


1 Introduction 
 
An important problem in biogeography is the relationship 
between species pools, communities, climate and 
environments, and functional traits (e.g., Fox and Brown, 
1993; McGill et al., 2006). The interaction between 
functional traits and the environment has been well 
studied in the context of local community assembly, but 
their interactions in the formation of larger species pools 
have been much less studied (but see Zobel, 1999; Zobel 
et al., 1998 for examples). A species pool is the larger 
group of species from which local communities are 
assembled (Weiher and Keddy, 2001). Those species by 
definition must be functionally compatible with the local 
and regional environments, even if they are not all 
mutually compatible in a local community. Therefore, a 
good working definition of a species pool is that it is 
distinctive in both its species composition and in those 
functional traits that are related to the shared regional 
environment. Because species pools serve as the sources 
of species for community assembly processes (Weiher 
and Keddy, 2001), not to mention the null context for the 
statistical evaluation of community assembly problems 
(e.g., Connor and Simberloff, 1979; Gotelli, 2000; Kraft 
and Ackerly, 2010), it is important to understand their 
geographic extent and their relationship to broader 
patterns of climate, environment, and functional traits. 
 
Our primary purpose is to identify faunas that are both 
compositionally and functionally different in ways that 
correspond to environmental (specifically climatic) 
differences. We use geographic ranges, trait data, and 
climate data with clustering algorithms and Monte Carlo 
statistics to identify diagnosable faunas of North American 
mammals based on species composition and to determine 
at what spatial scale faunas are differentiated from one 
another in terms of their climate and their functional traits. 
Functional traits are the mechanisms by which species 
interact with habitat variation, so we would expect 
differences in functionally relevant features like body size, 
locomotion, and dietary preferences from one fauna to 
another unless the sorting of species into regional pools is 
purely by chance.  
 
Our secondary purpose is to test Heikinheimo et al.’s 
(2007) findings on European mammal faunas that showed 
that clusters of mammal species correspond closely with 
geographic barriers like rivers and mountains, paralleling 
the boundaries of modern nation states (presumably for 
parallel reasons). Those authors used gridded 
presence/absence records of European land mammals for 
clustering the faunas. The two independent clustering 
methods they used produced spatially coherent faunal 
clusters that were interpreted to represent larger 
metacommunities whose boundaries were influenced by 
the interaction of natural barriers (rivers and mountains) 
and climatic gradients. Similar community cluster analyses 
have been performed for North America and Africa (Polly 
2010; Linder et al. 2012). Majority of these studies have 
been done for a single continent only. The clusters in 
Heikinheimo et al. (2007) were shown to be strongly 
related to climate and were similar to an independently 
derived environmental zonation of Europe (Metzger et al., 
2005). Clusters were geographically alike for multiple 

categorisations of mammalian data, such as trophic 
groups, small or large mammals or the extinction risk 
status of the species. The results were especially 
noteworthy, as the clustering methods used did not take 
geography (spatial adjacency of grid cells) into account in 
any way yet produced spatially coherent clusters. They 
interpreted the community clusters as biologically distinct, 
metacommunity entities (species pools). The clusters 
differed significantly (p < 0.05) in pairwise ANOVA 
comparisons of their primary climate variables 
(precipitation, temperature, and annual temperature 
range) and elevation. The authors concluded that the 
community clusters, which were based only on species co-
occurrences, were associated with major physiographic 
and environmental features. Heikinheimo et al. (2012) 
later combined climate, plant and mammal datasets in 
community clustering to show that mammal and plant 
clusterings are closely linked in spatial extent. Coherent 
floristic groups (biomes) are usually associated with 
climate (temperature, temperature range, and rainfall), 
mediated by elevation differences (Holdridge, 1967; 
Whittaker, 1975), thus driving the association of mammal 
faunas with these same factors. 
 
Finally, functionally differentiated species pools provide an 
important bridge to the study of paleoecology and 
paleoenvironment. Local community composition at fossil 
sites is often poorly understood because of preservational 
biases, but regional, which are arguably equivalent to 
species pools in both space and time (c.f., Olson 1952), 
are more robustly defined because they are derived from 
the combined occurrences at many sites (Eronen et al., 
2009; Figueirido et al., 2012). As we show below, 
functional differentiation between faunas manifests itself at 
a larger spatial scale than climatic differentiation (and thus 
environmental differentiation). The existence of 
functionally differentiated faunal clusters therefore implies 
environmentally (climatically) differentiated regions, thus 
linking biogeographic analysis of the fossil record with 
paleoenvironmental reconstruction. 
 
 
2 Materials and methods 
 
Geographic ranges for mammals in North America were 
taken from Digital Distribution Maps of the Mammals of the 
Western Hemisphere, 3.0 (Patterson et al., 2003), which is 
an update of Hall (1981), and in Europe from the Atlas of 
European Mammals (Mitchell-Jones et al., 1999). 
Because the focus of this study is on terrestrial mammals, 
bats and aquatic species were excluded. Non-native 
species were also excluded, except for the raccoon dog 
(Nyctereutes), which has become established in Europe 
through recent range expansion from its native eastern 
Asia. Because of their commensalism with human 
habitation, rodents Mus and Rattus were also excluded. A 
total of 575 and 124 species were included for the two 
continents respectively.  
 
