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Abstract 24 

Understanding how the functional role of species within seed-dispersal networks varies across 25 

geographical and climatic gradients can reveal the mechanisms driving network organization. Using 26 

data for 157 bird species from all continents, we evaluated the variation of species’ centrality within 27 

local networks across species’ climatic niches (occupied climatic conditions) and in response to proxies 28 

of competition (number of co-occurring bird species) and resource availability (number of co-occurring 29 

plant species). We found that species’ centrality increases towards the climatic niche centroid for most 30 

bird species. The effect of competition on species’ centrality was usually opposite to that of resources 31 

(i.e., when one was positive, the other was negative), regardless of the network’s position within the 32 

climatic niche space. Taken together, our results show that species’ centrality within seed-dispersal 33 

networks is influenced by the climatic suitability of network location, supporting the niche centrality 34 

hypothesis, whereas competition and resource availability exert opposing effects.  35 

 36 

Introduction 37 

A broadly recognized pattern in ecology is that some species have a disproportionate role in maintaining 38 

ecosystem functions in their communities (Mouquet et al. 2013). This is because species are not isolated 39 

entities and are connected within complex networks of interactions, where keystone species tend to be 40 

more central (Martín González et al. 2010; Mello et al. 2015) by interacting with many other species 41 

via multiple direct and indirect pathways (Escribano-Avila et al. 2018). Such central species may also 42 

influence the co-evolutionary convergence of traits of interacting partners (i.e. trait matching; 43 

Guimarães-Jr et al., 2011). Giving their importance, the extinction of central species from networks 44 

could increase coextinctions and decrease network robustness (Emer et al. 2018). Evaluating species’ 45 

centrality requires moving from the “network” to the “species” analytical perspective. Contrary to 46 

evaluating the spatial variation of interactions as described by network properties at particular sites or 47 

communities with the “network” perspective (Dupont et al. 2009; Perea et al. 2013; Trøjelsgaard & 48 

Olesen 2013), the “species” perspective involves the consideration of those networks where the focal 49 
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species participates across its geographical distribution. From this perspective, species’ ecological 50 

attributes such as their climatic (Grinellian) niches (Soberón 2007) and phenotypic traits (e.g., Tobias 51 

et al. 2022) can be combined with their network properties (i.e. centrality) and those derived from their 52 

geographic co-occurrence (i.e., competition and resources availability). In combination, these species’ 53 

properties allow determining the spatial variation in how species interact with each other and their 54 

drivers at broad spatial scales (Windsor et al. 2022). 55 

Because the geographic distribution of species usually covers different environmental conditions at 56 

distinct localities, their biotic interactions can vary along environmental gradients within their 57 

geographic ranges (e.g., partner composition, frequency, and dependency) (Dehling et al. 2014). In this 58 

sense, the number of co-occurring species (i.e., those with overlapping ranges) within the range of a 59 

focal species determines its diversity field. Accordingly, if we consider species from the same guild or 60 

their resources, the set of species that have been reported to co-occur with a focal species can be used 61 

to define its interaction field and thus potential competitors or resources, respectively (Sánchez-62 

Barradas et al. 2023). These concepts are important in understanding the variation in species centrality 63 

in mutualistic networks, since a focal species can only interact with those species present in its diversity 64 

field, and not with those that are not present therein because of co-occurrence limitations imposed by 65 

geographic and ecological boundaries (Martins et al. 2022). 66 

There is evidence that the variation in biotic interactions along species’ geographic ranges could be 67 

determined by population characteristics (Gaston 2009). For instance, species abundance is usually 68 

considered to decline from the centre towards the edge of the geographic range of a species (Brown, 69 

1984). The main assumption behind this idea is that climatic conditions are more favourable and stable 70 

at the centre of a species’ geographic range and become gradually less favourable towards the periphery 71 

(the centre-periphery hypothesis [CPH]; Brown 1984; Martínez-Meyer et al. 2013; Pironon et al. 2017). 72 

The CPH has been systematically tested with discordant outcomes in geographic space, such that 73 

species abundances are not always higher at the centre of their geographic distributions (Brown, 1984, 74 

Sagarin & Gaines 2002; Lira-Noriega & Manthey 2014; Pironon et al. 2015; Dallas et al. 2017; Santini 75 

et al. 2019). Instead, several studies have suggested that the climatic niche space (i.e. the climatic 76 
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conditions where a species thrives) would be more appropriate to assess the species’ abundance 77 

variability, mainly because such variability responds to the arrangement of climatic conditions with 78 

higher population performance and abundance at the niche centroid where optimal conditions are met 79 

