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    Species interactions across trophic levels play an important 
role in ecology (Hutchinson 1959, Paine 1966). Th e pres-
ence or dominance of individual species (e.g. apex consum-
ers or keystone species) can infl uence community structure 
at local and landscape scales and thus exert a multiplier 
eff ect on many species across diff erent trophic levels (Estes 
et   al. 2011, Hagen et   al. 2012, Zarnetske et   al. 2012). 
Moreover, species are usually embedded in complex antago-
nistic and mutualistic networks and understanding their 
structure and functioning has recently attracted a lot of 
attention (Bascompte et   al. 2006, Ings et   al. 2009, Ekl ö f 
et   al. 2013). Th e fates of interacting species in these networks 
are not independent from each other and extirpations 
of single species can therefore cause secondary species extir-
pations in ecological communities (Memmott et   al. 
2004, Kaiser-Bunbury et   al. 2010). However, how these 
local interactions scale-up to larger spatial scales and how 
they contribute to shape species distributions and diversity 
patterns at macroecological extents remains less clear. 

 Th e importance of biotic interactions for shaping broad-
scale species distributions has often been neglected or dis-
missed (Pearson and Dawson 2003, Field et   al. 2009, Wisz 
et   al. 2013). After the emergence of the macroecological 
research fi eld (Brown and Maurer 1989), studies have mostly 
focused on disentangling the abiotic drivers of broad-scale 
diversity patterns (Field et   al. 2009). More recently, however, 
it has been increasingly recognized that biotic interactions 
(both within and across trophic levels) might not only mat-
ter at local, but also at regional, continental or global spatial 
scales (Kissling et   al. 2007, McGill 2011, Wiens 2011, Blois 
et   al. 2013, Pigot and Tobias 2013, Wisz et   al. 2013, Ara ú jo 
and Rozenfeld 2014). Th is has generated an interest in 
quantifying the importance of biotic interactions for global 
diversity patterns (Jetz et   al. 2009, McInnes et   al. 
2013, Sandom et   al. 2013), species distribution modeling 
(Kissling et   al. 2012a, Wisz et   al. 2013), and global change 
forecasts (Tylianakis et   al. 2008, Gilman et   al. 2010, 
Lurgi et   al. 2012, Urban et   al. 2012, Fordham et   al. 2013). 
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  Trophic interactions among multiple species are ubiquitous in nature and their importance for structuring ecological 
communities has been extensively demonstrated at local spatial scales. However, how local species interactions scale-up 
to large spatial scales and how they contribute to shape species distributions and diversity patterns at macroecological 
extents remains less clear. Here, we provide an overview of recent and potential future developments in macroecology 
that explore the role of antagonistic and mutualistic interactions among multiple species across trophic levels. Recent 
studies broadly represent two analytical methods (analyses of species richness and ecological networks) and provide 
evidence that plant – animal interactions (e.g. pollination, frugivory) and predator – prey interactions infl uence large-scale 
richness patterns and that ecological network structure varies systematically at macroscales. Current methodological 
problems and challenges are related to defi ning the functional links in cross-trophic richness analyses, understanding 
trait eff ects in multispecies interactions, and addressing sampling eff ects when analyzing multiple ecological networks 
across large spatial extents. Key topics for future research are 1) testing paleoclimatic imprints on interaction diversity, 
2) understanding macroevolution and the phylogenetic structure of multispecies interactions, 3) quantifying 
contemporary spatial and temporal variability in complex ecological networks, and 4) predicting novel interactions 
under global change. Moreover, we see great potential for a deeper bidirectional integration of macroecology and 
network research, e.g. by analyses of trait complementarity and functional diversity of interacting groups and by 
employing species distribution modeling to predict changes in functional network structure. Addressing these key 
topics and achieving a better integration between these two research fi elds will signifi cantly advance our understanding 
of the ecological and evolutionary drivers of multispecies interactions. Th is could also help to develop more realistic 
forecasts of changes in biodiversity under climate and land use change.   
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 Here, we provide an overview of the current state of 
research on multispecies interactions in macroecology and 
identify topics where future research might be most promis-
ing. We focus on terrestrial systems and on mutualistic and 
antagonistic interactions among multiple species across 
trophic levels, with an emphasis on bipartite interactions 
between two trophic levels (e.g. predator – prey, plant – 
herbivore, plant – pollinator or plant – frugivore interactions). 
More specifi cally, we briefl y describe the current state of 
research by asking: 1) what are the main recent develop-
ments, 2) what are major analytical approaches, and 3) what 
are important methodological problems and challenges in 
this research fi eld. We then identity four key topics for future 
research and illustrate these topics with conceptual examples 
from plant – frugivore interactions. Finally, we outline poten-
tial ways of integrating macroecology with studies of eco-
logical networks for advancing macroecological research on 
cross-trophic multispecies interactions across large spatial 
extents.   