To facilitate clustering and other spatial analyses, the 
ranges of each species were point sampled using a grid of 
equidistant points spaced 50 km apart (Polly, 2010). This 
strategy avoids the common problems of latitudinal biases 
in sampling density founded in data that are gridded by 

longitudinal degrees and the problems of spatial scaling 
associated with amalgamating data contained within grid 
cells (Polly, 2010; Polly and Sarwar, 2014; Lawing et al., 
2016).  
 
Species occurrences, climate variables (Willmott and 
Legates, 1988), biomes (Bailey & Hogg, 1986; Bailey, 
1989), and elevation (Hastings and Dunbar, 1998) were 
sampled using this grid. Bailey’s ecoregions, which are 
spatially localised areas with common temperature, 
precipitation, and vegetation, were used as our biome 
categories. The ecoregions are classified hierarchically 
into domains, divisions and provinces. North America has 
four domains and 28 divisions, and Europe has three 
domains and 15 divisions. To assess the association 
between faunal clusters and biomes, the biomes occurring 
within each core cluster were tabulated as percentages of 
the total number of grid points in that cluster.  
 
For each species, functional traits of log body mass, 
locomotion, and diet were compiled. Data were from the 
National Center for Ecological Analysis and Synthesis 
(NCEAS) Workshop on Mammalian Communities (see 
Badgley et al., 2001; van Dam et al., 2001; Damuth et al., 
2002), PanTHERIA (Jones et al., 2009). We also used 
MammalBase, a compilation of species attributes and 
diets based on hundreds of published sources 
(Lintulaakso, 2013). Body mass was quantified as the 
natural log of median body mass (in grams) for each 
species from the data sources listed in Appendix S1 in the 
Supporting Information. These were categorised into 1.0 
log unit bins ranging between 0 and 14. Locomotion was 
classified into six substrate-based categories: arboreal 
(e.g., opossums and two-toed sloths); arboreal-terrestrial 
(e.g., raccoons and grey squirrels), subterranean (e.g., 
pocket gophers and moles), subterranean-terrestrial (e.g., 
ground squirrels and deer mice), terrestrial (e.g., cotton-
tailed rabbits and deer), and terrestrial-aquatic (e.g., 
beaver and otters) (Reed, 1998; Miljutin, 2009). If 
published sources disagreed, the most commonly 
reported substrate was used (Appendix S1). Dietary 
categories were assigned by K.L. into three broad 
categories, animalivorous (a combined category for 
carnivores and insectivores), frugivorous and herbivorous, 
which were subdivided into a total of 28 categories based 
on listed food resources (Appendix S1).  
 
Matrices of species distribution for both continents were 
created in which each row represented a 50 km grid point 
and each column a species with 0 or 1 for absence or 
presence. K-means clustering (Steinhaus, 1956) was 
applied to partition the occurrences into k number of 
clusters. This method chooses k random centroids; then 
each observation is assigned to the closest centroid using 
a distance metric (Euclidean in this study). Next, a new 
centroid is chosen for each cluster based on the same 
distance metric, after which each observation is assigned 
again. The procedure is repeated until none of the 
observations changes clusters or an agreed limit for 
iterations is achieved (see Heikinheimo et al., 2007; Polly 
2010). K-means clustering can find different solutions in 
successive runs of the same data, so we adopted a "core 
clusters" strategy in which points that were not 
consistently assigned to the same cluster in 10 
randomized clustering iterations were excluded, thus 
leaving a core cluster of points that is robust to randomly 

inconsistent behavior of the clustering algorithm. The 
whole core clustering procedure was repeated for k-values 
between 3 and 21.  
 
Summary statistics for each faunal cluster were 
calculated, including the total number of species (standing 
diversity), the number of endemic species (species not 
found in any other faunal cluster), and ubiquitous species 
(species that are found in every grid point of the cluster). 
Endemic and ubiquitous species define the coherency of 
the fauna such that it can be diagnosed in the real world. 
 
We used climate and functional traits to determine at 
which value of k faunas are meaningfully differentiated. 
We defined “climatic units” as those faunal clusters with 
the highest value of k for which both climate variables 
(mean annual precipitation and mean annual temperature) 
were statistically different. The faunal clusters were plotted 
in a climate space defined by mean annual temperature 
and annual precipitation (the same space that Whittaker, 
1975 used to categorise vegetative biomes) as double box 
plots (sensu Shinichiro, 2013). For clarity, only the plus 
and minus one standard deviation were plotted, leaving 
out the whiskers and outliers, clarifying to assess the 
significance of the differences between faunal clusters. 
Overlapping plots were considered as climatically similar. 
The significance of climatic differences was also tested 
using a randomisation procedure in which the observed 
variance of the faunas in the climate space was compared 
to a null distribution of variances generated by 
randomising the climate variables with respect to the 
faunal points 1,000 times. 
 
