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Abstract 50 

Species sensitivity to forest fragmentation varies latitudinally, peaking in the tropics. A 51 

prominent explanation for this pattern is that historical landscape disturbance at higher 52 

latitudes has removed fragmentation-sensitive species or promoted the evolution of 53 

more resilient survivors. However, it is unclear whether this so-called extinction filter is 54 

the dominant driver of geographic variation in fragmentation sensitivity, particularly 55 

because climatic factors may also cause latitudinal gradients in dispersal ability, a key 56 

trait mediating sensitivity to habitat fragmentation. Here we combine field survey data 57 

with a morphological proxy for avian dispersal ability (hand-wing index) to assess 58 

responses to forest fragmentation in 1034 bird species worldwide. We find that 59 

fragmentation sensitivity is strongly predicted by dispersal limitation, and that other 60 

factors – latitude, body mass, and historical disturbance events – have relatively limited 61 

explanatory power after accounting for species differences in dispersal. We also show 62 

that variation in dispersal ability is only weakly predicted by historical disturbance and 63 

more strongly associated with intra-annual temperature fluctuations (seasonality). Our 64 

results suggest that climatic factors play a dominant role in driving global variation in 65 

the impacts of forest fragmentation, emphasising the need for more nuanced 66 

environmental policies which take into account local context and associated species 67 

traits. 68 

 69 
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Main text 76 

Introduction 77 

Habitat fragmentation is a major driver of biodiversity decline [1-3]. At a global scale, 78 

the impacts are often most apparent in forest species, many of which are poorly adapted 79 

to land-use change caused by anthropogenic disturbance, including urbanisation, 80 

logging and agricultural expansion [4]. Forest fragmentation threatens many species by 81 

creating barriers to connectivity among fragmented populations [5-7], in conjunction 82 

with ‘edge effects’ and habitat loss, resulting in reduced availability of habitat and other 83 

resources [8]. The strength of these impacts varies widely, both across species and 84 

geographically, with a prominent latitudinal gradient in sensitivity to forest 85 

fragmentation reported in some taxonomic groups [9, 10]. Despite numerous studies 86 

focusing on the effects of forest fragmentation at local and landscape scales, the 87 

mechanisms driving these global patterns in fragmentation sensitivity remain unclear 88 

[11]. 89 

One proposed mechanism – based on the concept of ‘extinction filters’ – is that 90 

geographical variation in fragmentation sensitivity is driven by differential patterns of 91 

extinction whereby fragmentation-sensitive species have already been lost from 92 

landscapes which have historically incurred higher levels of environmental disturbance 93 

[12]. This concept is sometimes expanded beyond the effects of extinction to include the 94 

impacts of historical disturbance on surviving species, which are more likely to have 95 

evolved adaptations to persist in fragmented landscapes [9]. Thus, through both 96 

extinction and evolution, species surviving periods of intense disturbance are predicted 97 

to have one or more traits – including stronger dispersal ability, wider ecological niches, 98 

smaller area requirements, and ‘faster’ life history strategies – making them more 99 
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resilient to current levels of habitat fragmentation (Fig. 1a). Accordingly, if landscapes 100 

exposed to the strongest or most frequent historical disturbances are clustered towards 101 

higher latitudes (Fig. 2a), extinction filters may explain the latitudinal gradient in 102 

fragmentation sensitivity (Fig. 2c).  103 

Although previous analyses have shown that extinction filters contribute to 104 

global patterns in fragmentation sensitivity [9], additional mechanisms are almost 105 

certainly involved, perhaps playing a dominant role. Even in the absence of historical 106 

disturbance or extinction, natural selection is expected to generate latitudinal gradients 107 

in niche-related or life-history traits, many of which are adaptations to intra-annual 108 

climatic fluctuation (seasonality) [13] (Fig. 1c). In particular, fragmentation sensitivity 109 

may be accentuated by dispersal limitation [2], which appears to be most prevalent in 110 

tropical biota [14] (Fig. 2b).  111 

 Recent global analyses focusing on birds – the study taxa with the most 112 

comprehensive data available – reveal that climatic seasonality predicts variation in 113 

dispersal ability, even when accounting for latitude [15]. At higher latitudes, and in 114 

highly seasonal tropical environments such as savannahs and dry forests, many species 115 

have mobile lifestyles, characterised by seasonal territoriality, flocking in the non-116 

breeding season, spatial resource tracking and migratory behaviour [16, 17]. 117 

Conversely, in many tropical forest birds, stable climatic conditions and the consequent 118 

year-round availability of food resources give rise to sedentary lifestyles, characterised 119 

by ecological specialisation, year-round territoriality and reduced natal dispersal 120 

distance [18-21]. The concept is not limited to birds as reduced dispersal distance is 121 

also evident in many other tropical forest animals [22] and plants [23] for similar 122 

reasons.   123 
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Variation in dispersal limitation is linked to fragmentation sensitivity in birds 124 

because less dispersive species have reduced gap-crossing ability [24-26] increasing 125 

rates of extinction in habitat patches and reducing the likelihood of recolonization after 126 

extinction events [18, 27]. Equally, if lineages evolving at high latitudes are inherently 127 

more dispersive as a result of ecological adaptation to widely fluctuating intra-annual 128 

climatic regimes, their sensitivity to forest fragmentation may be reduced (Fig. 1). The 129 

reported latitudinal gradient in dispersal limitation [14, 15] may therefore cause the 130 

parallel gradient in species sensitivity to forest fragmentation [9, 10, 26] (Fig. 2d), 131 

potentially even explaining the apparent relationship between fragmentation sensitivity 132 

and historical disturbance (Fig. 2).  133 

 To provide a more nuanced analysis of the relative roles of different 134 

mechanisms, we estimate fragmentation sensitivity of bird species reported by field 135 

surveys in 22 countries (Fig. 2). We quantify the effect of fragmentation on these 136 

populations, based on their aversion to forest edges, accounting for continuous 137 

gradients in tree-cover [28]. We then use Bayesian phylogenetic mixed effect models to 138 

assess whether fragmentation sensitivity is best predicted by historical disturbance or 139 

hand-wing index (HWI) – a metric of wing shape that predicts dispersal distance [21] 140 

and gap-crossing ability in forest birds [29, 30]. We use negative (inverse) hand-wing 141 

index score (nHWI), i.e. dispersal limitation, because this helps to clarify the 142 

mechanistic link with fragmentation sensitivity (see Methods).  143 

Historical disturbance and dispersal limitation are not mutually exclusive 144 

hypotheses. Rather, dispersal limitation is one of several potential underlying 145 

mechanisms for the effects of historical disturbance (Fig. 1). A history of disturbance 146 

may lead to the decline and extinction of dispersal-limited species and could also drive 147 

selection for increased dispersal ability in surviving lineages [31, 32]. Nonetheless, if 148 
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fragmentation sensitivity is more strongly associated with dispersal than disturbance, 149 

this would imply a primary role for other factors. We examine this possibility further by 150 

testing whether historical disturbance or climatic seasonality influence fragmentation 151 

sensitivity directly or via downstream effects on dispersal (HWI). Taken together, these 152 

analyses offer new insights into the relative roles of extinction filters and ecological 153 

adaptation, with implications for the design of effective conservation strategies in 154 

fragmented ecosystems.  155 

 156 

Results 157 

We compiled data from 31 study landscapes spanning from 0.8–62.6 degrees latitude 158 