 Current state of research 

 Here, we briefl y summarize the current state of research by 
highlighting recent developments in this research fi eld, 
illustrating the most important analytical approaches and 
identifying major conceptual and analytical challenges.  

 What are the main developments that have 
facilitated this research fi eld?  

 Increased data availability 
 Th e examination of multispecies interactions across trophic 
levels at macroscales has benefi ted from an increasing avail-
ability of large ecological datasets due to massive digitaliza-
tion eff orts. For instance, continental and global species 
distribution data (e.g. range maps or other occurrence data) 
have become available for a number of species-rich clades 
(mostly birds, mammals, amphibians, and some plant 
groups) and these allow to test for biotic interaction signals 
in broad-scale diversity patterns (Kissling et   al. 2007, Sandom 
et   al. 2013). Furthermore, biodiversity monitoring data 
(Zhang et   al. 2013) or co-occurrence data sampled locally 
along elevational gradients (Ferger et   al. 2014) can be used to 
study multispecies interactions at regional scales. Finally, 
comprehensive datasets on observed species interactions in 
local ecological communities are increasingly compiled 
across large spatial extents, e.g. for ecological network analy-
sis (Dalsgaard et   al. 2011, Olesen et   al. 2012, Schleuning 
et   al. 2012, Tr ø jelsgaard and Olesen 2013).   

 Analytical advancements 
 Th e study of multispecies interactions at macroscales 
has benefi ted from rapid advancements in analytical 
approaches. For instance, simple and multiple regressions 
are increasingly replaced by more sophisticated analytical 
tools based on graph theoretic principles which allow 
considering multiple response variables and direct and indi-
rect eff ects of predictor variables (Grace et   al. 2012). At 
the same time, recent models of species distributions and 
range dynamics go beyond simple correlative analyses and 

have started to integrate information from local population 
and community dynamics (Boulangeat et   al. 2012, Schurr 
et   al. 2012). Moreover, the development of trait-based 
community models, incorporating traits that mediate 
species interactions, could increase the generality of 
community-scale studies, bridging the gap between local and 
marcoecological scales (McGill et   al. 2006). Finally, there is 
a marked increase in the analysis of ecological networks 
over the last 10 – 20 yr (Ings et   al. 2009). In most cases, such 
data are not yet analyzed in a spatially explicit way, although 
this is increasingly advocated (Dale and Fortin 2010, 
Carstensen et   al. 2012, Hagen et   al. 2012).    

 What are the major analytical approaches? 

 Recent examples of studies on multispecies interactions 
across trophic levels at macroscales can be broadly grouped 
into two analytical approaches: analyses of species richness 
and ecological networks (Fig. 1). While macroecological 
richness analyses are built on broad-scale diversity maps of 
interacting taxa (Fig. 1a), the ecological network approach 
usually relies on observed interactions among multiple 
species at fi ne spatial resolutions (Fig. 1b). Both cross-
trophic richness analyses and macroscale network analyses 
have been conducted at various regional, continental and 
global spatial extents, often with a focus on latitudinal and 
longitudinal rather than elevational gradients (for examples 
see Supplementary material Appendix 1, Table A1).  

 Richness analyses 
 Macroecological richness analyses on cross-trophic 
interactions are usually built on species richness maps with 
coarse resolutions ( �    1000 km 2  grain size), although fi ne 
resolution datasets across regional extents have also been 
analysed (Zhang et   al. 2013, Ferger et   al. 2014). Such data 
are useful to test for functional relationships between 
diversity patterns of interacting taxa (Kissling et   al. 2008, 
Qian et   al. 2009) while simultaneously accounting for direct 
and indirect eff ects of environmental predictor variables (e.g. 
climate, productivity, topography, etc.) (Fig. 1a). For 
instance, Hawkins and Porter (2003) tested whether host 
plant diversity across California directly determines butterfl y 
diversity once environmental variation is accounted for, and 
Kissling et   al. (2007) used a similar approach to test for a 
link between species richness of fi g trees (genus  Ficus , a trop-
ical keystone food plant) and the diversity of frugivorous 
bird consumers across Africa. Species interactions in richness 
analyses are therefore not observed directly, but need to 
be inferred a priori from other sources (e.g. ecological 
knowledge, fi eld observations, or natural history informa-
tion) to defi ne the functional links among taxa (Fig. 1a).   

