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Abstract 
Most previous studies of how climate affects species have concerned herbivores, but how the 
functional richness of the carnivore guild is affected has not yet been studied. Except for 
Australia, where many carnivores are marsupials, today’s carnivore guild is composed of 
members of the order Carnivora. A correspondence analysis was performed on the dental 
morphology of 217 carnivoran species. This generated a measure of the overall functional 
richness of the guild. I used this result and information on climate and species occurrence for 
about 250 localities around the world to estimate the functional richness for each locality. The 
functional richness was measured by the minimum spanning trees. The analyses were 
conducted on three different levels: total disparity, ecoregions and localities. Because the 
localities were affected by autocorrelation, the spatial autoregression error model was used on 
localities. With this information three questions were addressed: 1) Is it prey or climate that is 
the primary driver of the carnivoran guild functional richness? 2) How many species are 
needed before there is room for a hypercarnivore? 3) When additional species are added, are 
they close to already existing species in the morphospace or are they further away? The result 
showed that when only considering climate, the functional richness was affected by the 
climate; but because the relationship between climate and Carnivora is very complex, this is 
not enough to arrive at a conclusion. Adding the number of species to analyses showed that 
the best predictor for the functional richness is the total number of species. This result held for 
all three analytical levels. Furthermore, the results also show that only a small number of 
species is needed before there is room for a hypercarnivore and when additional species are 
added, they are close to already existing species in the morphospace. 
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Sammanfattning 
De flesta tidigare studier om vad klimatet har för effekt på arter har handlat om växtätarna, 
men hur den funktionella mångfalden för rovdjurssamfundet påverkas av klimatet har än så 
länge inte studerats. Dagens rovdjurssamfund består, med undantag för Australien där många 
rovdjur är pungdjur, av ordningen Carnivora. En korrespondensanalys genomfördes på 
tandmorfologin för 217 rovdjursarter, vilket ger ett mått för den funktionella mångfalden hos 
samfundet. Med resultatet från korrespondensanalysen och information om klimat och 
artförekomst på ca 250 platser runt om i världen, kunde ”minimum spanning tree” skapas för 
flera olika klimatkategorier: nederbörd, temperatur och nettoprimärproduktion. Analyser 
genomfördes sedan på tre olika nivåer: totalt, ekoregioner och lokaliteter. Eftersom 
lokaliteterna var påverkade av autokorrelation, användes SARerr på lokaliteterna. Med denna 
information kunde sedan svar fås på tre frågeställningar: 1) Är det bytet eller klimatet som är 
den primära drivkraften för den funktionella mångfalden hos rovdjurssamfundet? 2) Hur 
många arter behöver det finnas i en lokal innan det finns plats för en hyperköttätare? 3) När 
nya arter tillkommer, är dessa belägna nära redan existerande arter i morphospace eller är de 
placerade längre bort? Resultatet visar att när man bara tittar på klimatet påverkas den 
funktionella variationen på samfundet av klimatet, men eftersom relationen mellan klimatet 
och Carnivora är mer komplicerat än så är det inte tillräckligt för att komma fram till en 
slutsats. Läggs även antalet arter till i ekvationen är det istället antalet arter som är den 
primära drivkraften för den funktionella variationen av samfundet, vilket visades på alla tre 
analysnivåerna. Slutsatsen är att det är det totala antalet arter som bäst förklarar funktionella 
variationen hos samfundet. Vidare visar resultatet att det bara behövs ett fåtal arter innan det 
finns utrymme för en hyperkarnivor och när nya arter tillkommer är dessa belägna 
morfologiskt nära redan existerande arter. 
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Introduction 
Herbivores are indirectly linked to climate because climate is a direct determinant of their 
food resources. This can be seen in that the best overall single predictor for plant productivity 
is precipitation combined with potential evapotranspiration, but precipitation alone is still a 
good indicator (Walker and Langridge, 1997). For some herbivores, habitat and environment 
are so closely linked to each other that it is possible to anticipate the precipitation in a region 
just by looking at the teeth of the mammalian herbivores living there (Eronen et al., 2010). 
Other studies have linked precipitation and animal biomass (Coe et al., 1976), or herbivore 
community biomass and primary productivity (McNaughton et al., 1989).  

