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1  | INTRODUC TION

Ecological networks depict relationships of dependence among in-
teracting species in a community, and have been called the ‘architec-
ture of biodiversity’ (Bascompte, 2009). This architecture influences 

the functioning (Peralta, Frost, Rand, Didham, & Tylianakis,  2014) 
and, potentially, the stability of ecological communities (Rohr, 
Saavedra, & Bascompte,  2014; Thébault & Fontaine,  2010, but 
see Maynard, Serván, & Allesina, 2018; Peralta, Stouffer, Bringa, & 
Vázquez, 2020). Therefore, unravelling the processes that structure 
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Abstract
1.	 Niche and neutral processes jointly influence species interactions. Predictions of 

interactions based on these processes assume that they operate similarly across all 
species. However, species characteristics could systematically create differences 
in the strength of niche or neutral processes for each interspecific interaction.

2.	 We used national-level records of plant–frugivore interactions, species traits, 
biogeographic status (native vs. exotic), phylogenies and species range sizes to 
test the hypothesis that the strength of niche processes in species interactions 
changes in predictable ways depending on trophic generalism and biogeographic 
status of the interacting species.

3.	 The strength of niche processes (measured as trait matching) decreased when the 
generalism of the interacting partners increased. Furthermore, the slope of this 
negative relationship between trait matching and generalism of the interacting 
partners was steeper (more negative) for interactions between exotic species than 
those between native species. These results remained significant after accounting 
for the potential effects of neutral processes (estimated by species range size).

4.	 These observed changes in the strength of niche processes in generating species 
interactions, after accounting for effects of neutral processes, could improve pre-
dictions of ecological networks from species trait data. Specifically, due to their 
shorter co-evolutionary history, exotic species tend to interact with native species 
even when lower trait matching occurs than in interactions among native species. 
Likewise, interactions between generalist bird species and generalist plant species 
should be expected to occur despite low trait matching between species, whereas 
interactions between specialist species involve higher trait matching.
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ecological networks is fundamental to understanding ecological pro-
cesses in communities and hence to assess the future of biodiversity.

Niche (morphological and behavioural adaptations to the biotic 
and abiotic environment) and neutral (stochastic) processes have 
been recognized as important determinants of ecological network 
topology (Dormann, Fründ, & Schaefer, 2017; Vázquez, Chacoff, & 
Cagnolo, 2009; Vizentin-Bugoni, Maruyama, & Sazima, 2014). Niche 
processes involve trait matching of interacting species and of spe-
cies with their environments, reflecting adaptation, competition 
and environmental filtering, whereas neutral processes empha-
size the importance of stochasticity in explaining the occurrence 
of species and interactions in a community. In species interaction 
models, niche processes are usually represented by species traits 
(Bartomeus,  2013; Schleuning et  al.,  2014) or phylogenies, as sur-
rogates for suites of traits (Pearse & Altermatt,  2013; Rezende, 
Lavabre, Guimarães, Jordano, & Bascompte, 2007). Conversely, neu-
tral processes make interactions more likely to occur when species 
co-occur frequently in space or time, and are therefore typically 
represented by species abundances (Vázquez et al., 2007). Although 
both niche and neutral processes influence species interactions, the 
importance of each in determining interspecific interactions is still 
debated (Sazatornil et al., 2016; Vázquez et al., 2009).

Studies quantifying the influence of niche processes on ecolog-
ical networks, or those that predict interactions from traits (Eklöf 
et al., 2013; Zhang, Buckling, & Godfray, 2009), carry an implicit and, 
to the best of our knowledge, so far untested assumption: that the 
strength of niche processes such as trait matching is consistent (or 
at least random) across species. However, species have different 
characteristics that influence their interactions and hence could sys-
tematically strengthen or weaken niche processes, and thereby ob-
scure global patterns of trait matching in interactions. For example, 
generalists (i.e. species with many interaction partners) tend to have 
traits similar to the community average (Coux, Rader, Bartomeus, 
& Tylianakis, 2016), but interact with numerous species spanning a 
wide range of traits. Since generalists interact with a wide range of 
species, we could assume that their interactions with other species 
are mostly influenced by the abundance of their interaction part-
ners, rather than by trait matching (niche process). In contrast, inter-
action partners that specialize on each other will likely show strong 
evidence of niche processes (i.e. trait or phylogenetic matching), al-
though such co-specialized interactions tend to be rare (Bascompte, 
Jordano, Melian, & Olesen, 2003; Vázquez & Aizen, 2004, but see 
Dehling, Jordano, Schaefer, Böhning-Gaese, & Schleuning,  2016). 
In addition, in mutualistic networks, many specialist species tend to 
interact with generalist species (Bascompte et al., 2003; Vázquez & 
Aizen, 2004). If specialists interact with generalists simply because 
generalists are abundant (a neutral process), rather than by special-
izing on them as a strategy, there could be only a weak signal, or no 
signal at all, of niche effects on these interactions.

