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Abstract

Aim: We use cluster analysis to delimit climatically and functionally distinct mam-

malian faunal clusters. These entities form regional species pools and are relevant to

community assembly processes. Similar clusters can be differentiated in the fossil

record, offering the potential for use as palaeoenvironmental proxies.

Location: North America within W178°, W14°, N83°, N7° and Europe within

W32°, E35°, N80°, N35°.

Major taxa studied: 575 and 124 land mammal species from North America and

Europe.

Methods: K‐means clustering was used to subdivide North America and Europe into

distinct faunas ranging in number from 3 (largest scale) to 21 (smallest scale). Each

set of faunas was tested for significant differences in climate (mean annual precipi-

tation, mean annual temperature) and functional traits (body mass, locomotion and

diet).

Results: In North America, climatic differentiation exists at the scale where mam-

mals are divided into 11 or fewer distinct faunas and, in Europe, at the scale where

there are five or fewer faunas. Functional trait differentiation in body mass occurs

at a larger spatial scale in North America (8 distinct faunas), but locomotor differen-

tiation is present at all spatial scales, and dietary differentiation is not present at

any scale. No significant differentiation in any functional trait at any scale was found

in Europe.

Main conclusions: Faunal clusters can be constructed at any spatial scale, but clus-

ters are climatically and functionally meaningful only at larger scales. Climatic (and

environmental) differences and their associated functional trait specialisations are

likely to be barriers to large‐scale mixing. We argue, therefore, that functionally and

climatically distinct faunal clusters are the entities that form regional species pools

for community assembly processes. In North America, there are eight such mammal

pools, but only one in Europe. Since the functional traits in our study are observable

in the fossil record, functional trait analysis can potentially be used to diagnose cli-

matically distinct regions in the past.
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1 | INTRODUCTION

An important problem in biogeography is the relationship between

communities, species pools, functional traits and climate and envi-

ronments (e.g., Fox & Brown, 1993; McGill, Enquist, Weiher, & Wes-

toby, 2006). The interaction between functional traits and the

environment in local community assembly has been well studied, but

its role in creating larger species pools has not (but see Zobel, 1999;

Zobel, van der Maarel, & Dupré, 1998 for examples). A species pool

is a regional group of species from which local communities are

assembled (Weiher & Keddy, 2001). The species in the pool must be

functionally compatible with both local and regional environments,

even if they are not all ecologically compatible in the same local

community. One can, therefore, define a species pool as a group of

species with distinct functional traits occupying a distinct regional

environment. Because species pools are the source for community

assembly processes (Weiher & Keddy, 2001), not to mention the null

context for the statistical evaluation of community assembly prob-

lems (e.g., Connor & Simberloff, 1979; Gotelli, 2000), it is essential

to understand their geographic extent and their relationship to cli-

mate, environment and functional traits.

Our primary purpose is to determine whether any such pools

exist by identifying faunas that are compositionally, functionally and

environmentally (specifically climatic) distinct. We analysed geo-

graphic range, trait and climate data with clustering algorithms

assessed with Monte Carlo statistics to identify diagnosable faunas

of mammals and to determine at what spatial scale they are differen-

tiated with regard to climate and functional traits. Functional traits

are the mechanisms by which species interact with habitats, so we

expect traits like body size, locomotion and dietary preferences to

differ between regional species pools unless the sorting of species

into regional pools is purely by chance.

Our secondary purpose is to test Heikinheimo, Fortelius, Eronen,

and Mannila's (2007) finding that boundaries between clusters of

European mammal species correspond to geographic barriers. Those

authors used gridded presence/absence records of land mammals to

identify spatially coherent faunal clusters that they interpreted as

metacommunities whose boundaries were influenced by the interac-

tion of natural barriers and climatic gradients. The clusters in Heikin-

heimo et al. (2007) were strongly correlated with an independent

environmental zonation based on climate (Metzger, Bunce, Jongman,

Mücher, & Watkins, 2005). Their clusters were geographically alike

in trophic structure, body mass and risk status. Their results were

especially noteworthy because their clustering methods did not take

spatial adjacency into account yet produced spatially coherent clus-

ters. The clusters differed significantly (p < 0.05) in pairwise ANOVA

comparisons of precipitation, temperature, annual temperature range

and elevation. The authors concluded that the clusters represent

metacommunities whose ranges were influenced by climatic barriers

that correspond with physiographic features. Heikinheimo et al.