(Hoffmann & Blows 1994; Lira-Noriega & Manthey 2014; Maguire 1973; Martínez-Meyer et al. 2013). 80 

Because species relative abundance is one of the main factors that determines their role in a network 81 

(Krishna et al. 2008; Vázquez et al. 2007), it thus seems plausible that the variation in species’ centrality 82 

in ecological networks could be associated with the location of those networks along the climatic niche 83 

space, as determined by the geographic distribution of a focal species. 84 

Competition is also important for determining species’ centrality within networks because it may 85 

increase the energetic costs of resource acquisition (Hall et al. 1992; MacArthur 1960), but also because 86 

it can lead to species displacement by stronger competitors and shape the organization of mutualistic 87 

networks (Dáttilo et al. 2014; de M. Santos et al. 2012). Moreover, competition reduces the ability of 88 

each species to adapt to local environmental conditions at their range limits (Case & Taper 2000). Thus, 89 

a species may be more or less central in networks depending on the number of co-existing competitors 90 

across its range (Cazelles et al. 2016; Pedraza & Bascompte 2021). In the same vein, species co-occur 91 

with different sets of resource species across their range, determining the potential interaction links that 92 

a focal species can establish in the networks it participates across its occupied localities (Dehling et al. 93 

2022). Therefore, the interaction field of a species can be used to define the number of potential 94 

competitors as well as resources across its geographic range (Sánchez-Barradas et al. 2023). Assuming 95 

the existence of areas within a species’ geographic range where climatic conditions are optimal allowing 96 

it to reach high centrality, an intriguing and poorly understood issue is whether competition and 97 

resources influence the chances of a species to become more central in these areas.  98 

Using a species perspective within seed-dispersal networks, we here investigated the variation in bird 99 

species’ centrality along their climatic niches and how it is related to competition (measured as the 100 

number of co-occurring bird species, i.e., the diversity field of bird species) and resource availability 101 

(measured as the number of co-occurring plant species, i.e., the diversity field of plant species). We 102 

chose seed-dispersal networks because they are excellent model systems to evaluate species' ecosystem 103 
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functions (Schleuning et al. 2015) and because birds have wide distributions and are the main seed 104 

dispersers, establishing mutualistic interactions with most angiosperms' families, an interaction that is 105 

fundamental for biodiversity maintenance (Fleming & John Kress 2011). Moreover, seed dispersal 106 

networks have been studied in basically all continents and biogeographical regions (Windsor et al. 107 

2022), making it possible to put together datasets of global relevance.  108 

In this study, we used a dataset of 314 seed-dispersal networks with 1264 bird species and 2903 plant 109 

species/morphospecies from 11 biographical regions to ask how bird species centrality from seed-110 

dispersal networks varies within their climatic niche spaces. Our hypothesis was that the centrality of 111 

each focal bird species within seed-dispersal networks is higher at the centre of the climatic niche space, 112 

according to the predictions of the CPH. Moreover, we envisioned four possible scenarios for the 113 

interplay among climatic niche space, competition, and resource availability in determining species’ 114 

centrality (Table 1). In scenario a, the centrality of a focal species should be higher at the centre of its 115 

climatic niche with no effect of competition and resource availability. In this case, a focal species’ 116 

centrality is higher where the climatic conditions are optimal, independently of its biotic interactions. 117 

In scenario b, a focal species is more central towards its niche centre, but its centrality is also influenced 118 

by competition and resource availability acting in opposite directions, with the focal species being more 119 

central towards the niche centre where more resources are available and there is less competition or 120 

vice-versa. In scenario c, both resources and competition are higher at the niche centre, so that the focal 121 

species is more central when overall diversity is high. Alternatively, in scenario d, a focal species may 122 

not be more central at its niche centre, but at the niche border, where less resources are available and 123 

because competition may reduce the access to resources for the populations at the centre of the climatic 124 

niche space. Overall, these four scenarios are not mutually exclusive, but rather gradients that can 125 

advance our understanding of how species’ centrality within mutualistic networks varies across their 126 

climatic niches over broad spatial scales. 127 

Methods 128 

Species data 129 
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We used the  dataset of individual species centrality in bird-plant seed-dispersal networks compiled by 130 