(Fig. 2) and sampling sites with high historical disturbance (n = 16) and low historical 159 

disturbance (n = 15; see Methods and Supplementary Dataset 1). Intensive field surveys 160 

recorded 1564 populations of 1034 bird species, of which BirdLife International [33] 161 

treated 276 as “Forest-specialists” and 874 as “Forest-associated” (i.e. the same 276 162 

species combined with a further 598 species with medium forest dependency). The 163 

remaining 160 species are not associated with forest (Supplementary Dataset 1). To 164 

focus our analyses on relevant populations, we only assigned fragmentation sensitivity 165 

to Forest-specialists (Restricted analyses) and Forest-associated species (Expanded 166 

analyses; see Methods). Analyses were conducted at three different levels – landscapes, 167 

populations and species – depending on the hypothesis being tested (see Methods).  168 

 169 

Historical disturbance and dispersal limitation 170 

We estimated latitude and historical disturbance for each study landscape (n = 31) 171 

using the approach described by Betts et al. [9] and then inferred dispersal limitation 172 

(nHWI) for all study species (n = 1034) using global data on wing morphology [15, 34] 173 
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(see Methods). In line with predictions (Fig. 2a), we found a correlation between the 174 

latitude of study landscapes and the level of historical disturbance increasing towards 175 

the poles (W-statistic: 183, P = 0.013) (Extended Data Fig. 1). Similarly, we found the 176 

expected opposite gradient in dispersal limitation (Fig. 2b) with mean assemblage 177 

nHWI (n = 31) decreasing with latitude (�̂�: -0.007, P < 0.001) (Extended Data Fig. 2), 178 

consistent with global patterns of avian dispersal ability [15].  179 

 180 

Patterns of fragmentation sensitivity 181 

Based on patterns of abundance with respect to distance from forest edge, most 182 

(225/382; 58.9%) “Forest-specialist” populations and many (583/1302; 44.8%) 183 

“Forest-associated” populations were classified as “Forest-core” (i.e. BIOFRAG software 184 

assigned them a “Forest” habitat preference and a “Core” affinity, suggesting edge-185 

intolerance; see Methods). We restricted classification as fragmentation sensitive to 186 

these two groups in our Restricted and Expanded analyses, respectively. In our 187 

Restricted analysis, we found that 14.4% (n = 225) of all study populations (n = 1564) 188 

were fragmentation sensitive, increasing to 37.3% (n = 583) in our Expanded analysis 189 

(see Methods). Despite being more prevalent in some clades (e.g. suboscine passerines) 190 

than others (Fig. 3a), fragmentation sensitivity was widespread across our sample and 191 

its phylogenetic signal ranged from low (Expanded sample, d = 0.83) to moderate 192 

(Restricted sample, d = 0.57).  193 

The proportion of fragmentation sensitive bird populations in each assemblage 194 

(n = 31) decreased with absolute latitude (Extended Data Fig. 3a & b), supporting 195 

predictions (Fig. 2) based on the results of previous studies [9, 10]. In our Restricted 196 

analyses, the mean proportion of fragmentation sensitive species in low disturbance 197 

landscapes (12%) was approximately double that found in high disturbance landscapes 198 
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(5%), with similar results in Expanded analyses (37% versus 18%, respectively) (Fig. 199 

3b), as well as previous analyses based on a subset of the same data [9]. At the 200 

landscape level, we found a strong positive correlation between mean dispersal 201 

limitation (nHWI) and the proportion of fragmentation sensitive species in each 202 

assemblage. This result was similar in both the Restricted (�̂� = 2.926, P = 0.009; Fig. 3a) 203 

and Expanded analyses (�̂� = 2.790, P = 0.004: Extended Data Fig. 4).  204 

 205 

Drivers of fragmentation sensitivity 206 

The Bayesian posterior distributions from our analysis of 1564 study populations 207 

indicate that species sensitivity to forest fragmentation was best explained by dispersal 208 

limitation (nHWI), both in our Restricted and Expanded analyses (Fig. 4). Indeed, once 209 

our models included nHWI, all other covariates explained little additional variation in 210 

the likelihood of a species being classified as fragmentation sensitive. In each case, the 211 

posterior distributions of these co-variates became centered close to 0, suggesting that 212 

their relationship with fragmentation sensitivity is accounted for by dispersal limitation 213 

(Fig. 4; Extended Data Table 1). 214 

 We included body size in our models because larger-bodied species have greater 215 

space requirements and may be forced to cross gaps between habitat patches more 216 

often, either to access different parts of their territory or to obtain sufficient food [24, 217 

35]. In our Restricted analysis, we found a weak (non-significant) positive effect of body 218 

mass on fragmentation sensitivity (Fig. 4a) with a stronger effect size for the interaction 219 

term between body mass and dispersal limitation (nHWI). However, credible intervals 220 

include 0 and the effect is reduced in our Expanded analyses (Fig 4b).  221 

Our classification of disturbed landscapes spans different time-scales, including 222 

both ongoing or deep-time natural disturbances (fires, storms & glaciation) as well as 223 
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more recent anthropogenic disturbance (forest loss). To assess whether these temporal 224 

scales have different implications for fragmentation sensitivity, we re-classified 225 

disturbance as either anthropogenic (forest loss) or natural (fires, storms & glaciation), 226 

then re-ran our models (see Supplementary materials). In both cases, the main results 227 

were unchanged, with similar posterior distributions to those produced from our main 228 

model (Extended Data Fig. 5 & 6; Table S1 & S2).  229 

 230 

Historical versus climatic mechanisms 231 

Our analyses suggest that dispersal limitation (nHWI) plays a dominant role in shaping 232 

patterns of fragmentation sensitivity, but what drives variation in dispersal ability? 233 

Given that a combination of both historical and climatic factors is potentially involved 234 

(Fig. 1), we explored the relative roles of disturbance history, latitude, and seasonality 235 

in generating patterns of dispersal limitation (Table S3). Using local-scale metrics for 236 

each of these covariates (i.e. calculated at the landscape-level), we found a negative 237 

association between disturbance history and nHWI (Fig. 5a). However, when we added 238 

landscape latitude to the model, the strongest correlation with nHWI switched from 239 

disturbance history to latitude (Fig. 5b), suggesting that other latitudinal factors may 240 

predominate. Indeed, when we include seasonality as a third covariate, we found that 241 

seasonality is the only significant driver of dispersal limitation, whereas disturbance 242 

history and latitude explained little additional variation (Fig. 5c). When we re-ran these 243 

analyses using data from the full species distribution (i.e. disturbance, latitude and 244 

climate data averaged across species breeding ranges), results were similar (Extended 245 

