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 130 

Cities can host significant biological diversity. Yet, urbanisation leads to the loss of 131 

habitats and, potentially, to local extinctions. Understanding how multiple taxa respond 132 

to urbanisation globally is essential to promote and conserve biodiversity in cities and 133 

surrounding landscapes. Using a dataset with site-level occurrence and trait data of 5302 134 

species from six terrestrial fauna taxonomic groups across 379 cities on 6 continents, we 135 

show that urbanisation produces taxon-specific changes in trait composition, with traits 136 

related to reproductive strategy consistently showing the strongest response. The effect of 137 

urbanisation on community trait composition is strongest at the largest spatial scale 138 

considered, and more closely linked to landscape composition (% urban) than 139 

arrangement (aggregation), although latitude and climatic variables remain a stronger 140 

influence. This study did not find evidence in support of a global urban taxa syndrome, 141 

but instead we suggest that there are four general urban trait syndromes, with resources 142 

associated with reproduction and diet likely to be driving patterns in traits associated with 143 

mobility and body size. Functional diversity measures showed a wide range of responses, 144 

leading to a shift in trait space that is most likely driven by the distribution and abundance 145 

of critical resources, and the urban trait syndrome displayed by individual species within 146 

a community. Further research is required to understand the interactions between the 147 
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four general urban trait syndromes, resource distribution and abundance and changes in 148 

functional diversity of taxa at different spatial and temporal scales. Maximising 149 

opportunities to support species within taxa groups with different urban trait syndromes 150 

should be pivotal in conservation and management programmes within and among cities.  151 

This will reduce the likelihood of biotic homogenisation at the taxa level, and helps ensure 152 

that urban environments have the ecological capacity to respond to challenges such as 153 

climate change, further habitat fragmentation and loss, and other disruptions. These 154 

actions are critical if we are to reframe the role of cities in global biodiversity loss. 155 

 156 

Introduction 157 

Cities across the globe host significant biological diversity1-2 that provide key ecosystem 158 

services for over 50% of the world’s human population3. Urban growth often coincides with 159 

regional and global biodiversity hotspots4 and occurs fastest in low-elevation, biodiversity-rich 160 

coastal zones5. Thus, although urban environments cause significant loss and transformation of 161 

habitats and modify landscape spatial structure, minimising these impacts will be critical if we 162 

are to counter their role in the current extinction crisis6. Understanding how multiple taxa 163 

respond, through their functional traits, to the environmental pressures and filters of 164 

urbanisation globally is essential to formulate effective strategies to promote biodiversity in 165 

urban environments. 166 

Although considerable progress has been made toward understanding the impacts of 167 

urbanisation on global biodiversity, certain key research gaps remain. The scientific literature 168 

is geographically biased towards larger metropolitan areas7 of the Northern Hemisphere and 169 

Australia5. Meanwhile, most biodiversity hotspots are in the tropics and the Southern 170 

Hemisphere and have received less attention8. Urban landscape structure has largely been 171 
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characterised by negative aspects such as the proportion of impermeable surfaces, whereas the 172 

enabling aspects for biodiversity such as spatial configuration and the proportion of vegetation 173 

cover are relatively understudied9, especially at the global level. Urban biodiversity studies are 174 

also heavily biased taxonomically towards plants and birds10. Other speciose and functionally-175 

important groups, such as insects, amphibians, bats and reptiles are severely impacted by 176 

urbanisation but poorly studied11-14. Despite the increasing importance of functional traits in the 177 

ecological literature and recent efforts to integrate functional aspects of biodiversity into urban 178 

ecological research15, most urban biodiversity investigations remain focused on taxonomic 179 

diversity16. This hampers our ability to develop a mechanistic understanding of the impact of 180 

urbanisation on biodiversity; creates additional challenges when making cross-taxa or cross-181 

region comparisons17; and hinders our ability to effectively conserve species with different life 182 

histories and habitat requirements. 183 

Traits are the attributes of a species that describe morphology, phenology, behaviour, and life 184 

history and influence all aspects of an organism’s fitness18. Trait-based approaches make it 185 

possible to characterise the functional aspects of biodiversity19. They facilitate cross-taxa and 186 

cross-region comparisons20, and provide insights into the ecological processes driving species 187 

assemblages21. Trait-based approaches are particularly suited to investigating the drivers of 188 

local community composition, including environmental filtering and biotic interactions22-23. 189 

Such knowledge is critical to the understanding and proactive management of the effects of 190 

urbanisation on biodiversity and its associated ecological functions and ecosystem services. 191 

Cities impose strong filters on local faunal assemblages ranging from habitat loss to changes in 192 

local climate and environmental conditions and novel habitats and species interactions24. This 193 

filtering process is hypothesised to lead to global biotic, taxonomic and functional 194 

homogenisation, such that well-adapted species with similar traits or life histories become 195 

increasingly widespread geographically and locally abundant25-27. Cosmopolitan generalist 196 
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species are found in most cities around the world1, while specialist species tend to disappear28. 197 