 Ecological networks 
 Ecological networks quantify the links among nodes (e.g. 
species or trophic groups) and thus directly measure pairwise 
interactions at the community level at fi ne spatial resolution 
( �    10 km 2  grain size). While some early studies with multi-
ple networks along geographic gradients exist (Kitching 
2000, Olesen and Jordano 2002, Ollerton and Cranmer 
2002), comprehensive datasets with many well-sampled 
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  Figure 1.     Two key approaches for studying multispecies interactions across trophic levels at macroscales are (a) richness analyses and 
(b) ecological networks. Richness analyses are built on broad-scale diversity maps of interacting taxa (e.g. diversity of frugivores and 
food plants) for which direct and indirect climatic eff ects as well as functional links between taxa can be tested. In contrast, ecological 
networks describe observed interactions among multiple species (e.g. between frugivores and food plants) at local sites (e.g. on island 
and mainland sites). Several such network datasets need to be available to analyze their macroecological patterns, e.g. latitudinal trends 
from tropical Africa to temperate Europe. Data in (a) are from Kissling et   al. (2007) and in (b) from Schleuning et   al. (2014b).  

networks and better geographic coverage have only recently 
been compiled (Dalsgaard et   al. 2011, Schleuning et   al. 
2012, Tr ø jelsgaard and Olesen 2013, Morris et   al. 2014). 
Collections of multiple network datasets allow to explore 
large-scale spatial variation in network properties (Fig. 1b), 
such as the degree of nestedness and modularity 
(Dalsgaard et   al. 2013, Tr ø jelsgaard and Olesen 2013, 
Schleuning et   al. 2014a) or specialization (Dalsgaard et   al. 

2011, Schleuning et   al. 2012) in mutualistic networks. 
Beyond examining the structural metrics of ecological 
networks across space, macroecological analyses are also 
increasingly correlating network metrics with environmen-
tal conditions of sites. Th is can reveal the imprints of both 
current and past climate on network structure (Dalsgaard 
et   al. 2011, 2013, Schleuning et   al. 2012, Tr ø jelsgaard and 
Olesen 2013).    
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(Donatti et   al. 2011, Ekl ö f et   al. 2013, Junker et   al. 2013, 
Schleuning et   al. 2014a). However, a comprehensive under-
standing of the importance of species traits for structuring 
diff erent types of ecological networks and communities is 
still lacking.   

 Addressing sampling effects when analyzing multiple 
ecological networks 
 Ecological networks are based on observed species interac-
tions at fi ne spatial resolutions. However, such sampling of 
data is time consuming and most ecological networks are 
restricted to short time scales (e.g. a year or a season) and a 
few sites. Consequently, well-resolved interaction data are 
still lacking from many geographical regions and data 
quality varies considerably among studies (Schleuning 
et   al. 2012). Cost-effi  cient sampling and monitoring of 
ecological networks has been suggested for conservation 
practitioners (Hegland et   al. 2010), but sampling-related 
issues of data quality and uncertainty (e.g. variability in 
sampling eff ort and individual-level variation in interac-
tion patterns) are likely to infl uence large-scale compari-
sons of ecological networks and might constrain ecological 
inference (Gibson et   al. 2011, Olesen et   al. 2012, Rivera-
Hutinel et   al. 2012). For instance, sampling intensity (i.e. 
the number of interaction events observed per species) in 
empirical seed dispersal networks is confounded by latitu-
dinal trends and is signifi cantly higher in studies from 
extra-tropical compared to tropical regions (Fig. 2c). Th is is 
because sampling demands in species-rich tropical ecosys-
tems are particularly high. Previous studies have either 
statistically controlled for such sampling-related variables 
(e.g. diff erences in sampling duration or spatial extent, 
Tr ø jelsgaard and Olesen 2013) or have controlled for 
sampling-related diff erences with null-model approaches 
(Schleuning et   al. 2012, 2014a). It remains unclear which 
of these approaches is best to minimize eff ects of sampling 
artifacts that could bias the analyses of heterogeneous data-
sets, while maintaining the ecologically relevant information.     

 Future research topics 

 In this part, we identify four key topics for future 
research on the macroecology of cross-trophic multispecies 
interactions. Th ese include 1) paleoclimatic imprints on 
interaction diversity, 2) macroevolution and the phyloge-
netic structure of multispecies interactions, 3) contempo-
rary spatial and temporal variability in complex ecological 
networks, and 4) novel interactions under ongoing and 
future global change.  

