted to feed on small 

fruits (Wheelwright 1985). Similarly, due to their round wings, many species are better 

adapted to forage efficiently in low than in high forest strata (Howe & Smallwood 1982; 

Dehling et al. 2014b). Currently, tropical plant species are shifting their ranges towards 

higher elevations in response to contemporary climate change (Feeley et al. 2011b, a; 

Morueta-Holme et al. 2015). Projections suggest that upslope range shifts of large-

fruited and tall plant species from tropical lowlands can increase the average fruit size 

and plant height of assemblages of fleshy-fruited plants at higher elevations (Nowak et 

al. 2019, appendix A2). Thus, avian frugivore species that currently occur at high 

elevations might not be able to efficiently forage on the fruit resources provided by the 

future plant assemblages at high elevations (Fleming 1979; Dehling et al. 2014b). 

Contrary to my expectations, species’ response traits and attributes related to 

species’ sensitivity to climate change and adaptive capacity were unrelated across the 

avian frugivores. Indeed, I found that species’ wing pointedness, bill width and habitat 

niche breadth varied widely across the entire variation of species’ climatic niche 

breadths. Coinciding with this independence between species’ sensitivity and adaptive 

capacity, animal species globally have been reported to differ strongly in their 

responses to climate change, for example, in the magnitude of their range shifts (Moritz 
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et al. 2008; Chen et al. 2011; Lenoir et al. 2020). My results show that even within the 

ecologically homogenous guild of avian frugivores species, responses to climate 

change will likely be idiosyncratic. 

Previous studies found varying relationships of species’ sensitivity and aspects 

of their adaptive capacity across species. For example, the habitat niche breadth of 

European bird species has been reported to be positively related to their dietary niche 

breadth and negatively related to their climatic niche breadth (Reif et al. 2016). 

Contrastingly, habitat niche breadth and climatic niche breadth were positively related 

in a study focussing on French bird species (Barnagaud et al. 2012). My results confirm 

neither of these relationships. This suggests that the relationship of sensitivity and 

adaptive capacity across species may be context-dependent. Specifically, the 

relationship seems to differ between functionally diverse assemblages of tropical 

frugivore species, studied here, and the functionally less diverse European bird 

assemblages that include migratory species studied earlier. 

 

5.2. Low functional correspondence of interacting species under a scenario of 
range contraction (Q2) 
I applied a new combination of future projections of species’ elevational ranges with 

analyses of functional diversity to simulate how different scenarios of temperature-

driven range changes may affect the functional correspondence of fleshy-fruited plants 

and avian frugivores (Nowak et al. 2019, appendix A2). The functional correspondence 

of fleshy-fruited plants and avian frugivores was lowest if plant and bird species were 

projected to contract their ranges towards higher elevations in response to increasing 

temperatures. Contrastingly, if species were projected to expand their ranges upslope, 

the functional correspondence remained high. This shows that the integrity of biotic 

interactions under climate change depends on species’ upslope range shifts. 

The low functional correspondence under a scenario of range contraction was 

due to a stronger projected decline of bird than plant functional diversity and a 

projected mismatch in mean trait values of the plant and bird assemblages at mid-

elevations of the Manú gradient. Currently, there is a strong taxonomic and functional 

turn over between avian frugivore assemblages at mid-elevations of the Manú 

gradient, i.e., the neighbouring frugivore assemblages differ most in their species 

composition and functional diversity at mid elevations (Jankowski et al. 2013b; Dehling 

et al. 2014a). This might explain why range contraction has a particularly strong effect 
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on mid-elevation frugivore assemblages. It has previously been proposed that large 

proportions of montane bird species globally are threatened by climate change if 

species are limited in their upslope dispersal but sensitive to increasing temperatures 

(La Sorte & Jetz 2010). Similarly, observed range contractions of montane species 

under contemporary climate change were accompanied by population declines and 

erosion of genetic diversity (Rubidge et al. 2012; Freeman et al. 2018a, b). My results 

go beyond this in suggesting that limited upslope dispersal under climate change not 

only may negatively affect individual species, but may also disrupt key biotic 

interactions between species. 

The low functional correspondence of fleshy-fruited plant and avian frugivore 

assemblages under range contraction indicates that plant species with specific sets of 

functional traits might miss matching avian seed dispersers in future species 

assemblages (Burns 2013; Dehling et al. 2014b; Bender et al. 2018). For example, I 

found a projected mismatch between the average fruit size and the average bill size at 

mid-elevations under range contraction, mostly due to a projected reduction of the 

average bill size in the frugivore assemblages. This indicates that the seed dispersal 

of large-fruited plant species might be reduced in future assemblages due to a loss of 

large-billed frugivores. Indeed, a loss of large-billed, large-bodied frugivores due to 

hunting and logging has been shown to reduce the dispersal of large-fruited plant 

species (Markl et al. 2012). At high elevations, my projections further revealed an 

increase of the average bill width, while the average fruit width was projected to change 

little under range contraction. However, this mismatch of plant and bird traits might 

have less drastic consequences because broad-billed avian frugivores are more 

flexible in their fruit choice (Wheelwright 1985). The flexibility of avian frugivores to 

change to other fruit resources might reduce the negative impacts of climate change 

on avian seed dispersal (Bender et al. 2017). Nevertheless, eventually, a mismatch 

between plant and bird traits could cause evolutionary changes in plant assemblages, 

for instance, with negative consequences for large-fruited plant species (Galetti et al. 

2013; Onstein et al. 2018; Sales et al. 2021a). 

The high functional correspondence between plant and avian frugivore 

assemblages under a scenario of range expansion suggests that if species are able to 

shift their upper elevational range limits upslope, a loss of seed dispersal functions 

under climate change is less likely. Similarly, montane bird species globally were 

projected to be less negatively affected by climate change, if species can shift their 
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upper elevational range limit upslope (La Sorte & Jetz 2010). A tendency for range 

expansions under contemporary climate change has indeed been observed for lowland 

plant and animal species from elevational gradients globally (Freeman et al. 2018a, b).  

 

5.3. Avian seed dispersal might be insufficient for plants to track future 
temperature change along elevation (Q3) 
I applied a novel combination of trait-based simulation models and temperature 

projections to quantify the ability of bird-dispersed woody plant species to track 

projected vertical temperature shifts along a tropical elevational gradient (Nowak et al. 

submitted, appendix A3). I found that most plant species required several long-

distance dispersal events to fully track the projected vertical temperature shifts in time, 

even under low and intermediate projected temperature increase. However, I also 

found that the number of required long-distance dispersal events varied strongly with 

the degree of trait matching and with plant species’ traits.  

The results of my simulations suggest that avian seed dispersal is insufficient for 

plants to track future temperature change along the elevational gradient. In my study, 

I considered a fixed time window until 2070 and quantified the number of long-distance 

dispersal events plant species would require to fully track projected vertical 

temperature shifts within this time window. According to my simulations, most plant 

species require several long-distance dispersal events. However, long-lived woody 

plant species might not be able to undergo several consecutive long-distance dispersal 

events within such a short time window because long times to maturity and long 

generation times can slow down their dispersal ability over time (Skellam 1951; 

Salguero-Gómez et al. 2015, 2016; Lustenhouwer et al. 2017). In line with this, recent 

upslope range shifts of tropical tree genera have been reported to lag behind vertical 

temperature shifts under contemporary climate change (Feeley et al. 2011b). It has 

been shown previously that seed dispersal mediated by mammals can help plants to 

track shifts in their suitable climate along elevation (Naoe et al. 2016; González-Varo 

et al. 2017). Contrastingly, my simulations suggest that seed dispersal mediated by 

avian frugivores might not be sufficient for plants to track vertical temperature shifts 

under future climate change.  

As expected, my simulations revealed that plant species in seed dispersal 

systems with a low degree of trait matching required fewer long-distance dispersal 

events to track projected vertical temperature shifts than plant species from seed 
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dispersal systems with a high degree of trait matching. This indicates that the resilience 

of plant species to future climate change may depend on the type of seed dispersal 

system. In systems with a low degree of trait matching, large-billed and large-bodied 

avian frugivore species feed on a wider range of plant species (Sorensen et al. 2020). 

Therefore, small-fruited plant species interact with a greater diversity of seed 

dispersers, which increases their chance to be dispersed by large disperser species 

that transport seeds over long distances (Jordano et al. 2007; Wotton & Kelly 2012; 

Sorensen et al. 2020). This is in line with the theory of a sampling effect of biodiversity, 

according to which diversity increases ecosystem processes and functions by 

increasing the chance that species with relevant functional traits are present (Tilman 

2001). Previous studies showed that seed dispersal systems tend to be less 

specialized at low than at high latitudes and in the Afrotropics compared to the 

Neotropics (Schleuning et al. 2012; Dalsgaard et al. 2017; Dugger et al. 2019), while 

the degree of trait matching is positively related to the degree of specialization in seed 

dispersal systems (Sorensen et al. 2020). Moreover, the degree of specialization of 

seed dispersal systems can increase with increasing elevation and tends to be higher 

in the forest interior compared to forest edges (Menke et al. 2012; Quitián et al. 2018). 

Consequently, the ability of bird-dispersed plant species to track climate change might 

vary considerably at global and local scales depending on the type of seed-dispersal 

system.  

A low degree of specialization is usually viewed as advantageous for species 

under environmental change (Gallagher et al. 2015). However, the focus so far has 

lied upon species’ diet or habitat specialization, while the effect of biotic specialization 

on species interactions under environmental change are less well studied (Heikkinen 

et al. 2010; Culp et al. 2017; MacLean & Beissinger 2017). It has been shown that a 

low degree of specialization in biotic interactions can lower the risk of extinction 

cascades driven by the loss of interaction partners (Aizen et al. 2012; Brodie et al. 

2014; Correa et al. 2016). My results suggest that the specialization of seed-dispersal 

interactions may also reduce the capability of plants to track shifts in their suitable 

climate.  

In line with my expectations, my simulations revealed that large-fruited and 

canopy plant species required fewer long-distance dispersal events to track projected 

vertical temperature shifts than small-fruited and understory plant species. I found this 

independent of the degree of trait matching. Consequently, large-fruited and canopy 
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plant species may be better able to track projected vertical temperature shifts than 

small-fruited and understory plant species. This is because large-billed, large-sized 

avian frugivore species preferably interact with large-fruited canopy plant species and 

disperse their seeds over long distances (Jordano et al. 2007; Wotton & Kelly 2012; 

Burns 2013; Dehling et al. 2014b; Bender et al. 2018). Consistent with these results, 

fossil pollen data shows that large-seeded plant assemblages have better tracked 

climate change during the Late Quaternary than small-seeded plant assemblages 

(Knight et al. 2020). Likewise, it has been reported that large-seeded understory plant 

species better track contemporary climate change compared to small-seeded species 

from the understory (Ash et al. 2017).  

 

6. Synthesis and conclusions 
6.1. Trait-based approaches to study the impacts of climate change on 
interacting species 
Trait-based approaches are promising tools to study the impacts of climate change on 

biodiversity. On the one hand, trait data are becoming increasingly available via new 

measurements, the publication of data papers and open-access databases (Kissling 

et al. 2018; Kattge & et al. 2020; Sheard et al. 2020). On the other hand, species’ traits 

are ecologically relevant, influencing how species respond to and affect their abiotic 

and biotic environment (Tilman 2001; Violle et al. 2007; Suding et al. 2008; Schleuning 

et al. 2020). Therefore, trait-based approaches offer exciting possibilities in global-

change research.  

In this dissertation, I explored how trait-based approaches can increase 

understanding of the impacts of future climate change on interacting species. This work 

builds upon empirical measurements of key morphological functional traits of large 

numbers of fleshy-fruited plant and avian frugivore species. I showed that functional 

response traits related to species’ sensitivity to climate change and their adaptive 

capacity should be considered together to project species assemblages under climate 

change reliably (Nowak et al. submitted, appendix A1). Furthermore, I showed how 

functional matching traits can help to identify ecological systems that might be prone 

to a functional disruption of biotic interactions under climate change (Nowak et al. 2019, 

appendix A2). Finally, I showed how plant species’ ability to track climate change can 

be estimated with functional matching traits and functional response traits related to 

avian seed dispersal (Nowak et al. submitted, appendix A3).  
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The trait-based approaches employed and developed further in my dissertation 

are applicable more widely. First, they may be applied to other geographic regions. For 

example, trait-based simulations of avian seed dispersal can be applied to assess the 

potential of avian dispersers to contribute to the climate-tracking ability of bird-

dispersed plants in various seed dispersal systems globally, including Afrotropic, 

Mediterranean or temperate seed dispersal systems (González-Castro et al. 2012; 

Plein et al. 2013; Dugger et al. 2019). Trait-based simulations can be applied to assess 

the plant species’ ability for vertical and lateral range shifts. Similarly, the impacts of 

climate change on the functional correspondence of interacting species may be 

assessed in other ecosystems globally.  

Second, these trait-based approaches allow assessing the impacts of climate 

change on other types of biotic interactions. For instance, projections of the functional 

diversity of interacting species enable detecting a potential functional disruption of 

other trophic interactions that are influenced by trait matching. This applies, for 

example, to mutualistic plant-pollinator interactions (Stang et al. 2009; Maglianesi et 

al. 2014; Weinstein & Graham 2017). Similarly, trait matching influences antagonistic 

interactions, such as plant-herbivore and predator-prey interactions (Bartomeus et al. 

2016). Relevant matching traits in plant-herbivore interactions are, for instance, the 

insects' incisive strength and the plants’ leaf dry matter content or the plants’ chemical 

defences (Jamieson et al. 2017; Le Provost et al. 2017). Examples of matching traits 

in predator-prey interactions are the predator-prey body size ratio as well as the 

predator's bite force and the prey's cuticular toughness (Gravel et al. 2013; Brousseau 

et al. 2018). Identifying such functional matching traits will allow projecting the 

functional diversity of interacting species and detecting potential spatial and temporal 

mismatches in different types of biotic interactions. 

Third, these trait-based approaches may be applied to assess the impacts of 

other drivers of global change on interacting species. For instance, trait-based 

simulations of the dispersal ability of bird-dispersed plants can be applied to assess 

plant species’ ability to track both shifts in their suitable climate and habitat which often 

occur jointly (Hof et al. 2018; Newbold 2018). Furthermore, projections of the functional 

diversity of interacting species may be applied to explore how other aspects of global 

change, such as land-use change, defaunation and species invasions, as well as their 

combined effects may alter the functional correspondence of interacting species 
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(Lambin et al. 2003; Strayer et al. 2006; Dirzo et al. 2014; Seebens et al. 2015; Hof et 

al. 2018; Newbold 2018). 

Finally, the trait-based approaches employed in my work can be further 

developed. Different drivers of global change are causing species to migrate into and 

out of species assemblages, or become extinct from them. This process happens over 

time, and some changes may occur gradually, while others might happen abruptly 

(Trisos et al. 2020). Consequently, to improve biodiversity projections under global 

change, we might need to move towards a dynamic modelling framework to capture 

changes in species assemblages over time (Miele & Matias 2017). Combining trait-

based projection models of species occurrences with trait-based models of interaction 

rewiring might help to achieve this. Specifically, in a first step, species’ potential future 

distributions under global change could be projected under consideration of species’ 

functional response traits. For bird-dispersed plant species, trait-based simulations of 

the plant species’ dispersal ability may be integrated into projection models of plant 

species’ future distributions under global change (Di Musciano et al. 2020). In a second 

step, rewiring models could be applied to simulate which species might interact with 

each other in the reshuffled species assemblages (Vizentin-Bugoni et al. 2020). 