(2012) later combined climate, plant and mammal data to show that

clusters of these two groups are spatially linked. Coherent floristic

groups (biomes) are usually associated with climate (temperature,

temperature range and rainfall), mediated by elevation differences

(Holdridge, 1967; Whittaker, 1975), leading them to conclude that

vegetation drives the assembly of mammalian metacommunities.

Finally, functionally differentiated species pools provide a bridge

to palaeoecology and palaeoenvironment. Preservational biases make

community composition at local fossil sites incomplete, but regional

faunas can be usually be robustly defined because they are derived

from occurrences at many sites (Eronen et al., 2009). Such regional

fossil faunas can often be recognised through time as so‐called
chronofaunas (cf., Olson, 1952), and thus provide the opportunity

for studying large‐scale assembly dynamics of species pools. As we

show below, functional differentiation manifests itself at larger spa-

tial scales than climatic differentiation (and environmental differenti-

ation); therefore, functional differentiation in fossil faunas should be

a reasonable proxy for palaeoenvironmental differentiation.

2 | MATERIALS AND METHODS

Geographic ranges were from Digital Distribution Maps of the Mam-

mals of the Western Hemisphere, 3.0 (Patterson et al., 2003), an

update of Hall (1981), and from the Atlas of European Mammals

(Mitchell‐Jones et al., 1999), the same data source that Heikinheimo

et al. (2007) used. Because our focus is on terrestrial faunas, bats

and aquatic species were excluded. Non‐native species were also

excluded, except for the racoon dog (Nyctereutes) because it was not

introduced but expanded into Europe from Asia. Because of their

commensalism with humans, 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 spatial analysis, ranges were resam-

pled using a grid of equidistant points spaced 50 km apart (Polly,

2010). This strategy avoids problems of latitudinal biases in sampling

density associated with gridding by latitude and longitudinal degrees

and problems of spatial scaling associated with amalgamating data

contained within grid cells (Lawing, Eronen, Blois, Graham, & Polly,

2016; Polly, 2010; Polly & Sarwar, 2014).

Species occurrences, climate variables (Willmott & Legates,

1988), ecoregions (Bailey, 1989; Bailey & Hogg, 1986) and elevation

(Hastings & Dunbar, 1998) were sampled using the same grid. Ecore-

gions are a type of biome categorisation defined as spatially localised

areas with common temperature, precipitation and vegetation that

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 distribution of biomes in each cluster

was tabulated as frequencies of its total number of grid points.

Functional traits of log body mass, locomotion and diet were

compiled for each species from PanTHERIA (Jones et al., 2009) and

MammalBase, a compilation of species attributes and diets based on

hundreds of published sources (Lintulaakso, 2013). Because regional
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pools contain a heterogeneous mix of species, we characterised the

functional traits within each cluster as frequency distributions

instead of as simple means and variances. The distribution of body

size within a cluster was quantified as a histogram of the natural log

of median body mass (in grams) (see Appendix S1 for sources)

arranged in 1.0 log unit bins. Locomotion frequency was based on

six substrate categories: arboreal (e.g., opossums and two‐toed
sloths); arboreal‐terrestrial (e.g., raccoons and grey squirrels), subter-

ranean (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) (Miljutin,

2009; Reed, 1998). When published sources disagreed on the sub-

strate, the most commonly reported one was used (Appendix S1).

Dietary frequencies were based on three broad specialisations, ani-

malivorous (a combined category for carnivores and insectivores),

frugivorous and herbivorous subdivided into 28 sub‐categories based

on specific food resources (Appendix S1).