We identified functionally distinct faunas using a similar 
approach of identifying the highest value of k for which the 
species trait composition (average body mass, 
locomotion, and diet groups) were statistically different. To 
determine the significance of body mass we used another 
random permutation test with 1,000 replicates. However, 
we treated the three variables as frequency distributions 
instead of means (this is required for the two categorical 
variables). Observed differences among the faunas were 
calculated as the variance of their distributions around the 
overall distribution for the entire continent using a chi-
square distance (sum of the squared differences between 
values in each bin). The observed distance was compared 
to a null distribution of distances derived from randomising 
the trait variables with respect to the faunas. 
 
Cenograms, which are rank ordered distributions of body 
mass in a group of species (Valverde 1964; Legendre 
1986), were used to visualise gaps in body mass 
distributions among the faunal clusters. Cenograms from 
open environments have a gap in the medium-sized 
species (500–8000 g), whereas closed environments have 
a continuous distribution (Legendre 1986). A gap is 
defined to be at least two-fold difference of the body mass 
(in g). 
 
 
3 Results 
 
Number of climatically and functionally distinct faunas 
 
We found eleven faunal units in North America and five in  



Table 1. Descriptive statistics of faunal clusters. The predominant Bailey’s ecoregion domain and division are indicated of each cluster with the 
percentage of the area of the cluster that it occupies. No=cluster number in supplementary material at k=8, 11 (North America) and at k=5 
(Europe). 
 

Name and abbreviation No  Domain 
% 

Domain Division 
% 

Division 
Temperature 

(°C) ± SD 
Precipitation 

(mm) ± SD 
Elevation 

(m) 

North American functionally 
distinct clusters (k=8)          

High Arctic Canada (HC) 5  Polar 97 Tundra 78 -11.4 ± 5.2 289 ± 273 270 

Eastern Beringia (EB) 8  Polar 92 Subarctic Mountains 66 -5.3 ± 3.1 448 ± 294 837 

Northern High Canada (NC) 7  Polar 100 Subarctic 85 -5.2 ± 1.0 560 ± 168 360 

Southern Canada (SC) 1  Polar 77 Subarctic 77 0.4 ± 2.4 705 ± 242 370 

Great Basin (GB) 3  Dry 98 Temperate Desert 64 6.8 ± 2.7 336 ± 113 1782 

Eastern US (EU) 4  
Humid 
Temperate 100 Hot Continental 55 10.9 ± 1.7 1036 ± 133 287 

Northern Mexico (NM) 2  Dry 87 
Tropical/Subtropical 
Desert 58 18.2 ± 3.1 441 ± 172 1479 

Mesoamerica (MA) 6  
Humid 
Tropical 99 Savanna 31 23.8 ± 3.4 1737 ± 786 620 

          

North America climatically 
distinct clusters (k=11)          

High Arctic Canada (HC) 11  Polar 98 Tundra 74 -12 ± 6.0 299 ± 191 293 

Eastern Beringia (EB) 2  Polar 92 Subarctic Mountains 65 -5.4 ± 3.1 445 ± 296 827 

Northern High Canada (NC) 9  Polar 100 Subarctic 97 -3.7 ± 1.1 715 ± 187 348 

Southern Canada (SC) 6  Polar 87 Subarctic 87 0.3 ± 1.1 616 ± 185 417 

British Columbia (BC) 10  
Humid 
Temperate 55 

Warm Continental 
Mountains 33 1.4 ± 3.0 772 ± 451 1234 

Northern Rocky Mountains 
(NR) 1  Dry 100 Temperate Steppe 90 5.6 ± 1.7 361 ± 47 1022 

Great Basin (GB) 8  Dry 98 Temperate Desert 58 6.3 ± 3.0 355 ± 129 1790 

Eastern US (EU) 7  
Humid 
Temperate 100 Hot Continental 82 9 ± 2.0 918 ± 136 271 

Southeastern US (SU) 5  
Humid 
Temperate 99 Subtropical 69 17 ± 2.5 1294 ± 160 129 

Northern Mexico (NM) 3  Dry 87 
Tropical/Subtropical 
Desert 41 17.4 ± 3.2 478 ± 165 1262 

Mesoamerica (MA) 4  
Humid 
Tropical 100 Savanna 30 23.9 ± 3.3 1804 ± 787 576 

          

European climatically 
distinct clusters (k=5)          

Northern Scandinavia – Finland 
(NS) 3  Polar 54 Subarctic 54 1.1 ± 2.4 700 ± 282 360 

Central Europe and The Baltic 
countries (CE) 1  

Humid 
Temperate 96 Hot Continental 29 8.1 ± 2.0 678 ± 172 284 

Southern Scandinavia – UK 
(SS) 4  

Humid 
Temperate 62 Marine 46 8.2 ± 2.6 837 ± 284 171 

France (FR) 2  
Humid 
Temperate 96 Marine 45 9.7 ± 2.5 839 ± 187 463 

Mediterranean (ME) 5  
Humid 
Temperate 71 Mediterranean 36 12.4 ± 3.7 726 ± 287 426 

 
  

Europe that were statistically distinct in climate space 
(mean annual precipitation and mean annual temperature) 
(Table 1; Figs 1b, 2). We also identified eight functionally 
distinct faunas in North America based on trait differences 
in body mass and locomotion (Table 2; Fig 1a). Diet did 
not differ between faunas in North America at any spatial 
scale, nor did any of the functional traits differ among 
faunas in Europe at any spatial scale.  In North America, 
there was a close correspondence between climatic and 
functionally distinct faunas (R=0.86 for the number of 
species that were ubiquitous to both climatic and 
functional clusters, Appendix S3; and R= 0.99 for mean 
annual temperature, Table 1). 
 