Generalists continue to interact with many species when they 
colonize a new location, even if they have not recently co-evolved 
with their new partners (Emer, Memmott, Vaughan, Montoya, & 
Tylianakis,  2016). Likewise, trait matching appears to break down, 

and neutral predictions become better supported, at the edge of 
biogeographical regions where distinct assemblages mix (Sazatornil 
et al., 2016). Finally, interactions between species that do not share a 
recent evolutionary history, such as those between species with dif-
ferent biogeographic status (i.e. natives and exotics), could blur niche 
processes, as exotic species tend to interact with a larger fraction 
of the species pool (García, Martínez, Stouffer, & Tylianakis, 2014; 
Heleno, Ramos, & Memmott, 2013). Identifying the characteristics 
of species for which niche processes most strongly influence inter-
actions should improve our understanding and ability to predict the 
structure and dynamics of interaction networks. Specifically, know-
ing whether the strength of niche processes for the occurrence of 
interactions is different for generalist and exotic species (compared 
with specialist and native species) could be easily incorporated in 
models to predict interactions via niche relaxation, for example, by 
assuming the probability of generalist (and/or exotic) species to in-
teract with species with low trait matching is higher than the proba-
bility of specialist (and/or native) species.

Here, we used an extensive database of plant–frugivore inter-
actions published in New Zealand, species traits related to fruit 
consumption, species biogeographic status (native vs. exotic), 
phylogenies and species range size to test the hypothesis that the 
strength of niche processes in species interactions differs predict-
ably across species with different characteristics. In particular, we 
predict that:

1.	 The strength of niche processes (i.e. trait and phylogenetic 
matching) for species interactions will decrease as the gener-
alism of the interacting partners increases.

2.	 The strength of niche processes (trait and phylogenetic match-
ing) will be weaker among interacting species of different biogeo-
graphic status (i.e. interactions between natives and exotics), as 
these would have had less time to co-evolve matching traits, com-
pared with interactions between native species.

3.	 The relationship between the strength of niche processes (trait 
and phylogenetic matching) and the generalism of the interacting 
partners will differ according to the biogeographic status of the 
interacting species, such that interactions between exotic species 
depend less on trait matching than interactions between native 
species, reflecting lower adaptation and more opportunistic rela-
tionships of exotic species.

2  | MATERIAL S AND METHODS

2.1 | Metanetwork

To test our hypotheses, we assembled a database of plant–frugivore 
interactions of extant taxa in New Zealand, recorded in the literature 
(hereafter ‘metanetwork’), comprising 821 binary interactions be-
tween 47 bird and 239 plant species. This metanetwork has several 
strengths for testing our hypotheses. First, our well-documented set 
of interactions, spanning 90 studies, allowed us to determine each 
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species' generalism and range of interaction partners with higher 
resolution than any single sampled network. Second, exotic frugi-
vores are widespread throughout New Zealand, allowing us to test 
the importance of both trait matching and evolutionary history on 
species interactions. Finally, rare species are well represented in our 
dataset because their conservation interest means they are studied 
more often than their abundance would predict (our data capture 
every published occurrence of an interaction between frugivores 
and plants that our literature search revealed, see the Supporting 
Information for details on data compilation). Therefore, even though 
sampling effort will vary across species (as in any empirical network), 
our use of published data means that interactions will not be sys-
tematically more poorly resolved for rare species, as would typically 
occur in a single sampled network, and would thus be less likely to 
bias our results. However, because not all species occur everywhere 
and local environmental conditions can result in potential interac-
tions not being realized (Tylianakis & Morris, 2017), we acknowledge 
that this metanetwork does not represent the network that would 
be realized at any given location or time.

Because our metanetwork is not spatially explicit, it could be 
argued that some interactions could not occur simply because the 
species' distributions do not overlap. However, such spatial uncou-
pling would, if anything, mask the occurrence of niche processes by 
providing interaction absences when niche processes predict an in-
teraction. Therefore, controlling for spatial uncoupling would only 
increase the detectability of niche processes, that is, would only 
strengthen the observed effects of niche processes.