Moulatlet et al. (2023). This dataset consists of studies describing mutualistic networks of seed dispersal 131 

compiled from the scientific literature, using the Web of Science (WoS), Scopus and Google Scholar 132 

databases, from two specialised databases (the Interaction Web Data Base 133 

[https://www.nceas.ucsb.edu/interactionweb] and Web of Life [http://www.web-of-134 

life.es/2.0/index.php]) and searched in the repositories GitHub (https://github.com) and DRYAD 135 

(https://datadryad.org). 136 

For each bird species in the dataset, we downloaded the geographic ranges (i.e., extents of occurrence) 137 

from the Birdlife project (www.birdlife.org). We then selected 157 focal species (Table S1)  from thirty-138 

seven families based on two criteria that aimed to minimize sampling bias (Borregaard & Rahbek 2010): 139 

1) species that were present in at least five networks, considering the minimum number of degrees of 140 

freedom needed in our data analysis (see below); and 2) species whose occurrences in the networks 141 

were not spatially clustered within their geographic ranges. For the second criterium, we visually 142 

inspected the spatial distribution of networks where each focal species participates within their 143 

geographic ranges. 144 

Species centrality in networks 145 

Species centrality was based on four species-level centrality metrics for each individual network: i) 146 

degree (the number of links of each species), ii) betweenness (the proportion of the shortest paths linking 147 

any pair of nodes in a network), iii) closeness (the shortest connections between a species and every 148 

other network species) and iv) Katz centrality (a measure of the distance, in terms of all possible 149 

pathways, between the focal node and all other nodes of the network). Each metric was first standardised 150 

by calculating the z-scores in each network. Then, the four metrics were combined using a PCA 151 

analysis, where the first PCA axis (PC1) represented the centrality of species, with the highest positive 152 

values associated to those species that are more central in a network, as has been suggested in previous 153 

studies (Burin et al. 2021; Dáttilo et al. 2016; Guimarães et al. 2017; Maia et al. 2019). The centrality 154 

values were calculated for each species in the individual networks. Because each species has been 155 

present in at least five networks, centrality values were calculated for each species in each network it 156 

http://www.web-of-life.es/2.0/index.php
http://www.web-of-life.es/2.0/index.php
https://github.com/
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occurs. For convenience when interpreting the PC1 values and ranking species from 0 (more peripheral) 157 

to the highest positive value (more central), PC1 values were rescaled to non-zero, positive-only values 158 

by adding up the absolute value of the minimum score plus a millesimal unit to each centrality value 159 

(Cruz et al. 2022; Moulatlet et al. 2023). In this manner, all PC1 values were greater than zero while 160 

keeping the original order and distance among them. 161 

Explanatory variables 162 

Our predictor variables of species’ centrality were the position of each network within the climatic niche 163 

space relative to its centre (see below), resource availability and competition, as measured by the 164 

number of co-occurring plant and bird species in each network, respectively (Figure S1). The number 165 

of potential competitors as well as resources was defined by the number of both plant and bird species 166 

in the interaction field of a focal species (Sánchez-Barradas et al. 2023). 167 

We used the ellipsoid envelope model (EEM, Farber & Kadmon, 2003) to characterize species’ climatic 168 

niches based on their geographic occurrences. EEM yields a closer approximation to a fundamental 169 

niche estimate than other methods that fit arbitrary shapes to the occurrence points in climatic space 170 

(Jiménez et al. 2019). Furthermore, EEMs are suitable for modelling a high number of species, as they 171 

require considerably fewer assumptions and decisions regarding parameters (Nuñez-Penichet et al. 172 

2021). To build EEMs, we first downloaded from the Global Biodiversity Information Facility database 173 

(GBIF; https://www.gbif.org/) a maximum of 1000 spatially random occurrences for each species using 174 

the rgbif R package (Chamberlain et al. 2022). We cleaned the data by removing duplicates and records 175 

with uncertain or missing coordinates. We also removed records at distances less than 15 km from one 176 

another (spatial thinning; Nuñez-Penichet et al., 2021). EEMs were built for each focal species using 177 

the ellipsenm R package (Cobos et al. 2022).  178 

The environmental variables used to characterize species niches in EEM were obtained from the 179 