To identify clusters, species occurrence matrices were built

where rows represented 50 km grid points and columns were spe-

cies (1 for presence, 0 for absence. K‐means clustering [Steinhaus,

1956]) was then applied. This method builds clusters by choosing k

random centroids then assigning each point (row) to its nearest cen-

troid using Euclidean distance. A new centroid is then chosen from

each resulting cluster, and each point is assigned again. The proce-

dure is repeated until the clusters stabilise or an iteration limit is

reached (see Heikinheimo et al., 2007). K‐means clustering can arrive

at different solutions in successive runs of the same data, so we

adopted a “core clusters” strategy in which points that were not con-

sistently assigned to the same cluster in 10 randomised clustering

iterations were excluded. The whole core clustering procedure was

repeated for k‐values between 3 and 21.

Summary statistics for each faunal cluster were calculated: area

(number of grid points in the cluster × 250 km2), number of species

(standing diversity), number of endemic species (those not found in

other faunal clusters) and ubiquitous species (those found in every

grid point in the cluster). Endemic and ubiquitous species define the

fauna's coherency such that it can be diagnosed in the real world.

We used climate and functional traits to determine at which

value of k faunas become meaningfully differentiated. We defined

“climatic units” as clusters with the highest value of k at which

annual precipitation and mean annual temperature were statistically

different (Appendix S2). An iterative bootstrap procedure was used

to test for significance. Precipitation was logged, and both it and

mean annual temperature were standardised to a mean of zero and

variance of one. For each set of k clusters, bivariate pairwise dis-

tances between cluster means were calculated (Euclidean distance

based on precipitation and temperature). Significance was tested by

randomly resampling new clusters from the pooled climate data and

calculating the pairwise distances between them for 1,000 iterations.

The probability (p) that the real clusters are more climatically distinct

than expected by chance was estimated from the proportion of ran-

dom distances that were greater than or equal to the observed pair-

wise distance. The largest set of k clusters in which all clusters were

significantly distinct was selected to represent the “climatic units” of

this analysis (Appendix S2). To visualise climatic differences, faunal

clusters were plotted in Whittaker's (1975) biome space (axes are

annual precipitation and mean annual temperature) with whisker

plots to show their range.

We also used bootstrapping to find the highest value of k for which

the species trait composition (average body mass, locomotion and diet

groups) were statistically different. Here the relevant question is

whether the distribution of functional traits differs between clusters, so

we measured the distances between the frequency distributions (his-

tograms) for each of the three traits for each cluster using a chi‐squared
distance (sum of the squared differences between values in each bin).

p‐values were estimated by comparing the observed distances between

clusters to a null distribution of distances derived from 1,000 iterations

of randomising trait variables with respect to species.

All calculations were performed in Mathematica© (Wolfram Inc.,

2018).

Cenograms, which are rank ordered distributions of body mass in

a group of species (Legendre, 1986; Valverde, 1964), 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 (500–8,000 g), whereas closed environments have a continu-

ous distribution (Legendre, 1986). A gap is defined to be at least

twofold difference of the body mass (in g).

3 | RESULTS

3.1 | Number of climatically and functionally
distinct faunas

We found 11 faunal units in North America and five in Europe that

were statistically distinct in climate (annual precipitation and mean

annual temperature) (Table 1; Figures 1b and 2). We also identified

eight functionally distinct faunas in North America based on trait differ-

ences in body mass and locomotion (Table 2; Figure 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 cli-

matic and functionally distinct faunas (R = 0.86 for the number of spe-

cies that were ubiquitous to both climatic and functional clusters,

Appendix S4; and R = 0.99 for mean annual temperature, Table 1).

3.2 | Climatically and functionally distinct faunas in
North America

North American clusters differed statistically in body mass (in k = 5

and k = 8, p = 0.04) and locomotion (k = 4–21, p < 0.02) at the level

of eight clusters, making them the smallest functionally distinct fau-

nas at the continental scale (Figure 1a, Appendix S4, Table 1). Diet

was not statistically different at any level (k = 3–21, p > 0.20;

Appendix S3). Starting from the coldest unit to the warmest one, we

describe the main findings for each cluster, which is named based on

its location (Tables 1 and 2).
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High Arctic Canada (Cluster 5 at k = 8 and Cluster 11 at k = 11)

is found dominantly in Bailey's Tundra and Tundra Mountains divi-

sions (93% of the unit's area falls within these ecological divisions).