Data Fig. 7; Table S4). Despite the correlation between historical disturbance, latitude 246 

and climate variables, collinearity between these predictors was checked via variance 247 

inflation factors (VIFs) and found to be acceptable (< 6) in all models.  248 
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 The proportion of variance in dispersal limitation (nHWI) explained by each 249 

model was modest, although the full trivariate model explained substantially more 250 

variance (R2 = 0.056) than either the univariate (R2 = 0.009) or bivariate models (R2 = 251 

0.041). Furthermore, of the total variance explained by the full model, we found that 252 

seasonality explained the majority (59.35%), whereas historical disturbance (5.93%) 253 

and latitude (34.71%) have comparatively limited explanatory power (Fig. 5d-f). 254 

Results were similar regardless of whether we averaged species-level data at the local 255 

landscape level or across the breeding range of each species (see Methods; Extended 256 

Data Fig. 7). The switch in both statistical significance and explanatory power towards 257 

seasonality in the full model suggests that the effects of disturbance and latitude in 258 

simpler models are mostly explained by co-occurring effects of seasonality. This 259 

conclusion was further supported by a phylogenetic structural equation model, which 260 

identified the fundamental driver of variation in dispersal limitation as seasonality, not 261 

historical disturbance (see Supplementary materials; Fig. S1). 262 

 263 

DISCUSSION 264 

We have shown that dispersal limitation estimated from wing morphology (nHWI), and, 265 

to a lesser extent, the interaction between nHWI and body mass, are key predictors of 266 

fragmentation sensitivity in birds. Although these global gradients in dispersal 267 

limitation may be shaped by historical factors, particularly latitudinal variation in 268 

natural or anthropogenic disturbance [9, 36, 37], our results reveal that the main driver 269 

of this pattern is a strong environmental mechanism associated with intra-annual 270 

climatic variation, i.e. seasonality [15].  271 

It could be argued that seasonality is simply another form of disturbance, and 272 

that our findings highlight an additional example of extinction filters shaping the 273 
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distribution of fragmentation sensitive species. However, this conceptualisation seems 274 

inappropriate because seasonality is not explicitly historical, it is an ongoing process by 275 

which species adaptations arise gradually through natural selection, and rarely by 276 

extinction [13, 38]. In this context, dispersal limitation offers a more general mechanism 277 

that helps to explain the link previously identified between historical disturbance and 278 

fragmentation sensitivity [9], and also provides a framework for understanding how 279 

climate shapes the responses of biodiversity to land-use change [39]. Ultimately, the 280 

role of dispersal limitation highlights a mechanism by which population decline or 281 

extinction can be driven by fragmentation per se, as opposed to area effects [40].  282 

 283 

Dispersal as a unifying mechanism  284 

In their global analysis, Betts et al. [9] reported a strong latitudinal gradient in 285 

sensitivity to forest fragmentation, in line with previous studies suggesting that tropical 286 

forest species are on average less equipped to cope with forest fragmentation for a 287 

range of physiological reasons, including low dispersal, aversion to light, and adaptation 288 

to the cooler and more stable temperatures of tropical forest interiors [10, 41, 42]. The 289 

reduced proportion of fragmentation sensitive species in high disturbance sites was 290 

thought to reflect an extinction filter, whereby fragmentation sensitive species were 291 

already lost from assemblages. Our analyses reveal the same patterns, with a 292 

progressive decrease in the proportion of fragmentation-sensitive species from low to 293 

high latitudes (Extended Data Fig. 4) and a similar decrease in the proportion of 294 

fragmentation sensitive species from low disturbance to high disturbance sites (Fig. 3a). 295 

However, once variation in morphological dispersal constraints is accounted for, both 296 

patterns become non-significant, suggesting that the effects of dispersal override those 297 

of landscape history.  298 
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Similarly, the widespread finding that dietary groups differ in their sensitivity to 299 

fragmentation (e.g. [43-45]) might not be related to diet and food abundance per se but 300 

rather the fact that dispersal limitation (nHWI) varies significantly within and between 301 

trophic niches (Extended Data Fig. 8). Specialist invertivores, for example, tend to be 302 

more dispersal-limited than other dietary groups, including nectarivores, granivores 303 

and omnivores, which typically have more mobile lifestyles [15]. Moreover, sensitivity 304 

to fragmentation appears to vary widely within specialised trophic niches, including 305 

invertivores [45, 46] and frugivores [47, 48]. This within-guild variation can be 306 

explained by differences in dispersal ability among members of the same trophic group. 307 

For example, terrestrial and understorey insectivores are generally less dispersive and 308 

more sensitive to habitat fragmentation than canopy or aerial insectivores [14, 42], 309 

suggesting that flight efficiency and gap crossing ability outweigh diet as the key factor 310 

determining responses to fragmentation in tropical forests [29, 30]. 311 

 The effect of dispersal limitation on fragmentation sensitivity makes sense in 312 

light of evidence from observational (e.g. [24, 49]) and experimental studies (e.g. [29, 313 

30]) indicating that forest bird species with reduced dispersal capacity are much less 314 

inclined to cross gaps of inhospitable habitat. For a substantial proportion of tropical 315 

forest species, constrained gap-crossing ability reduces population connectivity in 316 

forested landscapes [24] and constrains recolonisation of isolated habitat fragments 317 

after local extinction events [18]. This impact is compounded by an increased hostility 318 

of matrix (non-forest) habitats to forest specialists which are often constrained by 319 

specialised ecological traits unsuited to typical matrix conditions [27, 50-52]. In effect, 320 

hostile matrix gaps present a greater barrier to movements of forest specialists, 321 

theoretically increasing the cost of dispersal limitation [53-55]. We see evidence of this 322 
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higher cost in the larger effect sizes of dispersal limitation (nHWI) in our Restricted 323 

versus Expanded analyses. 324 

 Previous studies have suggested that dispersal limitation accentuates the 325 

negative impacts of tropical forest loss [56] and fragmentation [2], or highlighted 326 

associations between fragmentation sensitivity and other traits related to dispersal, 327 

including sedentary or non-migratory lifestyles [10, 57, 58]. Our results go further in 328 

showing that dispersal limitation is a pervasive underlying mechanism potentially 329 

mediating or driving the effects of historical disturbance [9], habitat preference [56] 330 

and diet [45] on fragmentation sensitivity. Thus, while it is often assumed that the 331 

impacts of fragmentation per se on biodiversity are mediated primarily by edge effects 332 