Although exceptions exist, cities tend to select for small and highly mobile fauna that have a 198 

broad environmental niche and a generalist diet15,29,30. While evidence for global functional 199 

homogenisation remains inconclusive due to different legacies and regional species pools, 200 

leading to high variability of local biodiversity in cities31, current understanding suggests that 201 

highly urbanised environments favour mobile and r-reproductive strategist species with a 202 

generalist diet, leading to a decrease in functional diversity. We hypothesise that increased 203 

representation of these traits across multiple taxa in cities around the world supports the 204 

proposition that there is an ‘urban syndrome’ associated with species’ responses to 205 

urbanisation27. This study sets out to: 206 

1) Test our hypothesis by evaluating evidence against the current understanding of an ‘urban 207 

syndrome’ related to average community traits and/or functional diversity; 208 

2) Investigate whether the proportion and spatial aggregation of urban land and forest cover 209 

(see Methods) induce stronger changes in community functional diversity than known 210 

latitudinal or climatic trends. In this case, we use urban land cover to represent a gradient 211 

of urbanisation filters, and forest cover to represent the amount of tree canopy cover; 212 

3) Investigate the spatial scale at which the proportion of urban land has the strongest effect, 213 

and how this differs among functional groups. 214 

This study used a collaboratively compiled dataset of 5302 species found in > 70000 plots 215 

across 379 cities from 48 countries (Fig. 1) to investigate how urbanisation shapes the 216 

community trait-composition and diversity of six terrestrial animal taxonomic groups 217 

(amphibians, bats, bees, birds, carabid (ground) beetles, and reptiles) across the globe. The data 218 

are a collation of empirical studies at the highly-resolved spatial scale of individual sites rather 219 

than generalised to city. Only one taxa (birds) was extracted from a global biodiversity dataset 220 

(eBird). We acknowledge there are still geographic biases in the data which reflect legacies of 221 
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studies published prior to 201710. We are also aware that there are additional taxa groups that 222 

we would have liked to include but lacked the capacity to consider in this project.  However, to 223 

our knowledge, this is the most comprehensive compilation to date of urban biodiversity data 224 

for several terrestrial animal taxa at the site scale.  The six taxa represent a broad range of 225 

natural histories, ecologies and behaviours and have sufficient occurrence data and trait 226 

information to conduct a global study, despite some geographic biases. The traits we considered 227 

were body size, diet, mobility and reproductive strategy, as these are all important for an 228 

individuals’ survival, growth and reproduction18. Functional diversity metrics captured key 229 

facets of trait diversity (functional richness – FRic, functional evenness – FEve, functional 230 

dispersion - FDis), to investigate whether there was evidence to support a contraction of trait 231 

space associated with the urban syndrome. Further details can be found in the Methods and 232 

Supplementary Materials.   233 

 234 

Results 235 

Our global analysis shows that urbanisation is a major driver of urban community functional 236 

composition. All traits and functional diversity metrics changed with increasing urban land 237 

cover, although the strength and direction of change within each trait category differed among 238 

taxa (Fig. 2).  239 

Body size and mobility were affected differently by urbanisation depending on the taxa (Fig. 240 

2). With increasing urban land cover, carabids, birds and reptiles displayed a tendency towards 241 

species with smaller body size (7%, 23% and 27% decrease, respectively) in the most urbanised 242 

areas relative to the least urbanised areas. Carabid beetles displayed a tendency towards 243 

increased mobility (19%), while reptiles and birds tended towards reduced mobility (1%, 5%). 244 

Amphibians and bats displayed a tendency towards larger body sizes (4%, 1%) with increasing 245 

urbanisation.  Amphibians displayed a 4% drop in mobility, while bats tended towards slightly 246 
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higher mobility (1%) (Fig. 2). For bees, inter-tegula distance is the trait most frequently used to 247 

represent body size and mobility, and showed an inverted u-shape, where the linear trend 248 

showed a slight increase (<1%).  249 

Our results suggest that increased urban land cover can induce a shift toward a more specialist 250 

or generalist diet depending on the taxa considered (Fig. 2). Specifically, omnivory was 251 

favoured with increasing urban land cover for birds (19%) and carabid beetles (14%). Bees 252 

showed a u-shaped response with a linear trend towards a 3% increase in the proportion of 253 

short-tongued species (Fig. 2). However, amphibians and reptiles both demonstrated shifts 254 

towards increased dietary specialisation with increasing urbanisation (8% and 5% respectively).  255 

Reproductive traits were the first (bats and carabids) or second (amphibians, bees, birds and 256 

reptiles) most affected trait when considered across all traits for a taxon (Fig. 3). The 257 

reproductive strategy trait had the highest proportion of variance explained for four taxa, 258 

explaining 48 – 65% of the variance for bats, bees, carabids and reptiles (% explained in Table 259 

1). The exceptions were amphibians and birds where feeding or body size (respectively) were 260 

more important. Trends indicated that increasing urban land cover was associated with reduced 261 

clutch size (amphibians, birds and reptiles), more generalist roosting (bats), overwintering 262 