 Paleoclimatic imprints on interaction diversity 

 Historical eff ects such as those related to paleoclimatic 
changes can strongly infl uence present-day diversity 
patterns in both tropical and extra-tropical regions (Sandel 
et   al. 2011, Blach-Overgaard et   al. 2013). However, to what 
extent they infl uence cross-trophic biotic interactions 
among multiple species at large spatial and temporal 
scales remains unclear (Nyman et   al. 2012, Blois et   al. 2013). 

 What are the main methodological problems 
and challenges? 

 Key methodological problems and challenges of macroeco-
logical studies on multispecies interactions are related 
to 1) defi ning functional links in richness analyses, 2) under-
standing trait eff ects in multispecies interactions, and 
3) addressing sampling eff ects when analyzing multiple 
ecological networks. Th e fi rst point relates to richness 
analyses while the latter two to ecological networks.  

 Defi ning functional links in richness analyses 
 Most of the macroecological cross-trophic richness analyses 
have used structural equation models (SEMs; Grace et   al. 
2012) because they allow to test for direct and indirect 
eff ects of abiotic variables and for hypothesized functional 
links among interacting taxa (Kissling et   al. 2008, Ferger 
et   al. 2014). In such SEMs, the functional dependence of 
interacting groups needs to be defi ned a priori, and species 
traits such as dietary and habitat preferences (Hawkins and 
Porter 2003, Kissling et   al. 2007, Qian et   al. 2009, Zhang 
et   al. 2013) or body size (Sandom et   al. 2013) have been 
used for such categorizations. Th is deconstruction approach 
to species richness based on functional groups or traits 
(Marquet et   al. 2004) can be used for testing biotic interac-
tion signals, e.g. by comparing several SEMs with diff erent 
consumer groups (Kissling et   al. 2007) or by contrasting 
diff erent link structures (e.g. top-down vs bottom-up 
eff ects; Sandom et   al. 2013). For instance, a functional 
group defi ned by species with high dietary specialization 
should be associated more strongly with a food resource 
(e.g. diversity or abundance of food plants) than a less spe-
cialized group (Fig. 2a). A key challenge here is to compile 
the extensive empirical knowledge across species-rich clades 
that is needed to defi ne the functional dependence based 
on interaction-relevant traits (e.g. ecological, morphologi-
cal and behavioral characteristics of species).   

 Understanding trait effects in multispecies interactions 
 Species traits, for instance related to animal body size 
(Woodward et   al. 2005, Ekl ö f et   al. 2013) or plant charac-
ters such as fl oral shape, fruit size or color (Dalsgaard et   al. 
2009, Stang et   al. 2009, Hagen et   al. 2012), can infl uence 
species interactions. Hence, the importance and role of spe-
cies in ecological networks can be related to species traits 
(Donatti et   al. 2011, Schleuning et   al. 2011a). For instance, 
the interaction strength of consumer species, describing the 
relative importance of a species in an ecological network, 
can increase with an increasing dependence on a specifi c 
resource (Fig. 2b). Since consumer and resource traits vary 
in space, e.g. along latitudinal gradients (Schemske et   al. 
2009), changes in network structure along large-scale gradi-
ents may be directly related to corresponding changes in 
species traits and community structure (Schleuning et   al. 
2012). Despite the importance of species traits for structur-
ing networks (Stang et   al. 2009), most current network 
analyses are built upon taxonomically resolved interaction 
data whereas the incorporation of species traits is mostly 
missing. Recent advances demonstrate that species traits 
(and phylogenetic constraints) infl uence the structure of 
networks and the functional roles of species within networks 
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  Figure 2.     Major methodological problems and challenges for analyzing multispecies interactions at macroscales are related to (a) defi ning 
the functional links between interacting taxa in richness analyses, (b) understanding trait eff ects in multispecies interactions, and 
(c) addressing sampling eff ects when analyzing multiple ecological networks. In (a), each standardized coeffi  cient represents the eff ect 
of a resource (e.g. food plant diversity) on a consumer group (e.g. species richness of opportunistic, partial or obligate frugivores) as deter-
mined from structural equation modeling with continental-scale data (results from Kissling et   al. 2007). Th e broad-scale diversity of a 
consumer group with higher resource (fruit) dependence is more strongly aff ected by the distribution of the resource (i.e. has a higher coef-
fi cient). In (b), interaction strength (sensu Bascompte et   al. 2006) as a measure of the relative importance of a frugivore species in an eco-
logical network increases with higher resource dependence (data from Schleuning et   al. 2011a). Hence, consumer species with high resource 
dependence are particularly important in a local network (shown are mean values across species    �    1 SE, with diff erences between frugivore 
groups being signifi cant;  F  2,85     �    3.9, p    �    0.02). In (c), sampling intensity of observed ecological networks varies with latitude, i.e. is lower 
in the tropics and higher in extra-tropical regions. Sampling intensity equals the ratio between the square-root-number of observed 
interaction events and the geometric mean of the number of plant and animal species (Schleuning et   al. 2012), refl ecting the observed 
number of interaction events per species. Data were taken from Schleuning et   al. (2014b) and are restricted to networks that have been 
sampled over a time period covering at least 180 d. Th e trend line refl ects a local polynomial regression fi t (dashed lines:  �    1 SE). Th e 
vertical stippled line indicates the limit of the tropical climate zone (23.44 ° N or S).  