(e.g. [3, 40]), our findings highlight the importance of gap effects, with variation in the 333 

ability to cross habitat gaps being a key determinant of which species win or lose in 334 

fragmented environments [24-26].   335 

 336 

Caveats and clarifications 337 

Our results appear to conflict with long-term studies at one locality in Amazonian Brazil 338 

which found no significant relationship between forest fragmentation sensitivity and 339 

dispersal limitation in birds [59, 60]. However, this previous finding may be explained by 340 

methodological issues because dispersal ability was only scored indirectly through 341 

expert opinion and the study landscape was not consistently fragmented. At times, 342 

substantial regrowth was allowed to develop between fragments [61], no doubt 343 

increasing the movement of species with poor dispersal ability through the disturbed 344 

landscape [62]. Our analyses based on a more objective metric, estimated over a larger 345 

sample of species and landscapes, show that dispersal limitation is a powerful predictor 346 

of latitudinal gradients in fragmentation sensitivity. Thus, we find no support for the 347 
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hypothesis that highly sedentary tropical species are under reduced pressure to cross 348 

habitat gaps, hence alleviating the impacts of fragmentation [59, 60]. While inverse 349 

relationships between dispersal limitation and fragmentation sensitivity may occur 350 

temporarily, or in partially fragmented landscapes with large patch-size, the opposite 351 

pattern predominates at global scales.  352 

 We only find weak and inconclusive support for the effect of body size in our full 353 

models, in line with several previous studies of vertebrates [63-65]. However, the 354 

interaction term between body size and dispersal limitation receives stronger support 355 

in both models, presumably because larger-bodied species typically require larger areas 356 

of habitat to meet their resource requirements and sustain a viable population of 357 

individuals [66, 67]. These larger home ranges are more easily fragmented, increasing 358 

the need to move between habitat patches [35]. In both these cases, the spatial context 359 

means that larger-bodied species only thrive in fragmented landscapes if they can easily 360 

move across matrix gaps. Thus, species with both large body size and poor dispersal 361 

suffer a “double jeopardy” and are particularly sensitive to habitat fragmentation [24].  362 

  A final point to consider is the BIOFRAG sampling design, which focuses on edge 363 

tolerance rather than occurrence in isolated fragments [28]. It is not immediately 364 

obvious why dispersal limitation should influence edge tolerance any more than other 365 

traits associated with edge aversion, including year-round territoriality, restriction to 366 

ground or understorey habitats, light sensitivity, thermal intolerance and a slow-paced 367 

life history strategy [41, 42, 68, 69]. One possibility is that dispersal limitation may 368 

indicate edge sensitivity through correlation with these other traits, although they are 369 

all strongly related to latitude and seasonality [14, 27], which have much weaker effect 370 

than dispersal limitation in our models. In addition, we excluded BIOFRAG sites where 371 

continuous forest was over-sampled, and restricted our additional sampling to highly 372 
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fragmented landscapes containing many isolated forest patches with correspondingly 373 

high ratio of edge to core (see Supplementary materials). Therefore, our measure of 374 

fragmentation sensitivity strongly reflects the extent to which species persist in isolated 375 

habitat patches compared to continuous areas of forest. The difficulty of crossing hostile 376 

matrix gaps is almost certainly the dominant impact of dispersal limitation in such 377 

landscapes [18].  378 

 379 

Dispersal limitation: cause or consequence? 380 

If major historical disturbance events led to fragmented forest landscapes that 381 

disfavoured species with poor dispersal, then extinction filters – as conceptualised by 382 

Betts et al. [9] – may directly shape the patterns we detect in wing morphology. 383 

However, we only found inconclusive evidence for this relationship in univariate 384 

models (Fig. 5; Extended Data Fig. 7). The weakness of these simplified models is that 385 

disturbance appears to be correlated with seasonality (Extended Data Fig. 9), so a 386 

univariate analysis may pick up a signal from seasonality rather than disturbance per se. 387 

We addressed this problem using two different types of complex models (i.e. 388 

multivariate and structural equation models), both of which reveal that dispersal traits 389 

are best explained, not by historical disturbance, but by temperature variability. 390 

Our findings align with the view that high-dispersal traits of high-latitude species 391 

are adaptations to seasonality – i.e. part of a behavioural strategy or program, typically 392 

involving either migration or movement between sites, to allow survival during periods 393 

of the year when there is little or no production of food in the breeding area (see [17]). 394 

For example, many avian insectivores breeding in boreal forests are migratory or highly 395 

dispersive, and therefore capable of surviving in fragmented landscapes, or recolonising 396 

habitat patches after local extinction events [27, 70]. Seasonality is by far the strongest 397 
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predictor of latitudinal variation in avian wing morphology, with dispersal adaptations 398 

peaking in the most seasonal landscapes [15]. This fits a more general pattern of 399 

increased dispersal ability and decreased fragmentation sensitivity at higher latitudes 400 

where climatic variability results in strong selection for niche flexibility [14, 23].  401 

 Our analyses suggest that climatic effects predominate in shaping global patterns 402 

of dispersal limitation and hence fragmentation sensitivity in birds. However, this does 403 

not exclude a role for other drivers. All models presented here detect large variation in 404 

the effect of species-level covariates on the likelihood of a species being classified as 405 

fragmentation sensitive. We found some, albeit weak, support for an effect of landscape-406 

level predictors, including historical disturbance. Several other candidate traits were 407 

not included in our models. Thus, although the latitudinal gradient of fragmentation 408 

sensitivity in birds appears to be primarily driven by natural selection for increased 409 

dispersal ability at higher, more seasonal latitudes, a variety of other behavioural, 410 

ecological and historical factors may contribute to variance across species in sensitivity 411 

to forest fragmentation.  412 

 Further studies are needed to understand the combined roles of climate, 413 

disturbance regimes, and dispersal limitation in shaping the response of biodiversity to 414 

environmental change. Current attempts to disentangle the influence of seasonality 415 

from historical disturbance are limited by data quality. In particular, treatment of 416 

disturbance as a coarse binary variable increases uncertainty in our analyses. Further 417 

resolution of the issue requires higher-quality disturbance data, which may be available 418 

in the near future for some regions (e.g., maps of fire history are under construction for 419 

North America). Ultimately, the combination of habitat fragmentation and climate 420 

change may be the most severe threat hanging over species with poor dispersal ability, 421 
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since these tend to decline in fragmented landscapes, and then disappear altogether 422 

when they cannot track climates [71, 72].  423 

 424 

Conclusions 425 

Ecological traits can provide highly resolved information about a species’ fundamental 426 

niche [73-75], so it makes sense that variation in traits such as dispersal limitation may 427 

drive responses to habitat fragmentation. Given that dispersal limitation also peaks at 428 

the equator [14, 15], we conclude that dispersal traits offer a compelling explanation for 429 

widely reported spatial gradients in fragmentation sensitivity [9, 10, 76]. Our results 430 

also highlight how avian wing morphology provides a simple metric to identify 431 

communities and species most sensitive to fragmentation, with potential uses in land-432 

use management and the design of protected area networks. 433 

 These findings have important implications, both for understanding the 434 

mechanisms causing fragmentation effects, and formulating appropriate management 435 

interventions. Our results are consistent with previous studies suggesting that forest 436 

fragmentation will have more severe effects on tropical species [9, 10], and provide 437 

strong evidence that this pattern reflects inherent differences among species in their 438 

ability to cope with edge effects and to disperse across deforested terrain. A major 439 

management implication is that maintaining structural connectivity between forest 440 

fragments (i.e. corridors and ‘stepping stones’ of natural habitat) is a priority 441 

worldwide, and particularly urgent in the tropics. Taken together, our results highlight 442 

the need for flexible and dynamic conservation strategies tailored to local contexts, 443 

including climatic conditions and associated species adaptations.  444 

 445 

Methods 446 
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To estimate fragmentation sensitivity of species populations, we used BIOFRAG 447 

software [28] to analyse a refined and updated version of the BIOFRAG dataset [77]. 448 