Rewiring models allow to compute interaction probabilities between species based on 

species’ co-occurrences and the compatibility of their functional matching traits (Pichler 

et al. 2020; Vizentin-Bugoni et al. 2020). This allows estimating which species have a 

high risk to go secondarily extinct due to a lack of potential interaction partners with 

matching traits in reshuffled species assemblages. Finally, these two modelling steps, 

i.e., future projections of species occurrences and simulations of interaction rewiring, 

might be implemented for several consecutive time steps at a high temporal resolution 

to account for the dynamic component of biodiversity under global change.  

 

6.2. Climate change and interacting species along tropical elevational gradients 
Trait-based approaches can foster an understanding of how interacting species from 

different assemblages along environmental gradients may respond to climate change. 

My results and previous studies suggest that species assemblages from different 

elevations in the tropics differ in their trait composition and consequently likely also in 

their responses to climate change (Dehling et al. 2014a, b). Specifically, in the tropical 

lowlands, species assemblages tend to host species with rather narrow climatic niches. 

This has been found for animal species including birds and according to the climate 
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variability hypothesis, it may also apply to plants (Janzen 1967; Ghalambor et al. 2006; 

Shah et al. 2017; Fang et al. 2019, Nowak et al. submitted, appendix A1). Yet, lowland 

assemblages in the tropics also host plant and bird species whose traits suggest a 

good dispersal and climate-tracking ability (Dehling et al. 2014a, b; Nowak et al. 2019, 

appendix A2, Nowak et al. submitted, appendix A1). In contrast, tropical high-elevation 

assemblages comprise species with broader climatic niches but traits that suggest a 

lower dispersal and climate-tracking ability (Janzen 1967; Ghalambor et al. 2006; 

Dehling et al. 2014a, b; Shah et al. 2017; Fang et al. 2019; Nowak et al. 2019, appendix 

A2, Nowak et al. submitted, appendix A1).  

Based on my and previous findings, we might expect that the sensitive, but mobile 

lowland species shift their lower and upper elevational range limits upslope to track 

their suitable climate under climate change. However, thus far, lowland species tend 

to expand their elevational ranges towards higher elevations under climate change 

(Freeman et al. 2018a, b). Hence, contemporary climate change might not have 

exceeded the climatic niche of lowland species yet. On the contrary, we might expect 

the less sensitive species from high elevations to persist in their current elevational 

ranges under climate change. However, empirical evidence suggest that high-

elevation species are contracting their ranges towards the mountain top (Freeman et 

al. 2018a, b). Hence, lower elevational range limits of high-elevation species might be 

pushed upslope by competition with immigrating species from lower elevations or by 

other biotic factors, such as interactions with predators or pathogens (Jankowski et al. 

2010, 2013a).  

Disentangling such discrepancies between projections and observations might 

be an interesting challenge for future studies. One way to address this could be 

comparisons between projections and empirical observations. Such comparisons may 

allow testing whether observed patterns of species’ range shifts under climate change 

can be predicted more closely when including physiological data or accounting for 

mutualistic and antagonistic interactions (Jankowski et al. 2013a). Furthermore, more 

comparisons between geographic regions would be desirable. For instance, recent 

meta analyses on observed elevational range shifts of species globally are largely 

biased towards temperate datasets (Freeman et al. 2018a; Mamantov et al. 2021). 

Hence, more empirical data on other tropical regions might facilitate our understanding 

of geographic differences in the effects of climate change on species assemblages 

along elevational gradients. 
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Some conservation implications for interacting plant and bird species along 

tropical elevational gradients may be derived from my and previous findings. First, it is 

important to enabling species to shift their ranges upslope. This is relevant to allow 

species tracking their suitable climate and protect them from range contractions. 

Moreover, the results of my dissertation suggest that it may help in preventing a 

functional disruption of interacting species under range contraction (Nowak et al. 2019, 

appendix A2). To achieve this, avoiding deforestation and land-use change on tropical 

mountains is crucial (Sales et al. 2019). Furthermore, planning for movement corridors 

between habitat fragments can increase the connectivity of an area and facilitate 

dispersal of plants and animals (Tewksbury et al. 2002). Second, for animal-dispersed 

organisms, it is crucial to protect their seed dispersers. Protecting large disperser 

species is thereby particularly important, as they mediate long-distance dispersal 

(Westcott & Graham 2000; Bascompte & Jordano 2007). Furthermore, large disperser 

species are essential for the dispersal and climate-tracking ability of large-fruited plant 

species (Galetti et al. 2013; Bender et al. 2018). To protect large disperser species, 

drivers of defaunation need to be reduced. Besides climate change itself, these include 

overexploitation, habitat destruction and species invasions (Dirzo et al. 2014; Bogoni 

et al. 2020). In addition, the rewilding of large dispersers might be an option to restore 

the provisioning of long-distance seed dispersal (Svenning et al. 2016; Galetti et al. 

2017). Third, it would be important to avoid additional pressure from land-use change, 

especially for species assemblages at the lowest and highest elevations of tropical 

mountains. At low elevations, land-use change might accelerate lowland biotic attrition 

(Guo et al. 2018). At high elevations, it may put additional pressure on high-elevation 

species whose upslope range shifts are already limited by the mountain top (Freeman 

et al. 2018b). Finally, it is relevant to limit global warming (IPCC 2018). The results of 

my dissertation suggest that limiting global warming, e.g., to well below 2 °C as agreed 

upon in the Paris Agreement, reduces the risk that species’ range shifts lag behind 

shifts in their suitable climate (Nowak et al. submitted, appendix A3; IPCC 2018). This 

will be particularly relevant for poor dispersers and long-lived species (Nowak et al. 

submitted, appendix A3; Lenoir et al. 2020). In addition, limiting global warming may 

protect high-elevation species from being pushed towards the mountain top (Freeman 

et al. 2018b).  

Considering biotic interactions is important for both projecting biodiversity and 

targeting conservation efforts under global change (Tylianakis et al. 2010; Heinen et 
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al. 2020; Schleuning et al. 2020). Accounting for biotic interactions in conservation 

programmes can foster the maintenance of self-sustaining ecosystems, as intact biotic 

interactions are crucial for the interacting species and ecosystem functioning alike 

(Tylianakis et al. 2010; Schleuning et al. 2015; Heinen et al. 2020). For example, not 

only do intact plant-frugivore interactions ensure the nutrition of the frugivores and the 

seed dispersal of the plants, but they are also important for the long-term stability and 

the natural regeneration of forests (Wunderle Jr 1997; Wang & Smith 2002; Norden et 

al. 2009; Jordano 2014; Carlo & Morales 2016). To conserve intact biotic interactions 

and their associated ecosystem functions, we need to understand how the interacting 

species might be impacted by ongoing global change. In this dissertation, I showed 

how a trait-based perspective can help to gain such knowledge about the future of 

biodiversity. 
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Zusammenfassung 
Biologische Vielfalt ist unabdingbar für die Funktionsfähigkeit von Ökosystemen und 

für das Wohlergehen der Menschheit. Trotzdem verändert sich die biologische Vielfalt 

der Erde schnell. Ein wichtiger Treiber dieser Veränderung ist der Klimawandel. Seit 

der vorindustriellen Zeit (1850-1900) ist die globale Temperatur um etwa 1 °C 

angestiegen. Dies hat unter anderem zur Folge, dass überall auf der Erde Arten ihre 

Verbreitungsgebiete in Richtung der Pole oder in größere Höhenlagen verschieben. 

Diese Entwicklung verändert die Zusammensetzung von Artgemeinschaften weltweit. 

Um angesichts des voranschreitenden Klimawandels Politik und Naturschutz zu 

informieren bedarf es zuverlässiger Projektionen der biologischen Vielfalt.  

Die Arten auf der Erde sind in vielfältige biotische Wechselbeziehungen 

verstrickt. Die miteinander interagierenden Arten können unterschiedlich auf den 

Klimawandel reagieren. Dies kann zur Folge haben, dass das räumliche oder zeitliche 

Vorkommen der ehemals interagierenden Arten nicht mehr übereinstimmt, was 

negative Konsequenzen für die Arten nach sich ziehen kann. Verliert eine Art 

beispielsweise einen notwendigen Interaktionspartner, kann die Art sekundär 

aussterben. Daher ist es wichtig, biotische Wechselbeziehungen in Projektionen der 

biologischen Vielfalt einzubeziehen.  

Der Einfluss des Klimawandels auf die biologische Vielfalt wird häufig mittels der 

Sensitivität der Arten, d.h. mittels deren Klimanische, abgeschätzt. Ein weiterer Ansatz 

sind sogenannte Verwundbarkeitsanalysen, die die Sensitivität der Arten gemeinsam 

mit deren Anpassungsfähigkeit, z. B. deren Ausbreitungsfähigkeit oder ökologischer 

Flexibilität, bewerten. Diese Ansätze liefern wichtige Einblicke, doch sie haben auch 

Schwachpunkte. Es ist beispielsweise nicht klar, wie die Sensitivität von Arten 

gegenüber dem Klimawandel und ihre Anpassungsfähigkeit in Beziehung stehen. Ein 

Fokus auf die Sensitivität der Arten könnte daher ein unvollständiges Bild darüber 

liefern, wie Arten auf den Klimawandel reagieren. Verwundbarkeitsanalysen ziehen 

zwar sowohl die Sensitivität, als auch die Anpassungsfähigkeit der Arten in Betracht, 

doch diese Informationen werden nicht in Projektionen der biologischen Vielfalt 

eingebunden. Darüber hinaus berücksichtigen beide Ansätze die Rolle biotischer 

Wechselbeziehungen bislang nur unzureichend.  

Der Einfluss des Klimawandels auf interagierende Arten wird von funktionellen 

Merkmalen der Arten beeinflusst. Funktionelle Merkmale sind messbare 

Eigenschaften der Arten, die die abiotischen und biotischen Wechselbeziehungen der 
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Art beeinflussen. Die Sensitivität und die Anpassungsfähigkeit der Arten werden von 

funktionellen Reaktionsmerkmalen beeinflusst. Das sind Merkmale, die bestimmen, 

wie Arten auf ihre Umwelt reagieren. Eine Analyse funktioneller Reaktionsmerkmale 

kann unser Verständnis darüber verbessern, wie Arten auf den Klimawandel 

reagieren.  

Funktionelle Übereinstimmungsmerkmale hingegen beeinflussen, ob Arten in der 

Lage sind, in durch den Klimawandel veränderten Artgemeinschaften kompatible 

Interaktionspartner zu finden. Das Übereinstimmen dieser Merkmale zwischen zwei 

Arten bestimmt, ob die beiden Arten eine Wechselbeziehung eingehen können. Die 

Vielfalt dieser funktionellen Übereinstimmungsmerkmale deckt sich in der Regel in 

Lebensgemeinschaften interagierender Arten. Eine Analyse funktioneller 

Übereinstimmungsmerkmale erlaubt es daher abzuschätzen, ob diese funktionelle 

Entsprechung in den Lebensgemeinschaften durch den Klimawandel gestört werden 

könnte. Die Analyse funktioneller Merkmale der Arten eröffnet vielversprechende, aber 

bislang wenig genutzte Möglichkeiten, zu erkunden, wie sich der Klimawandel auf 

interagierende Arten auswirkt. Ich konzentriere mich in meiner Dissertation auf den 

Einfluss des Klimawandels auf Wechselbeziehungen zwischen Fruchtpflanzen und 

fruchtfressenden Vögeln entlang eines tropischen Höhengradienten.  

Im ersten Kapitel meiner Dissertation beschäftigte ich mich mit der Frage, wie die 

Sensitivität der fruchtfressenden Vögel gegenüber dem Klimawandel und ihre 

Anpassungsfähigkeit miteinander variieren. Zu diesem Zweck kombinierte ich 

Schätzungen der Klimanischenbreite von Arten mit funktionellen 

Reaktionsmerkmalen, die die Ausbreitungsfähigkeit der Arten sowie ihre 

Nahrungsnischenbreite und ihre Lebensraumnischenbreite abbilden. Ich erwartete, 

dass die Klimanischenbreite in Artgemeinschaften fruchtfressender Vögel mit 

zunehmender Höhe entlang des Höhengradienten zunehmen würde, da die 

zunehmende tageszeitliche Temperaturvariabilität Arten mit größerer Klimanische in 

den Hochlagen bevorzugen sollte. Andererseits erwartete ich, dass die 

Ausbreitungsfähigkeit, sowie die Nahrungs- und die Lebensraumnischenbreite der 

Arten mit zunehmender Höhe abnehmen sollten, bedingt durch den systematischen 

Verlust bestimmter funktioneller Merkmale von fruchtfressenden Vögeln in höheren 

Lagen. Über die Arten hinweg erwartete ich, dass Aspekte der Sensitivität und der 

Anpassungsfähigkeit negativ zusammen hängen sollten, da dies die langfristige 

Überlebensfähigkeit von Arten in der Evolutionsgeschichte erhöhen sollte. Meine 
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Analysen ergaben in der Tat, dass die Klimanischenbreite der Arten mit zunehmender 

Höhe zunahm, während die Ausbreitungsfähigkeit und die Nahrungsnischenbreite mit 

zunehmender Höhe abnahmen. Die gegensätzlichen Beziehungen der Sensitivität der 

Arten und Aspekten ihrer Anpassungsfähigkeit mit der Höhe deuten darauf hin, dass 

fruchtfressende Vogelarten aus dem Tiefland womöglich anders auf den Klimawandel 

reagieren als Arten aus größeren Höhen. Durch ihre eher kleinen Klimanischen sind 

Tieflandarten möglicherweise empfindlich gegenüber dem Klimawandel und müssen 

ihre Verbreitungsgebiete in höhere Lagen verschieben. Tieflandarten mit einer guten 

Ausbreitungsfähigkeit scheinen dabei besonders gut für solche 

Verbreitungsverschiebungen ausgestattet zu sein. Gleichermaßen sollten 

Tieflandarten mit einer eher breiten Nahrungsnische gut in der Lage sein, neue 

Fruchtressourcen in höheren Lagen zu erschließen. Fruchtfressende Vogelarten aus 

dem Hochland hingegen, sollten durch ihre eher breite Klimanische weniger 

empfindlich auf den Klimawandel reagieren. Allerdings sind Hochlandarten durch ihre 

eher enge Nahrungsnische vermutlich weniger gut an mögliche klimabedingte 

Veränderungen in der Verfügbarkeit von Fruchtressourcen angepasst. Über die Arten 

hinweg ergaben meine Analysen, dass Aspekte der Sensitivität und der 

Anpassungsfähigkeit der fruchtfressenden Vögel voneinander unabhängig sind. Dies 

war entgegen meiner Erwartungen und deutet an, dass sich einzelne Arten in ihren 

Reaktionen auf den Klimawandel unterscheiden. Zusammen genommen deuten meine 

Ergebnisse darauf hin, dass es wichtig ist, sowohl die Sensitivität der Arten gegenüber 

dem Klimawandel als auch ihre Anpassungsfähigkeit zu berücksichtigen, wenn man 

den möglichen Einfluss des Klimawandels auf die biologische Vielfalt ganzheitlich 

verstehen möchte.  

Im zweiten Kapitel meiner Dissertation untersuchte ich, wie der voranschreitende 

Klimawandel die funktionelle Entsprechung von Lebensgemeinschaften 

interagierender Fruchtpflanzen- und fruchtfressender Vogelarten beeinflussen könnte. 