The question to be addressed here is: What is the relationship between climate and 
mammalian carnivores, the order Carnivora? Eronen et al., (2010) said in their study about 
herbivores that the relationship between climate and omnivores and carnivores is too 
complex, so they focused only on the herbivores. At the end of the day, however, meat is still 
meat, which is evidenced by, e.g., jaguars, Panthera onca, and pumas, Puma concolor, which 
are more likely to attack livestock when natural prey is in decline (Burgas et al., 2014). It is 
therefore possible that carnivores are less affected by climate if there is still some type of prey 
that can be eaten and environmental change is not too severe, as seen with the polar bear and 
the melting of sea ice (Hunter et al., 2010). A previous study by Sandom et al. (2013) showed 
that the predator richness is connected to prey richness, both on a regional and a global scale. 
The study concluded that while a large portion of the variance in prey richness is explained by 
human activity, productivity and climate, only a small part of those categories explained the 
variance in predator richness. It was instead the prey to predator link that explained the larger 
portion of the variance in predator richness (Sandom et al., 2013). 

Carnivorans have different ecological roles and species can range from being hypocarnivores, 
where less than 30% of the dietary protein consists of meat, to extreme hypercarnivores, 
which obtain nearly all their nutrition from meat. Even within a family the species can have 
different roles, as seen in the family Ursidae, where the polar bear, Ursus maritimus, is a 
hypercarnivore (Derocher et al., 2002), the brown bear, Ursus arctos, is an omnivore (Coogan 
et al., 2018) and the giant panda, Ailuropoda melanoleuca, is not even considered a carnivore 
but is instead a specialized herbivore (Zhu et al., 2011). It is suggested that the giant panda’s 
change in diet from a more generalized diet to a specialized one occurred not that long ago, 
maybe even in the mid-Holocene (Han et al., 2019). To determine where a species belongs on 
the scale of hypocarnivore to hypercarnivore, the diet of the species needs to be studied. The 
diet can be determined by, e.g., molecular analyses of the scats (Kohn and Wayne, 1997) and 
stomach analysis (Balestrieri et al., 2011). Even though this might be the most precise way of 
determining where the species belong, it also requires field work and more knowledge about 
the species. Another approach is instead to go by tooth morphology (Wesley-Hunt, 2005), 
which might not be as precise as direct studies on the diet, but instead makes it possible to 
determine role of the species without field work and more knowledge about the species. 

Functional richness 
An important component for biodiversity is functional diversity (Petchey and Gaston, 2006). 
Mason et al. (2005) defined functional diversity as “the distribution of the species and 
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abundance of a community in niche space” and in their definition it includes the three 
components: functional richness, functional evenness and functional divergence. Functional 
richness is the amount of niche space that is filled by species within a community. Functional 
evenness is how the biomass is distributed in the niche space and functional divergence is 
“the degree to which the distribution of species abundances in niche space maximize total 
community variation in functional characters” (Mason et al., 2005). There are several indices 
for functional richness which all describe one part of the functional richness (Legras et al., 
2018), e.g. FRic index (Villéger et al., 2008) and FD index (Petchey and Gaston, 2002). 
Which one to use depends on the context (Legras et al., 2018). 

How the functional richness of carnivore guilds is structured during different climates and 
herbivore community composition has not yet seen as many studies as the relationship 
between herbivores and climate, and carnivore guilds will therefore form the topic of this 
study. 

Aim 
The aim of this study is to investigate how the functional richness of the carnivore guild is 
structured under different climatic and environmental conditions. Is the functional richness 
dependent on the climate or is it only the prey that matters? The hypothesis is that it is the 
prey that is the main driver for the functional richness of the carnivore guild. The focus will 
be on the roles of the carnivores and not on the individual species. Two ancillary questions to 
answer are: how many species are needed before there is room for an hypercarnivore at a 
locality, and when new species are added, are they close to existing species in the 
morphospace or are they distant from them. 

Material and Methods 
Data sets 

 
Figure 1. The positions of the different localities used in this study, plotted on the precipitation map 
(Karger et al., 2017). 

Several data sets have been used in this study. One contains information on about 250 
localities around the world, including longitude/latitude, vegetation, temperature, 
precipitation, and other climate variables (see Figure 1 for the distribution of localities). This 
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dataset was updated with temperature and precipitation from CHELSA (Karger et al., 2017), 
net primary production (NPP) from Numerical Terradynamic Simulation Group (2016), 
which will be called as a climate category here, and vegetation from The Nature Conservancy 
(2012) using a script in the program R version 3.5.1 (R Development Core Team, 2008). The 
information was taken directly from the coordinate points that could be found in the dataset. 
For the few localities that missed land, such as being in water between land, the information 
was taken from an ever increasing ring until it reached land and then the script took the mean 
value from all the land data it collected. The second data set contains information about the 
mammal species found at the localities, such as name, family, diet, and a unique number for 
the different species and was from the National Center of Ecological Analysis and Synthesis 
(NCEAS, 2001), and includes invasive species such as, e.g., Vulpes vulpes in Australia 
(Abbot et al., 2014). The localities in these data sets are chosen because they have a full 
faunal list, as well as biotic and climate data. These two data sets are not designed to answer a 
specific question but instead address a broad range of questions. The third data set contains 
additional information for 217 species of the 286 Carnivora species in the world (Wilson and 
Reeder, 2005) or about 75% of all extant species of Carnivora (Werdelin and Wesley-Hunt, 
2010). The information in this data set includes not only the name, continents and habitats but 
also and primarily, information on dental morphology. The seventeen morphological 
characters in this dataset were first described in Wesley-Hunt (2005) and then modified in 
Werdelin and Wesley-Hunt (2010). 