(adult (imago) in carabids) and solitary nesting (bees) (Fig. 2). Bats with generalist roosting 263 

requirements increased by 3%, bees that were solitary nesters increased by 9% compared to 264 

social nesters, and carabids showed a 4% increase in the proportion of species that overwinter 265 

as adults.  266 

The effect of urban land cover was most important at the largest spatial scale considered for all 267 

taxa examined (1000 m for birds, 500 m for all other taxa; Fig. 4). The importance of the 268 

proportion and spatial aggregation of urban land cover as predictors of taxon-specific trait 269 

syndromes ranged from 3% to 20% depending on the taxa (light blue bars, Fig. 4), but 270 

composition (%) was consistently stronger than arrangement (agg). Metrics related to forest 271 
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cover were generally the least important across all taxa, with birds being the exception.  Latitude 272 

and climatic region predicted shifts in community functional composition of most taxa better 273 

than urban or forest land cover or configuration. The only exception to this was again for birds, 274 

for which the importance of latitude was equal to the importance of forest cover (%) within 275 

1000 m of the site.  276 

There were clear effects of urbanisation on all facets of functional diversity and species 277 

richness, however they varied between taxa. Functional richness (FRic) was the functional 278 

diversity facet that was best predicted by the extent and aggregation of urban land cover for 279 

amphibians, bees, carabids and reptiles (Fig. 3; % explained in Table 1) but the direction of the 280 

response varied (Fig. 2). With increasing urbanisation, functional richness (FRic) decreased in 281 

bats (6%) and reptiles (9%), showed a u-shaped response in amphibians and birds and tended 282 

to increase in bees (2%) and carabids (8%) (Fig. 2). Functional dispersion (FDis) was a more 283 

important dimension of functional diversity for bats and birds (Fig. 3, % explained in Table 1), 284 

which declined by 4% (bats) to 5% (birds). Functional evenness (FEve), although overall poorly 285 

predicted by our models, was the dimension of functional diversity that most consistently 286 

responded strongly to urbanisation (% MSE in Table 1). Like functional diversity dimensions, 287 

species richness showed different trends depending on the taxa considered. Increasing 288 

urbanisation led to an increase in species richness of carabid beetles and reptiles (1%, 2%) but 289 

decreased the species richness all other taxa (3% amphibians, 8% bats, 18% bees, 17% birds; 290 

Fig. 2).  291 

Discussion 292 

Body size and mobility are frequently correlated in functional trait studies: larger species tend 293 

to be more mobile32. Mobility is likely to be favoured when it helps an organism acquire 294 

resources and/or avoid competition and predation. However, our results show that for some 295 

terrestrial animal taxa, urbanisation may select for species with small home ranges that can 296 
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exploit local resources33 and avoid risks associated with the urban matrix34. Reduced mobility 297 

in these taxa make them particularly vulnerable to habitat loss or degradation and can lead to 298 

the isolation of populations, increasing the importance of genetic drift and local population 299 

extinction risks. 300 

Increasing omnivory with increasing urban land cover was observed for birds (19%) and 301 

carabid beetles (14%), which aligns with a common finding that dietary breadth predicts success 302 

in urban environments35-36, and our hypothesis for an ‘urban syndrome’. Bees showed a u-303 

shaped response, which may reflect a wider diversity of flowering plants being available in 304 

urban areas, thereby providing a variety of resources for both generalist and specialist feeders. 305 

Amphibians and reptiles showed shifts towards increasing dietary specialisation. This 306 

specialisation may enable finer niche partitioning in spatially constrained spaces and thereby 307 

avoid some of the impacts of urban environments through more efficient foraging37. Overall, 308 

our results highlight that both generalist and specialist feeding strategies can be selected for in 309 

urban environments, but will depend on the interplay between the composition and distribution 310 

of food resources and the species ability to access and utilize them. 311 

Our results provide evidence that urbanisation strongly selects for species with the capacity to 312 

find suitable conditions for reproduction. Fewer suitable nesting sites and higher risk of 313 

disturbance/predation in cities can thus have a strong impact on community functional 314 

composition. Providing supplemental nesting resources to compensate for loss of natural 315 

nesting possibilities can limit this impact, as has been demonstrated by the use of nest boxes to 316 

supplement the loss of hollows38. Increased urbanisation also influenced community mean 317 

clutch size. For example, reptiles clutch size declined by 27%, while birds displayed u-shape 318 

negative trend with 7% variation in clutch size (Fig. 2). A previous global analysis found that 319 

reptiles tend to have larger clutch sizes at higher latitudes where suitable conditions for breeding 320 

are constrained by short growing seasons or other limitations that select for reproductive 321 
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strategies that maximise the number of offspring produced when food availability peaks39. In 322 

cities, the reduction in frost days due to the urban heat island and the greater consistency of 323 

food and water throughout the year due to horticultural plantings and human activities, may 324 

benefit species that have multiple but smaller clutches to avoid population density pressures on 325 

locally limited resources.  Smaller clutch sizes in urban birds have been associated with higher 326 

survival and increased growth40. Reduced clutch sizes in birds have also been linked to 327 

perceptions of increased predation risk in altricial species where the young are fed and protected 328 

by parents when they are first born41. Future research could look more closely to understand to 329 

what extent the change in clutch size represents a change in the number of species exhibiting a 330 

given development type as altricial birds have smaller clutch sizes than precocial birds that 331 

require little parental care42. 332 

Our results confirm the effect of latitude and climate as key drivers on the functional 333 

biodiversity of taxa observed in cities. Landcover effects were strongest at the largest spatial 334 

scales considered (1000 m for birds, 500 m for all other taxa), and the composition of the 335 

landscape (% cover) was more important than configuration (agg). These results highlight the 336 

importance of landscape-level management of urban biodiversity and the role of spatial context. 337 