2.2 | Species traits

We selected plant and bird species traits related to fruit consump-
tion (Dehling et  al.,  2014). For birds, we measured bill length (the 
distance from the commissural point to the tip of the closed bill), 
bill width (the external distance between the two commissural 
points) and wing pointedness, quantified with Kipp's index (cal-
culated as the distance from the tip of the first secondary to the 
wing tip measured on the folded wing, divided by wing length; Eck 
et al., 2011). The latter influences foraging preferences (i.e. forag-
ing in the canopy vs. the understory), while bill traits (correlated 
with gape size, Wheelwright,  1985) directly influence feeding be-
haviour by determining the maximum size of the fruit that can be 
consumed (Dehling et al., 2016; Muñoz, Schaefer, Böhning-Gaese, & 
Schleuning, 2017). We measured all bird traits on museum specimens 
(see Acknowledgements), except for Melleagris gallopavo, which was 
measured from live specimens as it was not available in any museum. 
We measured four adult specimens of each species, two females and 
two males (except for Carduelis carduelis, for which only three female 
and one male specimen were available) to account for sexual dimor-
phism within species, and used the mean of each trait for each spe-
cies for the analyses. By using the mean value of species traits, we 
must assume that intraspecific differences are negligible compared 
with interspecific variability in species traits.

The plant traits selected were fruit length, fruit diameter and 
plant height (as a proxy of height at which fruits are offered, Bender 
et al., 2018; Dehling et al., 2014). Plant traits were mostly obtained 
from the Ecological Traits of New Zealand Flora Database (avail-
able through the Manaaki Whenua Landcare Research managed 
website: https://ecotr​aits.landc​arere​search.co.nz/) and the Flora 
of New Zealand (Allan, 1961, 1982), among other sources (for more 
details see Supporting Information). Finally, we classified all plant 
and bird species according to their biogeographic status into na-
tives (including endemic and self-introduced species, that is, species 
that arrived to New Zealand by themselves and established breed-
ing populations) or exotics (Ecological Traits of New Zealand Flora; 
New Zealand Birds Online). In our database, 30% of the bird species 
and 31% of the plant species were exotic. Although phenological 
matching has been identified as an important driver of species in-
teractions and network architecture in plant–insect mutualistic net-
works (e.g. Morente-López, Lara-Romero, Ornosa, & Iriondo, 2018; 
Peralta, Vázquez, et al., 2020; Vázquez et al., 2009), in plant–frugivore  
networks, the animal (bird) partners are typically long-lived, and al-
though their occurrence may vary locally as they move across the 
landscape, their occurrence nationally (the scale of our study) is con-
stant except for migratory species. Because none of the species in 
our network were migratory, we did not include phenology as a trait 
to test trait matching.

2.3 | Species phylogenies

Because phylogenies encompass information on inherited traits 
and evolutionary events (Peralta,  2016), they can be important 
predictors of species interactions; therefore, we used published 
ultrametric phylogenies for plants and birds. We extracted a plant 
phylogeny from the Phylomatic tree for plants (R20120829), using 
the Phylomatic v3 software (Webb & Donoghue, 2005) and assigned 
branch lengths using the bladj function in Phylocom v 4.2 (Webb, 
Ackerly, & Kembel, 2008), which constrains node age according to 
the dated molecular phylogeny of Wikström, Savolainen, and Chase 
(2001). We then calculated pairwise phylogenetic distances using 
the cophenetic.phylo function in the ape v 5.1 r package (Paradis, 
Claude, & Strimmer, 2004).

We extracted the bird phylogeny from birdtree.org (Jetz, 
Thomas, Joy, Hartmann, & Mooers,  2012), using the most recent 
high-level avian topology available, the Hackett backbone (Hackett 
et al., 2008), with 1,000 repetitions. We then built a consensus tree 
using the consensus.edges function in the phytools v 0.6–44 r pack-
age (Revell,  2012), and calculated pairwise phylogenetic distances 
as we did for plant species. Because 5 of 47 (10.6%) bird species 
were absent from the phylogeny, we calculated their phylogenetic 
distances based on related species, and set the distance between 
them to the minimum phylogenetic distance found between any two 
species in the phylogenetic tree. Specifically, we used the phyloge-
netic distances of Callaeas cinerea for Callaeas wilsoni; of Hemiphaga 
novaeseelandiae for Hemiphaga novaeseelandiae chathamensis; of 

https://ecotraits.landcareresearch.co.nz/
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Philesturnus carunculatus for Philesturnus rufusater and of Porphyrio 
hochstetteri for Porphyrio melanotus, as these are the only two spe-
cies in these genera. In addition, for the hybrid Cyanoramphus no-
vaezelandiae × forbesi, we used the average phylogenetic distances 
between Cyanoramphus novaezelandiae and Cyanoramphus forbesi.