Table 1. The separation into bins for temperature, log-transformed precipitation and log-transformed 
net primary production, as well as the thirteen different ecoregions classifications for the localities. For 
the analyses the ecoregions ‘Temperate Broadleaf and mixed Forests’ and ‘Temperate Conifer Forests’ 
were merged, as were ‘Tropical and Subtropical Dry Broadleaf Forests’ and ‘Tropical and Subtropical 
Coniferous Forests’. This was done because those ecoregions are similar in climate space (S. Faurby 
2019, personal communication, 10 April). 
Temperature Precipitation NPP Ecoregion 
-15 - -10 0 - 5 0 - 5 Deserts and Xeric Shrublands  
-9.9 - -5 5 - 6 5 - 6 Tundra  
-4.9 - 0 6 - 7 6 - 7 Temperate Broadleaf and Mixed Forests  
0.1 - 5 7 - 8 7 - 8 Mediterranean Forests, Woodlands and Scrub  
5.1 - 10 8 - 9 8 - 9 Montane Grasslands and Shrublands  
10.1 - 15 

 
9 - 10 Tropical and Subtropical Moist Broadleaf Forests  

15.1 - 20 
  

Temperate Grasslands, Savannas and Shrublands  

20.1 - 25 
  

Tropical and Subtropical Grasslands, Savannas and 
Shrublands  

25.1 - 30 
  

Tropical and Subtropical Dry Broadleaf Forests  

   
Temperate Conifer Forests  

   
Boreal Forests/Taiga  

   
Flooded Grasslands and Savannas  

      Tropical and Subtropical Coniferous Forests  

Analyses 
The program R version 3.5.1 (R Development Core Team, 2008) was used for all the 
analyses. For the carnivores in the third dataset a correspondence analysis was performed with 
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the package FactoMineR (Le et al., 2008), for the sixteen variables describing morphological 
characters, leaving only the body mass variable found in the data set unused. Correspondence 
analysis is a method used to analyze a table of nominal data and then present them as points in 
a diagram (Greenacre, 2013). From the correspondence analysis the first two dimensions for 
each species were kept and were used in the rest of the analyses. As a few of the species had 
missing data in one of the morphological characters, the package missMDA (Josse and 
Husson, 2016) was used to fill in the missing data with new data that would not affect the 
result. 

Bins were created for temperature, precipitation and NPP, where precipitation and NPP were 
in log form, that were then used in the analyses of total disparity and ecoregions. The 
resulting divisions can be seen in Table 1; the first five (0-5) are grouped together because the 
values are so low, exp(5) =~150, and it makes more sense to group them together. For 
precipitation this is because the interannual precipitation varies across these values. For 
example, the precipitation for Tarim basin, one of the locations, has a value that ranges from 
15 to 60 mm in the desert regions (Zhou and Lei, 2018). Because the ecoregions ‘Temperate 
Broadleaf and mixed Forests’ and ‘Temperate Conifer Forests’, and ‘Tropical and Subtropical 
Dry Broadleaf Forests’ and ‘Tropical and Subtropical Coniferous Forests’ show similarities in 
climate space (S. Faurby 2019, personal communication, 10 April) the analyses were done on 
these ecoregions merged together. 

A minimum spanning tree (MST) was created, using the package vegan (Oksanen et al., 
2019) for each bin, with the information on which carnivore species could be found in this bin 
and those species’ results from the correspondence analysis. The minimum spanning tree 
calculates the shortest distance between all points (Prim, 1957) and therefore provides 
information on how the functional richness of the Carnivora guild is structured, i.e., if all the 
Carnivorans in a bin are similar to each other or different, because the position of species in 
the space of the first two correspondence analysis axes is dependent on their morphology, 
which are the two axes that will be used. Hence, if a locality or a climate bin only has Felidae 
in it, which are morphologically close to each other in the morphospace (Werdelin and 
Wesley-Hunt, 2010), then the MST would be short. On the other hand, if it also included an 
Ursidae the MST would increase in length and the carnivores in this locality or climate bin 
vary more in their roles within the guild as evidenced by tooth morphology (Wesley-Hunt, 
2005). Adding more species would then further increase the MST, e.g. adding a Canidae. 
Also, both the total number of species and total non-carnivoran species were counted in each 
bin. All this information is available in appendix B. Note that only mammal species are 
considered here, and no consideration is given to non-mammal species such as birds and 
reptiles. The results for each bin were then used to first calculate correlation and then linear 
and multiple regression. During the creation of MST a variance analysis was conducted on the 
lengths of the segments in the MST. This analysis was needed to be able to answer the 
question: when new species are added, are they close to existing species in the morphospace 
or are they distant from them? 