BIOFRAG provides a direct estimate of the effects of landscape-level fragmentation on 449 

each population of each species [9, 28] (see Supplementary material). Populations of the 450 

same species may be identified as fragmentation sensitive in some landscapes and 451 

insensitive in others. We define fragmentation-sensitive populations as those avoiding 452 

forest edges in fragmented landscapes and occurring mainly in the forest core. We 453 

follow methods explained in greater depth elsewhere [9, 28, 77], summarising the key 454 

points in the following sections, with details of updates and modifications.  455 

 456 

Study landscapes and surveys  457 

We compiled bird assemblage data from published surveys of fragmented forest 458 

landscapes, coupled with fragmentation data extracted from GIS vegetation layers. The 459 

core sample was downloaded from the BIOFRAG database, containing species 460 

abundance from 32 abundance surveys and tree-cover maps of associated study 461 

landscapes from the year 2000 [9, 77]. We excluded 11 studies from our analysis 462 

because of potential pseudoreplication (see Supplementary materials). To expand our 463 

sample, we gathered further post-1998 bird survey data from (or cited within) forest 464 

fragmentation studies via a literature search of Web of Science core collection, using the 465 

default “Topic” search for literature published after 2010, with terms: Birds OR Bird OR 466 

Avian AND Forest OR Wood* OR Rainforest AND Sample OR Survey OR Census AND 467 

Fragment* AND Plot* OR Site* AND Abundance.  468 

 After adding 10 new studies to the original BIOFRAG dataset, the final sample 469 

contained 31 survey datasets sampled between 1998 and 2013 across six continents 470 

(Africa, 3; South America, 5; North America, 10; Europe, 7; Asia, 3; Oceania, 3) (Fig. 1, 471 
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Supplementary dataset 1). We calculated the absolute latitude of each study landscape 472 

as the centroid latitude of all the sampling points within each survey, using the 473 

geosphere package in R [78]. In all cases, surveys targeted both forest and non-forest 474 

matrix with varying levels of tree-cover heterogeneity and multiple (average = 153) 475 

sampling locations. We omitted surveys reporting only presence-absence, and limited 476 

our sampling to surveys reporting abundance or relative abundance of bird species at 477 

each sampling location. We converted raw abundance estimates to relative abundance 478 

to allow comparison across the full sample of landscapes. Although we limited sampling 479 

to landscapes in which the original forest cover had become fragmented by a non-forest 480 

matrix, this included a range of forest types embedded in various matrix types 481 

(Supplementary dataset 1).   482 

 We included mist-netting, point-count and line-transect surveys in our sample 483 

and account for differences in survey method among studies using a mixed-effects 484 

modelling approach. We excluded studies using multiple survey methods inconsistenly 485 

across the study landscape. Accurate geolocation of avian populations is key to 486 

identifying the affinity of species to forest edges. However, geolocation is challenging in 487 

field surveys, particularly in dense forest where detectability of birds is often low and 488 

95% of birds are identified through auditory signals [79-81]. To maximise accuracy of 489 

geolocation, we excluded point-count radii greater than 100 m and transects larger than 490 

100 x 100m. Our sample contains four mist-nets surveys, all located in Brazilian tropical 491 

forests. Although sampling bird communities using mist-nets leads to inaccuracies in 492 

abundance estimates based on capture rate [82], they have the advantage that 493 

identification and geolocation of mist-netted bird species is generally accurate.  494 

 495 

Forest fragmentation and edge effects 496 



22 
 

To estimate responses of bird species to fragmentation, we began by combining bird 497 

survey data with information on habitat. We downloaded tree-cover maps and non-498 

habitat masks for the year 2000 at 30m resolution [82, 83], using the following methods 499 

replicated from previous studies [9, 28]. We set the value of each pixel in the tree-cover 500 

maps to the percentage tree cover within each 30 m × 30 m pixel (hereafter termed 501 

“point cover”). The non-habitat masks estimate forest cover as a binary value (forest 502 

and non-forest) which we use to identify forest edge boundaries with improved 503 

precision. To create map layers for each study landscape, we then extracted and 504 

cropped the tree-cover and non-habitat mask layers to a minimum convex polygon with 505 

a 5 km buffer around the sampling points, using Google Earth Engine [84]. To minimize 506 

distortion of the distance and direction between sample points, we projected maps and 507 

sample points into azimuthal equidistant projection (AEQD), giving coordinates in 508 

meters with origin equal to the sample points centroid [9].   509 

 Following methods proposed by Pfeifer et al. [28], we quantified the level of edge 510 

influence (EI) within a specified radius from sample points. We used BIOFRAG software 511 

to calculate 30m resolution EI maps using the tree-cover maps downloaded from Google 512 

Earth Engine. We then specified the “Depth of Edge influence” (DEI) – i.e. the size of 513 

radius – for each pixel, and calculated the level of tree cover heterogeneity as a function 514 

of the mean and standard deviation of point-cover values within the DEI radius. DEI was 515 

set to 1 km as default, with adjustments where necessary according to the scale of 516 

particular datasets (see Supplementary materials).  517 

 Forest edges within the DEI radius strongly influence the EI value, meaning that 518 

EI is representative of both the amount of forest edge surrounding each pixel, and the 519 

local tree cover variation, accounting for edge shape and patch size. We also 520 

implemented a Gaussian filter to smooth the point-cover values within the DEI radius, 521 
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with a stronger smoothing effect on values farther away from the focal pixel. 522 

Implementing this filter ensures that variation in tree cover closer to the focal pixel has 523 

a larger impact on the EI value, in line with the assumption that the strength of edge 524 

effects is related to their proximity to the sampling location [28].  525 

 EI for each grid cell I can be expressed as 526 

 527 

𝐸𝐼𝑖 = max(𝜎𝐶,|�̅� − 𝐶𝑖|) × 𝑠𝑖𝑔𝑛(𝐶 ̅ − 𝐶𝑖) 528 

 529 

where 𝐶 ̅ is the landscape average of tree cover per pixel, 𝐶𝑖 is the percent tree cover at 530 

each pixel and 𝜎𝐶 is the standard deviation of habitat cover at the landscape scale.  531 

 532 

Habitat preference and edge affinity 533 

We used EI and point-cover maps for each study landscape to classify each species into 534 

three categories of habitat preference (Forest/Matrix/Generalist) and three categories 535 

of edge affinity (Core/Edge/noPref), resulting in nine different combinations (Table S5). 536 