For instance, the phylogenetic structure of palm species 
assemblages worldwide diff ers among major biogeographic 
regions and this can be attributed to climate change and 
shifts of tropical rainforests during the Cenozoic (Kissling 
et   al. 2012b). However, it remains unclear to what extent 
biotic interactions with seed-dispersing mammals or 
megafaunal extinctions (Hansen and Galetti 2009, 
Johnson 2009) have infl uenced the diff erences in fruit size 
distributions among biogeographic regions (Appendix 
Fig. S5 in Kissling et   al. 2012b). Recent macroscale 
analyses of pollination and seed dispersal networks show 
that paleoclimatic variables related to Quaternary climate 
change correlate with diff erent network metrics such as spe-
cialization, nestedness and modularity (Dalsgaard et   al. 
2011, 2013, Schleuning et   al. 2012). However, detailed 

data and analyses for other types of ecological networks, 
deeper time periods, and ancient ecosystems are largely 
lacking (Dunne et   al. 2008, Blois et   al. 2013). Moreover, 
studies that combine paleoclimatic reconstructions with 
time-calibrated phylogenies of interacting taxa are rare 
(Nyman et   al. 2012). While simple comparisons between 
tropical and temperate regions can be useful as a fi rst 
step (Schemske 2009), spatially-explicit research is needed 
to combine range dynamics of multiple interacting taxa 
with paleoclimatic reconstructions and the evolutionary 
history of clades (Fritz et   al. 2013). Specifi cally, we need to 
understand how deep-time paleoclimatic and geomorpho-
logical changes have infl uenced speciation and extinction 
rates and how this aff ects the structure of ecological 
networks (Fig. 3a).   
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  Figure 3.     Key research topics for understanding the evolutionary history of cross-trophic multispecies interactions at macroscales are 
(a) testing paleoclimatic imprints on interaction diversity and (b) understanding phylogenetic imprints on network structure. In (a) deep-
time paleoclimatic fl uctuations can infl uence diversifi cation rates (i.e. speciation and extinction) and might lead to subsequent changes in 
the diversity of interactions in ecological networks. Here, potential diff erences between temperate and tropical systems are illustrated 
with example networks that depict the observed diversity of plant – frugivore interactions of one avian phylogenetic lineage (superfamily 
Passeroideae) in a temperate (51.2 ° N, 9.0 ° E) and in a tropical community (13.1 ° S, 71.6 ° W). In (b) phylogenetic imprints on species roles 
in interaction networks are shown for a temperate (left) and tropical (right) community. Here, species degree (i.e. the number of interaction 
partners) of frugivore species shows a phylogenetic signal in a tropical community (with the majority of species from the Th raupidae 
family being connected to many plant partners), but no phylogenetic signal in a temperate plant – bird community. Th e strength of the 
phylogenetic signal in avian species degree of each network is given by its  λ -statistic (Pagel 1999). Th e temperate and tropical network 
shown in this fi gure correspond to the network  ‘ Dehling_1 ’  and  ‘ Stiebel ’  in Schleuning et   al. (2014b; for more details see Table S1 
therein).  
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 Macroevolution and phylogenetic structure 
of multispecies interactions 