2.4 | Species generalism

We chose two metrics to quantify species generalism. First, we used 
a widely used metric in network studies, normalized species degree, 
which represents the number of interaction partners scaled by the 
number of possible partners (total number of species in the other level), 
calculated using the specieslevel function in the bipartite v 2.08 r pack-
age (Dormann, Gruber, & Fründ, 2008). Second, we used a functional 
measure of species generalism derived from a functional diversity (FD) 
framework. This metric, a species' contribution to functional diversity 
(FDbase), represents a measure of the functional specialization of a spe-
cies relative to other species in the community (Dehling et al., 2016; 
Dehling & Stouffer, 2018). This functional specialization measure con-
siders differences in species' niche sizes and niche positions, which are 
delimited in multivariate space by the traits of each species' interaction 
partners (Dehling & Stouffer, 2018), that is, the niche of each bird spe-
cies is defined by the traits of the plant species with which it interacts 
and vice versa. Because species contribution to FDbase increases with 
species functional specialization, we used 1 minus the contribution 
of each species to FDbase to represent functional generalism. None of 
the generalism metrics we used were related to variability (i.e. quan-
titative ranges) in the traits in our dataset (Table S1; Figure S1), nor 
was bird generalism positively related to bill size (Table S1; Figure S2). 
Nevertheless, any relationships between specific trait values (or 
ranges) and generalism would only weaken any evidence of niche pro-
cesses, decreasing its detectability and making any findings of a niche 
effect more conservative.

To assess whether species generalism differed between exotic and 
native species, we used ANOVAs. We used bird normalized degree, 
bird functional generalism, plant normalized degree and plant func-
tional generalism as response variables in different ANOVAs and exotic 
versus native as levels of the biogeographic status predictor variable.

2.5 | Influence of niche processes on species 
interactions

To estimate the influence of niche processes on each interaction via 
trait matching, we used a measure of the contribution of each inter-
action to the overall trait matching interaction pattern of the plant 
and bird community (Legendre, Desdevises, & Bazin, 2002). An in-
teraction with a large contribution to the community trait matching 
pattern was deemed to indicate strong evidence of niche processes. 
To this end, we followed two steps. First, we calculated trait pair-
wise similarity for plants and birds, respectively, using Gower's simi-
larity coefficient (Gower, 1971). There was a significant correlation 

between trait similarity and phylogenetic similarity matrices of 
plants (and birds; see Supporting Information), and we wanted to dis-
tinguish matching of measured traits (including by convergent evolu-
tion) from phylogenetic matching (potentially via other unmeasured 
traits and shared evolutionary history). Therefore, we removed 
the phylogenetic signal from the trait similarity matrices using the 
method of Bastazini et al. (2017). This method builds a linear model 
with plant (or bird) trait similarity as the response variable and plant 
(or bird) phylogenetic similarity (i.e. phylogenetic distances) as the 
predictor variable. The residuals of this model were used as the simi-
larity (distance) between species described by their traits with phy-
logenetic effects removed (hereafter ‘trait similarity matrix’).

Second, we performed a Parafit test (Legendre et al., 2002) with 
the plant and bird trait similarity matrices and the species interaction 
matrix (metanetwork), using the parafit function from the ape v 5.1 r 
package (Paradis et al., 2004). The Parafit test is a fourth-corner anal-
ysis (Legendre, Galzin, & Harmelin-Viven,  1997) that measures the 
relationship between two distance matrices through the link provided 
by species interaction data. In particular, Parafit quantifies the con-
gruence between two given topologies, in this case defined by species 
similarity according to their morphological traits, and tests the null 
hypothesis that species interact randomly with respect to the trait dif-
ferences at each trophic level (i.e. that bird species with similar traits 
do not interact with plant species with similar traits more often than 
expected at random). Given significant congruence (i.e. that bird spe-
cies with similar traits interact with plant species with similar traits), 
the contribution of each interaction to this overall congruence pattern 
can be tested. The contribution of each interaction to the congruence 
pattern (statistic ParafitLink1) represents a measure of the strength of 
niche processes (i.e. trait matching) on each interaction.

To estimate the strength of niche processes arising from other 
unmeasured traits and shared evolutionary history, we repeated 
the previous analysis using phylogenetic distances instead of trait 
similarities. To this end, we performed a Parafit test using the plant 
and bird phylogenetic distance matrices and the species interaction 
matrix (metanetwork) to obtain the contribution of each interaction 
to the pattern of phylogenetic congruence. In this case, a significant 
phylogenetic congruence pattern of the overall plant–bird commu-
nity indicates that closely related plant species interact with closely 
related bird species, and interactions with a strong contribution to 
this pattern are strongly affected by niche processes (i.e. phyloge-
netic matching).