Zu diesem Zweck kombinierte ich Zukunftsprojektionen der Höhenverbreitung der 

Arten mit Analysen der Vielfalt funktioneller Merkmale in Artgemeinschaften. Ich stellte 

die Hypothese auf, dass projizierte Änderungen in der Vielfalt funktioneller Merkmale 

in Artgemeinschaften der fruchtfressenden Vögel in mittleren Höhen besonders 

ausgeprägt sein sollten, da sich benachbarte Artgemeinschaften fruchtfressender 

Vögel in mittleren Höhen stark voneinander unterscheiden. Ich erwartete, dass dies zu 

einer Verringerung der funktionellen Entsprechung zwischen den zukünftigen 
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Artgemeinschaften von Fruchtpflanzen und fruchtfressenden Vögeln führen würde. 

Meine Projektionen bestätigten diese Hypothese. Wenn ich in den Simulationen 

annahm, dass die Fruchtpflanzen und die fruchtfressenden Vogelarten empfindlich 

gegenüber dem Klimawandel aber limitiert in ihrer Ausbreitungsfähigkeit in höhere 

Lagen wären, nahm die funktionelle Entsprechung zwischen Artgemeinschaften der 

Fruchtpflanzen und fruchtfressenden Vögel am stärksten ab. Die niedrige funktionelle 

Entsprechung der Artgemeinschaften deutet an, dass Pflanzenarten mit bestimmten 

funktionellen Merkmalen in zukünftigen Artgemeinschaften keine kompatiblen 

fruchtfressenden Vogelarten finden könnten, was sich negativ auf ihre 

Samenausbreitung auswirken könnte. Im Gegensatz dazu blieb die funktionelle 

Entsprechung der Artgemeinschaften hoch, wenn ich in den Simulationen annahm, 

dass sowohl die Fruchtpflanzenarten als auch die fruchtfressenden Vogelarten nicht 

empfindlich gegenüber dem Klimawandel wären und gleichzeitig ihre 

Höhenverbreitung in höhere Lagen ausweiten würden. Meine Ergebnisse zeigen, dass 

der Erhalt intakter biotischer Wechselwirkungen angesichts des Klimawandels 

erfordert, dass Arten ihre Verbreitungsgebiete ungehindert in größere Höhen 

verschieben können.  

Im dritten Kapitel meiner Dissertation erkundete ich, ob die Samenausbreitung 

durch fruchtfressende Vögel ausreicht, damit Fruchtpflanzen geeignete 

Klimabedingungen zukünftig verfolgen können. Mit merkmalsbasierte Modellen 

simulierte ich Samenausbreitungsdistanzen, die die fruchtfressenden Vögel für die 

Fruchtpflanzen bereit stellen könnten. Basierend darauf, berechnete ich die Anzahl an 

Fernausbreitungsereignissen, die die Pflanzenarten benötigen würden, um den 

projizierte Temperaturverschiebungen entlang der Höhe vollständig zu folgen. Ich 

nahm an, dass Fruchtpflanzen in Samenausbreitungssystemen mit einem niedrigeren 

Grad an Übereinstimmung funktioneller Merkmale, Temperaturverschiebungen besser 

verfolgen könnten als Fruchtpflanzen in Systemen mit einem hohen Grad an 

Übereinstimmung funktioneller Merkmale. Des Weiteren erwartete ich, dass 

großfruchtige Pflanzenarten Verschiebungen in ihrem geeigneten Klima besser 

verfolgen könnten als kleinfruchtige Arten, da großfruchtige Pflanzenarten bevorzugt 

von großen Vogelarten verbreitet werden, die die Samen über weite Strecken 

transportieren. Meine Simulationen zeigten, dass die meisten Fruchtpflanzenarten 

zahlreiche Fernausbreitungsereignisse benötigen, um den projizierten 

Verschiebungen in den Klimabedingungen vollständig zu folgen. Dies deutet 
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daraufhin, dass die Samenausbreitung durch Vögel unzureichend sein könnte, um es 

den Pflanzen zu ermöglichen, schnell genug auf den Klimawandel zu reagieren. 

Zwischen zwei Samenausbreitungsereignissen gibt es eine Zeitverzögerung, in der die 

Pflanze sich etablieren, heranwachsen und Früchte produzieren muss, bevor sie 

erneut ausgebreitet werden kann. Dieser Zeitraum kann sich besonders bei 

langlebigen, holzigen Pflanzenarten über mehrere Jahrzehnte erstrecken. Dies macht 

es unwahrscheinlich, dass solche Pflanzenarten mehrere aufeinanderfolgende 

Ausbreitungsereignisse innerhalb einer vergleichsweise kurzen Zeit durchlaufen 

können. Wie erwartet zeigten meine Simulationen auch, dass Pflanzenarten in 

Samenausbreitungssystemen mit einem niedrigeren Grad an Übereinstimmung 

funktioneller Merkmale weniger Fernverbreitungsereignisse zur Verfolgung der 

projizierten Temperaturverschiebungen benötigten als Pflanzenarten in Systemen mit 

einem hohen Grad an Übereinstimmung funktioneller Merkmale. Gleichermaßen 

brauchten großfruchtige Pflanzen weniger Fernausbreitungsereignisse zur Verfolgung 

der projizierten Temperaturverschiebungen als kleinfruchtige Arten. Insgesamt deutet 

dies darauf hin, dass die Fähigkeit vogelverbreiteter Pflanzenarten den raschen 

Klimawandel zu verfolgen, von der Spezialisierung der Samenausbreitungssysteme 

und den funktionellen Merkmale der Pflanzenarten abhängen. 

Die merkmalsbasierten Konzepte und Analysen, die ich in dieser Dissertation 

entwickelt habe, können sehr generell eingesetzt werden, z. B. um den Einfluss des 

Klimawandels auf andere biotische Wechselbeziehungen oder den Einfluss anderer 

Treiber des globalen Wandels zu untersuchen. Nicht zuletzt können merkmalsbasierte 

Konzepte auch weiterentwickelt werden, um Veränderungen biotischer 

Wechselbeziehungen dynamisch zu modellieren. Die Weiterentwicklung dieser 

Konzepte und der daraus resultierende Erkenntnisgewinn sind notwendig, um 

Projektionen biologischer Vielfalt zu verbessern und Naturschutzmaßnahmen zu 

informieren.  
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Independent variation of avian sensitivity to climate change and adaptive 
capacity along a tropical elevational gradient 

 

Abstract 
To date, it is largely unknown how species’ sensitivity to climate change and their 

adaptive capacity covary. However, understanding this relationship is crucial to predict 

the potential consequences of climate change for species assemblages. Here, we test 

how traits and attributes related to species’ sensitivity to climate change and their 

adaptive capacity (i) vary along a broad elevational gradient and (ii) covary across a 

large number of bird species. We focus on 215 frugivorous bird species along a 

Neotropical elevational gradient ranging from 250 to 3750 m a.s.l. We approximate 

species’ sensitivity to climate change by the climatic niche breadth of species which 

we estimate with bioclimatic variables and species occurrences across South America. 

In addition, we focus on ecological aspects of the adaptive capacity of species, 

especially on the dispersal ability of species (approximated by their wing pointedness), 

their dietary niche breadth (approximated by bill width), and species’ habitat niche 

breadth (approximated by the number of inhabited habitat classes). We found that (i) 

species’ climatic niche breadth increased with elevation, while their dispersal ability 

and dietary niche breadth decreased with elevation, and (ii) that species’ sensitivity to 

climate change and their adaptive capacity were not significantly related across 

species. These results suggest different mechanisms of how species in lowland and 

highland assemblages might respond to climate change. The independent variation of 

species’ sensitivity to climate change and their adaptive capacity suggests that 

comprehensive assessments of potential impacts of climate change on species 

assemblages should consider different dimensions of the susceptibility of species to 

climate change. 

  

Key words 
Response traits, birds, climatic niche, dispersal, dietary niche, habitat niche, climate 

change, functional traits, frugivory, mountain  
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Introduction 
Contemporary climate change affects species assemblages globally. Species can 

respond in different ways to climate change. First, species might persist locally 

because changing climates lie within their climatic niche or because they adjust to 

changing climates in situ (Bellard et al. 2012). Second, many species shift their ranges 

to higher latitudes and elevations to track their suitable climate under climate change 

(Chen et al. 2011, Lenoir et al. 2020). Moreover, species need to respond to climate-

induced changes in resource or habitat availability (Jackson et al. 2015, Maron et al. 

2015). Predicting potential impacts of climate change on species assemblages likely 

requires accounting for the different ways species may respond to the changing 

conditions. 

To understand how species might respond to climate change, we can draw upon 

a framework that has been described by the Intergovernmental Panel on Climate 

Change (IPCC 2007) and is commonly applied in assessments of species’ vulnerability 

to climate change (Foden et al. 2013, 2018). According to this framework, the 

susceptibility of species to climate change comprises three dimensions, i.e., the 

exposure of species to climate change, their sensitivity and their adaptive capacity. 

Here, we focus on the two dimensions that relate to intrinsic properties of species and 

influence their ability to respond to climate change. First, the sensitivity of a species to 

climate change is defined as the degree to which the species is affected by climate 

change (IPCC 2007, Foden et al. 2018). This is influenced by the climatic niche of the 

species, i.e., the climatic conditions in which the species can maintain evolutionary 

fitness and stable populations (Algar and Tarr 2018). Second, the adaptive capacity of 

a species is defined as the species’ ability to adjust to climate change, respond to its 

consequences and moderate potential damage (IPCC 2007, 2014, Foden et al. 2018). 

This is related to several ecological and evolutionary attributes of the species, e.g., its 

dispersal ability, phenotypic plasticity, and evolutionary potential (Pacifici et al. 2015, 

Foden et al. 2018).  

Studies on potential impacts of climate change on species assemblages often 

focus on species’ sensitivity to climate change, e.g., by assessing occurrence-based 

or physiologically derived measures of species’ climatic niche (Thuiller et al. 2006, 

Khaliq et al. 2014, Nunez et al. 2019). In contrast, aspects of the adaptive capacity of 

species have mostly been accounted for in integrated vulnerability measures (Foden 

et al. 2013, Culp et al. 2017) and are only recently being incorporated into projection 
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models (Razgour et al. 2019, Di Musciano et al. 2020). Nevertheless, it remains 

unclear how the sensitivity of species to climate change relates to their adaptive 

capacity and consequently whether it is sufficient to study species’ responses to 

climate change exclusively from aspects of sensitivity. 

Species’ sensitivity and adaptive capacity can be approximated by response traits 

of the species and related attributes influencing how species respond to environmental 

change (Luck et al. 2012, Foden et al. 2018). First, the sensitivity of species to climate 

change can be approximated by measures of species’ climatic niche breadth which 

influences the persistence under climate change (Botts et al. 2013, Foden et al. 2018, 

Herrera et al. 2018; Fig. 1a). Second, important ecological aspects of the adaptive 

capacity of species under climate change are their ability to shift their ranges and to 

utilize different resources. Species’ ability for range shifts reflects their ability to track 

their suitable climate during climate change and can be approximated by measures of 

species’ dispersal ability (Schloss et al. 2012, Sunday et al. 2015). Species’ ability to 

utilize different resources influences whether the species can adjust to changes in 

resource availability and can be approximated by the ecological niche breadth of 

species, e.g., their diet and habitat niche breadth (Slatyer et al. 2013; Fig. 1c, d). To 

understand the potential responses of species to climate change these traits and 

attributes might need to be assessed in combination. 

Knowledge on relationships of species’ sensitivity and adaptive capacity at the 

assemblage level may inform us about the overall ability of species’ assemblages to 

respond to climate change. Previous work suggests that species’ sensitivity and 

adaptive capacity differ among assemblages in different environmental contexts. 

According to Janzen’s climate variability hypothesis, species from variable climates 

have broader thermal niches than species from stable climates (Janzen 1967, 

Ghalambor et al. 2006). Accordingly, the thermal tolerance of different animal species 

tends to increase with increasing latitude and elevation (Khaliq et al. 2014, Shah et al. 

2017, Fang et al. 2019). Similarly, geographic patterns of species’ dispersal ability and 

ecological niche breadth have been investigated. For instance, a recent study revealed 

a positive latitudinal trend of average wing pointedness, a proxy for dispersal ability, in 

avian assemblages across the globe, possibly driven by increasing climate variability 

with latitude (Sheard et al. 2020). Furthermore, the latitude-niche breadth hypothesis 

predicts an increase of species’ ecological niche breadth with latitude, but studies that 

have tested for latitudinal gradients in species’ ecological niche breadth report 
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inconsistent results (Vázquez and Stevens 2004, Schleuning et al. 2012). Despite the 

few existing studies of large-scale variation in species’ response traits and attributes, 

relationships between species’ sensitivity to climate change and their adaptive capacity 

have not yet been explicitly tested along environmental gradients.  

Furthermore, it is contentious whether species’ sensitivity and adaptive capacity 

are related across species. For instance, the habitat niche breadth of European 

breeding birds has been reported to be positively related to their dietary niche breadth 

and negatively related to their climatic niche breadth (Reif et al. 2016). However, 

habitat niche breadth and climatic niche breadth were positively related in a study 

focussing on French breeding birds (Barnagaud et al. 2012). Resolving such 

differences is important because the relationship between species’ sensitivity and 

adaptive capacity determines potential trade-offs in species’ ability to respond to 

climate change. For instance, if species that are highly sensitive to climate change also 

have a low adaptive capacity, then their overall susceptibility to climate change might 

be higher than estimated from their climatic niche alone (Foden et al. 2013).  

Here, we aim to identify the relationship of species’ sensitivity to climate change 

with species’ adaptive capacity and assess this relationship (i) in different assemblages 

along an elevational gradient and (ii) across species. We focus on 215 avian frugivore 

species co-occurring along a Neotropical elevational gradient with a highly diverse 

avifauna. We focus our analyses on avian frugivores because they form a 

homogeneous ecological guild, hence traits and measures of ecological niches are 

comparable across species. To approximate species’ sensitivity to climate change, we 

quantify species’ climatic niche breadth as hypervolume based on their current 

occurrences and climate variables across South America (Fig. 1 a). To approximate 

species’ adaptive capacity, we focus on morphological traits related to species’ 

dispersal ability and dietary niche breadth in terms of fruit choice as well as on species’ 

habitat niche breadth (Fig. 1 b-d). We expect that (i) species’ climatic niche breadth in 

frugivore assemblages increases with increasing elevation because increasing diurnal 

temperature variability favours species with broad climatic niches at high elevations 

(Ghalambor et al. 2006). Furthermore, we expect that species’ dispersal ability and 

ecological niche breadth decrease with increasing elevation due to environmental 

filtering of avian frugivore assemblages at high elevations (Dehling et al. 2014a). ii) 

Across species, we expect a negative relationship of species’ sensitivity to climate 

change and their adaptive capacity, as sensitivity and adaptive capacity might trade 
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off in species that have survived past climate change. There is no clear a priori support 

for this hypothesis.  