They also provide additional support for our proposed general urban trait syndromes, which are 338 

highly influenced by the distribution and abundance of resources within the landscape.  339 

We acknowledge that processes occurring at larger spatial scales than those considered in this 340 

study can also be important, especially for species with high mobility. Equally, there may also 341 

be finer scale processes that we were not able to consider due to the resolution of available 342 

datasets. Future research could address these limitations or could expand our approach to look 343 

at a wider range of taxa. The study could also be repeated in the future when empirical data 344 

from a wider range of geographic regions are available to test how well the patterns observed 345 

here continue to apply. 346 
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 347 

Four general urban trait syndromes, rather than one universal syndrome 348 

Our study indicates that rather than a single urban syndrome, there is strong evidence to support 349 

that each taxon has an individual urban trait syndrome each of which can be classified into one 350 

of three typologies: mobile generalists, site specialists, and central place foragers (Fig. 5), 351 

or hypothetically into a fourth typology: mobile specialists. The urban trait syndrome for 352 

mobile generalists most closely matches our original hypothesis that urbanisation selects for 353 

highly mobile species with more generalist diets and reproductive strategies that are better able 354 

to exploit available resources. This syndrome was observed in bats and carabid beetles, with 355 

both groups displaying increases in traits related to mobility and generalist diets, a broader 356 

range of roosting sites for bats, and an increase in the proportion of species overwintering as 357 

adults in carabids. The shift in body size for these two taxa differed, but in ways that were 358 

consistent with increased mobility. Bats showed an increase in body size, which is consistent 359 

with previous studies that found urban environments tend to select for larger bats that are 360 

stronger and more rapid fliers, and that forage on insects in open settings using echolocation43. 361 

Carabids displayed a shift towards smaller bodied species30 that can fly44, a set of traits that 362 

enables greater mobility and an increased capacity to seek out food resources, without the need 363 

for strong site fidelity as observed in the central place forager or site specialist urban trait 364 

syndromes.  365 

The urban trait syndrome associated with site specialists was characterised by reduced mobility, 366 

increased dietary specialism and a shift towards smaller clutch sizes. All these traits are 367 

advantageous to species that are reliant on highly localised life cycles either due to resource 368 

scarcity or increased risk of mortality in the urban matrix due to predation, pollution or vehicle 369 

collision. The taxa that displayed this urban trait syndrome were amphibians and reptiles. 370 

Dietary specialisation could allow multiple species to co-exist within a more constrained 371 
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physical space through resource partitioning, while reduced clutch sizes would help minimise 372 

density dependent mortality in species that are not highly mobile.  Alternatively, remnant urban 373 

green spaces could act as ecological traps that disproportionally affect specialised species over 374 

generalist ones45, with diversity eventually decreasing as the extinction debt becomes realised46.   375 

Central place foraging is an evolutionary ecology model that has been used to describe the 376 

foraging strategies for bees, mussels and other taxa47. As the name suggests, central place 377 

foragers establish a home base location from which they undertake daily movements to forage 378 

for additional resources. The taxa that displayed this urban trait syndrome in our study were 379 

bees and birds. Bees showed a shift towards a more solitary reproductive strategy, reduced 380 

mobility and increased dietary generalisation at very high levels of urbanisation (> 80 %, Fig. 381 

2). For bees, this trait syndrome is consistent with previously documented movements observed 382 

in urban systems48. For birds, this trait syndrome was associated with reduced mobility and 383 

clutch sizes, similar to the site specialists discussed above, but accompanied here by an increase 384 

in the proportion of omnivory which would allow the individual to exploit a wider range of 385 

resources in the area surrounding their nest. 386 

The final urban trait syndrome associated with mobile specialists is characterised by species 387 

that are able to meet their resource needs by being dietary specialists that are highly mobile and 388 

can move between spatially isolated food sources without having to return to a central place. 389 

While this urban trait syndrome was not observed in our study, there is anecdotal support for it 390 

at the species level. Wetland birds offer a useful example, where their distribution is tightly 391 

linked to a specific resource (waterbodies), but they have the capacity to easily move between 392 

locations when resources fluctuate. 393 

While the general urban trait syndromes identified in this study are relatively clear and well 394 

supported, the associated shifts in functional diversity metrics and species richness are less 395 

consistent (Fig. 2). This may be due to differences among taxa as they relate to large-scale 396 
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factors such as legacy effects that control how and to what extent regional diversity influences 397 

local diversity through species-pool effects49. Alternatively, if urbanisation selects for 398 

ecological strategies (or trait syndromes) that allow taxa to maximise the use of available 399 

resources, then the implications for functional diversity and species richness will be emergent 400 

properties of the species and taxonomic responses to the specifics of the resources in question. 401 