 A key topic for future research is to understand the macro-
evolution and phylogenetic structure of multispecies 
interactions. For instance, it is unclear to what extent 
biotic interactions have played a role in the diversifi cation 
dynamics of clades (Jablonski 2008) and how evolutionary 
processes generate and maintain complex ecological net-
works (Rezende et   al. 2007, Ramirez et   al. 2011). Although 
many examples of coevolutionary diversifi cation exist 
(including mutualisms, herbivory, and predator – prey 
interactions), the temporal and spatial scales of these 
coevolutionary relationships often do not match the 
scales of macroevolutionary clade dynamics (Jablonski 
2008). In mutualistic systems including vertebrate 
pollinators and frugivores, coevolution may occur as spe-
cialized coevolution (single plant and animal species), 
generalized coevolution (multiple species within single 
plant and animal lineages), and coevolution through mutu-
alistic networks (multiple unrelated plant and animal spe-
cies) (Fleming and Kress 2013). Specialized coevolution is 
probably rare and coevolution through mutualistic net-
works most common (Fleming and Kress 2013). Recent 
simulation studies of mutualistic networks suggest that 
coevolutionary processes result in higher trait complemen-
tarity in interacting partners and trait convergence of 
species in the same trophic level (Guimar ã es Jr et   al. 2011). 
Moreover, phylogenetic relationships of species (Rezende 
et   al. 2007) and trait matching between resources and con-
sumers (Ekl ö f et   al. 2013) might infl uence the number and 
distribution of interactions, suggesting that extinction 
events could trigger coextinction cascades of related species 
(Rezende et   al. 2007). However, beyond coarse taxonomic 
levels (families, orders), we currently know little about the 
phylogenetic structure of multispecies interactions across 
large spatial scales (Fleming and Kress 2013). First fi ndings 
suggest that species roles in seed dispersal networks are 
often phylogenetically conserved in tropical networks, 
due to the particular importance of specifi c avian lineages 
(Fig. 3b, see also Schleuning et   al. 2014a). In contrast, such 
phylogenetic signals in species roles may be absent or weak 
in temperate seed dispersal networks (Fig. 3b). Consistent 
with this notion, geographic variation in the biotic inter-
action milieu (Th ompson 2005) as well as spatially-explicit 
range dynamics over evolutionary times (e.g. rates of sec-
ondary sympatry; Pigot and Tobias 2013) are likely to 
infl uence patterns of multispecies interactions in complex 
and important ways.   

 Contemporary spatial and temporal variability 
in complex ecological networks 

 To date, most network analyses describe static snapshots of 
species interactions from specifi c ecological communities 
and time frames. Potential temporal dynamics of networks, 
including their stability and resilience after perturbation, 
have mostly been addressed with simulation models of 
theoretical extinction scenarios (Memmott et   al. 2004, 
Kaiser-Bunbury et   al. 2010). Empirically, there is evidence 

that emergent network properties such as nestedness or 
modularity can be relatively stable over multiple years 
(Petanidou et   al. 2008, Dupont et   al. 2009). Such stability 
might not be observed for specifi c interactions among indi-
vidual species. For instance, seed dispersal networks in cen-
tral Germany exhibit little spatiotemporal variation in 
emergent network properties (e.g. in diff erent measures of 
interaction diversity), but high temporal turnover in 
resource and consumer species composition and individual 
species interactions (Plein et   al. 2013). Th is turnover in 
species interactions leads to distinct clusters of networks in 
diff erent seasons, refl ecting seasonal changes in plant phe-
nology and foraging preferences of consumer species 
(Fig. 4a). Over longer contemporary time scales (e.g. 
decades or centuries), substantial turnover can occur within 
ecological networks, with the potential of a decline in the 
quantity and quality of ecological services that the involved 
species provide (Burkle et   al. 2013). Th e importance of 
these  β -components of species interactions have only 
recently been highlighted (Poisot et   al. 2012) and their for-
mal evaluation in partitioning analyses may be crucial 
for developing a biogeography of species interactions. 
Moreover, an incorporation of metacommunity theory into 
spatially-explicit analyses of ecological networks is needed 
to better address species interactions in a macroecological 
context (Gravel et   al. 2011, Hagen et   al. 2012, Montoya 
et   al. 2012). Eventually, such approaches could not only be 
built upon taxonomic units in ecological networks, but 
also on species traits and their functional units within net-
works. Th is would allow developing a functional perspective 
of multispecies assemblages across space and time.   