 

 
Figure 1: Response traits and attributes related to species’ sensitivity to climate 
change (here climatic niche breadth, a) and their adaptive capacity (here dispersal 
ability, dietary niche breadth and habitat niche breadth, b-d). (a) A species’ sensitivity 
to climate change can be approximated by its climatic niche breadth since a species 
with a broad climatic niche (generalist) has a higher chance that changing climates 
remain within its niche than a species with a narrow climatic niche (specialist). We 
estimated the climatic niche breadth of the avian frugivores based on species’ current 
occurrences and climate data across South America as a hypervolume in a two-
dimensional climate space. (b-d) Important aspects of a species’ adaptive capacity are 
the species’ ability to shift their ranges and to utilize a wide range of resources. (b) A 
species’ ability to shift their ranges influences whether the species can track suitable 
conditions and relates to the species’ dispersal ability. We approximated the dispersal 
ability of the avian frugivores by their wing pointedness measured on museum 
specimens. (c) A species’ dietary niche breadth influences whether the species can 
tolerate shifts in food resources. For avian frugivores, this can be estimated by their 
bill width which influences the range of fruit sizes the species can feed on. (d) Similarly, 
a species’ habitat niche breadth influences whether the species can tolerate shifts in 
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available habitat. We approximated the habitat niche breadth of the avian frugivores 
as the number of habitat classes the species are reported to occur in. The illustration 
of avian wing morphology is adapted from Sheard et al. (2020). 
 
Methods 
Study system and assemblages of frugivorous birds 
We studied 215 frugivorous bird species at twelve elevational levels located every 300 

m from 300 to 3600 m a.s.l. in the Manú biosphere reserve in southeast Peru. The 

elevational gradient is covered in lowland rainforest (< 500 m a.s.l.), montane rainforest 

(~500 to 1500 m a.s.l.), cloud forest (~1500 to 3000 m a.s.l) and elfin forest (> 3000 m 

a.s.l.). At the treeline (~3500 m a.s.l.), elfin forest is interrupted by patches of Puna 

grassland (Patterson et al. 1998). Precipitation is high along the entire gradient (annual 

rainfall approximately 1500 - 4800 mm, mean = 2709 mm) while temperature declines 

with increasing elevation (mean annual temperature ranges from 24.3°C at 500 m a.s.l. 

to 7.3°C at 3500 m a.s.l.; Girardin et al. 2010, 2013). 

We determined the local elevational ranges (i.e., minimum and maximum 

elevation) of the 215 frugivorous bird species based on local checklists (Walker et al. 

2006, Merkord 2010, Dehling et al. 2013, 2014b). The species pool initially included all 

frugivorous species reported in the region (n = 245 species). However, to ensure 

unbiased estimates of species’ climatic niches (see description below), we excluded 

species with strong seasonal migrations (Elaenia albiceps chilensis, Elaenia 

parvirostris, Elaenia spectabilis, Tyrannus savanna, all subspecies of Thraupis 

bonariensis except subspecies darwinii). Furthermore, we excluded ground-dwelling 

species (the families Tinamidae, Odontophoridae, Psophidae, and the genus Mitu), 

because their dispersal behaviour does not match our proxy for dispersal ability (see 

description below).  

 

Sensitivity: climatic niche breadth  
We estimated species’ climatic niche breadth based on bioclimatic variables and 

species’ occurrences across South America, i.e., we quantified species’ realized 

climatic niche breadth across the entire continent (Fig. 1 a). We downloaded 

occurrence data for each bird species from the Global Biodiversity Information Facility 

(GBIF.org 2017) and subjected the data to a comprehensive quality check. First, we 

excluded data entries with a longitude of zero and data entries for which the country 

provided by the author of the data did not resemble the country in which the 
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coordinates were located. Second, we compared the GBIF occurrences to species’ 

extent-of-occurrence range maps (BirdLife International and Handbook of the Birds of 

the World 2017) and removed outliers, i.e., occurrence points > 500 km away from the 

range map margins. Moreover, we only analysed species for which at least 20 spatially 

unique occurrence points were available (every latitude-longitude combination was 

counted once, even if several occurrences have been recorded for the same location) 

and where these points covered the species’ range maps reasonably well. The final 

set of 215 bird species had on average 437 ± 431 spatially unique occurrence points 

(mean ± sd) ranging from 24 to 3467 spatially unique occurrence points per species. 

Only eleven of these species had less than 50 spatially unique occurrence points and 

those eleven species were mostly small-ranged.  

We downloaded current bioclimatic data (1979–2013) from the Climatologies at 

High resolution for the Earth’s Land Surface Areas data (CHELSA; Karger et al. 2017) 

at a resolution of 30 arcsec. We selected 17 bioclimatic variables that capture 

minimum, maximum, and mean values as well as diurnal and seasonal variation of 

temperature and precipitation across South America (Table S1, Supporting 

information). The CHELSA data have the advantage of including orographic predictors 

in the precipitation estimation, thereby enhancing rainfall estimates based on 

interpolated weather station data, especially in mountainous regions (Karger et al. 

2017). 

Using the cleaned set of occurrence points and the bioclimatic variables, we 

estimated each species’ climatic niche breadth as a two-dimensional hypervolume 

following Blonder et al. (2014). To reduce the number of dimensions before the 

computation of the climatic niche breadth of each species (as suggested by Blonder et 

al. 2014), we performed a principal component analysis (PCA) across the values of the 

17 bioclimatic variables at all occurrence points of the 215 bird species across South 

America. We included each latitude-longitude combination only once, even if several 

species were reported to occur at the same location. We used the first two axes of this 

PCA (capturing 76.59 % of the total variation in the occurrence data, Table S1, 

Supporting information) and computed each species’ climatic niche breadth as a two-

dimensional hypervolume in this PCA space (Blonder et al. 2014). The first principal 

component was positively correlated with bioclimatic variables related to mean annual 

temperature and annual precipitation and negatively correlated with seasonality in 

temperature and precipitation and with mean diurnal range. The second principal 
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component was positively correlated with variables related to annual precipitation and 

negatively correlated with variables related to mean annual temperature, seasonality 

in temperature and precipitation, and with mean diurnal range (Table S1, Supporting 

information). The hypervolume function performs a kernel density estimation and 

volume measurement using a Monte Carlo importance sampling approach (Blonder et 

al. 2014). We applied Gaussian kernel density and Silverman bandwidth estimation 

(default settings in R package ‘hypervolume’). To test whether the two-dimensional 

hypervolume is a robust estimate of species’ climatic niche breadth, we compared it to 

the estimates based on three- and four-dimensional hypervolumes (including the first 

three and four principal component axes; Table S1, Supporting information) and to 

estimates based on a method suggested by Broennimann et al. (2012; details in 

Supporting information). The estimates of species’ climatic niche breadth based on 

these different approaches were positively correlated (Pearson’s r ranging from 0.54 

to 0.92, p < 0.001, Table S2, Supporting information). 

 

Adaptive capacity: dispersal ability, dietary niche breadth, and habitat niche 
breadth 
We estimated the dispersal ability and the dietary niche breadth of the 215 selected 

frugivorous bird species based on species’ morphological traits, i.e., based on their 

wing pointedness and bill width (Fig. 1 b, c). The wing pointedness of bird species is 

related to their natal dispersal distances and their capacity to fly long distances 

(Winkler and Leisler 1992, Dawideit et al. 2009, Santini et al. 2019). Therefore, 

measures of wing pointedness can serve as a general proxy for the dispersal ability of 

a bird species (Sheard et al. 2020). The dietary niche breadth of frugivorous birds can 

be approximated by species’ bill width since broad-billed frugivorous species can feed 

on a wider range of fruit sizes than narrow-billed species and are therefore more 

flexible in their fruit choice (Wheelwright 1985). We focus on a trait related to fruit 

consumption since all species in our dataset consume fruits as a main part of their diet 

(Kissling et al. 2009, Dehling et al. 2014b). Wing pointedness and bill width for each 

species were measured on museum specimen following measurement protocols from 

Eck et al. (2011) aiming at measuring two female and two male specimens per species 

(dataset from Dehling et al. 2014b). Wing pointedness was measured as Kipp’s index, 

which is the distance from the tip of the first secondary feather to the tip of the longest 

primary feather (mm) divided by wing length (mm; equivalent to the hand-wing index; 



 

65 
 

Eck et al. 2011, Sheard et al. 2020). The average number of specimens measured per 

species was 3.6 ± 0.9 (mean ± sd). Only for three of the 215 bird species, 

measurements were based on one specimen. For all further analyses, we computed 

mean values of wing pointedness and bill width for each species (Table S3, Supporting 

information).  

Estimates of habitat niche breadth for all 215 species were derived from habitat 

affiliations of terrestrial birds based on the habitat classification scheme (version 3) of 

the International Union for Conservation of Nature. We included eleven habitat classes 

representing a gradient from forest to open habitats (forest, plantations, savanna, 

shrubland, rural gardens, subtropical/tropical heavily degraded former forest, 

grassland, pastureland, arable land, desert, rocky areas). Habitat niche breadth was 

estimated as the number of habitat classes in which a species was recorded (dataset 

from Barnagaud et al. 2017) and reflects the difference between species that are 

spread across all or many habitats (generalists) and those restricted to a few habitats 

(specialists; Fig. 1 d).  

 

Relationships of species’ sensitivity and adaptive capacity with elevation 
We assessed relationships of species’ sensitivity and adaptive capacity with elevation 

by fourth-corner analyses. The fourth-corner analysis was developed to test for 

relationships between environmental variables (here elevation as a surrogate for 

changing abiotic and biotic conditions with elevation) and species’ traits based on 

species’ occurrences (here presence/absence of bird species at each of the 12 

elevational levels, 300 to 3600 m a.s.l.; Dray and Legendre 2008). Specifically, the 

fourth-corner analysis assesses the link between a table containing the occurrence of 

species at sites, a table containing the measurements of environmental variables for 

the sites, and a table describing species traits. For continuous variables, the 

relationship is assessed as Pearson correlation coefficient. The significance of the 

relationship is tested with a permutation model. To avoid inflated type I error, we 

applied permutation model 6 (Dray and Legendre 2008). We performed a separate 

fourth-corner analysis for each of the traits and attributes. Since we expected 

saturating trends with increasing elevation, we log-transformed elevation prior to the 

analyses. When elevation was not log-transformed prior to the analysis, the fourth-

corner analyses yielded similar results (Table S4, Supporting information). 

 



 

66 
 

Relationships of species’ sensitivity and adaptive capacity across species 
We tested for associations among the response traits and attributes that quantify 

species’ sensitivity and adaptive capacity across species with phylogenetic 

generalized least square models (PGLS). PGLS models take into account the 

phylogenetic covariance among species (Freckleton et al. 2002). We based the 

phylogenetic analyses on the global phylogeny for birds (Jetz et al. 2012; details in 

Supporting information). We applied PGLS models since bill width (lambda = 1.00, p = 

0.001) and wing pointedness (lambda =1.00, p = 0.001) showed significant 

phylogenetic signal under the assumption of trait evolution as a random walk under a 

constant evolutionary rate (Brownian Motion). For climate and habitat niche breadth, 

lambda was 0.35 (p = 0.001), and 0.30 (p = 0.006), respectively, suggesting a 

significant phylogenetic signal, but also that these attributes evolved according to a 

process in which the effect of the phylogeny was weaker than in the Brownian motion 

model (Freckleton et al. 2002). We fitted a PGLS model each for wing pointedness, bill 

width, and habitat niche breadth (as measures of a species' adaptive capacity) against 

climatic niche breadth (the sensitivity measure) to control for these phylogenetic 

signals. Since the habitat niche breadth is represented by count data (i.e., the number 

of inhabited habitat types), we log-transformed it before fitting the model. In these 

PGLS models, we set delta and kappa to one and estimated lambda by maximum 

likelihood. For wing pointedness, the model was not able to yield a maximum likelihood 

estimate for lambda due to a flat likelihood surface, so we set lambda to one in this 

model. All analyses were performed in R version 3.5.0 (R Core Team 2018). 
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Results 
Relationships of species’ sensitivity and adaptive capacity with elevation 
The fourth-corner analyses revealed a significant positive relationship between 

elevation and species’ climatic niche breadth (Table 1). Specifically, species’ climatic 

niche breadth increased until about 1200 m a.s.l. and showed only little change 

between 1200 and 3600 m a.s.l. (Fig. 2 a). In contrast, wing pointedness and bill width, 

approximating species’ dispersal ability and dietary niche breadth, respectively, 

decreased significantly with increasing elevation (Table 1, Fig. 2 b, c). Species’ habitat 

niche breadth showed no significant association with elevation (Table 1, Fig. 2 d). This 

suggests that species’ sensitivity to climate change and their adaptive capacity in terms 

of dispersal ability and resource use decrease with increasing elevation. 

 

 
Figure 2: Elevational patterns of species’ sensitivity to climate change (a) and their 
adaptive capacity (b-d). Shown are patterns of species’ (a) climatic niche breadth, (b) 
wing pointedness (our proxy for species’ dispersal ability) (c) bill width (our proxy for 
species’ dietary niche breadth) and (d) habitat niche breadth (i.e., number of habitat 
types) along elevation. Horizontal lines represent each species’ (n = 215 avian 
frugivores) elevational range in the study area (from minimum to maximum elevation). 
Vertical lines indicate the 12 species assemblages studied at the different elevations. 
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Table 1: Relationships between elevation and response traits and attributes related to 
species’ sensitivity (climatic niche breadth) to climate change and their adaptive 
capacity (wing pointedness, dietary niche breadth and habitat niche breadth). We 
performed a separate fourth corner analysis for each of the traits and attributes; this 
tests the relationships based on species’ occurrences at 12 elevational levels every 
300 m along the Manú gradient (300-3,600m a.s.l.). Elevation was log-transformed 
prior to the analyses. Given are the Pearson correlation coefficient r, the p-value. 
 
Response variable Pearson’s r p-value 

Climatic niche breadth 0.35 0.002 

Wing pointedness -0.12 0.046 

Bill width -0.12 0.046 

Habitat niche breadth 0.03 0.598 

 
Relationships of species’ sensitivity and adaptive capacity across species 
Across species, there were no significant relationships between traits and attributes 

that quantify species’ sensitivity and adaptive capacity when accounting for 

phylogenetic signals in the traits and attributes (Table 2). Species varied widely in the 

traits related to adaptive capacity across the entire spectrum of species' climatic niche 

breadths (Fig. 3). This indicates that traits and attributes related to species’ sensitivity 

and adaptive capacity vary independently across species.  

Interestingly, different bird orders showed some distinction in their sensitivity and 

adaptive capacity (Fig. 3). For instance, the climatic niche breadth of Passeriformes 

(perching birds, n = 148 species) and Trogoniformes (trogons, n = 9) varied from 

narrow to broad. However, Passeriformes had round to moderately pointed wings and 

narrow to moderately broad bills, while Trogoniformes were characterized by pointed 

wings and moderate bill width. Contrastingly, Psittaciformes (parrots, n = 26) and 

Piciformes (woodpeckers, n = 21) displayed mostly narrow to moderately broad 

climatic niches. Yet, Psittaciformes were among the species with the most pointed 

wings, while Piciformes had more rounded wings. 
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Figure 3: Associations of species’ sensitivity to climate change (climatic niche breadth) 
with different aspects of their adaptive capacity. Shown are associations of climatic 
niche breadth and (a) wing pointedness (our proxy for species’ dispersal ability), (b) 
bill width (our proxy for species’ dietary niche breadth), and (c) habitat niche breadth 
(i.e. number of habitat types). Each dot represents a species (n = 215), colours 
represent the different orders of frugivorous birds. 
 

Table 2: Results of phylogenetic generalized least square (pgls) models fitted to test 
for associations of species’ sensitivity (climatic niche breadth) with aspects of their 
adaptive capacity (wing pointedness, bill width, habitat niche breadth) across species. 
All traits and attributes were scaled and centred before the analyses to ensure 
comparability of the model estimates. Given are the estimates for the intercept and the 
predictor, the standard error, t-value and p-value of the estimate. Adjusted R² of all 
models was < 0.01. 
 