The fauna is composed of three non‐contiguous areas: the Alaska

Peninsula (Marine Mountains division), Vancouver Island (Marine

Mountains division) and the southern coast of Cuba (Savanna Moun-

tains division). The last is a spurious association arising from

absences of species in two faunally different but depauperate areas.

It is the coldest (mean annual temperature −11.4 ± 5.2°C) and driest

(289 ± 273 mm/year) of the faunal clusters, and the one with the lar-

gest mammals (median mass = 933 g). Gaps occur in the cenograms

(Appendix S6) between 30,000–75,000, 285–750 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 fewest arboreal‐terrestrial species (9%) (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 its

total area), occurring at the highest elevation (837 ± 542 m) of the

Polar Domain. It is the only northern fauna with a body mass gap in

large mammals, 195,000–460,000 g, and it has another gap between

285–750 g. Terrestrial (46%) and subterranean‐terrestrial (33%) spe-

cies are the primary locomotion groups, the terrestrial percentage

being highest of all. There are no subterranean species, and the por-

tion of arboreal species (2%) is the lowest among 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 1,782

Eastern US (EU) 4 Humid Temperate 100 Hot Continental 55 10.9 ± 1.7 1,036 ± 133 287

Northern Mexico (NM) 2 Dry 87 Tropical/Subtropical
Desert

58 18.2 ± 3.1 441 ± 172 1,479

Mesoamerica (MA) 6 Humid Tropical 99 Savanna 31 23.8 ± 3.4 1,737 ± 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 1,234

Northern Rocky

Mountains (NR)

1 Dry 100 Temperate Steppe 90 5.6 ± 1.7 361 ± 47 1,022

Great Basin (GB) 8 Dry 98 Temperate Desert 58 6.3 ± 3.0 355 ± 129 1,790

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 1,294 ± 160 129

Northern Mexico (NM) 3 Dry 87 Tropical/Subtropical
Desert

41 17.4 ± 3.2 478 ± 165 1,262

Mesoamerica (MA) 4 Humid Tropical 100 Savanna 30 23.9 ± 3.3 1,804 ± 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
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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 spe-

cies, 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 sub-

terranean‐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) and has the highest elevation (1,782 ± 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. Subter-

ranean‐terrestrial (51%) and terrestrial (22%) species are the most

common locomotor categories in this fauna, the subterranean‐terres-
trial 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–

(a) (b)

F IGURE 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)
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47,000 g. Subterranean‐terrestrial (49%) and terrestrial (23%) species

are the major locomotion groups. The percentage of terrestrial‐aqua-
tic species (2%) is the lowest of any of the faunas.

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; 1,737 ± 786 mm) and has

the highest 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%).

3.3 | North American 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 an annual precipitation is 772 ± 451 mm/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/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 1,294 ± 160 mm/year.

3.4 | European climatically distinct clusters

Northern Scandinavia—Finland (Cluster 3 at k = 5), is the only climati-

cally 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 S5).

The remaining climatically distinct European faunas belong to the

Humid Temperate domain. Three of these form a stepwise tempera-

ture‐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 respec-

tively). However, Central Europe and The Baltic countries have a

lower mean annual precipitation than the Southern Scandinavia—UK

(678 ± 172, 837 ± 284 mm/year, respectively). France (Cluster 2 at

k = 5) has mean annual precipitation similar to the Southern Scandi-

navia—UK (839 ± 187 mm/year) but a higher mean annual tempera-

ture (9.7 ± 2.5°C). These three climatic units have quite similar

numbers of species (between 83 and 87, Appendix S5) with few

endemics (0–2, Appendix S5). Southern Scandinavia—UK and France

are found in the Marine division (46% and 45% of their total areas),

F IGURE 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)