In the following sections, we report on eight North 
American climatically and functionally distinct faunas, 
followed by a report on the three remaining climatic units.  
Finally, we will summarise the results of the five climatic 
units for Europe.  See Figures 1, 2 and 3, Tables 1 and 2, 
and Appendix S3 for detailed statistics about the faunas. 
 
Description of climatically and functionally distinct 
faunas in North America 
 
Eight North American community clusters differed 
statistically both in their mammalian body mass (in k=5 
and k=8, P=0.04) and locomotion (k=4 to 21, P < 0.02) 
distribution, indicating the smallest functionally distinct 
faunas at the continental scale (Fig. 1a, Appendix S3, 
Table 1). Dietary groups did not differentiate the clusters 
(k=3 to 21, P>0.20; Appendix S2). The majority of the 
faunas were composed of geographically contiguous 
points. Four functionally distinct faunas had the majority of 
their grid points within Bailey’s Polar Domain, one within 
Humid Temperate Domain, two within Dry Domain, and 
one within Humid Tropical Domain (Table 1). We have 
designated a name for each biogeographical unit based 
on their geography. Starting from the coldest unit to the 
warmest one, we describe the main findings for each of 
them. A full summary of results is in Table 1 and 2. 
 
High Arctic Canada (Cluster 5 at k=8 and Cluster 11 at 
k=11) is found dominantly in Bailey’s Tundra and Tundra 
Mountains divisions (93% of the unit’s area falls within 
these ecological divisions).  Three non-contiguous areas 
are clustered with this fauna: the Alaska Peninsula 
(Marine Mountains division), Vancouver Island (Marine 
Mountains division), and the southern coast of Cuba 
(Savanna Mountains division).  The latter is almost 
certainly an artefact caused by the absence of species 
linking Cuba to other faunal clusters, and the other two 
outliers may be as well.  It is the coldest (mean annual 
temperature -11.4 ± 5.2 °C) and driest (289 ± 273 mm 
year-1) of the faunal clusters. This cluster also has the 
largest mammals with a median body mass of 933 g. In 
the cenogram data (Appendix S5), there are gaps 
between 30,000-75,000 g, 285-750 g, and 8-18 g. 
Terrestrial (45%) and subterranean-terrestrial (35%) 
species are the primary locomotion groups. High Arctic 
Canada has no subterranean species, and the percentage 
of arboreal-terrestrial species (9%) is the lowest among 
units (Table 2). 
 
Eastern Beringia (Cluster 8 at k=8 and Cluster 2 at k=11) 
is found in the Subarctic and Subarctic Mountains 
divisions (84% of the total area). This fauna occurs at the 

highest elevation (837 ± 542 m) of the Polar Domain. This 
fauna is the only northern one with a body mass gap in the 
large mammals, 195,000-460,000 g.  There is also a gap 
between 285-750 g.  Terrestrial (46%) and subterranean-
terrestrial (33%) species are the primary locomotion 
groups, the terrestrial percentage being highest among 
the faunas. There are no subterranean species, and the 
portion of arboreal species (2%) is the lowest among the 
faunas. 
 
Northern High Canada (Cluster 7 at k=8 and Cluster 9 at 
k=11) is found in the Subarctic division (85% of its total 
area). It has the lowest standing diversity (49 species), 
none of which are endemic to it.  Body mass is also large 
in this fauna, with a median of 747 g and it has body mass 
gaps between 30,000-75,000 g and 285-750 g. Terrestrial 
(45%) and subterranean-terrestrial (31%) species are the 
major locomotion groups, the subterranean-terrestrial 
percentage being the lowest among the faunas. There are 
no subterranean species, and the portion of terrestrial-
aquatic species (8%) is the highest among units. 
 
Southern Canada (Cluster 1 at k=8 and Cluster 6 at 
k=11) straddles the Polar domain’s Subarctic division 
(77% of its total area) and the Humid Temperate domain’s 
Warm Continental division (16% of its area). Median body 
mass is 286 g. This fauna is the only one with no gaps in 
mammalian body masses. Terrestrial (38%) and 
subterranean-terrestrial (33%) species are the primary 
locomotion groups. 
 
Great Basin (Cluster 3 at k=8 and Cluster 8 at k=11) is 
found in the Temperate Desert and Mountains division of 
the Dry domain (74% of its total area). It is the second 
driest fauna (336±113 mm year-1) and has the highest 
elevation (1782 ± 603 m). This fauna has the second 
highest number of endemic species (n=56). There are 
gaps between 110,000-240,000 g and 18,000-47,000 g. 
Subterranean-terrestrial (51%) and terrestrial (22%) 
species are the most common locomotor categories in this 
fauna, the subterranean-terrestrial percentage being the 
highest and terrestrial percentage being the lowest of any. 
The percentage of subterranean species (6%) is highest 
among the faunas. 
 