Response  
variable 

Intercept/ 
Predictor 

Estimate Std. 
Error 

t-value p-value 

Wing pointedness 

  

Intercept 

Climatic niche breadth 

0.33 

0.04 

0.56 

0.03 

0.59 

1.28 

0.56 

0.20 

Bill width 

  

Intercept 

Climatic niche breadth 

0.48 

-0.02 

0.66 

0.03 

0.73 

-0.67 

0.47 

0.50 

Habitat niche 

breadth 

  

Intercept 

Climatic niche breadth 

0.04 

0.06 

0.37 

0.07 

0.10 

0.87 

0.92 

0.38 

 



 

70 
 

Discussion 
We tested how species’ sensitivity to climate change and ecological aspects of their 

adaptive capacity vary along an elevational gradient and covary across species. We 

found that species’ climatic niche breadth increased with increasing elevation, while 

dispersal ability and dietary niche breadth decreased with increasing elevation. This 

indicates that the sensitivity of avian frugivore species to climate change might be 

highest in lowland assemblages, while highland assemblages host avian frugivore 

species that might have a comparatively low adaptive capacity in terms of their 

dispersal ability and resource use. Species’ sensitivity to climate change and their 

adaptive capacity varied independently across species.  

 

Relationships of species’ sensitivity and adaptive capacity with elevation 
As expected, we found a positive relationship between species’ climatic niche breadth 

and elevation. This relationship is consistent with Rapoport’s rule according to which 

species' range sizes increase with increasing elevation because of a greater tolerance 

for climatic variation in highland species (Stevens 1989, 1992). Along the Manú 

gradient, increasing diurnal temperature variation with elevation might favour avian 

frugivore species with broader thermal tolerances at higher elevations (Ghalambor et 

al. 2006, Rapp and Silman 2012). Our finding is in accordance with the climate 

variability hypothesis and the positive relationship of avian thermal niche breadth with 

climate variability at global scale (Janzen 1967, Ghalambor et al. 2006, Khaliq et al. 

2014). Indeed, high-elevation bird species in the Peruvian Andes have been reported 

to be more resistant to heat loss, but equally capable to withstand high lowland 

temperatures compared to species from lower elevations (Londoño et al. 2015). The 

Glossy-black Thrush (Turdus serranus) and the Hooded Mountain Tanager 

(Buthraupis montana) are examples for high-elevation species at the Manú gradient 

with rather broad climatic niches. Among the lowland-species with more narrow 

climatic niches are the Purple-throated Cotinga (Porphyrolaema porphyrolaema) and 

the Opal-rumped Tanager (Tangara velia). 

The negative relationships between wing pointedness and bill width with elevation 

were in line with our expectations. Many tropical avian frugivore species are highly 

dependent on fruit in their diet (Kissling et al. 2009). Therefore, the significant but weak 

relationships we found might be due to bottom-up effects of the fruit plant assemblages 

on the avian frugivores and their traits (Vollstädt et al. 2017). Specifically, low plant 
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heights and small fruit sizes at high elevations of the Manú gradient might promote 

round-winged and narrow-billed avian frugivores at these elevations (Dehling et al. 

2014a, Pigot et al. 2016). This likely relates to trait matching between interacting 

resource and consumer species, specifically the positive relationship between wing 

pointedness and plant height in plant-frugivore interactions (Dehling et al. 2014a, 

Bender et al. 2018). Similarly, bill width and fruit width of interacting avian frugivore 

and fruit plant species usually correspond closely (Burns 2013, Bender et al. 2018). 

The decreasing availability of fruit resources with increasing elevation might lead to 

environmental filtering of bird traits resulting in low trait diversity of high-elevation bird 

assemblages (Hanz et al. 2019). Among the high-elevation species with rather round 

wings and narrow bills are the Blue-capped Tanager (Thraupis cyanocephala) and the 

Blue-winged Mountain Tanager (Anisognathus somptuosus), while the Red-bellied 

Macaw (Orthopsittaca manilata) is an example for a pointed-winged, broad-billed 

lowland species.  

The opposing elevational patterns of climatic niche breadth on the one hand and 

dispersal ability and dietary niche breadth on the other hand suggest different 

mechanisms of how species from low vs. high-elevation assemblages might respond 

to contemporary climate change. Given their rather narrow climatic niches, avian 

frugivore species from lowland assemblages might be sensitive to climate change. 

However, occurrence-derived thermal tolerances of tropical lowland species might 

underestimate their actual thermal tolerances, since species might tolerate higher 

temperatures than currently realized (Feeley and Silman 2010). Still, lowland species 

will likely shift their elevational ranges upslope to track their suitable climate. Upslope 

range shifts in response to contemporary climate change have indeed been reported 

for bird species at tropical elevational gradients (Forero-Medina et al. 2011, Freeman 

and Class Freeman 2014). However, thus far tropical lowland bird species tend to 

expand their elevational ranges upslope under contemporary climate change 

suggesting that they are able to tolerate increasing temperatures, at least to some 

extent, despite their narrow realized climatic niches (Freeman et al. 2018a). The 

observed range expansion of lowland bird species is in line with the high dispersal 

ability of many lowland frugivores. Specifically, the pointed-winged species of the 

lowland assemblages might be well equipped for range shifts due to their good 

dispersal ability (Dawideit et al. 2009). Furthermore, the flexibility in fruit choice of 

broad-billed lowland frugivores might enhance their ability to find matching fruit 
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resources at higher elevations (Wheelwright 1985). However, changes in the fruit 

resource use of avian frugivores need to be explored further (Bender et al. 2017).  

The comparatively broad climatic niches of avian frugivores in assemblages at 

higher elevations of the Manú gradient might make these species less sensitive to 

climate change than species from low elevations. Accordingly, avian frugivore species 

at high elevations in the tropics were predicted to persist in their current assemblages 

despite projected future changes in precipitation and temperature (Bender et al. 2019). 

Moreover, a recent meta-analysis revealed that high-elevation species globally shifted 

their elevational ranges upslope at a lower rate than low-elevation species under 

contemporary climate change, which might be attributed to broader climatic niches of 

high-elevation species (Mamantov et al. 2021). However, high-elevation frugivores at 

the Manú gradient might be less well equipped to cope with future changes in the 

availability of fruit resources because their narrow bills restrict them to feed on rather 

small fruits (Moermond and Denslow 1985, Wheelwright 1985). Moreover, due to their 

round wings, they tend to be better equipped to forage in lower forest strata than in the 

canopy (Moermond and Denslow 1985, Dehling et al. 2014a). Yet, plants along tropical 

mountains are shifting their elevational ranges upslope under contemporary climate 

change, and this trend might continue in the future (Feeley et al. 2011, Morueta-Holme 

et al. 2015). Upslope range shifts of large-fruited and tall plant species from low 

elevations have been predicted to increase the average fruit size and plant height of 

fruit plant assemblages at higher elevations (Nowak et al. 2019). Hence, avian 

frugivore species currently residing at high elevations might not be able to efficiently 

utilize the fruit resources provided by future plant assemblages at these elevations 

(Fleming 1979, Dehling et al. 2014a). 

Furthermore, avian frugivore assemblages at the highest elevations are restricted 

by the treeline. Therefore, species occurring close to this biotic barrier might contract 

their elevation ranges because they cannot easily expand their range to higher 

elevations (La Sorte and Jetz 2010). This phenomenon of so-called mountaintop 

extinctions has been widely reported and suggests that highland species face an 

elevated risk from rapid global warming (Pacifici et al. 2017, Freeman et al. 2018b). 

Range contractions towards the mountaintop have also been reported for high-

elevation bird species under recent climate change (Freeman et al. 2018a). To track 

future shifts in their suitable climate, high-elevation species would need to disperse to 
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other mountain ranges or higher latitudes. Yet, due to their rather round wings, they 

might not be well equipped to disperse over such long distances (Dawideit et al. 2009).  

 

Relationships of species’ sensitivity and adaptive capacity across species 
Contrary to our expectation, response traits and attributes related to the sensitivity of 

species to climate change and their adaptive capacity were unrelated across the avian 

frugivore species at the Manú gradient. Accordingly, we could not identify trait 

syndromes of species with coherent patterns in terms of their sensitivity and adaptive 

capacity. This was confirmed by the variation in trait values within bird orders, e.g., the 

perching birds. Generally, some species with pointed wings and broad bills were 

characterized by broad climatic niches, e.g., the Golden-Headed Quetzal 

(Pharomachrus auriceps) and the Military Macaw (Ara militaris). Other species had 

broad climatic niches, but round wings or narrow bills, e.g., the Bronze-Green 

Euphonia (Euphonia mesochrysa) and the Spotted Tanager (Tangara punctata). Some 

species with narrow climatic niches had pointed wings or broad bills, e.g., the Black-

Tailed Trogon (Trogon melanurus) and the Green-Backed Trogon (Trogon viridis). 

These species-specific differences of sensitivity and adaptive capacity within the group 

of avian frugivores coincide with the observation that individual species can differ 

greatly in their responses to climate change (Moritz et al. 2008, Chen et al. 2011). Our 

findings reveal that even within ecologically homogeneous groups of species, 

responses to climate change are likely to be individualistic. 

Interestingly, our findings differ from a global study reporting increasing average 

wing pointedness with increasing climate variability (Sheard et al. 2020). Furthermore, 

we could not confirm a positive or negative relationship between climatic niche breadth 

and habitat niche breadth across avian species (Barnagaud et al. 2012, Reif et al. 

2016). Hence, relationships of species’ sensitivity and adaptive capacity might be 

context-dependent. Specifically, this relationship appears to differ between global and 

local scales, and when including migratory species in the comparison (Sheard et al. 

2020). Furthermore, the relationship seems to differ between tropical avian frugivore 

assemblages with a high trait diversity compared to the less diverse European bird 

assemblages (Kissling et al. 2009, Barnagaud et al. 2012, Reif et al. 2016). Although 

we did not detect a systematic relationship between sensitivity and adaptive capacity 

across species, we encourage future studies exploring whether such relationships 
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exist with aspects of species’ adaptive capacity not included here, e.g., the evolutionary 

potential of species (Boutin and Lane 2014).  

 

Conclusions 
We show that response traits and attributes related to the sensitivity of avian frugivores 

to climate change and their adaptive capacity vary independently along elevation and 

across species. Our results emphasize that focussing on the sensitivity of species to 

climate change (i.e., their climatic niche) can be insufficient to predict potential effects 

of future climate change on species assemblages in the tropics. While trait-based 

approaches can provide a ready way to assess the potential effects of future climate 

change on species assemblages, they should consider different dimensions of species’ 

susceptibility to climate change.   
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Supporting information 
Methods 
S1: Phylogenetic analyses 
We based the phylogenetic analyses on the global phylogeny for birds (Jetz et al. 

2012). We downloaded a subset of 1000 posterior trees for our 215 bird species from 

the global avian phylogeny at BirdTree.org (2019) selecting the version V2.iii (i.e. Stage 

2: MayrAll Hacket). For further analyses, we created a consensus tree with the 

software TreeAnnotator (Bouckaert et al. 2019).  

 
S2: Climatic niche breadth following Broennimann et al. (2012) 
The method recommended by Broennimann et al. (2012) defines species’ climatic 

niche breadth in a two-dimensional climate space. Hence we utilized the first two axes 

from a principal component analysis carried out across all 215 bird species considering 

unique occurrence points and 17 bioclimatic variables (see main manuscript). The two-

dimensional climate space was gridded (100 x 100 cells) and for each species a value 

of occupancy in each of the cells in the climate space was computed. To this end, 

kernel density smoothing was used to generate density surfaces of the available 

climate and species occurrences and species’ occupancy was estimated as 

occurrence density divided by climate density (Broennimann et al. 2012). Species 

climatic niche breadth was then estimated as Shannon diversity index accounting for 

the number of cells a species occupies in the climate space and the evenness of 

species’ occupancy (Laube et al. 2015, Eyres et al. 2020). These analyses were 

performed with the R packages ‘ecospat’ and ‘vegan’. 
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Tables 
Table S1: Bioclimatic variables and their correlations with principal component (PC) 
axes. Given are the 17 bioclimatic variables considered in our study and their 
correlation with the first, second, third and fourth PC axis. Further given is the amount 
of variance in the bird species' occurrences explained by the respective PC axis. The 
first and second PC axis (highlighted in grey) were utilized to estimate species’ climatic 
niche as two-dimensional hypervolume in the main text (see table S2 for consideration 
of more dimensions). 
 
Bioclimatic variable  PC1 PC2 PC3 PC4 

Minimum Temperature of Coldest Month 0.90 -0.38 -0.23 0.01 
Mean Temperature of Driest Quarter 0.88 -0.44 -0.13 0.00 
Mean Temperature of Coldest Quarter 0.88 -0.44 -0.16 0.02 
Annual Mean Temperature 0.85 -0.52 0.04 -0.02 
Mean Temperature of Warmest Quarter 0.80 -0.57 0.18 -0.05 
Mean Temperature of Wettest Quarter 0.79 -0.57 0.15 -0.03 
Annual Precipitation 0.79 0.58 0.14 0.11 
Maximum Temperature of Warmest Month 0.76 -0.59 0.24 -0.07 
Precipitation of Wettest Quarter 0.75 0.48 0.17 0.38 
Precipitation of Wettest Month 0.74 0.49 0.18 0.38 
Precipitation of Coldest Quarter 0.68 0.43 -0.03 0.03 
Precipitation of Driest Quarter 0.67 0.61 0.09 -0.32 
Precipitation of Driest Month 0.67 0.60 0.10 -0.34 
Precipitation of Warmest Quarter 0.45 0.63 0.28 0.16 
Temperature Seasonality -0.24 -0.30 0.83 -0.18 
Precipitation Seasonality -0.45 -0.46 0.15 0.64 
Mean Diurnal Range -0.58 -0.12 0.62 -0.06    

    
Amount of variance explained (%) 51.7 24.89 8.78 5.85 

 

Table S2: Pearson correlation coefficients between different estimates of species’ 
climatic niche breadth. We computed and contrasted climatic niche breadth estimated 
with two-, three- and four-dimensional hypervolumes (2d-, 3d- and 4d-hypervolume) 
based on the first two, three, or four climatic PC axes (Table S1), respectively, following 
Blonder et al (2014), and climatic niche breadth estimated with kernel density 
smoothing in two-dimensional climate space based on the first two climatic PC axes 
(see supplementary methods) following Broennimann et al. (2012). p-value < 0.001 for 
all correlation tests. 
  

2d-hypervoulme 3d-hypervolume 4d-hypervolume 
Broennimann 0.67 0.68 0.54 
2d-hypervolume 

 
0.79 0.71 

3d-hypervolume 
  

0.92 
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Table S3: Response traits and number of occurrence points for 215 avian frugivores 

considered in our study. Table provided as separate excel file. 
Table S4: Relationships between elevation (not transformed) and response traits or 
attributes related to species’ sensitivity to climate change and to their adaptive 
capacity. We performed a separate fourth corner analysis for each of the traits and 
attributes; this tests the relationships based on species’ occurrences at 12 elevational 
levels every 300 m along the Manú gradient (300-3,600m a.s.l.). Given are the Pearson 
correlation coefficient r, the p-value, and the significance level for the respective 
relationship. 
 