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
No

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

Name and abbreviation n E U A AT S ST T TA Mean SD Median <500 500–8,000 >8,000

High Arctic Canada (HC) 5 58 8 0 6.9 8.6 0.0 34.5 44.8 5.2 25,222 77,201 933 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 24,038 68,951 286 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 41,161 118,484 747 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 27,962 92,261 286 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 12,904 67,009 183 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 15,355 75,921 156 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 11,144 58,256 122 67.9 22.9 9.3

Mesoamerica (MA) 6 248 175 4 11.7 21.8 4.8 35.5 23.0 3.2 3,584 20,603 73 72.6 22.6 4.8
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while the Central Europe and The Baltic countries are found in the

Hot and Warm Continental division (29% of the total area). Mediter-

ranean (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 = 3–21) were Ice-

land and the Faroe Islands (Icecap and Tundra Divisions in Bailey's

system, Appendix S5).

4 | DISCUSSION

4.1 | Why are European faunas not differentiated
by functional traits?

One of our most intriguing results is the lack of trait differentia-

tion among European faunas. European faunas are climatically dif-

ferentiated at a similar spatial scale as North America. While

North America has more climatically differentiated faunas (k = 11)

than Europe (k = 5), that is due to continental size because the

average size of the faunas is 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.

However, even though faunas on both continents are statisti-

cally distinct in climate, Europe has a narrower climate range,

which may explain why there is significant differentiation in body

mass (Figure 3). North America has a broader range of mean

annual temperature (−26 to 29°C) and annual precipitation (54–
4,860 mm) and fills a larger climate space than Europe (−9.7 to

18.2°C, 242–2,331 mm). The only three North American faunas

that overlap climatically with European ones are the Eastern US

(overlaps with France and Southern Scandinavia–UK) and Southern

Canada and British Columbia (overlaps with Northern Scandinavia–
Finland). The remaining eight North American faunas lie outside

Europe's climatic boundaries, forming three unique groups: warm

and moist, dry, and cold. Similarly, the narrower range of European

vegetative habitats may not facilitate locomotor sorting (North

America, 28 ecoregions; Europe 15). Tropical, desert, and basin

and range environments are missing entirely from Europe. There-

fore, the breadth of North American environments, which includes

dense tropical forests and grasslands that are absent in Europe,

may exert stronger trait‐based sorting effects while simultaneously

the smaller number of species in Europe reduces statistical power

to detect differences.

Another factor that may impact trait differentiation in European

faunas is the long‐term impact of humans, who have occupied Eur-

ope for more than 780 kyr (e.g., Ashton et al., 2014). In North Amer-

ica, human occupation is probably <25 kyr (e.g., Bourgeon, Burke, &

Higham, 2017). Hunting and landscape change can affect trait com-

position, as shown for locomotor traits in carnivores (Polly & Head,

2015). Further research is needed, however.

Heikinheimo et al. (2007, 2012) argued that major physiographic

features, such as rivers and mountains, defined the faunal clusters

that they identified. However, their clusters were on a small spatial

scale (k = 12) than the climatically distinct ones that we recovered

(k = 5). That scale transposed into North America would be approxi-

mately k = 21, which would be consistent with physical barriers of

the same type in North America (cf., the 28 ecoregions in North

America).
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4.2 | Regional species pools and the hierarchy of
faunal sorting in North America

As defined above, regional species pools are groups of species that

inhabit large areas of similar climate and physiography and have

potential to coexist in local communities (Zobel, 1999). Characteris-

tics of a species pool are that the species cohabit the same region,

are capable of reaching local habitats and have a pool of compatible

traits that allow coexistence within the physical and biotic context

of local communities (Zobel, 1999; Zobel et al., 1998). The clusters

we identified have these properties.

Interestingly, however, climate, ecoregion and functional traits are

differentiated in a hierarchy of spatial scales (Figure 4). Locomotor cat-

egories differ at small spatial scales in North America, similar to the

physiographic scale of ecoregions. In fact, locomotor differences

appear to form a hierarchy that creates significant differences

between faunas at small scales from k = 21 to large scales at k = 4.