WorldClim v.2.1 (Fick & Hijmans 2017) at a resolution of 10’ (~18.5 km2 at the Equator). We extracted 180 

climatic data for each occurrence record with the R package ‘terra’ (Hijmans et al. 2022). We selected 181 

variables BIO1 (Annual Mean Temperature), BIO5 (Max Temperature of Warmest Month), BIO6 (Min 182 

https://www.gbif.org/
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Temperature of Coldest Month), BIO12 (Annual Precipitation), BIO16 (Precipitation of Wettest 183 

Quarter) and BIO17 (Precipitation of Driest Quarter), as these are suitable variables to delimit the 184 

climatic niche spaces (Nuñez-Penichet et al. 2021).  185 

To characterize climatic niches of species it is important to delimit the accessible area of a modelled 186 

species prior to the modelling (Barve et al. 2011). For that, we determined the accessible area as the 187 

convex polygon with 100 km buffer around the occurrence points of each species. The bioclimatic 188 

variables were masked to that area. Then, we built EEM using the default parameters of the ell_model 189 

function (modelling method “covat”, confidence level = 95% and single replicates) of the R package 190 

ellipsenm (Cobos et al. 2022). The error assumed for the occurrence data was 5%, meaning that 5% of 191 

the occurrence data are potentially climatic outliers, and therefore not included in the EEM. From each 192 

model, we identified the niche centroid, i.e., the values that characterized the centre of species climatic 193 

niche and that can be interpreted as the optimal conditions for species’ performance (Hoffmann & 194 

Blows 1994; Soberón 2007).  195 

Finally, to obtain the distance of each network to the centroid of the species’ climatic niche (i.e., 196 

network’s niche position), we calculated the Mahalanobis distance of the climatic conditions where 197 

each network was located to those conditions at the niche centroid. Based on the distribution of values 198 

of all Mahalanobis distances, as assessed with a histogram, we excluded those networks with distances 199 

25% greater than the median values (3rd quartile), as they were visually inspected as possible outliers. 200 

Our analytical tests were performed using only occurrence information, following Weber et al., (2017) 201 

who indicated that occurrence data could be used to map and describe environmental suitability as a 202 

surrogate for abundance information. 203 

Predictor variables were not correlated to each other across all networks. Pearson’s correlation between 204 

resources and niche position was r = -0.05 (p = 0.002), between competition and niche position was r = 205 

-0.002 (p = 0.91) and between competition and resources was r = 0.46 (p < 0.001).   206 

Data analysis 207 
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We used simple and multiple linear regression models to test the relationship between species’ centrality 208 

(PC1; dependent variable) and the explanatory variables network distance to niche centroid, 209 

competition, and resources availability. All variables were scaled prior the analyses using the function 210 

“scale”, from the base R package. The variables competition and resources availability were tested with 211 

their raw or log-transformed values in independent models for each species to fit the assumptions of 212 

normality. Model selection was done by choosing the one with the lowest Akaike Information Criterium 213 

corrected for small samples (AICc; Anderson & Burnham 2002). All three predictor variables were kept 214 

in the models at a first moment. Then, we proceeded with a stepwise selection of the variables on the 215 

previously selected best models using the function “step”, from base R. The standardized beta 216 

coefficients of each species model (only models significant at r2 > 0.2 and p < 0.05) were then classified 217 

in the hypothetical scenarios presented in Table 1. 218 

We also tested whether the centrality values of each focal species (PC1, dependent variable) differed 219 

among scenarios (independent variable) using one-way Analysis of Variance (ANOVA) followed by 220 

the post-hoc Tukey test. This analysis was done to test whether species centrality values (i.e., high, or 221 

low centrality within the range of all species centrality values) were an indicator of each focal species 222 

relation with the tested variables. 223 

Results 224 

Regression models were statistically significant for 90 of the 157 species studied (58%). Out of the 225 

species with significant models, the most representative families were Thraupidae (14 species, 15.5%) 226 

and Tyrannidae (10 of species, 11.1%). In the statistically significant models, the standardized beta 227 

coefficients for resources showed no directional trend when compared to standardized beta coefficients 228 

for niche position (Figure 1a); while the standardized beta coefficients for competition were negatively 229 

related with the standardized beta coefficients for niche position (Figure 1b).  230 

Effects of niche, competition, and resources on species’ centrality 231 

For the 90 bird species whose regression models were significant, we found that 27 of them (30%) 232 

showed higher centrality towards the centre of their niche spaces; 17 species (18.9%) were more central 233 
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towards the border of their niche spaces; and for 45 species (50%) centrality was not related to the niche 234 

position (Figure 2). 235 

Only four species (Camptostoma obsoletum [Tyrannidae], Dumetella carolinensis [Mimidae], 236 