2.6 | Effects of neutral processes on species 
interactions

Our hypotheses focus on niche processes structuring interactions; 
however, the strength of neutral processes could covary with general-
ism and biogeographic status, and hence controlling for the effects of 
neutral processes is essential. Although species abundance is the most 
commonly used variable to account for neutral processes, it can be dif-
ficult to obtain, especially for a database compiled over a large spatial 
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and temporal extent, like the one used here. Nevertheless, species 
abundance is positively related to species range size (Gaston, 1996; 
Köckemann, Buschmann, & Leuschner,  2009; Lawton,  1993; 
Newton, 1997) and, although the mechanisms behind this relationship 
are not clearly understood (Borregaard & Rahbek, 2010; Brown, 1984; 
Brown, Mehlman, & Stevens,  1995), it is possible to assume that 
species with larger ranges also have higher abundances. Therefore, 
species range size (even a coarse estimate of species abundance) rep-
resents the best proxy of neutral effects available for our database.

To account for the effects of neutral processes on species inter-
actions (as a covariate in our analyses, described below), we used 
the normalized number of occurrences of each species recorded in 
national field surveys as a measure of species range size (also cor-
related with species abundances, Figure S3). In particular, for bird 
species range size we used the most comprehensive survey of New 
Zealand's avifauna, the Atlas of bird distribution in New Zealand 
(Bull, Gaze, & Robertson,  1985; Robertson, Hyvönen, Fraser, & 
Pickard,  2007), which summarizes bird records across 96% of the 
country's area between 1969–1979 and 1999–2004. Specifically, we 
added the number of field records of each bird species recorded in 
3,528 (9,144 m × 9,144 m) and 3,542 (10,000 m × 10,000 m) plots, 
between 1969–1979 and 1999–2004, respectively, and normalized 
them by dividing them by the maximum number of occurrences re-
corded for any species. Similarly, as an estimate of plant range size, 
we used the number of occurrences of each plant species (i.e. the 
number of plots in which each species was found) recorded in the 
National Biodiversity Monitoring and Reporting System survey 
(2011–2014) divided by the maximum number of occurrences re-
corded for any species. This survey was designed to collect compre-
hensive information about New Zealand land cover vegetation by 
systematically sampling 20 m × 20 m plots across the country (see 
Supporting Information for more details). For simplicity, we refer to 
these estimates as bird and plant species range size.

2.7 | Analyses

To evaluate whether the strength of niche processes in determining 
interactions, either via trait or phylogenetic matching, varies with 
interacting species' generalism or species biogeographic status (native 
vs. exotic), we used four linear mixed models. For the first two models, 
the response variable was the trait matching for each interaction (i.e. 
the contribution of each interaction to the community trait-matching 
congruence pattern). Both models included biogeographic-status 
matching as a predictor variable. Biogeographic-status matching 
was considered as a three-level factor, depending on whether the 
plant and bird species interacting were both natives (native–native), 
with different biogeographic status (native–exotic) or both exotics 
(exotic–exotic, although not necessarily from the same origin). The 
other predictor variable was a measure of generalism; in the first 
model this predictor was the mean of the normalized degree of the 
interacting plant and bird species, whereas in the second model, we 
used the mean functional generalism of the interacting species. To 

assess whether the generalism of either plants or birds more strongly 
influenced the trait matching strength of species interactions, we 
ran a separate set of models using separate plant and bird generalism 
values rather than their mean for the interactions (Tables S2 and S3). 
In the third and fourth models, we used the phylogenetic matching 
of each interaction (i.e. the contribution of each interaction to the 
phylogenetic congruence pattern of the community) as the response 
variable, with the same predictor variables as the first and second 
models. Although it is possible that exotic species originated in the 
same location and therefore have a shared co-evolutionary history, 
distinguishing between interactions between exotic species with the 
same versus different native ranges did not affect our primary con-
clusions (see Table S4). [Correction added on 30 June 2020, after 
first online publication: wording changed from ‘depending on and 
bird species’ to ‘depending on whether the plant and bird species’.]