Depending on the heterogeneity and availability of resources, trait selection may result in an 402 

increase or decrease in particular trait combinations (FRic), with different levels of clustering 403 

(FEve) and expansion or contraction of the trait space (FDis). This filtering can affect 404 

community dynamics and stability through modifications of species interactions and 405 

demography50, and likely changes the capacity of urban biodiversity to respond to climate 406 

change and other stressors. 407 

Our study was interested in community level trait characteristics at the taxa level. Therefore, it 408 

is quite possible that individual species within each taxon belong to different urban trait 409 

syndrome groups. For example, small insectivorous birds may display traits characteristic of 410 

site specialists, while parrots could display mobile generalist traits, and waterbirds could display 411 

mobile specialist traits. Similarly, bats are often considered to be central place foragers in other 412 

landscapes. Future research could investigate the degree to which these syndromes are 413 

representative of species within the different taxa, and how trends in functional diversity emerge 414 

from species and taxonomic responses to resource availability in urban landscapes. This 415 

information could then be used to identify resources that are critically limiting for functional 416 

diversity in urban areas and guide actions aimed at making cities suitable environments for a 417 

wider range of species.  418 

Our results provide further evidence to counter the fallacies that urban environments are 419 

biological deserts2, and that biodiversity conservation is incompatible with urban areas51. 420 
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Instead, they point to the importance of resources, particularly those related to reproduction, as 421 

a critical filter in determining the diversity of terrestrial animals that persist in urban landscapes.   422 

Since urbanisation occurs disproportionately in biodiversity hotspots52, it has been framed as a 423 

strong driver of biodiversity loss at the global scale. Our analysis shows that the diversity of 424 

species (and functional traits) found within urban areas reflects the heterogeneity and 425 

availability of resources across the urban environment. Whether populations of site scale 426 

specialists are viable or small sites are acting as ecological traps will vary on a case by case 427 

basis, particularly when supportive human actions such as ecology with cities53 are taken into 428 

account. Thus, our research presents a clear mandate to find innovative means of incorporating 429 

terrestrial animals’ habitat requirements (particularly related to reproductive strategies) back 430 

into cities using both land-sharing and land-sparing approaches54.  431 

To maximise urban biodiversity, conservation and management should identify those species 432 

most at risk of local extinction, then determine if there are options to incorporate any limiting 433 

resources back into the landscape. However, the complexity of responses and mechanisms 434 

observed in this study suggest that positive actions for one taxon (e.g., increasing tree canopy 435 

cover for birds) may disadvantage others (such as bees that forage in more open landscapes). It 436 

follows that identifying priorities in urban biodiversity management will become an 437 

increasingly important challenge that will need to be addressed at multiple spatial scales, across 438 

diverse taxa and sites, and using a systems approach. However, the fine scale heterogeneity 439 

present in urban landscapes and the call to provide a portfolio of places to cater to diverse 440 

human preferences both offer important signals that multiple resources needs can be met within 441 

the urban landscape.  442 

Overall, our results suggest that resource distribution and abundance are filtering taxa into one 443 

of four urban trait syndromes: mobile generalists, mobile specialists (nomads), central place 444 

foragers and site scale specialists. These urban trait syndromes can be applied at the level of 445 
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individual species, but this study also suggests that predominant urban trait syndromes also 446 

emerge at the taxa level. Accounting for diverse urban trait syndromes and integrating them 447 

into the planning, design and management of urban environments will become increasingly 448 

critical if we are to preserve diverse biotic communities essential to the functioning of urban 449 

ecosystems and reframe the role that cities play in the global biodiversity extinction crisis. 450 

 451 
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 590 

 591 

Figure 1. Global distribution of data included in this study. (A) Locations of sampling plots for 592 

all six taxonomic groups combined. All data are from the UrBioNet contributor network except 593 

for birds (eBird). (B) Ridgeline plots showing the density of sampling locations per taxon as a 594 

function of latitude. See Supplementary Figure S1 for taxa specific maps. 595 
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 596 

Figure 2. Predicted changes in trait values per taxon along an urbanisation gradient. Partial 597 

dependence plots showing the urbanisation-induced shifts in community functional metrics for 598 

six taxonomic groups. The partial dependence plots summarise the marginal effect that 599 

urbanisation (x-axis = percentage of urbanised area in a 500 m radius around the sampling plot; 600 

or 1000 m for birds) has on the predicted values of each community-level trait (i.e. effect of 601 

urbanisation when climate, latitude and forest cover are kept constant). The y-axes reflect the 602 

range of predicted values for each response variable and are not zeroed so care should be taken 603 

when interpreting the magnitude of change. The fitted colour lines and 95% confidence bands 604 

are from Local Polynomial Regression (LOESS). The grey lines are from linear regressions 605 
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based on the same data to indicate direction of trend. Trait definitions are provided in 606 