Eastern US (Cluster 4 at k=8 and Cluster 7 at k=11) is 
found in the Hot Continental and Hot Continental 
Mountains divisions (71% of its total area). It is the only 
fauna that substantially occupies the Prairie division (22% 
of its area). There are gaps between 240,000-625,000 g, 
110,000-240,000 g and 30,000-75,000 g. Subterranean-
terrestrial (35%) and terrestrial (32%) species are the 
major locomotion groups. 
 
Northern Mexico (Cluster 2 at k=8 and Cluster 3 at k=11) 
is found in the Tropical/Subtropical divisions (87 % of its 
total area). This fauna and Great Basin have similar 
precipitation, elevation, number of species, and a similarly 
high number of endemic species. However, mean 
temperature differs significantly (6.8 ± 2.7 °C in Great 
Basin and 18.2 ± 3.1 °C in Northern Mexico). There are 
gaps between 240,000 - 625,000 g, 110,000 - 240,000 g, 
and 21,000 - 47,000 g. Subterranean-terrestrial (49%) and 
terrestrial (23%) species are the major locomotion groups. 
The percentage of terrestrial-aquatic species (2%) is the 
lowest of any of the faunas. 



Table 1. Descriptive statistics of faunal clusters. The predominant Bailey’s ecoregion domain and division are indicated of each cluster with the 
percentage of the area of the cluster that it occupies. No=cluster number in supplementary material at k=8, 11 (North America) and at k=5 
(Europe). 
 

Name and abbreviation No  Domain 
% 

Domain Division 
% 

Division 
Temperature 

(°C) ± SD 
Precipitation 

(mm) ± SD 
Elevation 

(m) 

North American functionally 
distinct clusters (k=8)          

High Arctic Canada (HC) 5  Polar 97 Tundra 78 -11.4 ± 5.2 289 ± 273 270 

Eastern Beringia (EB) 8  Polar 92 Subarctic Mountains 66 -5.3 ± 3.1 448 ± 294 837 

Northern High Canada (NC) 7  Polar 100 Subarctic 85 -5.2 ± 1.0 560 ± 168 360 

Southern Canada (SC) 1  Polar 77 Subarctic 77 0.4 ± 2.4 705 ± 242 370 

Great Basin (GB) 3  Dry 98 Temperate Desert 64 6.8 ± 2.7 336 ± 113 1782 

Eastern US (EU) 4  
Humid 
Temperate 100 Hot Continental 55 10.9 ± 1.7 1036 ± 133 287 

Northern Mexico (NM) 2  Dry 87 
Tropical/Subtropical 
Desert 58 18.2 ± 3.1 441 ± 172 1479 

Mesoamerica (MA) 6  
Humid 
Tropical 99 Savanna 31 23.8 ± 3.4 1737 ± 786 620 

          

North America climatically 
distinct clusters (k=11)          

High Arctic Canada (HC) 11  Polar 98 Tundra 74 -12 ± 6.0 299 ± 191 293 

Eastern Beringia (EB) 2  Polar 92 Subarctic Mountains 65 -5.4 ± 3.1 445 ± 296 827 

Northern High Canada (NC) 9  Polar 100 Subarctic 97 -3.7 ± 1.1 715 ± 187 348 

Southern Canada (SC) 6  Polar 87 Subarctic 87 0.3 ± 1.1 616 ± 185 417 

British Columbia (BC) 10  
Humid 
Temperate 55 

Warm Continental 
Mountains 33 1.4 ± 3.0 772 ± 451 1234 

Northern Rocky Mountains 
(NR) 1  Dry 100 Temperate Steppe 90 5.6 ± 1.7 361 ± 47 1022 

Great Basin (GB) 8  Dry 98 Temperate Desert 58 6.3 ± 3.0 355 ± 129 1790 

Eastern US (EU) 7  
Humid 
Temperate 100 Hot Continental 82 9 ± 2.0 918 ± 136 271 

Southeastern US (SU) 5  
Humid 
Temperate 99 Subtropical 69 17 ± 2.5 1294 ± 160 129 

Northern Mexico (NM) 3  Dry 87 
Tropical/Subtropical 
Desert 41 17.4 ± 3.2 478 ± 165 1262 

Mesoamerica (MA) 4  
Humid 
Tropical 100 Savanna 30 23.9 ± 3.3 1804 ± 787 576 

          

European climatically 
distinct clusters (k=5)          

Northern Scandinavia – Finland 
(NS) 3  Polar 54 Subarctic 54 1.1 ± 2.4 700 ± 282 360 

Central Europe and The Baltic 
countries (CE) 1  

Humid 
Temperate 96 Hot Continental 29 8.1 ± 2.0 678 ± 172 284 

Southern Scandinavia – UK 
(SS) 4  

Humid 
Temperate 62 Marine 46 8.2 ± 2.6 837 ± 284 171 

France (FR) 2  
Humid 
Temperate 96 Marine 45 9.7 ± 2.5 839 ± 187 463 

Mediterranean (ME) 5  
Humid 
Temperate 71 Mediterranean 36 12.4 ± 3.7 726 ± 287 426 

 
  

Europe that were statistically distinct in climate space 
(mean annual precipitation and mean annual temperature) 
(Table 1; Figs 1b, 2). We also identified eight functionally 
distinct faunas in North America based on trait differences 
in body mass and locomotion (Table 2; Fig 1a). Diet did 
not differ between faunas in North America at any spatial 
scale, nor did any of the functional traits differ among 
faunas in Europe at any spatial scale.  In North America, 
there was a close correspondence between climatic and 
functionally distinct faunas (R=0.86 for the number of 
species that were ubiquitous to both climatic and 
functional clusters, Appendix S3; and R= 0.99 for mean 
annual temperature, Table 1). 
 