Because species generalism can be related to neutral processes, 
whereby common species have a higher chance of interacting with 
more species and hence show a higher level of generalism (Fort, 
Vázquez, & Lan, 2016; Vázquez, Poulin, Krasnov, & Shenbrot, 2005), 
we incorporated the mean number of species occurrences of the two 
interacting species (i.e. mean range size) as a covariate in all models. 
We also included an interaction term in all models between mean 
generalism and biogeographic-status matching, to account for po-
tential differences in the effects of generalism between species with 
the same biogeographic status versus species with different biogeo-
graphic status. This interaction term provides information on differ-
ences in slope of the trait matching–generalism relationship between 
interactions that occur between species of different biogeographic- 
status matching groups. In addition, to account for the dependence 
among interactions sharing at least one partner, we included plant 
and bird species identities as random factors in all models.

All models were simplified by removing interaction terms and 
then main effects until no further reduction in residual deviance, 
measured by the akaike information criterion (AIC), was achieved 
(Burnham & Anderson, 2002). Normality and homoscedasticity as-
sumptions were visually checked (by using Normal Q-Q plot and 
scatterplot of residuals vs. predicted values, respectively) and met 
in all cases. In addition, to assess multicollinearity among predictors, 
we calculated the variance inflation factor (VIF) of each predictor 
in each model using the vif function in the car v 3.0–2 r package 
(Fox & Weisberg, 2011); all predictors in all models had a VIF close 
to 1, indicating no severe collinearity (Zuur, Ieno, & Elphick, 2010). 
Finally, because sampling effort was not uniform across species, we 
evaluated the robustness of our results to potential sampling ef-
fects by systematically removing species (Supporting Information). 
To this end, we removed species sequentially from those with large 
to small range sizes (and vice versa, from small to large range sizes), 
reran the analyses after each removal, and estimated the robustness 
of our results by calculating the percentage of species that need 
to be removed from the analyses for the results to change signifi-
cantly (i.e. for the results to change their significance). We used the 
lmer function from the lmerTest v 3.1-1 (Kuznetsova, Brockhoff, & 
Christensen,  2017) r package to perform the linear mixed effects 
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models. All analyses were performed in the r 3.4.4 environment  
(R Core Team, 2019).

3  | RESULTS

Overall, morphologically similar bird species tended to interact with 
morphologically similar plant species (significant Parafit congruence 
pattern p < 0.001), and closely related bird species tended to inter-
act with closely related plant species (phylogenetic Parafit congru-
ence pattern p < 0.001). The mean number of bird species each plant 
species interacted with (i.e. generalism) was 3.430 ± 0.200 (M ± SE), 
and the maximum number of interaction partners for a plant spe-
cies was 16 (Pseudopanax arboreus and Coprosma robusta had the 
highest generalism among plant species). Bird species had a higher 
mean (M ± SE = 17.468 ± 3.875) and maximum (105, Hemiphaga no-
vaeseelandiae) number of interaction partners than plants. In addi-
tion, the range (i.e. variability) of plant functional generalism was 
12.5 times lower (min–max = 0.993–0.997) than that of birds (min–
max = 0.941–0.991). Therefore, plant species tended to be more spe-
cialized than birds in terms of the number of bird species with which 
they interacted, but more generalized in terms of bird traits.

Trait matching for each interaction significantly decreased 
with increasing mean generalism (i.e. degree; t = −5.349, p < 0.001; 
Figure 1a), even after accounting for the effects of range size on spe-
cies interactions (Table S2). Furthermore, the slope of this relation-
ship was significantly steeper (i.e. more negative) for interactions 
between exotic species (exotic-exotic) than interactions between na-
tive species (native–native; biogeographic-status matching × mean 

generalism degree interaction: t  =  −3.490, p  <  0.001; Figure  1a; 
Table  S2). Species generalism and biogeographic-status match-
ing (i.e. the fixed effects in this model) accounted for almost 20% 
of the total variance (Marginal R2 = 0.196, Conditional R2 = 0.503). 
Similarly, the slope of the relationship between trait matching and 
mean functional generalism was also steeper (more negative) for in-
teractions between exotic species (exotic–exotic) than interactions 
between native species (native–native; biogeographic-status match-
ing × mean functional generalism interaction: t = −2.464, p = 0.014; 
Figure 1b; Table S2). In addition, the slope of this relationship was 
steeper (more negative) for interactions between native and exotic 
species (native-exotic) than interactions between native species  
(native–native; t = −2.400, p = 0.017; Figure 1b; Table S2). The fixed 
effects in this model accounted for almost 10% of the total variance 
(Marginal R2 = 0.088, Conditional R2 = 0.469).