 Novel interactions under ongoing and future global 
change 

 A key topic for future research is to understand and predict 
how biodiversity and multispecies interactions will be 
aff ected by ongoing and future global change. Th is includes, 
for instance, the eff ects of climate change (Blois et   al. 
2013), human disturbance (Schleuning et   al. 2011b, Markl 
et   al. 2012), and land use changes related to habitat loss 
and fragmentation (Hagen et   al. 2012). Th eoretical models 
of climate change impacts suggest that antagonistic inter-
actions can slow down the future advance of colonists 
into newly suitable habitats (Urban et   al. 2012), while 
co-extinctions across trophic levels are likely to be most 
severe in mutualistic and parasitic systems (Dunn et   al. 
2009). However, it is unclear to what extent species 
extirpations can be functionally compensated in modifi ed 
ecological communities. Current work along land use gradi-
ents suggests some potential for resilience in tropical 
seed dispersal networks (Menke et   al. 2012). For instance, 
forest-visiting birds in the tropics can establish novel 
seed dispersal interactions at anthropogenic edges and 
compensate for the loss of forest specialists, at least in terms 
of quantitative components of seed dispersal such as visita-
tion frequencies (Fig. 4b). However, eff ects of frugivore 
extirpation can vary among plant species and may be par-
ticularly severe for large-seeded plant species (Markl et   al. 
2012, Galetti et   al. 2013). Furthermore, to what extent 
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evaluating the impacts of global change will be to under-
stand how dispersal and biotic interactions combine to 
shape future changes in multispecies communities (Urban 
et   al. 2013, Svenning et   al. 2014). For instance, disequilib-
rium vegetation dynamics over the next 50 – 200 yr can 
lead to strong time lags in plant migrations (Svenning and 
Sandel 2013) and therefore subsequently aff ect animals that 
depend on plants (Kissling et   al. 2010). However, how the 
combined positive and negative eff ects of diff erent types of 
interactions constrain range expansion rates of particular 
species remains little explored (Svenning et   al. 2014).    

 Towards a deeper integration of 
macroecology and ecological network 
research 

 Beyond the future research topics highlighted above, we 
also see great potential to better integrate macroecology and 
ecological network research. We suggest that this could 
be achieved via a bidirectional integration, i.e. transferring 
ecological knowledge across scales (Fig. 5). Results from 
ecological network analyses could inform macroecological 
analyses on species interactions, while macroecological 
analyses could be incorporated into ecological network 
research (Fig. 5). We briefl y describe ideas of how this could 
be achieved. 

 First, information on the structure of realized species 
interactions from locally sampled ecological networks could 
be used to inform macroecological analyses. One possibility 
is to identify functional traits in multispecies interactions 
that shape the structure of antagonistic and mutualistic 
ecological networks (trait matching, Stang et   al. 2009, 
Ekl ö f et   al. 2013). Th e functional structure of local 
assemblages could then be determined by quantifying the 
multidimensional functional diversity (Vill é ger et   al. 2008) 
of interacting taxa, specifi cally using those traits that have 
been shown to infl uence the interaction of interest. By up-
scaling this knowledge (Fig. 5), functional diversities of 
local assemblages of co-occurring and interacting species 
could then be analyzed and compared at macroscales, e.g. 
along altitudinal or latitudinal gradients. For instance, 
plant – frugivore interactions are infl uenced by animal 
morphology (e.g. gape width, wing morphology, body 
size) and plant traits (e.g. fruit size, plant height, crop 
mass, fruit color and content, phenology) (Hagen et   al. 
2012). After demonstrating trait complementarity of 
interaction partners in ecological networks at the local scale 
(e.g. between gape width and fruit size; Guimar ã es Jr et   al. 
2011), these trait combinations could be used to examine 
macroecological trends of co-variation in functional diversi-
ties of interacting taxa. Positive co-variation in functional 
diversities would indicate functional linkages between 
interacting species groups, not only at local, but also at 
regional spatial scales. Th is approach could be combined 
with phylogenetic information (Pellissier et   al. 2013) and 
extended from contemporary data to network reconstruc-
tions in the past (Blois et   al. 2013) or to modeling future 
changes in multispecies interactions (Kissling et   al. 2012a). 

 Second, analytical tools from macroecology could be used 
to inform ecological network research (Fig. 5). For instance, 
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  Figure 4.     Key research topics for understanding current and future 
patterns of cross-trophic multispecies interactions at macroscales 
include (a) quantifying spatial and temporal turnover in present-
day ecological networks and (b) predicting novel interactions 
under global change. In (a), the dissimilarity of species interac-
tions between seed dispersal networks sampled in three diff erent 
landscape contexts (forest, orchard, farmland) and two diff erent 
seasons (summer, autumn) in central Germany is shown (data from 
Plein et   al. 2013). While interaction diversity is similar between 
seasons (Plein et   al. 2013), the turnover in species interactions 
across space and time is substantial. Dissimilarities of interactions 
are visualized by the fi rst two axes of a non-metric multidimen-
sional scaling (NMDS) on S ø rensen dissimilarities between all 
network pairs across all interactions ( β  WN  sensu Poisot et   al. 2012). 
In (b), potential novel interactions in networks are illustrated 
with a high resilience of a seed dispersal network recorded for eight 
tree species at both anthropogenic edges and in the interior of a 
tropical forest (Menke et   al. 2012). Blue boxes and links indicate 
forest-visiting consumer species from non-forest habitats (potential 
novel interactions after deforestation), green boxes and links 
indicate interactions from generalist species occurring in disturbed 
and undisturbed forest habitats (invulnerable interactions), and 
red boxes and links indicate interactions from forest specialist spe-
cies that are prone to be disrupted as a consequence of anthropo-
genic disturbance (vulnerable interactions).  