Test Pearson’s r p-value 
Climatic niche breadth 0.29 0.024  
Wing pointedness -0.11 0.066  
Bill width -0.11 0.070  
Habitat niche breadth 0.05 0.453 
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Supplementary material 
SI: Methods 
S1: Museum specimen (frugivorous birds) 
If available, specimens from Peruvian localities were measured, but specimens from 

neighbouring countries (mainly Bolivia) were used, if specimens from Peru were not 

available. For 222 species, traits were measured from specimens from Peru and 

Bolivia. The list below gives specimen number and collection acronyms for measured 

bird specimen: FMNH - Field Museum of Natural History Chicago, LSUZM - Zoological 

Museum of the Louisiana State University Baton Rouge, BMNH - The Natural History 

Museum (Bird Group) Tring, NMB - Museum of Natural History Basel, SMF - 

Senckenberg Museum Frankfurt, SNSD - Senckenberg Natural History Collections 

Dresden, ZFMK – Zoological Research Museum A. Koenig Bonn (Dehling, Fritz, et al., 

2014). List of specimens provided separately in digital supporting information.  
 

S2: Temperature projections, tropospheric lapse rate and vertical distances 

We extracted raster data on current and future annual mean temperature for our study 

region from WorldClim (Hijmans et al. 2005) at a 2.5 min spatial resolution. WorldClim 

provides interpolations of observed current climate data representative of the time 

span 1960–1990. Data on future annual mean temperature are based on the IPCC’s 

fifth assessment report (Stocker et al. 2014). We used projected mean annual 

temperature for the year 2080 (averaged over 2061–2080), according to five general 

circulation models (CCSM4, HadGEM2-ES, MIROC 5, MRI-CGCM and NorESM) and 

the representative concentration pathway (RCP) 8.5. We calculated anomalies in 

annual mean temperature as the difference between the current and the projected 

future annual mean temperature for each grid cell. 

We took mean annual tropospheric lapse rate values for the period 1948–2001 

from Mokhov & Akperov (2006) at a 2.5° spatial resolution. We interpolated the lapse-

rate data bilinearly to match the 2.5 min spatial resolution of the temperature data. 

Each of our seven elevations was located in a separate grid cell. Therefore, we were 

able to derive elevation-specific temperature anomalies and lapse rates.  
 

  



 

98 
 

SII: Figures 

 
Figure S1: (a) Minimum elevation, (b) maximum elevation and (c) elevational range of 
plant species according to the literature (Brako & Zarucchi 1993; Tropicos 2017) and 
based on local data from 1-ha sampling area per elevation (Dehling et al. 2014b). 
Given are the coefficient and p-value of a Pearson correlation that was performed to 
test for a relationship between the literature and the field data. Shading of points 
indicates the number of plant species. 
 
 

 
Figure S2: Relationship of (a) functional richness and (b) species richness of current 
communities of fleshy-fruited plants computed based on literature data (Brako & 
Zarucchi 1993; Tropicos 2017) and local data from 1-ha sampling area per elevation 
(Dehling et al. 2014b). Given are the coefficient and p-value of a Pearson correlation. 
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Figure S3: Relationship of (a) functional richness and (b) species richness of current 
communities of frugivorous birds computed based on local checklists (Walker et al. 
2006; Merkord 2010; Dehling et al. 2013) and a country-wide guide book (Schulenberg 
et al. 2010). Given are the coefficient and p-value of a Pearson correlation. 
 

 

 
Figure S4: Projected changes in fleshy-fruited plant (dark grey) and frugivorous bird 
(medium grey) species richness under RCP 8.5 for the year 2080. We applied three 
vertical dispersal scenarios for future projections of plant and bird communities along 
the Manú gradient, i.e. (a) range contraction, (b) range expansion and (c) range shift. 
Changes were computed as future species richness minus current species richness. 
Given are mean values and standard deviation (error bars) over five general circulation 
models (CCSM4, HadGEM2-ES, MIROC 5, MRI-CGCM and NorESM). Dashed lines 
indicate low, mid and high elevations. 
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Figure S5: Projected changes in fleshy-fruited plant (dark grey) and frugivorous bird 
(medium grey) functional identity under RCP 8.5 for the year 2080 and according to 
three vertical dispersal scenarios (range contration, range expansion and range shift). 
Shown are changes in (a–c) bill width and fruit width, (d–f) plant height and Kipp’s 
index and (g–i) crop mass and avian body mass. Changes were computed as future 
functional identity minus current functional identity. Given are mean values and 
standard deviation (error bars) over five general circulation models (CCSM4, 
HadGEM2-ES, MIROC 5, MRI-CGCM and NorESM). Dashed lines indicate low, mid 
and high elevations. Functional identity of lowland communities could not be quantified 
under range contraction and shift scenarios because projected species richness is 
zero.  
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Figure S6: Associations between plant and bird species richness under (a) current 
conditions and under scenarios of (b) range contraction, (c) range expansion and (d) 
range shift. Dots indicate the mean value and error bars the standard deviation across 
five GCMs (CCSM4, HadGEM2-ES, MIROC 5, MRI-CGCM and NorESM). Horizontal 
error bars refer to plants, vertical error bars refer to birds. Given are slope estimates 
(β) ± standard errors and the p-values of linear models of bird functional richness 
against plant functional richness. Regression lines are represented as solid lines (for 
p < 0.05) and dashed lines (for 0.05 < p < 0.1). Low, mid and high elevations are 
coloured in dark, medium and light grey, respectively. 
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Figure S7: Associations between mean fruit length and mean bill length under (a) 
current conditions and under scenarios of (b) range contraction, (c) range expansion 
and (d) range shift. Dots indicate the mean value and error bars the standard deviation 
across five GCMs (CCSM4, HadGEM2-ES, MIROC 5, MRI-CGCM and NorESM). 
Horizontal error bars refer to plants, vertical error bars refer to birds. Given are slope 
estimates (β) ± standard errors and the p-values of linear models of bird functional 
richness against plant functional richness. Regression lines are represented as solid 
lines (for p < 0.05) and dashed lines (for 0.05 < p < 0.1). Low, mid and high elevations 
are coloured in dark, medium and light grey, respectively. 
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Figure S8: Associations between mean plant height and mean Kipp’s index under (a) 
current conditions and under scenarios of (b) range contraction, (c) range expansion 
and (d) range shift. Dots indicate the mean value and error bars the standard deviation 
across five GCMs (CCSM4, HadGEM2-ES, MIROC 5, MRI-CGCM and NorESM). 
Horizontal error bars refer to plants, vertical error bars refer to birds. Given are slope 
estimates (β) ± standard errors and the p-values of linear models of bird functional 
richness against plant functional richness. Regression lines are represented as solid 
lines (for p < 0.05) and dashed lines (for 0.05 < p < 0.1). Low, mid and high elevations 
are coloured in dark, medium and light grey, respectively. 
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Figure S9: Associations between mean plant crop mass and mean avian body mass 
under (a) current conditions and under scenarios of (b) range contraction, (c) range 
expansion and (d) range shift. Dots indicate the mean value and error bars the 
standard deviation across five GCMs (CCSM4, HadGEM2-ES, MIROC 5, MRI-CGCM 
and NorESM). Horizontal error bars refer to plants, vertical error bars refer to birds. 
Given are slope estimates (β) ± standard errors and the p-values of linear models of 
bird functional richness against plant functional richness. Regression lines are 
represented as solid lines (for p < 0.05) and dashed lines (for 0.05 < p < 0.1). Low, mid 
and high elevations are coloured in dark, medium and light grey, respectively. 
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Avian seed dispersal may be insufficient for plants to track future temperature 
change on tropical mountains 
 

Running title: Avian seed dispersal and climate change 

 

Abstract 
Aim: Climate change causes species' range shifts globally. However, terrestrial plant 

species often lag behind temperature shifts and it is unclear to what extent animal-

dispersed plants can track climate change. Here, we quantify the ability of bird-

dispersed plant species to track future temperature change on a tropical mountain. 

Location: Tropical elevational gradient (500–3500 m a.s.l.) in the Manú biosphere 

reserve, southeast Peru 

Time period: 1960–1990 to 2061–2080  

Taxa: Fleshy-fruited plants, avian frugivores 

Methods: With a combination of simulation models building on functional traits of avian 

frugivores and fruiting plants, we quantified the number of long-distance dispersal 

(LDD) events that woody plant species would require to track projected temperature 

shifts on a tropical mountain by the year 2070. We applied this approach to 343 woody, 

bird-dispersed plant species.  

Results: Our simulations suggest that the LDD ability of most plant species may be 

insufficient, as they were projected to require several LDD events to track projected 

vertical temperature shifts until 2070. For the majority of plant species studied here, 

this is an unlikely scenario given the longevity and slow response times of woody 

plants. Our simulations also reveal that bird-dispersed plants strongly differ in their 

ability to track climate change. Large-fruited and canopy plants have a higher ability to 

track future temperature changes. Furthermore, we found that the ability of plant 

species to track future temperature changes increased in simulations with a low degree 

of trait matching between plants and birds. 

Main conclusion: Our study illustrates how functional traits can be used to quantify 

plant species’ dispersal ability and how trait-based models can inform on whether plant 

species may be able to track rapid climate change. The increasing availability of 

functional trait data of plants and birds globally will allow parameterization of similar 

models for many other seed-dispersal systems.  
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projections, long-distance dispersal, trait-based simulation model 

 

Introduction 
Climate change is causing a rapid redistribution of biodiversity globally (Pecl et al. 

2017), with species shifting towards higher latitudes and elevations as they track 

suitable climatic conditions (Feeley et al. 2011, Brommer et al. 2012). Species are 

expected to differ widely in the pace at which they can shift their geographic range, 

with marine species tracking changing climates more closely than species on land 

(Lenoir et al. 2020). Among terrestrial plants, recent range shifts appear to be lagging 

behind changes in temperature (Feeley et al. 2011, Lenoir et al. 2020), raising the risk 

that plant species will be unable to shift their ranges sufficiently rapidly to reach suitable 

climates. However, quantitative estimates of plant species’ ability to keep pace with 

climate change are largely lacking (but see Naoe et al. 2016, González-Varo et al. 

2017).  

Quantifying species’ dispersal is key for predicting species’ ability to track rapid 

climate change (Schleuning et al. 2020, Sales et al. 2021). The dispersal ability of plant 

species relates to present-day range filling (Estrada et al. 2015) and range expansion 

during past climate change (Hampe 2011). Long-distance dispersal is particularly 

crucial for plant species under climate change because it determines the maximum 

distance a propagule can be dispersed (Cain et al. 2000). The dispersal ability of plant 

species is determined by their traits (Chen et al. 2019). Seed dispersal distances are 

often positively related to plant height and vary with seed size (Thomson et al. 2011, 

Chen et al. 2019). In the tropics, plant species show a greater range of seed sizes and 

can grow taller than in temperate regions (Moles et al. 2009). However, empirical 

dispersal estimates only exist for a small number of tropical plant species (Chen et al. 

2019). Consequently, it remains little understood how the dispersal ability of tropical 

plants varies with their traits, especially because seed dispersal of the majority of 

woody plant species in the tropics depends on animals, in particular birds (Jordano 

2014, Chen et al. 2017). 

Fleshy-fruited plants and avian frugivores are linked in complex seed-dispersal 

networks and the interactions in these networks are influenced by species’ traits. Trait 

matching (i.e., the compatibility of species’ traits) is a general phenomenon 
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determining species’ interactions in seed-dispersal networks (Burns 2013, Bender et 

al. 2018). The degree of trait matching (i.e., how closely the trait values of two 

interacting species match) varies in empirical seed-dispersal networks, likely reflecting 

the flexibility of frugivores in switching between fruit resources (Bender et al. 2017, 

2018). For instance, large-billed frugivores, despite preferring large fruits, can feed on 

a wide range of fruit sizes, whereas small-billed species are usually constrained to feed 

on small fruits (Wheelwright 1985). A recent simulation study suggests that a low 

degree of trait matching can lead to larger dispersal distances of bird-dispersed plant 

communities because large birds contribute to the dispersal of more plant species in 

such networks (Sorensen et al. 2020). However, the impact of the degree of trait 

matching on the ability of bird-dispersed plants to track rapid climate change remains 

untested. 

Functional traits can be used to quantify and compare the dispersal ability among 

bird-dispersed plants because traits determine both the identity of avian dispersers and 

the seed-dispersal distances provided to plants (Schleuning et al. 2020). Here, we 

integrate two recently developed trait-based models to compare the long-distance 

dispersal (LDD) ability of plant species (Fig. 1 a, b) to projected vertical temperature 

shifts under different future greenhouse gas emission scenarios (Fig. 1 c). First, we 

apply a trait-based interaction model to simulate seed-dispersal interactions between 

plant and bird species considering different degrees of trait matching between bill size 

and fruit size (Fründ et al. 2016, Donoso et al. 2017; Fig. 1 a). Second, we apply a trait-

based seed-dispersal model based on allometric scaling relationships between avian 

body mass, gut passage time and flight speed to estimate dispersal distances for each 

interaction event (Sorensen et al. 2020; Fig. 1 b). Finally, to compare the estimated 

dispersal distance of a plant species to the distance that temperatures are projected to 

shift vertically (Fig. 1 c), we quantify the number of LDD events a plant species would 

require to track temperature change by 2070 (Fig. 1 d).  

With this new integrative simulation approach, we assess the LDD ability of 343 

bird-dispersed, woody plant species along a tropical elevational gradient in the Andes 

of south-east Peru. We evaluate i) how the projected number of LDD events required 

by 2070 would vary with the degree of trait matching, and (ii) to what extent the 

projected number of LDD events required by 2070 would differ among plant species 

with different traits. We hypothesize (i) that plant species require fewer LDD events if 

the degree of trait matching is low because dispersal distances of bird-dispersed plants 
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are related to the degree of trait matching in seed-dispersal networks (Sorensen et al. 

2020). We further hypothesize (ii) that large-fruited species require fewer LDD events 

than small-fruited species because large-fruited species interact preferentially with 

large-billed and large-sized frugivores which disperse seeds farther (Jordano et al. 

2007, Burns 2013). A similar mechanism may apply to canopy plants if plant height is 

positively related to fruit size (Shanahan and Compton 2001).  

 

 
Figure 1: Trait-based projections of the number of long-distance dispersal (LDD) 
events. (a) Trait-matching between the fruit width of a plant and the bill width of 
potential avian dispersers informs simulations of seed-dispersal interaction 
probabilities (Donoso et al. 2017). The degree of trait matching was varied according 
to a trait-matching parameter (s-value, three settings as shown in legend). (b) 
Simulations of dispersal distance are based on allometric relationships of the gut 
passage time and the flight speed, whereby dispersal distance is positively related to 
avian body mass (Sorensen et al. 2020). We simulated a dispersal distance for each 
interaction event between a bird and a plant species and considered the 95th and the 
99th percentile of the frequency distribution of all dispersal distances as two alternative 
proxies for the LDD ability of that plant species (95% and 99% LDD, respectively). (c) 
The projected vertical temperature shift estimates the distance by which the current 
realized temperature range of a plant species along an elevational gradient is projected 
to shift vertically (Nowak et al. 2019). Here, we estimated projected vertical 
temperature shifts until 2070 for three representative concentration pathways (RCP) 
representing a strong mitigation (RCP2.6), a moderate mitigation (RCP4.5), and a high 
emissions scenario (RCP8.5). We computed the required horizontal dispersal distance 
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as vertical temperature shift (m) divided by the sine of the mean slope (°). (d) The 
number of LDD events that a plant species requires to track projected vertical 
temperature shifts by 2070 can be estimated as the ratio of the required horizontal 
dispersal distance and the simulated LDD ability of that plant species. 
 