Supplementary Table S3 (briefly, Feeding: high values = generalist diet except for bats where 607 

feeding represents different hunting strategy; Mobility: high values = higher mobility; 608 

Reproduction: amphibians, birds and reptile = clutch size / other taxa = reproduction strategy). 609 

Note that for bees, the inter-tegula distance was used for body size and mobility, and therefore 610 

the model presented is the same for both traits. Functional dispersion (FDis), functional richness 611 

(FRic) and functional evenness (FEve) are defined in the method section in “Faunal community 612 

functional compositions” (see also Supplementary Figure S2). Transparent shade represents 613 

models with <10% variance explained. Stars show the contribution of urbanisation to the overall 614 

model (* 20-50%; ** > 50%). Additional information on each models’ overall predictive power 615 

and the contribution of the percentage of urban land cover can be found in Table 1. 616 

 617 
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 618 

Figure 3. Relative importance of the extent and aggregation of urban land cover as predictors 619 

of community means (colours show the different trait categories; Supplementary Table S3) and 620 

variability (FDis = functional dispersion, FRic = functional richness, and FEve = functional 621 

evenness; dark blue) of traits as well as species richness for each taxonomic group. Variable 622 

importance was estimated using the residual sum of squares from random forests models. 623 

Average variable importance values weighted by the R2 of the test set of each individual model 624 

were computed to estimate urban land cover variable importance for each metric of community-625 

weighted means and variability of traits. Longer bars indicate traits or functional diversity 626 

measures that are better predicted by urban land cover within the surrounding landscape. 627 
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 628 

Figure 4. Relative importance of variables in predicting trait responses per taxon. Importance 629 

of percent cover (%) and spatial aggregation (agg) of urban and forest land cover at different 630 

buffer distances (100 m and 500 m for most taxa; 1000 m for birds), latitude, climate PCA axes, 631 

and spatial covariates (dbMEM) as predictors of the trait syndrome (i.e. considering all 632 

community weighted means and functional diversity metrics) for each taxonomic group. 633 

Variable importance was estimated using the residual sum of squares from random forests 634 

models. Average values weighted by the R2 of the test set of each individual model were 635 

computed to estimate variable importance for the overall trait syndromes. 636 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 24, 2023. ; https://doi.org/10.1101/2023.05.24.541105doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.24.541105
http://creativecommons.org/licenses/by-nc-nd/4.0/


30 

 637 

 638 

Figure 5. Simplified representation of the four urban trait syndromes. Two types of green habitat 639 

patches with different resources are represented in an otherwise mostly unsuitable urban matrix. 640 

Grey patches represent green habitats that are unusable for a specific taxon. Red dashed lines 641 

show typical movement pattern of taxa among patches. 642 
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 643 

Table 1. Performance of models predicting traits and diversity metrics. Summary statistics of 644 

random forests models of community-weighted means of traits and functional diversity metrics. 645 

“% explained” is the performance of the model where high values indicate that the response 646 

variable is well-predicted by urban and forest land cover, climate, and latitude. “% explained” 647 

was calculated as R-squared of the relationship between the predicted and the observed values 648 

of the independent test dataset. “% inc MSE” is the average increase in squared residuals when 649 

the variable is permuted. It represents the specific contribution (or importance) of the 650 

percentage of urban land cover (within a 500 m radius for all other taxa except birds for which 651 

we used a 1000 m radius) to the overall model performance. High values suggest that urban 652 

land cover is an important predictor.  653 

    Amphibians Bats Bees Birds Carabids Reptiles 

Body size % explained 62 44 32 18 40 62 

 % inc MSE 17 25 12 62 47 62 

Feeding % explained 67 9 55 20 19 55 

 % inc MSE 16 52 13 57 83 13 

Mobility % explained 17 31 32 16 46 42 

 % inc MSE 14 42 12 62 71 8 

Reproduction % explained 62 65 57 52 48 33 

  % inc MSE 19 40 38 44 57 93 

Sp. Richness % explained 68 56 80 46 61 70 

 % inc MSE 53 29 48 70 39 15 
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FDis % explained 53 54 26 16 18 29 

 % inc MSE 31 34 13 50 49 15 

FRic % explained 53 29 46 20 59 59 

 % inc MSE 39 23 36 38 40 18 

FEve % explained 5 50 10 8 17 11 

  % inc MSE 60 48 30 64 71 22 

 654 

  655 
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METHODS (3000 words) 656 

Urban biodiversity data  657 

To identify potential datasets for our analysis, we conducted a systematic review of the 658 

published urban biodiversity literature from 1990 to 2016 to identify studies that met the 659 

following criteria: 1) community level data, 2) collected in multiple plots, and 3) across one or 660 

multiple cities. Further details about the systematic review are available in Supplementary 661 

Notes 1. Our final dataset consisted of information from 72086 plots spread across 379 cities 662 

worldwide and retained six taxonomic groups with sufficient data for a global assessment of 663 

urbanisation effects (see Fig. 1 and Supplementary Tables S1 and S2): amphibians (140 species, 664 