In the following sections, we report on eight North 
American climatically and functionally distinct faunas, 
followed by a report on the three remaining climatic units.  
Finally, we will summarise the results of the five climatic 
units for Europe.  See Figures 1, 2 and 3, Tables 1 and 2, 
and Appendix S3 for detailed statistics about the faunas. 
 
Description of climatically and functionally distinct 
faunas in North America 
 
Eight North American community clusters differed 
statistically both in their mammalian body mass (in k=5 
and k=8, P=0.04) and locomotion (k=4 to 21, P < 0.02) 
distribution, indicating the smallest functionally distinct 
faunas at the continental scale (Fig. 1a, Appendix S3, 
Table 1). Dietary groups did not differentiate the clusters 
(k=3 to 21, P>0.20; Appendix S2). The majority of the 
faunas were composed of geographically contiguous 
points. Four functionally distinct faunas had the majority of 
their grid points within Bailey’s Polar Domain, one within 
Humid Temperate Domain, two within Dry Domain, and 
one within Humid Tropical Domain (Table 1). We have 
designated a name for each biogeographical unit based 
on their geography. Starting from the coldest unit to the 
warmest one, we describe the main findings for each of 
them. A full summary of results is in Table 1 and 2. 
 
High Arctic Canada (Cluster 5 at k=8 and Cluster 11 at 
k=11) is found dominantly in Bailey’s Tundra and Tundra 
Mountains divisions (93% of the unit’s area falls within 
these ecological divisions).  Three non-contiguous areas 
are clustered with this fauna: the Alaska Peninsula 
(Marine Mountains division), Vancouver Island (Marine 
Mountains division), and the southern coast of Cuba 
(Savanna Mountains division).  The latter is almost 
certainly an artefact caused by the absence of species 
linking Cuba to other faunal clusters, and the other two 
outliers may be as well.  It is the coldest (mean annual 
temperature -11.4 ± 5.2 °C) and driest (289 ± 273 mm 
year-1) of the faunal clusters. This cluster also has the 
largest mammals with a median body mass of 933 g. In 
the cenogram data (Appendix S5), there are gaps 
between 30,000-75,000 g, 285-750 g, and 8-18 g. 
Terrestrial (45%) and subterranean-terrestrial (35%) 
species are the primary locomotion groups. High Arctic 
Canada has no subterranean species, and the percentage 
of arboreal-terrestrial species (9%) is the lowest among 
units (Table 2). 
 
Eastern Beringia (Cluster 8 at k=8 and Cluster 2 at k=11) 
is found in the Subarctic and Subarctic Mountains 
divisions (84% of the total area). This fauna occurs at the 

highest elevation (837 ± 542 m) of the Polar Domain. This 
fauna is the only northern one with a body mass gap in the 
large mammals, 195,000-460,000 g.  There is also a gap 
between 285-750 g.  Terrestrial (46%) and subterranean-
terrestrial (33%) species are the primary locomotion 
groups, the terrestrial percentage being highest among 
the faunas. There are no subterranean species, and the 
portion of arboreal species (2%) is the lowest among the 
faunas. 
 
Northern High Canada (Cluster 7 at k=8 and Cluster 9 at 
k=11) is found in the Subarctic division (85% of its total 
area). It has the lowest standing diversity (49 species), 
none of which are endemic to it.  Body mass is also large 
in this fauna, with a median of 747 g and it has body mass 
gaps between 30,000-75,000 g and 285-750 g. Terrestrial 
(45%) and subterranean-terrestrial (31%) species are the 
major locomotion groups, the subterranean-terrestrial 
percentage being the lowest among the faunas. There are 
no subterranean species, and the portion of terrestrial-
aquatic species (8%) is the highest among units. 
 
Southern Canada (Cluster 1 at k=8 and Cluster 6 at 
k=11) straddles the Polar domain’s Subarctic division 
(77% of its total area) and the Humid Temperate domain’s 
Warm Continental division (16% of its area). Median body 
mass is 286 g. This fauna is the only one with no gaps in 
mammalian body masses. Terrestrial (38%) and 
subterranean-terrestrial (33%) species are the primary 
locomotion groups. 
 
Great Basin (Cluster 3 at k=8 and Cluster 8 at k=11) is 
found in the Temperate Desert and Mountains division of 
the Dry domain (74% of its total area). It is the second 
driest fauna (336±113 mm year-1) and has the highest 
elevation (1782 ± 603 m). This fauna has the second 
highest number of endemic species (n=56). There are 
gaps between 110,000-240,000 g and 18,000-47,000 g. 
Subterranean-terrestrial (51%) and terrestrial (22%) 
species are the most common locomotor categories in this 
fauna, the subterranean-terrestrial percentage being the 
highest and terrestrial percentage being the lowest of any. 
The percentage of subterranean species (6%) is highest 
among the faunas. 
 