On the other hand, the phylogenetic matching of interactions 
was not affected by mean generalism (mean normalized degree), 
such that this variable was not retained in the best fitting model, 
nor was species range size statistically significant when species 
generalism was excluded from the model (t  =  1.371, p  =  0.177; 
Table S2). Nevertheless, the phylogenetic matching of each interac-
tion increased slightly with increasing species range size (t = 2.009, 
p  =  0.049; Figure  2a) and significantly decreased with increasing 
mean functional generalism of the interacting species (t = −2.035, 
p = 0.044; Figure 2b; Table S2). Fixed effects in both models of phy-
logenetic matching explained a low proportion of the total variance 
(model with mean generalism: Marginal R2  =  0.005, Conditional 
R2  =  0.345; model with mean functional generalism: Marginal 
R2 = 0.012, Conditional R2 = 0.341).

F I G U R E  1   Relationships between trait matching and characteristics of the interacting species: (a) mean degree (number of interaction 
partners), and (b) mean functional generalism. Symbols indicate the biogeographic-status match of the interacting species. N = 533 (native–
native interactions), 214 (native–exotic interactions), 74 (exotic–exotic interactions). Mean functional generalism values were high, although 
variation within them was low (0.970–0.995), suggesting overall low functional specialization (0.970 corresponds to 5.9% contribution to 
functional diversity (FD), which represents a low specialization value, whereas 0.995 corresponds to 6.1%). Although a linear mixed-effects 
model was used to evaluate changes in the trait matching–generalism relationship, least squares trend lines are shown to illustrate the 
direction of the relationships. Note that exotic–exotic and native–exotic trend lines overlap in (b)
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The effects of species generalism on the strength of niche pro-
cesses (trait and phylogenetic matching) were mostly driven by 
bird generalism (both degree and functional generalism; Table S3). 
Despite differences in the slope of the trait matching–bird general-
ism relationship between species from different biogeographic sta-
tuses, we found no differences in bird generalism between native 
and exotic species, and only the functional generalism of plants was 
significantly higher for native than exotic species (Table S5).

Sensitivity analyses showed that results related to phylogenetic 
matching were less robust to sampling than those of trait matching. 
In particular, removing, on average, 7.25% of species made the phy-
logenetic matching–functional generalism relationship statistically 
non-significant, whereas 48.25% of species, on average, needed 
to be removed for the trait matching–mean generalism (normal-
ized degree) relationship to become non-significant (Supporting 
Information, Figure S4).

4  | DISCUSSION

Niche processes are important for structuring species interac-
tions, and the analyses of our national-level dataset are congruent 
with previous studies showing signals of trait (Bender et al., 2018; 
Eklöf et al., 2013; González-Castro, Yang, Nogales, & Carlo, 2015; 
Schleuning et al., 2014; Vizentin-Bugoni et al., 2014) and phyloge-
netic (Martín González et al., 2015; Rezende et al., 2007) matching 
in the occurrence of mutualistic interactions. However, our results 
show that the strength of niche processes in generating species in-
teractions changes in predictable ways depending on the species' 
characteristics. In particular, trait matching of the interacting part-
ners tended to decrease when the generalism of the interacting 
partners increased. This negative relationship between trait match-
ing and generalism of the interacting partners was stronger (i.e. more 
negative slope) for interactions between exotic species than those 

between native species, and it was consistent whether generalism 
was measured as the number of interacting partners or using a func-
tional measure of generalism. In addition, these effects were statis-
tically significant even after accounting for the potential covariate 
effects of species range size, that is, neutral processes. Our results 
suggest that current approaches for predicting interactions based 
on niche processes, such as trait matching, have limited predictive 
power because they assume that these processes are equally rel-
evant for all species. We demonstrate that this assumption may not 
be valid, and that allowing generalist and exotic species to be differ-
entially influenced by niche processes could improve future predic-
tions of species interactions. Specifically, exotic species interacting 
with native species should be expected to interact even when lower 
trait matching occurs, reflecting the shorter co-evolutionary history 
and trait adaptation between exotic and native species. Likewise, in-
teractions between generalist birds and generalist plants should be 
expected to occur despite low trait matching between species, as 
opposed to interactions occurring between specialist species.

Interactions between native species showed stronger trait match-
ing than interactions between exotic species and between natives 
and exotics. This difference could be explained by the native species' 
shared evolutionary history, which allows them to co-evolve at least 
in the specific traits related to fruit consumption. Similarly, higher 
consistency in partner choice (i.e. higher partner fidelity), which 
is necessary for mutual adaptation in evolutionary time, has been 
shown for native flower visitors in the Galapagos Islands (Trøjelsgaard, 
Heleno, & Traveset, 2019). In addition, the slope of the trait matching– 
generalism relationship was slightly steeper (more negative) for 
interactions between exotic species with different native ranges 
than for interactions between exotic species that shared the same 
native range (Table  S4). It is possible that stronger signals of co-
evolution among exotic species sharing the same geographic origin 
could be detected when using higher resolution data on species na-
tive ranges.