Euphonia chlorotica [Fringillidae] and Phoenicurus phoenicurus [Muscicapidae]) were more central at 237 

the niche centre without having significant standardized beta coefficients for competition and resource 238 

variables (scenario a; Figure S2a). For 20 species whose resources and competition had significant 239 

opposite effects when being more central at the niche centre (scenario b), six of these had a negative 240 

effect of resources, meaning more resources and less competition at the niche centre, whereas seven 241 

species had a positive effect of resources, meaning more resources and less competition at the niche 242 

border (Figure S2b). The other seven species had no resource effect (standardized effect equals zero).  243 

Under scenario c, the direction of the standardized beta coefficients was the same for three species, 244 

meaning that competition and resources were also positively related to centrality at the niche centre 245 

(Figure S2c). An exception was Pachyramphus polychopterus (Tityridae), who had negative direction 246 

for all variables, meaning that its centrality was highest at the niche centre, where there was less 247 

competition and less resources. Seventeen species fell within scenario d, with their centrality being 248 

positively related to the niche position, meaning that species’ network centrality increased with the 249 

distance to the niche centroid (Figure 2d). For these species, the majority had opposite effects of 250 

resources and competition, so that when one was positive, the other was negative (and vice-versa). Only 251 

the species Colius striatus (Coliidae) had both competition and resources with same effect direction 252 

(negative). 253 

The other half of bird species showed no relationship between their network centrality and niche 254 

position, being only affected by resources and/or competition (Figure S3), with varying effects of these 255 

two variables. Apart from Tangara xanthocephala (Thraupidae), which had positive standardized beta 256 

coefficients for both competition and resources, all the other species had opposite effects of resources 257 

and competition.  258 
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The ANOVA test for differences in species’ centralities between scenarios (Figure 3A) showed that 259 

centrality values of species classified within each the four scenarios were not significantly different. 260 

The mean centrality of the 157 initially selected species was similar to that of the 90 species significantly 261 

related to the evaluated variables (4.48 and 4.49, respectively; Figure 3B). 262 

Discussion 263 

Our results revealed how the interplay between climatic niche position, resource availability, and 264 

intraguild competition can define the variation of the role that bird species play within seed dispersal 265 

networks. Previous studies have addressed how centrality of bird species in seed-dispersal networks is 266 

related to their geographic, evolutionary and environmental characteristics (Burin et al. 2021; Moulatlet 267 

et al. 2023; Pigot et al. 2016), but, to our knowledge, this is the first study evaluating how bird centrality 268 

varies across their geographic ranges in relation to their occupied climatic niches and how this variation 269 

follows the predictions of the centre-periphery hypothesis (CPH) in climatic space (Martínez-Meyer et 270 

al. 2013). We could evaluate the variation in centrality of focal species in multiple networks (minimum 271 

6 and maximum 79) within their climatic niche spaces, and thereby show that the variation in species’ 272 

centrality suggests the existence of climatically suitable areas where species can achieve high 273 

abundance and high centrality, which might form the substrate for evolutionary and ecological 274 

dynamics. 275 

Centrality closer to the niche centre and the effect of competition and resources 276 

Our results showed that for 30% of the evaluated bird species the centrality was higher towards the 277 

centroid of their climatic niches, where the climatic conditions are optimal (Maguire 1973, Martínez-278 

Meyer et al. 2013). Most likely, for those species the optimal climatic conditions are the most important 279 

driver of their interaction role as they allow species to attain high abundances (Martínez-Meyer et al. 280 

2013, Weber et al. 2017, Osorio-Olvera et al. 2020). Indeed, species roles may be highly dictated by 281 

species’ abundances in the network they participate (Laurindo et al. 2020; Pizo et al. 2022). Previous 282 

studies suggested that species can be considered to be at their ecophysiological optimum at the niche 283 

centre (Hoffmann & Blows 1994) when compared to the niche border, where climatic conditions would 284 
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not be adequate (Perez-Navarro et al. 2022; VanDerWal et al. 2009). Thus, this result is an agreement 285 

with the predictions of the CPH, when applied to the niche space instead of the geographical space 286 