diff erent types of ecological networks can re-wire under cli-
mate change, i.e. which species are functionally equivalent to 
other species and hence redundant in terms of mediating 
interactions or ecosystem processes (Kaiser-Bunbury et   al. 
2010, Staniczenko et   al. 2010, Stouff er et   al. 2012), is an 
open and urgent fi eld of research. Another key aspect for 
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networks and species assemblages (Rohr et   al. 2010, Gravel 
et   al. 2013). Overall, the coupling of SDMs with network 
methods would allow a deeper assessment of the eff ects of 
climate change on multispecies interactions and could be 
useful to model potential functional consequences of these 
eff ects for network structure under diff erent scenarios.  

 Conclusions 

 Both macroecological richness analyses as well as ecological 
network studies have contributed to a better understanding 
of biotic interactions at macroscales. However, major chal-
lenges remain in the identifi cation and quantifi cation of 
functional linkages and trait complementarity in multispe-
cies interactions across space, time and trophic levels. As 
urgent research topics for the following decades, we suggest 
to assess paleoclimatic and macroevolutionary imprints 
on interaction diversity as well as current spatiotemporal 
variability and the potential for reshuffl  ing and rewiring of 
species interactions under global change. Such a research 
agenda requires further eff ort in collecting new data, includ-
ing the repeated and standardized sampling of ecological 
networks, the compilation of comprehensive trait datasets, 
and the cost-effi  cient acquisition of novel co-occurrence and 
interaction data from biodiversity monitoring schemes 
and citizen science projects. Along these lines, we see great 

range shifts of species under future climate change and 
various dispersal scenarios can be estimated using species dis-
tribution modeling (SDM) methods. A promising step 
may be to gather distribution data and to apply SDMs to 
those species that are currently present in locally-
sampled ecological networks. By employing a down-scaling 
approach, this would allow inferring potential future changes 
in species assemblage composition, e.g. in response to cli-
mate change. Th is could allow exploring changes in multi-
species interactions in potential future assemblages and 
ecological networks. For instance, the coupling of predic-
tions of future species distributions with marine food 
web data across the Mediterranean Sea predicts that the 
number of feeding links would decrease whereas overall 
food web connectance would increase as a result of climate 
change (Albouy et   al. 2014). Th is suggests potential 
impacts of climate change on network structure, with conse-
quences for ecosystem functioning. To go beyond simple 
taxonomic approaches, the additional inclusion of species 
traits (e.g. matching traits such as gape width and fruit size) 
into such a framework would allow assessing changes in 
functional network structure and could be used to identify 
potential disruptions of functional linkages in ecological 
networks. To predict interactions in novel communities, 
the combined information from phylogenetic history 
and functional traits of species might be particularly useful 
to quantify probabilities of species interactions in future 
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  Figure 5.     Schematic framework for a bidirectional integration of macroecology and ecological network research. On the one hand, 
multi-trait and functional diversity analyses of local ecological networks can be used to test for functional linkages in macroecological 
co-occurrence patterns. Th is might allow up-scaling of trait complementarity between interacting groups of species from local to regional 
and global spatial scales. On the other hand, macroecological tools such as species distribution models can be used to explore potential 
changes in local species assemblages. Th is might be achieved by modeling species distributions under climate change, with subsequent 
assessments of changes in functional network structure. Th e illustrated framework allows a transfer of ecological knowledge between local 
and macroecological (i.e. regional to global) scales.  
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potential for a deeper bidirectional integration of macroecol-
ogy and ecological network research. Th is could be achieved 
by the development of trait-based community models 
bridging local and regional spatial scales and by quantifying 
the consequences of projected range dynamics for the struc-
tural and functional diversity of interaction networks. 
Addressing these research topics will signifi cantly advance 
our understanding of the origin and maintenance of biodi-
versity and should therefore be at the forefront of current 
and future ecological research. 
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