1202 plots in 191 cities), bats (84 species, 540 plots in 43 cities), bees (486 species, 471 plots 665 

in 25 cities), carabid beetles (327 species, 889 plots in 17 cities), reptiles (98 species, 321 plots 666 

in 71 cities) and birds (4167 species, 68558 plots in 177 cities). The latter was collected from 667 

the eBird global community-science program (https://ebird.org)55, and  covers the period from 668 

1 January 2002 to 31 December 2018 from across the globe. We retained eBird checklists for 669 

analysis that were located within 1.5 km of the center of each city and were conducted using 670 

the P20, P21, P22, P23, P48, and P62 sampling protocols. We retained traveling surveys that 671 

were <1 km and area surveys that were <1 km2. We only considered observations that were 672 

identified as valid by the eBird review process, and we combined observations in grouped 673 

checklists into single checklists.  While there are documented biases within this dataset56,57, the 674 

signals are likely to be dampened in this study by including data points across a large number 675 

of globally distributed cities.    676 

Within our study a plot is defined as an individual location where a survey was conducted. 677 

Therefore, while we were unable to explicitly quantify a regional species pool for each taxon 678 

and city due to limitations of the available data, we were able to quantify the level of 679 

urbanisation in the surrounding landscape for each site and confirm that our data covered the 680 
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full range of values (See Fig. 2). Therefore, we are confident that our data include species 681 

outside the urban area and not simply species that are associated with urban environments.  682 

For each taxon, we gathered functional trait data related to body size, diet, mobility and 683 

reproductive strategy, because these traits are important for an individuals’ survival, growth 684 

and reproduction18. We deliberately included both native and introduced species as we were 685 

interested in understanding global trait responses of species, as opposed to just the functional 686 

traits related to invasion and establishment (e.g., introduced species) or persistence and 687 

extinction risk (e.g., native species). When necessary, we standardised and simplified functional 688 

traits to ensure that the data were comparable across taxa and study areas (see Supplementary 689 

Table S3 for more detailed information; see also https://sites.rutgers.edu/urbionet/).  690 

In addition, we analysed the community-level shifts in taxon-specific traits to account for the 691 

idiosyncrasies of each group (further details of these traits are given in Supplementary Table 692 

S3). We treated species data as presence/absence since abundance information was not 693 

available for all plots.  694 

 695 

Urban environment characterisation 696 

We quantified the landscape context of each plot using data from the Global Human Settlement 697 

(GHS) images analytics framework (http://ghsl.jrc.ec.europa.eu/ghs_bu_s1.php) and the Global 698 

Forest Change database58. These data estimate urban extents during 2016 and forest cover 699 

during the period 2000 to 2019, thus providing a reasonable estimate of land cover, as the time 700 

ranges overlap with that of the selected studies. We included the forest cover to provide an 701 

alternative landscape to the built urban land cover, in recognition that vegetation cover can be 702 

important in driving species distributions, yet different types of vegetation offer different 703 

potential resources and habitat. We recognise that for cities in more arid landscapes, forest may 704 

not reflect the natural vegetation communities, but we consider it to still be a useful landscape 705 
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type given the emphasis of urban forest strategies on increasing tree canopy cover. We 706 

calculated the percent cover and level of aggregation of urban and forest land cover within a 707 

radius of 100 m and 500 m centered on each plot for all taxa except birds, for which we use a 708 

1000 m radius centered on each eBird checklist. We calculated the percent urban land cover in 709 

a region as the percent cover of 30 m x 30 m cells dominated by urban features (including all 710 

built-up features) using GHS. We calculated the percent forest land cover in a region with the 711 

same method, using the Global Forest Change database. To account for landscape 712 

configuration, we calculated an aggregation index59, which is defined as the ratio of “actual 713 

shared edges” versus “maximal possible shared edges” of the 30 m x 30 m cells. Because map 714 

units do not affect the calculation, the aggregation index can be compared among classes from 715 

the same or different landscapes and even the same landscape under different buffer sizes 716 

because the map units do not affect the calculation. 717 

We included latitude and climate data in our analyses since the composition of functional traits 718 

have been shown to vary with latitude and climate60,61. Latitude was based on the geographic 719 

coordinate of the sampling plot. The main trends in climatic conditions were characterized using 720 

the 19 Bioclim variables of the CHELSA database62, which provides information about 721 

biologically relevant aspects of climate for a period ranging from 1979 to 2013. We reduced 722 

the dimensionality of this dataset to limit the number of climate variables and avoid their 723 

correlations. Specifically, we ran a PCA with 100000 randomly sampled cells. We then 724 

projected the remaining cells onto the PCA. The first four PCA axes represented the main trends 725 

in climate, that is, gradients in mean temperature (PC1), diurnal range (PC2), temperature 726 

seasonality (PC3) and precipitation seasonality (PC4). Altogether, these four axes accounted 727 

for ~89 % of the global variation in climate (see also Supplementary Table S10) and were 728 

selected for use in the subsequent analyses.  729 

 730 
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Functional composition of animal communities 731 