Classification was based on relative abundances of species across a range of point-cover 537 

and EI values through a Naïve Bayes Classifier based approach (see Supplementary 538 

materials). We restricted our sample to populations with a “Forest” habitat preference 539 

and then assigned populations to a binary response variable (fragmentation sensitive or 540 

fragmentation insensitive) based predominantly on their edge affinity classification.  541 

A potential source of inaccuracy in classifications of habitat preference and edge 542 

affinity arises because tree cover may change between the time of survey and the year 543 

2000 when our tree cover maps were created. Tree-cover change may mean that values 544 

extracted from the EI and tree-cover maps do not represent the point-cover and 545 

surrounding tree-cover heterogeneity at the time of the survey. However, when we ran 546 
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a sensitivity analysis to assess the influence of post-survey tree-cover change, we found 547 

that these changes have only minor effects on our results and do not alter the 548 

conclusions from our main analyses (see Supplementary materials; Fig. S2).  549 

 550 

Assigning fragmentation sensitivity to bird populations 551 

Previous studies assumed that populations classified as “Forest-core” by the BIOFRAG 552 

algorithm are fragmentation sensitive, based on the premise that avoidance of forest 553 

edge habitats indicates sensitivity to edge effects [9, 28]. However, this approach can be 554 

sensitive to inaccurate geolocation of species observation points, reducing confidence in 555 

estimates of edge affinity, potentially resulting in open-country bird species being 556 

classified as Forest-core species.   557 

To reduce the number of misclassified populations, we limited assignment of 558 

fragmentation sensitivity to 225 populations of 165 species classified by BirdLife 559 

International [33] as having a high forest dependency (“Forest specialist”), in addition 560 

to qualifying as Forest-core. We also relaxed the threshold by including less-specialised 561 

species, leading to classification of 583 populations of 418 species with either high or 562 

medium forest dependency (“Forest associated”), in addition to Forest-core status. 563 

Further details of how species were assigned to high and medium forest dependency 564 

are provided by Buchanan et al. [85]. Analyses based on these two definitions of 565 

fragmentation sensitivity are referred to as “Restricted” and “Expanded” analyses, 566 

respectively. Restricting the assignment of fragmentation sensitivity to either Forest-567 

specialist or Forest-associated species meant that 60 populations of 53 species were 568 

identified as insensitive to forest-fragmentation despite being classified as “Forest-core” 569 

species (Table S6). These species are highly unlikely to be sensitive to forest 570 
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fragmentation because most are abundant in non-forest habitats, favouring open areas, 571 

gardens or forest edges (e.g., Elaenia chiriquensis, Molothrus ater, Serinus serinus, 572 

Thraupis sayaca).  573 

 We examined latitudinal patterns of fragmentation sensitivity by extracting the 574 

centroid latitude of species geographical ranges from published data [34]. To assess 575 

whether fragmentation sensitivity was non-randomly distributed across the global bird 576 

phylogeny [86], we created a majority rule consensus tree from 100 random 577 

phylogenies downloaded from BirdTree (www.birdtree.org), using the Hackett 578 

backbone. We then quantified phylogenetic signal in fragmentation sensitivity as the 579 

sum of changes in estimated nodal values for binary traits (d) [87]. Values of d close to 0 580 

indicate that fragmentation sensitivity is phylogenetically conserved; values close to 1 581 

suggest a random distribution across the phylogenetic tree. In our dataset, families with 582 

a high proportion of fragmentation-sensitive species tend to be sedentary and largely 583 

restricted to the tropics, such as Trogonidae (Restricted: 70% sensitive; Expanded: 93% 584 

sensitive), Furnariidae (Restricted: 53% sensitive; Expanded: 61% sensitive,) and 585 

Pycnonotidae (Restricted: 47% sensitive; Expanded: 47% sensitive). 586 

 587 

Historical disturbance 588 

We estimated historical disturbance for each study landscape using the methods 589 

described by Betts et al. [9]. The likely impact of different types of historical disturbance 590 

was quantified using four sets of maps: glaciated areas at the last glacial maximum [88]; 591 

high intensity forest crown fires [89]; tropical storms [90]; and long-term 592 

anthropogenic forest loss (see Supplementary Materials). Using the AEQD projection, 593 

we overlaid these map layers onto a minimum convex polygon with a 5km buffer 594 

around each sample point. To align with Betts et al. [9], we converted historical 595 

http://www.birdtree.org/
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disturbance to a binary variable (High/Low), with landscapes scored as High 596 

disturbance if any disturbance layer was detected across the majority (>50%) of the 597 

landscape (see Supplementary materials).  598 

Treating disturbance as a binary variable is simplistic but makes sense inasmuch 599 

as all forms of disturbance may have severe impacts on biodiversity regardless of 600 

whether they act independently or in combination with other factors. A potential 601 

weakness is that this approach groups together forms of disturbance operating over 602 

very different timescales. Natural disturbances act over deep time whereas 603 

anthropogenic disturbances operate on a shallower timescale and often at smaller 604 

spatial scale. To account for this temporal distinction, we created three binary 605 

disturbance variables – “natural” (fires, glaciation, storms), “anthropogenic” (recent 606 

forest loss), and “any” (all the above) – then modelled their effect on fragmentation 607 

sensitivity separately.  608 

 609 

Dispersal limitation 610 

To estimate variation in dispersal ability across species, we compiled Hand-wing Index 611 

(HWI) for all 1034 study species using global datasets [15, 34]. HWI is a measure of 612 

wing-shape – and specifically wing-elongation – correlated with wing aspect ratio [91, 613 

92]. HWI is therefore linked to flight efficiency, with high values of HWI strongly 614 

indicative of dispersive, migratory or aerial lifestyles [15, 21]. HWI predicts dispersal 615 

distance in birds [21, 93], thus providing a morphological metric widely used as a proxy 616 

for dispersal ability in macroecological studies [15, 94-97]. Variation of HWI across our 617 

study sample (n = 1034 species) is large (range = 1.9–71.8; mean = 22.7; SD = 12.2) and 618 

broadly representative of all birds (n = 9993; mean = 25.7; SD = 15.06; see Fig. S3a).  619 
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 The relationship between HWI and dispersal ability is positive [21, 93] whereas 620 

its relationship with dispersal limitation is negative (high HWI reflects low dispersal 621 

limitation). To reflect this inversion and to ease the interpretation of analyses, we take 622 

the negative of the species mean trait value (nHWI) as a proxy of dispersal limitation 623 

(i.e. high nHWI reflects high dispersal limitation). We found dispersal traits are 624 

distributed fairly evenly throughout the phylogenetic tree of our sample (Fig. 2b), 625 

suggesting that variation in nHWI is not especially biased by particular taxonomic 626 

groups. To conduct analyses at the assemblage level, we summarised the average level 627 

of dispersal limitation (nHWI) in each study landscape (n = 31) by taking the mean 628 

dispersal limitation score for all species present at that site. 629 

 630 

Body size 631 

Small species with high HWI (e.g. swallows) are often far more dispersive than large 632 

species with low HWI (e.g. kiwis), highlighting why HWI provides a more accurate 633 

prediction of avian dispersal ability than more traditional metrics, such as body mass. 634 