So too with ecoregion. Bailey's ecoregions are classified in a hierarchy

based successively on vegetation at the small scale (e.g., dry steppes)

and climate at the large scale (e.g. polar). At k = 21, faunas are divided

into patches of similar size to the ecoregion divisions (Appendix S4).

At k = 5, faunas correspond almost precisely to ecoregion climatic

domains (Appendix S4: cluster 1 = humid tropical domain, cluster

2 = humid temperate domain, cluster 3 = dry domain, and clusters

4 + 5 = polar domain). This hierarchy suggests that the distribution of

locomotor types is loosely structured by climate and at more specific

levels by vegetation and physiography (echoing similar findings by

Polly, Fuentes‐Gonzales, Lawing, Bormet, & Dundas, 2017 for North

American Carnivora).

Body mass differed at a comparatively large spatial scale (k = 8).

The proportion of large (>8,000 g) species varied substantially

between faunas at this level, making up only 5% of the fauna in the

Mesoamerica and more than 24% in High Arctic Canada, Eastern

Beringia and Northern High Canada (Table 2). Median body mass of

the cluster varied in parallel from 73 g in the southern fauna, 123–
183 g in the central faunas, and 286–933 g in the northern faunas.

Cenograms showed that gaps in large body mass (20,000–75,000,
110,000–240,000 and 240,000–625,000 g) were found primarily in

the mid‐latitude and southern faunas. All northern community clus-

ters have a gap at 500 g, which is consistent with open environ-

ments (Legendre, 1986). These patterns generally parallel

Bergmann's rule (Blackburn & Hawkins, 2004; Meiri & Dayan, 2003)

and latitudinal and altitudinal biodiversity gradients (cf., Badgley &

Fox, 2000; Brown, 2001; Hillebrand, 2004).

Faunas were climatically differentiated at an intermediate spatial

scale of k = 11 (Figure 1b). We purposefully limited our considera-

tion of climate to mean annual temperature and annual precipitation

because of the link between these variables and vegetative biomes

(Whittaker, 1975). Our variables do not capture all factors that influ-

ence mammalian diversity, such as seasonal temperature extremes,

evapotranspiration or elevation, which may differentiate faunas at

smaller spatial scales (Badgley & Fox, 2000).

Diet did not differentiate faunas at any scale. This lack of differ-

entiation may be because the dietary categories were too fine (Lin-

tulaakso & Kovarovic, 2016), but is more likely because all types of

diet are likely to be mixed local communities whereas body mass

and locomotor specialisations have a functional relationship to cli-

mate or landscape conditions that vary geographically.

These findings suggest a hierarchy of processes involved in the

formation of regional species pools and local community assembly

(Figure 4). If we define regional species pools as those faunas that

are differentiated by climatic conditions, which is only one aspect of

Zobel's (1999) definition, then we find that functional locomotor

traits associated with mobility and thus the ability to colonise local

communities are differentiated at a smaller scale that is subequal to

physiographic differences. However, body mass, which is associated

more with temperature and openness of habitat, is differentiated at

a larger scale. These results imply a series of hierarchical filters oper-

ating across the breadth of the North American continent. The lack

of body mass differentiation in Europe is consistent with this

hypothesis because the scale of climatic differentiation is less there.

However, the absence of locomotor differentiation among European

faunas is puzzling since in North America that differentiation is

found at almost all scales.

4.3 | Implications for interpreting palaeontological
faunas

Recovering entire local communities is notoriously problematic in

palaeontology because of taphonomic filters and biases (e.g., Kidwell

& Flessa, 1995; Kowalewski & Bambach, 2008). However, delimiting

regional faunas, especially ones that persist through time as chrono-

faunas, is arguably a more reliable enterprise in the fossil record than

in the extant world because of the same spatial and time averaging

affects that help mask local community compositions (e.g., Eronen et

al., 2009; Woodburne, 1987).