(Osorio-Olvera et al. 2020). 287 

For the species under scenarios b and c, centrality did increase with increasing resources towards the 288 

climatic niche centroid. Our results suggest that optimal climatic conditions for a focal bird species do 289 

not solely influence its centrality in mutualistic networks, as has been previously found for plant species 290 

(Gómez & Perfectti 2012), but that the resources are also a key factor in determining species centrality 291 

along the niche space. On one hand, resources might define species centrality when more resources 292 

increase the chances of a focal species to establish links with more plant partners and to become a 293 

generalist (Dehling et al. 2014). On the other hand, more resource may increase the chances of 294 

specialization (i.e. making species less central) between birds and plants by increasing the possibilities 295 

of trait-matching, especially in resources-rich networks (Medeiros et al. 2018), although specialization 296 

has also been associated with lower resource availability (Schleuning et al. 2012). As we could not find 297 

differences in the centrality values for the species classified into our four hypothetical scenarios, 298 

indications of specialization could not be tested. Thus, our results only suggest that increasing resources 299 

availability may help to make a species more important in its interactions towards its niche centre, 300 

effectively combining the benefits of both abiotic and biotic factors. It is important to note that we 301 

considered resource availability as the total number of plant species reported within the studied 302 

networks, which can certainly be lower than the actual number of available plant species in the 303 

community. Given that not all plant species in a community are necessarily dispersed by birds, we 304 

consider our approach conservative at least while still informative based on empirical information.  305 

We also found that for the species classified under the scenarios b and c, it was possible that centrality 306 

was higher towards their niche centre when competition was lower at that same position. Indeed, we 307 

predicted that when competition was the highest at the niche centre, species would be more central in 308 

networks away from this centre (i.e., towards their niche border), as competition would reduce the 309 

access to resources for the populations at the centre of the climatic niche space, displacing the 310 

populations to the niche border (Case & Taper 2000). The need to include competition as a driving 311 
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factor of varying ecological interactions across species geographic ranges has been recently highlighted 312 

(Early & Keith 2019), but few attempts to map those interactions have been made so far (Braz et al. 313 

2020). Intraguild competition has been proposed as a limiting factor when resources are not sufficient 314 

for ecologically similar species (MacArthur 1960; Palmer et al. 2003). If that assumption holds true for 315 

seed-dispersal networks, competition with ecologically similar species may define centrality, as higher 316 

competitors may be in advantage for resource acquisition and may even cause the displacement of 317 

weaker competitors (Dáttilo et al. 2022; de M. Santos et al. 2012; Maia et al. 2019).  318 

Centrality at the niche border and the effect of competition and resources 319 

Despite several of the evaluated species showed higher centrality towards their niche centre, as 320 

predicted by the CPH in climatic niche space, around 18% of the species (scenario d) showed that their 321 

centrality was highest towards the niche border. Contrary to our predictions, for 40% of these species, 322 

competition was also the highest at the niche border, so competition does not seem to negatively affect 323 

the role of these species in their interaction networks. Instead, the higher co-occurrence of species in a 324 

network may be related to the role executed by species. For example, an increased number of co-325 

occurring species may lead to a high centrality of a focal species when the competitors tend to be more 326 

specialized (Bascompte et al. 2003). 327 

No niche effect with opposite effect of competition and resources 328 

Results for half of our evaluated species (n = 45) did not fit any of our scenarios. Indeed, for these 329 

species there was no effect of the occupied climatic conditions in their centrality, but the presence of 330 

competitors and availability of resources did affect their centrality. This result highlights the importance 331 

of interspecific biotic interactions in driving specie’s centrality, which suggests that for some species 332 

1) centrality is a species' characteristic that is independent of their occupied climatic conditions, and/or 333 

2) that the strength of biotic factors may override the effect of climate, i.e., that the complex effects of 334 

competition in the evaluated networks may outpace the effects of climatic conditions in determining the 335 

areas in which species can be central in their interactions across its climatic niche space.  336 
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Despite centrality values being quite variable among the evaluated species, no difference in species’ 337 

centrality values were detected among the proposed scenarios. As such, independent of potential 338 

differences among species and their particular values of centrality (low or high, on average), the 339 

interactive role of species across their occupied networks is influenced by the climatic conditions of 340 

such network locations relative to the optimal conditions for the species (i.e., their niche centroid). 341 

Accordingly, the effect of climatic suitability on species could be extended to other aspects of their 342 

performance beyond population dynamics (e.g., abundance structure, as originally proposed by the 343 