Although initial analyses reported an association between body size and dispersal 635 

distance in birds [98, 99], body size does not predict avian dispersal ability at global 636 

scales [15]. Nonetheless, body size is an important correlate of fragmentation sensitivity 637 

[50] and dispersal [100] in animals, as well an important morphological predictor of 638 

threat status and fragmentation sensitivity [50, 101]. We therefore account for variation 639 

in body size by including species mean body mass as a covariate in our models and 640 

assess interactions between body mass and dispersal. Such interactions are predicted if 641 

the effects of dispersal limitation are accentuated in species with larger body size, 642 

owing to their inherent characteristics, including low population density, slow 643 
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reproductive output and susceptibility to hunting [68, 101-103]. Body mass estimates 644 

are extracted from recently updated global datasets [34]. 645 

 646 

Defining scales  647 

We performed analyses using data calculated across three different scales. Landscape-648 

level analyses (e.g. Fig. 3b) used geographical or climatic data extracted from the 649 

landscape or species-specific data averaged across all species within the landscape 650 

assemblage (e.g. community mean dispersal limitation). Population-level analyses (e.g. 651 

Fig. 4) used data specific for each population and therefore capture intra-specific 652 

variation (e.g. fragmentation sensitivity varying across different localities). Species-level 653 

analyses (e.g. Fig. S1) use data averaged across all populations of the same species (e.g. 654 

fragmentation sensitivity), generated at species level (e.g. mean body mass) [34], or 655 

extracted from GIS layers and averaged across all cells of the species distributional 656 

range (e.g. range-wide seasonality). 657 

 658 

Seasonality 659 

To tease apart the effects of dispersal limitation (nHWI) from other correlated traits 660 

associated with seasonal climates, we included seasonality in our models. For 661 

landscape-level analyses, we quantified seasonality at the centroid of survey points for 662 

each study landscape (n = 31). Using these centroids, we extracted local intra-annual 663 

temperature variation from WorldClim.org [104], at 2.5 minute resolution (~5km2) 664 

with raster cell values equal to the standard deviation in local mean monthly 665 

temperatures across the year. For species-level analyses, we also extracted this metric 666 

of seasonality across the distribution of each species by calculating an average from all 667 

raster cells overlapping the species’ breeding range (see Supplementary materials) 668 
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 669 

Statistical analyses 670 

We performed a generalised linear model to assess whether community mean dispersal 671 

limitation (nHWI) is related to the overall fragmentation sensitivity of bird assemblages 672 

at the landscape level. To avoid overdispersion in our residuals, we calculated the 673 

proportion of fragmentation sensitive species in each of our 31 study landscapes and 674 

modelled whether this proportion was dependent on community mean dispersal 675 

limitation (nHWI) using a quasi-binomial error structure. 676 

 To assess the effect of predictor variables on species sensitivity to habitat 677 

fragmentation at the species level, we performed multivariate Bayesian phylogenetic 678 

mixed effects models on each of our fragmentation sensitivity methods (for model 679 

design and rationale, see Table S7). In both Expanded and Restricted analyses, we 680 

modelled the effects of historical disturbance, absolute latitude, seasonality, dispersal 681 

limitation, and body mass (as well as an interaction term between body mass and 682 

dispersal limitation) on the likelihood of being classified as fragmentation sensitive. 683 

Seasonality and body mass were logarithmically scaled prior to analysis. We included 684 

study and species as random effects to account for repeated sampling of particular 685 

species across multiple studies, as well as the non-independence of species sampled 686 

within the same study landscape (Extended Data Table 1). To allow accurate effect-size 687 

comparisons between continuous variables and our binary disturbance variable, we 688 

standardized all continuous variables by 2 standard deviations [105]. Collinearity 689 

between predictor variables was checked via variance inflation factors (VIFs) and found 690 

to be acceptable (< 10).  691 

To perform sensitivity analyses, we re-ran the same set of models with minor 692 

adaptations (see Supplementary materials). First, we replaced the binary historical 693 
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disturbance variable with subsets restricted to anthropogenic and natural disturbances. 694 

To account for possible conflation between dispersive traits and migratory behaviour, 695 

we removed long-distance migrants from our sample and re-ran our Restricted analysis 696 

(Fig. S4). Finally, to ensure results were not driven by exteme values of nHWI, we 697 

repeated our analyses with Apodiformes removed from the dataset (see Supplementary 698 

materials). 699 

 Models were constructed using the brms package in R [106] with markov chain 700 

iterations and priors kept consistent across all models. We selected 10000 total 701 

iterations with a 2000-iteration warmup-phase. We used the no u-turn sampler (NUTS) 702 

to reduce autocorrelation between successive iterations and as such no thinning was 703 

required. We assigned weakly informative priors, normal (0,10), to the slope 704 

parameters and the intercept as recommended by Gelman [107]. Each of our models ran 705 

four markov chains in parallel which were assessed for convergence. We used 100 706 

random trees from the global bird phylogeny [86], as described above, and ran all of our 707 

models separately across this sample of trees. This resulted in 400 chains per model 708 

which were then combined to produce our final posterior distribution accounting for 709 

phylogenetic uncertainty [108]. We report estimated effect sizes (�̂�) as the means of the 710 

posterior distributions, along with 95% credible intervals (Extended Data Table 1).  The 711 

effects of each of our variables on fragmentation sensitivity were inferred through 712 

assessment of posterior distributions.  713 

 714 

Inferring causal mechanisms 715 

To identify drivers of fragmentation sensitivity, we constructed structural equation 716 

models (SEMs) using the phylopath package in R [109]. The results of SEMs provide 717 

insight into the relative importance of different drivers, but should be treated with 718 
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caution given the hierarchical complexity of our data structure (see Supplementary 719 

materials; Fig. S1). Therefore, in addition, we modelled the effects of historical 720 

disturbance, latitude and seasonality on nHWI (Table S3 & S4) to test the role of these 721 

factors in explaining variation in dispersal limitation across study species (n = 1034). 722 

Given that extinction filters may act at a local scale through removing and then 723 

preventing recolonisation by maladapted species in the landscape [12], we calculated 724 

historical disturbance, latitude and seasonality using landscape-level data. For each 725 

species, we used GIS layers to extract the historical disturbance score (binary variable: 726 

High = 1, Low =0), local temperature variation [104] and absolute latitude of the 727 

landscape centroid, for all landscapes where the species was present. We then averaged 728 

these scores to obtain species-level values based on variables extracted from the 729 

relevant study landscapes. 730 

 We then ran three phylogenetic generalised least-squared models using 100 731 

random phylogenies (see above) for (1) all study species, (2) residents, short distance 732 

migrants and partial migrants (i.e. excluding long-distance migrants), and (3) residents 733 

only. Data and definitions for these migratory classes are provided by Tobias & Pigot 734 