The hierarchical distribution of faunas, climate and functional

traits provide a framework for interpreting palaeontological faunas in
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terms of climate. If our North American results are typical, clustering

based on a combination of species occurrences, body size and loco-

motor traits should correspond climatic and environmental differenti-

ation. Spatial or temporal turnover in those faunas should, therefore,

indicate climatic and environmental turnover, a hypothesis that has

been borne out in the fossil record in several studies (e.g., Eronen et

al., 2009; Fortelius et al., 2002; Polly & Head, 2015). This hypothesis

is not necessarily contradicted by lack of functional differentiation in

European faunas since they are climatically distinct; however, the

lack of functional differentiation suggests caution in interpreting

palaeontological faunas based on taxonomic similarity alone.

Our results suggest that the frequency of locomotor types may

be a guide to palaeoenvironmental interpretation. Purely terrestrial

locomotion dominates the northern faunas (38%–46% of the fauna),

while subterranean‐terrestrial species dominate the mid‐latitude and

southern faunas (35%–51%). The northern faunas of Northern High

Canada, High Arctic Canada, and Eastern Beringia lack subterranean

species entirely, perhaps because of permafrost conditions (Brown,

Ferrians, Heginbottom, & Melnikov, 1997). Subterranean species are

found in the Southern Canada fauna, and even more frequently in

the Great Basin and Northern Mexico faunas, that have varied soils

associated with high topographic relief and variable conditions, both

diurnally and seasonally. This combination of conditions may favour

subterranean and subterranean‐terrestrial species that look for shel-

ter and food storage underground. Mesoamerica, with its tropical

and subtropical forests, has a high proportion of arboreal and arbo-

real‐terrestrial species (12% and 22% respectively). Arboreality is

generally associated with dense tree cover, while arboreal‐terrestrial
species are associated with savanna and woodland environments

(Lintulaakso & Kovarovic, 2016; Reed, 1998).

Our results confirm previous studies that showed that standing

diversity and body size distributions are related to climate and could

thus be useful for palaeoclimatic reconstruction (e.g., Badgley & Fox,

2000; Legendre, 1986; Rosenzweig, 1995). Cold regions (mean

annual temperatures <−5°C) have fewer mammals (between 49 to

58 species), with a comparatively large proportion of >8,000 g

(>24%) but fewer of <500 g (<51%). Wetter and milder regions

(700–1,050 mm/year; 0–11°C MAT) have a moderate number of spe-

cies (≈80) with large species making up between 10%–21% of the

fauna and small species between 53%–61%. Dry areas with low pre-

cipitation, moderate temperatures and high elevations (300–500 mm/

year; 6–20°C; >1,400 m) have a high number of species (140–150)
with few large (9%) and many small ones (65%–68%). Warm and

humid areas (>23°C, >1,700 mm/year) have many species (>240)

with fewer large (5%) and more small ones (70%).

5 | CONCLUSIONS

Species pools are a key component of functional trait ecology

because they set the boundary parameters for trait‐mediated com-

munity assembly processes (McGill et al., 2006; Weiher & Keddy,

2001; Zobel, 1999). We found that in North American mammals, the

factors that influence the formation of regional species pools are

themselves hierarchically distributed: faunas are differentiated by

locomotor traits at fairly small scales, by climate at middling scales,

and by body mass at larger scales. Interestingly, however, European

mammal faunas are not differentiated by functional traits even

though they are climatically differentiated at approximately the same

scale as North American ones. We attribute this difference to the

narrower European climate space and the possible imprint of anthro-

pogenic effects on mammalian functional diversity. Paradoxically,

these findings support Heikinheimo et al.'s (2007, 2012) hypothesis

that faunal clusters are likely to have functional trait differentiation,

but only in North America, not in Europe where Heikenheimo's

study was based. The processes that result in functional, taxonomic

and climatic differentiation between faunas support the idea that

clustering methods applied to taxa and traits in the fossil record can

be used to measure palaeoclimatic and palaeoenvironmental differ-

entiation through time and across space.
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