We assessed the functional composition of the species assemblage of each taxonomic group 732 

separately. This was done by calculating the community-level mean values of each trait in each 733 

plot for each taxon or, in the case of categorical traits, the proportion of species in each category. 734 

We also calculated 10 indices capturing complementary aspects of functional trait variation: 735 

functional dispersion, functional richness, and functional evenness (see Supplementary Notes 736 

2 for further information). Since we specifically focus on functional diversity, we selected, for 737 

each aspect, the index showing the lowest correlation to species richness across all taxonomic 738 

groups (Fig. S4 Correlations among FD facets). We retained the functional dispersion (FDis), 739 

functional richness (FRic), and functional evenness (FEve) indices calculated using the 740 

alpha.fd.multidim function in the R package “mFD”63. Functional dispersion (FDis) measures 741 

the mean distance of individual species to the centroid of all species in multidimensional trait 742 

space62. A decrease in FDis shows a lower dispersion of species in trait space. FDis captures 743 

aspects of both functional richness and functional evenness. Functional richness is the amount 744 

of functional niche space occupied by species within a community64 and was calculated using 745 

the revised FRic index63. A decrease in FRic values suggests a decrease in the amount of 746 

functional trait space occupied by a community. Functional evenness measures how evenly 747 

species are distributed within the trait space (FEve index65). A decrease in FEve shows that 748 

species are less evenly distributed in trait space compared to the maximum possible (i.e., 749 

evenness = 1).  750 

 751 

Effect of urbanisation on faunal community functional composition 752 

We analysed the global effect of urban land cover on functional community composition of 753 

each taxon while controlling for the effects of forest land cover, climatic region and latitude 754 

(see Supplementary Methods 1 for more information about the correlations among predictors). 755 
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To do so, we built various models using the random forests algorithm66. The random forest 756 

algorithm excels at extracting patterns from complex datasets and is becoming more common 757 

in ecological studies. This approach being nonparametric, the data need not come from a 758 

specific distribution (e.g., Gaussian) and can contain collinear variables67. Also, random forests 759 

can deal with model selection uncertainty because predictions are based on a consensus of many 760 

models and not just a single model selected with some measure of goodness of fit. Specifically, 761 

we used the different community functional metrics as response variables, and climate PCA 762 

axes, latitude, and the percent and aggregation of urban and forest land cover as explanatory 763 

variables. Because of the observed autocorrelation in model residuals, we added spatial 764 

covariates as explanatory variables to the models. As spatial covariates, we used positive 765 

Moran’s Eigenvector Maps of a distance matrix among sites (dbMEM)68. Relevant dbMEM 766 

were selected using a forward selection procedure based on the residuals of models computed 767 

without spatial covariates. The random forest algorithm was trained on 75 % of the data and 768 

evaluated on the remaining 25 %. Model training and parameter tuning were done using 2 769 

different cross-validation strategies: 3 time 3-fold stratified CV and 30-fold spatial CV. In 770 

stratified CV, partition is stratified according to the response variable in order to balance the 771 

class distributions within the splits (function “createDataPartition” in the R package “caret”). 772 

In spatial CV, we created 30 spatial folds for cross validation (function “CreateSpacetimeFolds” 773 

in the R package “CAST”) in order to maximise the spatial transferability of model results and 774 

avoid potential overfitting. Parameter tuning used 10 random values of the number of variables 775 

to be sampled at each split time. The best model was chosen based on RMSE, MAE, and R2 776 

measured on the trained dataset. The performances of the selected model were further evaluated 777 

on the test dataset using the same metrics. Spatial autocorrelation in model residuals was 778 

examined using Mantel correlograms (function “correlog” in the R package “vegan”). Potential 779 

overfitting was double-checked by comparing the model evaluation metrics among the train 780 
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and test sets. We retained the models based on the spatial cross-validation procedure and 781 

including spatial covariates because they showed the overall best performances and the lowest 782 

potential overfitting and spatial autocorrelation of residuals.  783 

To assess the importance of global drivers of changes in urban community functional 784 

composition, we estimated the importance of each explanatory variable using the residual sum 785 

of squares (RSS) from random forests models. This allowed us to assess the importance of 786 

urbanisation variables amid the influence of biogeographic and macroecological processes and 787 

determine which of latitude, climatic regions, and the percent and spatial aggregation of urban 788 

land cover induce stronger changes in community functional composition.  789 

To assess the changes in functional community composition metrics while limiting the 790 

influence of other descriptors, we used partial dependence plots (PDP)69,70. Partial dependence 791 

plots are especially useful for visualising the relationships discovered by complex machine 792 

learning algorithms such as random forests. PDPs help visualise the relationship between a 793 

subset of the features and the response while accounting for the average effect of the other 794 

predictors in the model (see Fig. 2). 795 

All statistical analyses were performed in R version 4.0.371.  796 

 797 

Data and code availability statement  798 

The authors declare that the data supporting the findings of this study are available within the 799 

paper and its supplementary information files. All the code used in the analyses is open source 800 

and available in various R packages. A compiled version of the full code used for analysis is 801 

provided in a repository at https://gitlab.com/urbionet/Trait_urban_syndromes.  802 
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