[110]. In each case (1–3), we first assessed the relationship between historical 735 

disturbance and nHWI as a univariate model. Second, we added latitude as an additional 736 

covariate, and third, we added seasonality as a third covariate. Multicolinearity between 737 

the three covariates was addressed by assessment of VIFs and found to be acceptable 738 

(VIF < 6). For each model, we established the relative proportion of independent 739 

variance explained by each driver using hierarchical partitioning implemented with the 740 

R package hier.part [111]. Evolutionary drivers such as habitat disturbance and climate 741 

may act on species traits at regional rather than local scales, so we re-ran these analyses 742 
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with disturbance, seasonality and latitude estimated across the distribution of each 743 

study species (see Supplementary materials).  744 

  745 
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Figures 795 

 796 

Fig. 1 | Hypotheses predicting the distribution of fragmentation-sensitive species. 797 

The top pathway (a) illustrates how ‘extinction filters’ linked to historical disturbances 798 

(e.g. fire & anthropogenic forest loss) can be non-random, removing species traits 799 

associated with sensitivity to disturbance, and retaining more resilient survivors. 800 

Tropical bird communities that have largely avoided severe historical disturbance 801 

theoretically contain more species with disturbance-sensitive traits (e.g. poor dispersal, 802 

ecological specialisation), accentuating the impacts of forest fragmentation (b). 803 

Background turnover of species – shown in (b) but present in all pathways – is random 804 

with respect to disturbance-sensitive traits. A different mechanism involves the 805 

evolution of flight adaptations to cope with seasonal fluctuations in temperature and 806 

resources (e.g. vegetation, insects, flowers, fruit). In birds, the predominant adaptation 807 

to seasonality involves increased mobility (e.g. local dispersal; long-distance migration), 808 

so highly seasonal communities lack dispersal-limited species, potentially increasing 809 

their resilience to forest fragmentation (c) in comparison with climatically stable 810 

regions (b). Relative species richness is shown by the number of bird silhouettes in the 811 

community.  812 
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 813 

Fig. 2 | Global patterns of landscape disturbance and dispersal limitation. a) The 814 

presence of natural (e.g. major fires, storms, glaciation) or anthropogenic historical 815 

disturbances recorded in each grid cell. Natural disturbance pressures (bright red) have 816 

typically persisted for longer periods of time and may cause complete removal of forest 817 

biota (e.g. Glaciation). Anthropogenic forest loss (pale red) represents more recent 818 

disturbance that often alters composition of local assemblages without complete 819 

eradication. b) Variation in negative (i.e. inverse) hand-wing index (nHWI), averaged 820 

across species occurring in each grid cell, ranging from low (blue) to high (red) 821 

dispersal limitation. Dispersal limitation data are calculated from measurements of 822 

10562 bird species, logarithmically scaled for visualization [log(1/nHWI)]. Yellow dots 823 

show study landscapes (21 from BIOFRAG; 10 from additional sampling). Grid cells in a) 824 

and b) are 2.5 arc minutes. Right-hand panels show hypothetical relationships: 825 

extinction filters predict that fragmentation sensitivity is negatively associated with 826 

historical disturbance (c); dispersal-related mechanisms predicts that fragmentation 827 

sensitivity is positively associated with dispersal limitation (d).  828 
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 829 

 830 

Fig. 3 | Fragmentation sensitivity increases with dispersal limitation in bird 831 

assemblages. a) Variation in fragmentation sensitivity and dispersal ability plotted on a 832 

consensus phylogenetic tree. Each branch represents a genus (n = 441), with data at tips 833 

averaged across families (n = 115) for visualization. Branch colours indicate dispersal 834 

limitation (least dispersive species in red); tip colours show the proportion of 835 

fragmentation-sensitive species in each family (Expanded analysis; most sensitive in 836 

yellow). b) Data points (coloured by level of historical disturbance) are means for 31 837 

study landscapes. For each assemblage, fragmentation sensitivity is assigned to Forest-838 

core species with high forest dependency (Restricted analysis), and mean dispersal 839 

limitation is the negative (i.e. inverse) hand-wing index (nHWI) averaged across all 840 

species; nHWI is logarithmically scaled [log(1/HWI)] for visualization. Statistics are 841 

from a generalized linear model with quasi-binomial errors;purple line shows model fit 842 

(R2 = 0.180); shaded region shows 95% confidence intervals. Boxplots in (b) show the 843 

same distributions with median value, interquartile range, and whiskers to extreme 844 

values (outliers are data points >1.5x quartiles). Results for the Expanded sample are 845 

shown in Extended Data Fig. 4. 846 
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 847 

Fig. 4 | Dispersal limitation (nHWI) explains variation in fragmentation 848 

sensitivity. Results of Bayesian phylogenetic mixed effect models predicting 849 

fragmentation sensitivity for all 1564 bird populations (n = 1034 species). Populations 850 

were classified as fragmentation sensitive if they were identified as ‘Forest-core’ by 851 

BIOFRAG. Restricted analysis assigned fragmentation sensitivity only to ‘Forest 852 

specialists’ (a); Expanded analysis assigned fragmentation sensitivity to both ‘Forest 853 

specialist’ and ‘Forest associated’ species (b; see Methods). Bayesian posterior 854 

distribution is shown above the line; effect size estimates with credible intervals (CI) 855 

below the line (68%: thick errorbars; 95%: thin errorbars). High effect sizes indicate a 856 

positive association with fragmentation sensitivity; low effect sizes indicate a negative 857 

association. Historical disturbance is a binary variable (1/0) calculated using all 858 

disturbance layers (e.g. forest loss, glaciation, storms & fires) 859 
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 860 

Fig. 5 | Predictors of dispersal limitation in birds. Results shown are outputs of 861 

phylogenetic generalized least squares models predicting dispersal limitation (nHWI) 862 

across all bird species sampled, including long-distance migrants (swallow image, dark 863 

bars; n = 1034); only resident species and short distance/partial migrants (thrush 864 

image, medium bars; n = 921); or resident species only (pitta image, pale bars; n = 858). 865 

Panels present three sets of models with increasing complexity: a univariate model with 866 

single predictor (a, d), and multivariate models with two (b, e) and three (c, f) 867 

predictors. Each predictor is calculated at the species-level by averaging across 868 

landscapes where each species is present. Disturbance (red) is the local binary 869 

disturbance scores, latitude (yellow) is the absolute latitude of the landscape centroids 870 

and seasonality (blue) is the standard deviation of mean monthly temperature values. 871 

Panels a-c show effect size estimates with 95% confidence intervals; a negative effect 872 

indicates reduced dispersal limitation (i.e. increased dispersal ability). R2 and AIC values 873 

are calculated for full sample models only. Panels d-f show the proportion of 874 

independent variation explained by each model covariate, calculated using hierarchical 875 

partitioning. 876 
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