Centre-Periphery hypothesis in climatic space; Martínez-Meyer et al. 2013) such as their ecological 344 

role and importance and its impact on evolutionary dynamics (Thompson 2005; Burin et al. 2021).  345 

Ecological meaning of the scenarios 346 

Our approach can lend support to the theory of the geographic mosaic of coevolution (Thompson, 2005). 347 

Applying the assumptions of the geographic mosaic of coevolution, interactions of focal species in 348 

ecological networks across their complete geographic ranges could serve as a template to identify hot- 349 

and coldspots of species interactions. In this case, hotspots would be those areas where the centrality of 350 

a focal species increases with resources availability and decreases with competition in a network, 351 

whereas coldspots of interaction would then be those areas where centrality is either negatively or not 352 

related to resource availability and positively related to competition. The importance of mapping the 353 

conditions where species become more central is because central species may drive the coevolution of 354 

both plant and bird species in a community (Bascompte et al. 2003; Medeiros et al. 2018). However, 355 

the possibilities of establishing links with plant species vary according to the biogeographic region 356 

where the network is located (Kissling et al. 2012) as well as the habitat type (Friedemann et al. 2022) 357 

and quality (Emer et al. 2018). The approach of geographic mosaic of coevolution to study interaction 358 

networks along climatic niches of species could reveal how interactions are being established and 359 

evolving in the landscape, but its application would require finer scale data on pairwise species 360 

interactions such as measures of adaptation and selection (Thompson 2009).  361 

Conclusions 362 
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In this study we evaluated how the centrality of bird species in seed-dispersal networks varies within 363 

their climatic niches and how this variation depends on the interplay between resource availability and 364 

competition. We also found that these two factors can have opposite or the same direction effects in 365 

explaining centrality depending on the position of the network within the species’ climatic niche space. 366 

Actual information on resource and competition variation, beyond the proxies used here, is scarce in 367 

the literature and should be considered in further studies, as we found that they are key factors in 368 

determining species centrality. By conducting studies including other taxa and types of interactions that 369 

help us understand the factors that determine the spatial and climatic variation of species’ centrality will 370 

contribute to the understanding and potential conservation of species and their ecosystem services.  371 
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Table 568 

Table 1. Schematic representation of the conceptual hypothesis tested in this study with the respective 569 

references. The variables competition (C), resources (R) and the distance to the climatic niche centre 570 

(N) were used to explain the centrality of a focal species in multiple regression models. Depending on 571 

the direction and slope of the relationship between centrality and the variables (positive or negative 572 

[regular lines]), species could be classified into four hypothetical scenarios (a, b, c, and d). 573 

 574 

 575 

 576 

 577 

Hypothesis Scenarios Graphical representation References 

Centrality is 

higher at the 

centre of the 

niche space 

a) No effects of 

resources and 

competition  

(Brown 1984; 

Martínez-Meyer et 

al. 2013; Pironon 

et al. 2017) 

 b) Opposite 

effect/direction of 

resources and 

competition 

 

 

(Case & Taper 

2000; Hall et al. 

1992; MacArthur 

1960) 

 c) Same effect/direction 

of resources and 

competition 

 

 

(Guimarães Jr et al. 

2011) 

Centrality is 

higher at the 

border of the 

niche space 

d) Resources and/or 

competition drives 

species away from the 

niche optima 

 

 

This study 
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Figure captions 578 

Figure 1. Relation between the standardized beta coefficients from regression models between resources 579 

and niche position (a), and between competition and niche position (b), as obtained for each focal 580 

species.  581 

Figure 2. Standardized beta coefficients for each focal species as obtained from multiple regression 582 

models. For each species, the standardized beta coefficients can be positive or negative, and the 583 

magnitude of the value in relation to zero (dashed line) indicates the effect size. Standardized beta 584 

coefficients are shown for the variables niche position (a), competition (b) and resources (c) in relation 585 

to the mean centrality values in all the networks the species participated. Generalized additive models 586 

were adjusted for the relationship between mean centrality values and each of the variables. 587 

Figure 3. Mean centrality values as represented by a) the distribution of the mean centrality values of 588 

each focal species in the hypothetical scenarios a, b, c and d explained in Figure 1 plus the scenario 589 

where there was no significant relation between a focal species centrality and the distance to the niche 590 

centre (No niche effect); and b) the count of 157 species initially selected (grey bars) and the 90 species 591 

that were significantly related to the tested variables (red bars). 592 
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