Eastern US (Cluster 4 at k=8 and Cluster 7 at k=11) is 
found in the Hot Continental and Hot Continental 
Mountains divisions (71% of its total area). It is the only 
fauna that substantially occupies the Prairie division (22% 
of its area). There are gaps between 240,000-625,000 g, 
110,000-240,000 g and 30,000-75,000 g. Subterranean-
terrestrial (35%) and terrestrial (32%) species are the 
major locomotion groups. 
 
Northern Mexico (Cluster 2 at k=8 and Cluster 3 at k=11) 
is found in the Tropical/Subtropical divisions (87 % of its 
total area). This fauna and Great Basin have similar 
precipitation, elevation, number of species, and a similarly 
high number of endemic species. However, mean 
temperature differs significantly (6.8 ± 2.7 °C in Great 
Basin and 18.2 ± 3.1 °C in Northern Mexico). There are 
gaps between 240,000 - 625,000 g, 110,000 - 240,000 g, 
and 21,000 - 47,000 g. Subterranean-terrestrial (49%) and 
terrestrial (23%) species are the major locomotion groups. 
The percentage of terrestrial-aquatic species (2%) is the 
lowest of any of the faunas. 



 
Table 2. Summary of eight functionally distinct North American faunal clusters. (No=cluster number in supplementary material at k=8; n=total 
number of species; E=number of endemic species (species not found in any other faunal cluster); U=number of ubiquitous species (species that 
are found in every grid point of the cluster); A=arboreal; AT=arboreal–terrestrial; S=subterranean; ST=subterranean–terrestrial; T= terrestrial; 
TA=terrestrial–aquatic; SD=standard deviation). 
 

Cluster   
 
Species Locomotor groups (%)  Body mass (g)  body mass categories (%) 

Name and abbreviation No  n  E U  A AT S ST T TA  mean SD median  < 500 500 – 8000 > 8000 

High Arctic Canada (HC) 5  58 8 0  6.9 8.6 0.0 34.5 44.8 5.2  25222 77201 933  43.1 32.8 24.1 

Eastern Beringia (EB) 8  57 2 10  1.8 12.3 0.0 33.3 45.6 7.0  24038 68951 286  50.9 22.8 26.3 

Northern High Canada (NC) 7  49 0 5  2.0 14.3 0.0 30.6 44.9 8.2  41161 118484 747  49.0 24.5 26.5 

Southern Canada (SC) 1  81 1 5  3.7 14.8 4.9 33.3 38.3 4.9  27962 92261 286  53.1 25.9 21.0 

Great Basin (GB) 3  150 56 8  2.0 15.3 6.0 51.3 22.0 3.3  12904 67009 183  65.3 25.3 9.3 

Eastern US (EU) 4  78 11 11  5.1 15.4 5.1 34.6 32.1 7.7  15355 75921 156  60.3 29.5 10.3 

Northern Mexico (NM) 2  140 33 8  2.9 17.9 5.0 49.3 22.9 2.1  11144 58256 122  67.9 22.9 9.3 

Mesoamerica (MA) 6  248 175 4  11.7 21.8 4.8 35.5 23.0 3.2  3584 20603 73  72.6 22.6 4.8 

 
 
Mesoamerica (Cluster 6 at k=8 and Cluster 4 at k=11) is 
found in the Humid Tropical domain (99 % of the units grid 
points). It is the warmest and wettest fauna (23.8±3.4 °C; 
1737 ± 786 mm) and has the greatest number of species 
(248) and endemics (175). Median body mass is smaller 
than any other fauna (73 g). There is a gap between 
84,000 - 295,000 g. Subterranean-terrestrial (36% of the 
community composition) and terrestrial (23%) species are 
the most common locomotor types, and arboreal species 
are more common than in any other fauna (22%). 
 
Description of climatically distinct faunas that are not 
functionally distinct  
 
British Columbia (Cluster 10 at k=11) has 95% of its area 
spread over four mountain divisions: Subarctic, Marine, 
Warm Continental, and Temperate Steppe Mountains. 
Mean annual temperature is 1.4±3.0 °C, and annual 
precipitation is 772±451 mm per year. 
 
Northern Rocky Mountains (Cluster 1 at k=11) is located 
in the Temperate Steppe division (90% of its total area), 
has a mean annual temperature of 5.6±1.7 °C, and an 
annual precipitation of 361±47 mm per year. 
 
Southeastern US (Cluster 5 at k=11) is located in the 
Subtropical division (70% of its total area), has a mean 
annual temperature of 17.0±2.5 °C, and an annual 
precipitation of 1294±160 mm per year. 
 
Description of European climatically distinct clusters  
 
Northern Scandinavia – Finland (Cluster 3 at k=5), is the 
only climatically distinct fauna found primarily in the Polar 
domain (Subarctic division, 54% of the total area). It is the 
coldest European fauna (1.1±2.4 °C, Table 1) and has the 
fewest species (62, Appendix S4). 
 