F I G U R E  2   Relationships between phylogenetic matching and characteristics of the interacting species: (a) mean range size and (b) mean 
functional generalism. Symbols indicate the biogeographic-status match of the interacting species
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Phylogenetic matching slightly decreased only when species func-
tional generalism increased, and there was no apparent difference in 
the slope of this relationship when comparing interactions between 
native species with interactions among exotic species or interactions 
between native and exotic species. These weaker changes in phylo-
genetic matching do not imply that evolution is unimportant for eco-
logical patterns, since traits are evolutionary products, but rather that 
phylogenetic relationships, estimated from published phylogenies, do 
not capture the specific differences in interaction-relevant traits that 
the measured traits do (Cadotte & Davies, 2016). Moreover, because 
we used measures of trait dissimilarity that removed variance associ-
ated with phylogenetic distance (Bastazini et al., 2017), we eliminated 
the possibility that our observed trait effects were caused by unmea-
sured, phylogenetically correlated traits.

Our results show that exotic species interacting with native 
species have lower trait matching than interactions between na-
tive species. This result has important implications given that many 
decisions about exotic species importation are informed by the 
species interactions of morphologically similar native species; how-
ever, exotic species could be less dependent on trait matching and 
hence interact with a broader range of species in the new location. 
Nevertheless, beyond the occurrence of interactions per se, the 
strength of exotic species interactions in a new environment is a 
key determinant of their impacts (Ortega & Pearson, 2005). Niche 
processes are most likely to determine the range of possible versus 
impossible (i.e. ‘forbidden links’) interactions, whereas the strength 
of possible interactions can be modified by the local environment 
and relative abundance of the interaction participants (Tylianakis & 
Morris,  2017). Future studies assessing potential relationships be-
tween niche processes and species interaction strengths could be 
extremely useful for understanding the extent to which niche pro-
cesses affect communities and functions (Godoy, Bartomeus, Rohr, 
& Saavedra, 2018).

Our results must be considered in the context of the specific 
interaction (frugivory) we studied. Frugivory networks are fre-
quently more generalized than other types of mutualistic networks, 
such as pollination networks (Blüthgen, Menzel, Hovestadt, Fiala, 
& Blüthgen, 2007), meaning frugivory networks may show weaker 
signals of trait matching than other types of interaction. In addition, 
although the interactions reported here represent trophic consump-
tion from the birds' perspective, whether they constitute antagonistic 
or mutualistic interactions depends on whether consumed seeds are 
destroyed or dispersed, respectively (Simmons et al., 2018). Because 
mutualistic interactions could differ in their degree of trait match-
ing compared to antagonistic interactions, this mixing of mutualis-
tic and antagonistic frugivory could introduce noise in the analyses 
and weaken any trait matching signal. Finally, an obvious mecha-
nism through which generalists may exhibit weaker trait matching 
would be if birds with larger bills could consume a greater range of 
fruit size (Moran & Catterall,  2010; Palacio, Valderrama-Ardila, & 
Kattan, 2016) and showed no preference for fruits of any particular 
size. This lack of selectivity would result in these larger-billed birds 
showing both weaker trait matching and higher generalism. Despite 

the plausibility of this mechanism, we observed no positive relation-
ship between bill size (length or width) and bird generalism (Table S1; 
Figure S2), in contrast to previous studies (Moran & Catterall, 2010; 
Palacio et al., 2016). This lack of relationship suggests that, in our 
study system, birds with larger bills, that is, with potentially wider 
ranges of suitable partners, show strong preferences for certain plant  
species.

To understand how networks of ecological interactions will re-
spond to changes in the environment and to be able to predict which 
species in a community will interact, it is imperative to understand 
what drives species interactions. Here, we show that the strength 
of niche processes in generating species interactions depends on 
characteristics of the interacting species such as generalism and 
biogeographic-status matching. These relationships could be used to 
improve models that predict species interactions using traits or phy-
logenetic relationships (Bartomeus et al., 2016; Gravel et al., 2018; 
Pearse & Altermatt,  2013). Nevertheless, it remains unknown 
whether the strength of niche processes in species interactions can 
also inform us about the strength of species interactions, an essen-
tial feature to understand the balance of interactions in a commu-
nity (Godoy et al., 2018). Understanding variability in the strength of 
niche and neutral processes for species interactions will allow us to 
predict changes in species interactions and novel interactions in an 
increasingly changing world.
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