Methods 
Study system 
Our study system is an elevational gradient (250 m a.s.l. to 3750 m a.s.l) in the Manú 

biosphere reserve in south-east Peru. The gradient is covered by lowland and montane 

rain forest, cloud forest and elfin forest (Patterson et al. 1998). All forest types are 

characterized by high precipitation (minimum annual precipitation along the gradient 

about 1560 mm), while mean annual temperature declines with increasing elevation 

from about 24.3 °C at 500 m a.s.l. to 7.3 °C at 3500 m a.s.l. (Girardin et al. 2010, 2013). 

 

Plant and bird species and their current elevational ranges 
To identify bird-dispersed woody plant species occurring along the Manú gradient, all 

plants with ripe fleshy fruits were collected within an area of 1 ha (divided into 10 plots 

of 20 m × 50 m) located at seven elevations every 500 m a.s.l. (distances between the 

plots were at least 200 m; Dehling et al. 2014). In the field, the plants were identified 

as morphospecies, samples of each were taken and identified to species level with 

specimens from local herbaria. Each site was sampled once in the rainy season 

(December to March) and once in the dry season (June to September) between 

December 2009 and September 2011. The resulting plant species pool comprised 343 

bird-dispersed, woody plant species. This included all woody species that were 

identified to species-level and for which trait and elevation data were available (Table 

S1). We derived current minimum and maximum elevation of the plant species across 

Peru at an elevational resolution of 500 m from literature (Brako and Zarucchi 1993), 

supplemented by data from the Tropicos website (2017; for about 3% of the analysed 

species).  

We considered 219 frugivorous bird species that occur along the Manú gradient 

and consume fruits as a main part of their diet (Table S2; Dehling et al. 2014). This 

species pool excluded ground dwellers (the families Tinamidae, Odontophoridae, 

Psophidae, and the genus Mitu) because they have a distinct movement behaviour. It 

further excluded the few seasonal migrants that are not present year-round (Catharus 

ustulatus, Elaenia parvirostris, Elaenia spectabilis, Elaenia strepera, Pirange rubra, 
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Turdus amaurochalinus, Tyrannus savanna, Tyrannus tyrannus). Current minimum 

and maximum elevation of each bird species along the Manú gradient at an elevational 

resolution of 50 m were derived from local checklists supplemented by field 

observations (Walker et al. 2006, Dehling et al. 2013). Elevational ranges were derived 

from year-round observations and thus account for rare elevational movements of bird 

species over the year.  

 

Morphological traits of birds and plants 
We collected data on avian bill width and body mass as well as on fruit width and plant 

height for all species considered in our study (Tables S1, S2). Bill width (mm) was 

measured on museum specimens following measurement protocols from Eck et al. 

(2011) and aiming at measuring at least two females and two males per species. 

Because body mass influences avian movement (Westcott and Graham 2000, Jordano 

et al. 2007), we additionally compiled data on avian body mass from literature (Dunning 

2007, Table S2). Fruit width (mm) was measured on fruits collected during the field 

surveys on 20 fruits per plant species. Additionally, plant height (m) was measured as 

distance from the ground to the top of the plant during the field surveys on all individuals 

in the plots (Table S1). Plant height and fruit width were weakly positively correlated (n 

= 343 species, r = 0.36, p < 0.001).  

To test whether the projected number of LDD events until 2070 differs among 

plant species with different traits, we grouped the plant species into small- vs. large-

fruited species. We considered plant species within the smallest quartile of fruit width 

as small-fruited (≤ 4.99 mm) and the species within the largest quartile of fruit width as 

large-fruited (≥ 11.41 mm). Similarly, we grouped plants into understory and canopy 

species, considering plant species within the smallest quartile of plant height as 

understory species (≤ 3.29 m) and the species within the largest quartile of plant height 

as canopy species (≥ 9.62 m).  

In all analyses, we used species means of plant and bird traits. For one plant 

species, we had to use trait values from Ecuador (Quitián et al. 2019) and for 20 plant 

species (ca. 6% of the species pool) we used mean trait values at the genus level since 

species-level trait values were unavailable (Table S1). Interspecific trait variation was 

large (e.g., bill width varied from 5.12 mm to 38.76 mm and fruit width varied from 0.5 

mm to 38.4 mm), therefore we expect intraspecific trait variation to be of little relevance 

for our simulations. 
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Trait-based interaction probabilities and interaction events 
With a trait-based interaction model, we computed interaction probabilities between all 

219 bird and 343 plant species based on species’ trait matching, specifically the size 

difference between fruit width and bill width (Donoso et al. 2017; Fig. 1 a, S1). In this 

model, a size difference of zero (bill width = fruit width) yields a high interaction 

probability. A positive mismatch in trait values (bill width > fruit width) decreases the 

interaction probability. A negative mismatch (bill width < fruit width) yields an interaction 

probability close to zero (Donoso et al. 2017) because small-billed birds are unable to 

feed on large fruits (Bender et al. 2017). The model allows adjusting the degree of trait 

matching with a trait-matching parameter (Fig. 1 a) which influences the specialization 

of the resulting seed-dispersal network (Fründ et al. 2016, Donoso et al. 2017). We 

considered three trait-matching parameter values representing a low, an intermediate 

and a high degree of trait matching (s = 0.5, 1.5, 5.0, respectively), resulting in a low, 

an intermediate and a high degree of network specialization (H2’ = 0.09, 0.29, 0.49, 

respectively). This covers the range of specialization of empirical seed-dispersal 

networks, most of which show an intermediate degree of network specialization 

(Dalsgaard et al. 2017, Dugger et al. 2019). 

In the simulations of interaction events, we did not consider how variation in the 

abundance of bird or plant species may influence interactions because independent 

data on abundance were not available. To account for species co-occurrences along 

the elevational gradient, we multiplied the matrix of interaction probabilities by a matrix 

of co-occurrences of the bird and the plant species. We considered an overlap of the 

current elevational ranges of plant and bird species along the Manú gradient as co-

occurrence and removed interaction links corresponding to pairs of species that do not 

co-occur along the gradient. To simulate interaction events, we drew 100 interaction 

events per plant species based on the resulting interaction probabilities (with 

replacement). We ran ten independent iterations and simulated long-distance dispersal 

for each run. 

 

Trait-based simulations of long-distance dispersal 
With a trait-based seed-dispersal model, we simulated a seed-dispersal distance for 

each of the 100 interaction events per plant species (Sorensen et al. 2020, Donoso et 

al. 2020; Fig. 1 b). This seed-dispersal model is based on allometric relationships 

between avian body mass and avian gut passage time and flight speed (Jordano et al. 
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2007). Specifically, for each simulated interaction event, the gut passage time and a 

flight speed were drawn from probability distributions based on allometric equations. 

Gut passage time and flight speed were multiplied yielding a dispersal distance which 

was corrected for time spent perching or non-directional flying (for detailed information 

on allometric equations see Sorensen et al. 2020, Donoso et al. 2020). Simulated 

seed-dispersal distances from this model are consistent with those reported from the 

few empirical studies available (Jordano et al. 2007, Kays et al. 2011).  

We defined the 95th and the 99th percentile of the resulting 100 dispersal 

distances as two alternative proxies of the long-distance dispersal (LDD) ability of a 

plant species: 95% LDD and 99% LDD (Fig. 1 b). We focus on the 95% LDD ability in 

accordance with recent modelling studies (e.g., Pires et al. 2018) and present results 

for 99% LDD in the supplement. We computed the LDD ability separately for each of 

the ten independent iterations. For further analyses, we considered the mean LDD 

ability across the ten iterations for each plant species. The variation among the ten 

runs was generally low (average coefficient of variation 0.21). 

 

Projected vertical temperature shifts 
We compared the simulated LDD ability of the plant species to projected vertical 

temperature shifts until 2070. For this purpose, we computed the average distances 

by which the plant species’ current realized temperature range along the Manú gradient 

is projected to shift vertically. To do so, we computed the vertical temperature shift for 

each plant species based on projected anomalies in mean annual temperature (MAT) 

and the tropospheric lapse rate along the Manú gradient (Nowak et al. 2019; Fig. 1 c). 

We downloaded current and projected future MAT from WorldClim (Hijmans et al. 

2005). WorldClim provides spatial interpolations of observed average climate 

conditions over the period 1960–1990. Data on future MAT are based on the IPCC’s 

fifth assessment report (IPCC 2014). We used projected MAT for the year 2070 

(averaged over 2061–2080) according to five general circulation models (CCSM4, 

HadGEM2-ES, MIROC 5, MRI-CGCM and NorESM1-M) and three representative 

concentration pathways (RCP) 2.6, 4.5, and 8.5. These RCPs represent a strong 

mitigation (RCP2.6), a moderate mitigation (RCP4.5), and a high emissions scenario 

(RCP8.5) (IPCC 2014). We took mean annual tropospheric lapse-rate values from 

Mokhov & Akperov (2006). MAT and tropospheric lapse rate were analysed at a 

resolution of 2.5 min. To estimate the projected vertical temperature shift for a plant 
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species under a specific future scenario, we first calculated anomalies in MAT as the 

difference between the current and the projected future MAT for each grid cell 

intersected by the Manú gradient (i.e. nine grid cells, 2.5 min resolution, Tables S3, 

S4). Second, we calculated the vertical temperature shift (m) for each grid cell as 

temperature anomaly (°C)/tropospheric lapse rate (°C/m). Third, we calculated the 

vertical temperature shift of a plant species as the mean vertical temperature shift 

across the grid cells intersected by the current elevational range (minimum elevation 

to maximum elevation) of the plant species along the Manú gradient (Nowak et al. 

2019). The projected vertical temperature shift of a plant species under each of the 

three RCP scenarios was computed for each of the five general circulation models 

(GCM), resulting in 15 values of projected vertical temperature shift per species (Table 

S1). 

 

Required horizontal dispersal distances 
We estimated the horizontal dispersal distances required to track the projected vertical 

temperature shifts (Fig. 1 c), based on the average slope of the Manú gradient. To this 

end, we downloaded mean slope values globally at a 5 km spatial resolution 

(approximately 2.5 min) from Amatulli et al. (2018). We computed the mean slope 

across six grid cells that capture the elevational range between 1000 to 3500 m a.s.l. 

along the Manú gradient (mean slope 11.45 ° ± 3.37 sd). We excluded the lowlands 

from this computation because we were interested in movements along the mountain 

slope and wanted to avoid an overestimation of the required dispersal distances for 

this mountain ecosystem. We estimated the required horizontal dispersal distances of 

a plant species for each RCP and GCM as the vertical temperature shift (m) divided 

by the sine of the mean slope (°). 

 

Projected number of LDD events required by 2070 
To estimate to what extent the LDD ability of a plant species may be sufficient to track 

projected vertical temperature shifts until 2070, we quantified for each plant species 

the projected number of LDD events required by 2070 under a given RCP and GCM 

(Fig. 1 d). This metric equals the number of LDD events a plant species would require 

to track projected vertical shifts of their current realized temperature range along the 

Manú gradient by 2070. We computed the projected number of LDD events required 
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by 2070 by dividing the required horizontal dispersal distance (m) of a plant species 

under a given RCP and GCM by the simulated LDD ability (m) for each plant species.  

 

Results 
Simulated dispersal ability and projected temperature shift  
Long-distance dispersal (LDD) ability varied among woody plant species and 

depended on the degree of trait matching (Fig. 2). For instance, it ranged from 48 to 

702 m across plants species (193 ± 151 m; mean ± sd; n = 343 plant species) in 

simulations with an intermediate degree of trait matching (s = 1.5), based on 95% LDD 

ability. The LDD ability was largest in simulations with a low degree of trait matching (s 

= 0.5). We found qualitatively similar results based on the 99% LDD. In this case, the 

LDD ability was on average 1.5 to 1.7 times larger compared to 95% LDD. 

The projected vertical temperature shift until 2070 increased with the magnitude 

of warming (Table S1). Under RCP 2.6 (strong mitigation scenario, projected 

temperature anomaly for the region relative to 1960-1990: range + 1.29-1.83 °C), the 

average projected vertical temperature shift was 248 ± 2 m (mean ± sd, n = 343 plant 

species). In comparison, under RCP 4.5 (moderate mitigation scenario, range + 1.9-

2.78 °C), it approximated 367 ± 2 m, and under RCP 8.5 (high emission scenario, 

range + 3.06-4.26°C), it was estimated to be 566 ± 3 m. The corresponding required 

horizontal dispersal distances until 2070 were approximately fivefold larger (RCP 2.6, 

1250 ± 193 m; RCP 4.5, 1846 ± 243 m; RCP 8.5, 2851 ± 340 m). 

For the large majority of plant species, the projected number of LDD events 

required by 2070 was >1, even under scenarios of strong and moderate mitigation of 

greenhouse gas emissions (RCP 2.6, RCP 4.5; Fig. 3). Hence, the majority of plant 

species would require several successful LDD events before 2070 to fully track 

increasing temperatures along the elevational gradient. 

 



 

117 
 

 
Figure 2: Trait-based estimates of long-distance dispersal (LDD) ability for 343 bird-
dispersed woody plant species. (a) The LDD ability of the plant species has been 
estimated based on three trait-matching parameter values (s = 5.0, 1.5, and 0.5), 
representing a range from a high to a low degree of trait matching (Fig. 1 a), and by 
two percentiles of the distribution of modelled seed dispersal distances for each plant 
species (95% LDD, 99% LDD; Fig. 1). Boxes indicate the median (line), 25th and 75th 
percentiles across plant species. Whiskers indicate the data range, and circles denote 
outliers. 
 

Degree of trait matching 
Consistent with our first hypothesis, the projected number of LDD events required by 

2070 increased substantially with increasing degree of trait matching (Fig. 3a-c). For 

example, under a projected regional temperature anomaly of + 1.29°C (low end of RCP 

2.6), the mean projected number of LDD events required by 2070 was 5.10 (± 1.89; 

mean ± sd, n = 343 plant species) in simulations based on a low degree of trait 

matching (s = 0.5; Fig. 3 a). In comparison, in simulations assuming a high degree of 

trait matching (s = 5.0; Fig. 3 c), the mean projected number of LDD events required 

by 2070 increased to10.82 (± 6.28 ). The potential ability of plants to track temperature 

change decreased strongly in RCP scenarios with fewer mitigation measures. For 

instance, under a projected temperature anomaly of + 2.78° C (high end of RCP 4.5), 

the mean projected number of LDD events required by 2070 was estimated to be 11.06 

(± 4.01) in simulations assuming a low degree of trait matching (Fig. 3 a) and 23.44 

(±13.47) in simulations assuming a high degree of trait matching (Fig. 3 c). 

Interestingly, the projected number of LDD events required by 2070 varied less among 
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species in simulations with a low degree of trait matching. In simulations based on the 

99% LDD ability, qualitatively similar differences were found among simulations 

assuming different degrees of trait matching (Fig. S2). 

 

 
Figure 3: Projected number of long-distance dispersal (LDD) events required to track 
temperature change by 2070 for 343 bird-dispersed woody plant species. The number 
of LDD events equals the required horizontal dispersal distance divided by the LDD 
ability of that plant species. The LDD ability was estimated based on a (a) low, (b) 
intermediate and (c) high degree of trait matching (s = 0.5, 1.5 and 5.0, respectively) 
and 95% LDD. Shown on the x-axis is the average projected anomaly in mean annual 
temperature until 2070 across the Manú gradient for each combination of emission 
scenario (RCP 2.6, 4.5 and 8.5) and climate model (five GCMs). Boxes indicate the 
median (line), 25th and 75th percentiles across plant species. Whiskers indicate the 
data range, and circles denote outliers. 
 