The remaining climatically distinct European faunas 
belong to the Humid Temperate domain. Three of these 
form a stepwise temperature-precipitation continuum: 
Central Europe and The Baltic countries (Cluster 1 at 
k=5) has similar mean annual temperature as Southern 
Scandinavia – UK (Cluster 4 at k=5; 8.1 ± 2.0 °C, 8.2 ± 
2.6 °C, respectively). However, Central Europe and The 

Baltic countries have a lower mean annual precipitation 
than the Southern Scandinavia – UK (678 ± 172 mm 
year-1, 837 ± 284 mm year-1, respectively). France 
(Cluster 2 at k=5) has mean annual precipitation similar to 
the Southern Scandinavia – UK (839 ± 187 mm year-1) 
but a higher mean annual temperature (9.7 ± 2.5 °C). 
These three climatic units have quite similar numbers of 
species (between 83 to 87, Appendix S4) with few 
endemics (0 to 2, Appendix S4). Southern Scandinavia – 
UK and France are found in the Marine division (46% and 
45% of their total areas), while the Central Europe and 
The Baltic countries are found in the Hot and Warm 
Continental division (29% of the total area). 
Mediterranean (Cluster 5 at k=5) belongs to the 
Mediterranean domain. It has the highest mean 
temperature of 12.4 ± 3.7 °C and the highest number of 
species (111), of which ten are endemic. This unit also 
includes Ireland, which in Bailey’s system belongs to 
Marine division. The European areas which were never 
clustered (k=3 to 21) were Iceland and the Faroe Islands 
(Icecap and Tundra Divisions in Bailey’s system, Appendix 
S4). 
 
 
4 Discussion 
 
Why are European faunas not differentiated by 
functional traits? 
 
One of the most intriguing results is the lack of trait 
differentiation among European faunas.  European faunas 
are climatically differentiated at a similar spatial scale as 
North America.  North America has more climatically 
differentiated faunas (k=11) than Europe (k=5), but that 
can be explained by the difference in continental size 
because the average area of the faunas is, in fact, 
statistically equal (ANOVA F(1,14)=0.51, p < 0.49).  
Therefore, one might expect as much trait differentiation in 
Europe as in North America albeit spread over fewer 
clusters. 
 
Europe’s narrower climate range probably explains why its 
faunas do not show statistically significant differentiation in 
body mass.  Despite climatic differentiation at similar  

 
 
Figure 1. North American mammal community clusters based on k-means clustered species. (a) Functionally distinct faunas defined by North 
American community clusters at k=8. Each fauna differs statistically in body mass, locomotion, and climate (HC, High Arctic Canada; EB, Eastern 
Beringia; NC, Northern High Canada; SC, Southern Canada; EU, Eastern US; GB, Great Basin; NM, Northern Mexico; MA, Mesoamerica.). (b) 
Climatic units defined by North American community clusters at k=11. Each unit differs statistically by mean annual precipitation and mean annual 
temperature. (HC, High Arctic Canada; EB, Eastern Beringia; NC, Northern High Canada; BC, British Columbia; SC, Southern Canada; NR, 
Northern Rocky Mountains; EU, Eastern US; GB, Great Basin; SU, Southeastern US; NM, Northern Mexico; MA, Mesoamerica). 
 
spatial scales, North American faunas are dispersed more 
widely in climate space (Fig. 3).  North America has a 
wider range of mean annual temperature (-26°C to 29°C) 
and annual precipitation (54mm to 4860mm) and fills a 
larger climate space than Europe (-9.7°C to 18.2°C, 
242mm to 2331mm). The only three North American 
faunas that overlap climatically with European ones are 
the Eastern US, which overlaps with France and 
Southern Scandinavia–UK, and Southern Canada and 
British Columbia, which overlaps with Northern 
Scandinavia–Finland.  The remaining eight North 
American faunas lie outside the climatic boundaries of the 
European faunas, forming three unique groups: warm and 
moist, dry, and cold.  The greater climate gradient of North 
America may be necessary to sort species into faunas 
based on body mass.  Added to the reduced climate 
range, the smaller number of species in Europe reduces 
statistical power to detect body mass differences.  
 
Similarly, a narrower range of habitats in Europe probably 
does not facilitate locomotor sorting among the faunas. 
The range of environments in North America is greater, 
with 28 ecoregions compared to only 15 in Europe (Bailey 
and Hogg, 1986).  Tropical, desert, and basin and range 
environments are missing entirely from Europe.  The 
dispersion of North American faunas in climate space is 
also greater in North America, suggesting that even 
though the climatic differences in the European faunas are 
statistically significant, they are smaller (Fig. 3). Therefore, 
the strong sorting effects imposed by extremely different 
North American habitats like dense tropical forests, open 

desert and scrubland, grasslands, and large expanses of 
taiga may be absent in Europe, thus explaining the lack of 
locomotor diversification among faunas in the latter. 
 
 

 
Figure 2. Climatically distinct European faunal clusters at k=5. 
Each unit differs statistically by mean annual precipitation and 
mean annual temperature. (NS, Northern Scandinavia – Finland; 
SS, Southern Scandinavia – UK; CE, Central Europe and The 
Baltic countries; FR, France; ME, Mediterranean). 
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