Plant traits 
Consistent with our second hypothesis, the projected number of LDD events required 

by 2070 was lower for large-fruited than for small-fruited plant species (Fig. 4 a, b). For 

instance, under RCP 2.6 (+ 1.29°C), the mean projected number of LDD events for 

large-fruited species was 3.38 (± 1.74; mean ± sd, n = 86 plant species) in simulations 

assuming an intermediate degree of trait matching (s = 1.5; Fig. 4 a). In comparison, 

the mean projected number of LDD events for small-fruited species was 8.91 (± 2.76; 

Fig. 4 b). Under RCP 4.5 (+ 2.78°C), the mean projected number of LDD events was 

7.34 (± 3.69; Fig. 4 a) for large-fruited species and 19.25 (± 5.66) for small-fruited 

species (Fig. 4b).  

Similarly, the projected number of LDD events was lower for canopy than for 

understory plant species (Fig 4 c, d). However, this difference was less pronounced 

than the difference between large-and small-fruited plant species. Under RCP 2.6 (+ 

1.29°C), the mean projected number of LDD events required by 2070 was 5.70 (± 3.38; 
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Fig. 4 c) for canopy species and 8.66 (± 2.35; Fig. 4 d) for understory species. Under 

RCP 4.5 (+ 2.78°C), the mean projected number of LDD events was 12.41 (± 7.22) for 

canopy species and 18.84 (± 4.94) for understory species. Qualitatively similar 

differences between plant species with different traits were found for different degrees 

of trait matching (Fig. S3, S4) and 99% LDD ability (Table S1). 

 

 
Figure 4: Projected number of long-distance dispersal (LDD) events required to track 
temperature change by 2070 for (a) large-fruited vs. (b) small-fruited and (c) canopy 
vs. (d) understory bird-dispersed woody plant species (n = 86, respectively). The 
number of required LDD events equals the required horizontal dispersal distance 
divided by the LDD ability of that plant species. LDD ability was estimated based on 
an intermediate degree of trait matching (s = 1.5) and 95% LDD. Shown on the x-axis 
is the average projected anomaly in mean annual temperature until 2070 across the 
Manú gradient for each combination of emission scenario (RCP 2.6, 4.5 and 8.5) and 
climate model (five GCMs). Boxes indicate the median (line), 25th and 75th percentiles 
across plant species. Whiskers indicate the data range, and circles denote outliers. 
 
Discussion 
With a new combination of trait-based approaches, we quantified the ability of bird-

dispersed woody plant species to track projected vertical temperature shifts until 2070 

on a tropical mountain. Our simulations suggest that the LDD ability of many plant 
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species may be insufficient, as plants were projected to require several LDD events to 

track vertical temperature shifts by 2070, even under scenarios of strong and moderate 

mitigation of greenhouse gas emissions. Previous studies have shown that seed 

dispersal by mammals can help plant species to track temperature shifts on mountains 

(Naoe et al. 2016, González-Varo et al. 2017). In contrast, our simulations suggest that 

avian-mediated seed dispersal may be insufficient for plants to track their temperature 

niche on mountains. Our results are in line with the discrepancy between observed 

vertical range shifts of tropical tree genera and vertical temperature shifts on tropical 

mountains (Feeley et al. 2011). Importantly, our simulations further show that both the 

degree of trait matching and plant traits influence to what extent plant species may lag 

behind climate change. 

Our results imply that plants in seed-dispersal systems with a low degree of trait 

matching may be more resilient to climate change because they are better able to track 

temperature changes via dispersal. This is because large-billed and large-bodied 

frugivores feed on a wider range of plant species in such systems which increases the 

diversity of seed dispersers for small-fruited species and the probability that their seeds 

get dispersed over long distances (Sorensen et al. 2020). The similarity in seed 

dispersers across plant species also explains why differences among plants' dispersal 

ability are less pronounced under low compared to high trait matching scenarios 

(Sorensen et al. 2020). The effect of trait matching on seed dispersal has important 

implications for understanding how the response of animal-dispersed plants to climate 

change varies among communities. It has been found that seed-dispersal networks 

are less specialized at low than at high latitudes (Dalsgaard et al. 2017) and in the 

Afrotropics compared to the Neotropics (Dugger et al. 2019). Furthermore, the 

specialization of seed-dispersal networks can increase with elevation (Quitián et al. 

2018) and is larger in the forest interior than at forest edges (Menke et al. 2012). This 

variability of specialization in seed-dispersal systems suggests that the ability of bird-

dispersed plants to track climate change may vary substantially both globally and 

locally.  

A low degree of specialization is generally considered beneficial for species 

facing environmental change (Gallagher et al. 2015) and earlier work quantifying 

species’ susceptibility to climate change have focussed on species’ habitat or diet 

specialization (MacLean and Beissinger 2017). In contrast, the effects of biotic 

specialization in complex interaction networks have been less thoroughly explored 
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(Schleuning et al. 2016, Bascompte et al. 2019). Previous work suggests that biotic 

interactions with a low degree of specialization are functionally more redundant and 

more robust against extinction cascades resulting from the loss of interaction partners 

(Brodie et al. 2014). Our results imply that the specialization of seed-dispersal networks 

is not only important for mediating the risk of secondary extinctions, but may also 

directly influence the ability of plants to track climate change. 

We further found a greater ability of large-fruited and canopy plant species to 

track projected temperature shifts compared to small-fruited and understory species. 

This effect is driven by the higher preference of large-billed and large-sized frugivores 

for large-fruited plant species that tend to be more abundant in the forest canopy 

(Shanahan and Compton 2001). Importantly, we found this effect in simulations with 

different degrees of trait matching. In line with our finding, fossil pollen data indicate 

that large-seeded plant assemblages have tracked rapid climate change more closely 

than small-seeded plant assemblages in the Late Quaternary (Knight et al. 2020). 

Similarly, large-seeded understory plants have been observed to better track 

contemporary climate change than small-seeded ones (Ash et al. 2017). In addition to 

fruit size, plant height has also been shown to be positively associated with dispersal 

distance within and across dispersal modes (Thomson et al. 2011). Importantly, fruit 

size and seed size, as well as plant height, also impact other aspects of plants' 

demography and colonization potential. While fruit removal tends to be higher for small-

seeded canopy plant species (Schleuning et al. 2011, Muñoz et al. 2017), seedling 

survival and recruitment probability are usually higher for large-seeded species and 

understory species (Moles and Westoby 2004, Muñoz et al. 2017). Nevertheless, plant 

species with different traits usually achieve similar lifetime fitness because traits that 

promote a high dispersal ability usually relate to lower recruitment success, and vice 

versa (Terborgh et al. 2014). Our findings suggest that the checks and balances in 

such life-history trade-offs may potentially be shifted towards large-seeded canopy 

species as these species have a higher ability to track changing temperatures in a 

quickly changing environment. Further studies are required to test to what extent such 

indirect, animal-mediated effects on plant traits trigger changes in plant evolution and 

community structure under climate change (Sales et al. 2021).  

Importantly, the dispersal ability of plant species in response to climate warming 

may strongly interact with other drivers of global change. Defaunation and the 

subsequent downsizing of animal communities have been shown to severely affect 
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large-fruited plant species (Dirzo et al. 2014). Specifically, the downsizing of frugivore 

communities can substantially reduce the LDD ability of bird-dispersed plants even if 

only a few large dispersers are lost (Donoso et al. 2020). Although large-fruited canopy 

plant species might be more likely to keep up with rapid climate change, this implies 

that they might quickly lose dispersal ability in defaunated ecosystems and that the 

conservation of functionally diverse communities of avian seed dispersers will be 

pivotal to promote tracking of climate shifts by plants. Defaunation effects on seed 

dispersal could be further accelerated by observed declines in disperser body size as 

a direct response to climate change (Weeks et al. 2020) and by projected losses of 

large frugivores under climate change (Sales et al. 2021).  

By applying a new combination of trait-based models, we shed light on how the 

degree of trait matching and plant traits influence the ability of bird-dispersed plants to 

track projected temperature shifts over the coming decades. Such knowledge is highly 

relevant in light of rapid climate change as it can increase our understanding of which 

species may be able to track climate changes and which species require assisted 

migration (Lenoir et al. 2020). Nevertheless, we acknowledge that our trait-based 

simulation approach has limitations. Our seed-dispersal model builds on a rather small 

empirical data source and validation with more empirical seed-dispersal data would be 

desirable (Sorensen et al. 2020). A comparison of our simulation results to observed 

plant range shifts on tropical mountains (Feeley et al. 2011, Morueta-Holme et al. 2015) 

could be enlightening in future work. Moreover, our model is limited to bird-dispersed 

plants, but other animal vectors of seed dispersal, such as mammals, may provide 

longer dispersal distances and play a prominent role for plants to escape warming 

(Naoe et al. 2016, González-Varo et al. 2017). Finally, our projections consider a fixed 

time window until 2070 and do not account for differences in plant species' generation 

times. For the majority of plant species studied here, it is unlikely that they could 

undergo multiple LDD events by 2070 because woody plant species have long 

generation times which slows down their ability to track climate change (Salguero-

Gómez et al. 2015).  

Our study demonstrates a new way of using functional traits to project the ability 

of bird-dispersed plants to track temperature change. In a tropical mountain system, 

we find that avian seed dispersal appears to be insufficient for the large majority of 

woody plant species to track vertical temperature shifts over the next decades. Our 

study proposes a relatively simple trait-based tool to approximate the dispersal ability 



 

123 
 

of bird-dispersed plant species and only requires information on plant-frugivore co-

occurrences and functional plant and bird traits. The increasing availability of functional 

trait data of plants and birds globally will allow parameterizing similar models for both 

lateral and vertical seed dispersal for many other types of avian seed-dispersal 

systems. Such trait-based dispersal models could prospectively be integrated into 

projection models of biodiversity in a rapidly changing world. 
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Figures 

 
 

 
Figure S1: Relationship of link weight and trait difference for three trait-matching 
parameter values (s = 0.5, 1.5, 5.0) representing a low, an intermediate and a high 
degree of trait matching. The trait difference has been computed as bill width minus 
fruit width, therefore negative values indicate that the fruit is larger than the bill, while 
positive values indicate that the bill is larger than the fruit. The link weights have been 
computed as dlnorm(x*s+e^−1) where x = trait difference (mm) and s = trait-matching 
parameter value. The dlnorm-function was chosen to represent a skewed niche shape 
that accounts for forbidden links if the fruit is larger than the bill. For the analysis, the 
link weights are transformed to interaction probabilities by standardizing them by the 
number of links per bird species which is the default in the model proposed by Donoso 
et al. (2017). 
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Figure S2: Projected number of long-distance dispersal (LDD) events required to track 
temperature change by 2070 for 343 bird-dispersed woody plant species and 99% 
LDD. The number of LDD events equals the required horizontal dispersal distance 
divided by the LDD ability of a plant species. The LDD ability of the plant species has 
been estimated based on a (a) low, (b) intermediate and (c) high degree of trait 
matching (s = 0.5, 1.5 and 5.0, respectively). Shown on the x-axis is the average 
projected anomaly in mean annual temperature until 2070 across the Manú-gradient 
for each combination of emission scenario (RCP 2.6, 4.5 and 8.5) and climate model 
(five GCMs). Boxes indicate the median (line), 25th and 75th percentiles across plant 
species. Whiskers indicate the data range, and circles denote outliers. 
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Figure S3: Projected number of long-distance dispersal (LDD) events required to track 
temperature change by 2070 for (a) large-fruited vs. (b) small-fruited and (c) canopy 
vs. (d) understory bird-dispersed woody plant species (n = 86, respectively) 
considering a low degree of trait matching (s = 0.5) and the 95% LDD. The number of 
required LDD events equals the required horizontal dispersal distance divided by the 
LDD ability of a plant species. Shown on the x-axis is the average projected anomaly 
in mean annual temperature until 2070 across the Manú-gradient for each combination 
of emission scenario (RCP 2.6, 4.5 and 8.5) and climate model (five GCMs). Boxes 
indicate the median (line), 25th and 75th percentiles across plant species. Whiskers 
indicate the data range, and circles denote outliers. 
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Figure S4: Projected number of long-distance dispersal (LDD) events required to track 
temperature change by 2070 for (a) large-fruited vs. (b) small-fruited and (c) canopy 
vs. (d) understory bird-dispersed woody plant species (n = 86, respectively) 
considering a high degree of trait matching (s = 5.0) and the 95% LDD. The number of 
required LDD events equals the required horizontal dispersal distance divided by the 
LDD ability of a plant species. Shown on the x-axis is the average projected anomaly 
in mean annual temperature until 2070 across the Manú-gradient for each combination 
of emission scenario (RCP 2.6, 4.5 and 8.5) and climate model (five GCMs). Boxes 
indicate the median (line), 25th and 75th percentiles across plant species. Whiskers 
indicate the data range, and circles denote outliers. 
 

Tables 
Tables S1 and S2 are data files provided in a separate excel file. 
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Table S3: Studied elevations at the Manú elevational gradient. Plant data were 
collected at 500-3500 m a. s. l. Vertical distances were projected considering plant 
species‘ occurrences within 250-3750 m a.s.l. The mean slope of the Manú gradient 
was computed across 1000 to 3500 m a.s.l.. Given is the mean slope per grid cell at a 
5 km spatial resolution. 
 

 

Table S4: Average projected anomaly in mean annual temperature (°C) for the year 
2070, three greenhouse gas emission scenarios (RCP) and five general circulation 
models (GMC). Given are mean and SD across the nine elevations that capture the 
Manú gradient. 
 

 

References 
Donoso, I. et al. 2017. Defaunation effects on plant recruitment depend on size 

matching and size trade-offs in seed-dispersal networks. - Proc. R. Soc. B Biol. 

Sci. 284: 20162664. 

Elevation (m a.s.l.) Longitude Latitude Mean slope (°) 
250 -70.60 -12.48 - 
500 -71.23 -12.65 - 
1000 -71.27 -12.63 4.97 
1500 -71.54 -13.05 10.63 
2000 -71.55 -13.07 13.21 
2500 -71.57 -13.09 13.69 
3000 -71.58 -13.17 12.60 
3500 -71.60 -13.12 13.60 
3750 -71.65 -13.15 - 

Future scenario GCM Mean anomaly (°C) SD anomaly (°C) 
RCP 2.6 MRI-CGCM 1.29 0.06 
RCP 2.6 NorESM1-M 1.32 0.04 
RCP 2.6 CCSM4 1.44 0.07 
RCP 2.6 MIROC 5 1.77 0.11 
RCP 2.6 HadGEM2-ES 1.83 0.09 
RCP 4.5 MRI-CGCM 1.90 0.10 
RCP 4.5 NorESM1-M 2.12 0.04 
RCP 4.5 CCSM4 2.24 0.07 
RCP 4.5 MIROC 5 2.28 0.11 
RCP 4.5 HadGEM2-ES 2.78 0.04 
RCP 8.5 MRI-CGCM 3.06 0.10 
RCP 8.5 MIROC 5 3.29 0.14 
RCP 8.5 NorESM1-M 3.30 0.00 
RCP 8.5 CCSM4 3.59 0.14 
RCP 8.5 HadGEM2-ES 4.26 0.09 
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