Another analysis was carried out on the individual localities. Instead of creating bins for 
climate values, each locality’s MST, total number of species, non-carnivoran species, 
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precipitation, temp, NPP and ecoregion were used in analysis of both linear and multiple 
regression. A correlogram was created with the package SpatialEco (Evans, 2018) to see if 
there was any spatial autocorrelation between the localities, as this can affect the results 
(Legendre, 1993). Because spatial autocorrelation was found, the spatial autoregression error 
model (SARerr) (Cressie, 1993; Haining, 2003) was used to analyze the data in order that the 
results would not be affected. This was performed using the package spdep (Bivand et al., 
2013). The Akaike Information Criterion (AIC) score (Akaike, 1974) was used to determine 
the best distance and weight model for the SARerr. Concurrently with analyzing the localities 
the lowest number of species that resulted in presence of a hypercarnivore was also checked. 

A third analysis was carried out by combining ecoregion with the different bins created from 
the first analysis, so that each of the eleven ecoregions went through the first analysis, total 
disparity, restricting it to the different ecoregions. This was done because ecoregions do no 
not have a mathematical relation and therefore more data points are needed than provided by 
the total disparity to be able to analyze the data (Lunt, 2015). This made it possible to do the 
ecoregion analysis for total disparity for the different bins. This means that the analyses were 
on three different analytic levels: localities, ecoregions and total disparity.  

Other considerations 
It is possible to measure functional richness in R with the package FD (Laliberté and 
Legendre, 2010). The function was therefore used with the result from CA combined with the 
bins and saving result from the FRic analysis (Villéger et al., 2008). The FRic analysis was 
performed to give a second view instead of just focusing on the MST, which in this study is 
the main way to measure functional richness.  

Initial plots had a rather steep curve in the beginning when using number of non-carnivoran 
species and total number of species, so the number of species were log transformed and then 
analyzed to see which one would provide the best fit of the two options: normal or log.  

Results 
Table 2. The result from the correlation analyses between minimum spanning tree and the different 
categories.  
Category Analysis Correlation  
Non-carnivoran total 0.94 
Total number of species total 0.95 
Precipitation total 0.44 
Temperature total 0.95 
NPP total 0.99 
Non-carnivoran Locality 0.56 
Total number of species Locality 0.66 
Precipitation Locality 0.28 
Temperature Locality 0.10 
NPP Locality 0.15 
 

The bivariate diagram of the first two axes of the correspondence analysis is shown in Figure 
2. The first (X) axis explains 48.63% of the total variance and the second (Y) axis 17.23%; 
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therefore, this diagram illustrates 65.86% of the variance in the data. Species of the family 
Felidae form a tight cluster meaning that they have a very uniform morphology, whilst other 
families, such as Mustelidae, are more dispersed in the diagram. The MST and number of  

 
Figure 2. The result of the Correspondence analysis, plotting the first two dimensions which together 
explain 65.86% of the variance in the morphological data. The different shapes and color of dots 
represent different families of Carnivora. Dimensions beyond the first two are controlled by different, 
morphologically aberrant species (e.g., giant panda), and therefore include no general factors. 

Table 3. Shows the linear regression between minimum spanning tree and number of species, both 
total and non-carnivoran, when using the number of species and when the number is log transformed. 
Minimum spanning tree is the dependent variable as it is directly affected by the carnivoran species. 
Locality is with SARerr. Noc = Non-carnivoran, Significance codes: ‘***’ 0.001, ‘*’ 0.05. 

Level Predictor Model Intercept Predictor Delta 
AIC 

Total Total Log -1.73 (0.28)*** 0.75 (0.05)*** 0 
Total Noc Log -1.27 (0.26)*** 0.69 (0.05)*** 2.89 
Total Total Normal 1.46 (0.11)*** 2.01 x 10-3 (1.48 x 10-4)*** 8.19 
Total Noc Normal 1.51 (0.11)*** 2.22 x 10-3 (1.73 x 10-4)*** 10.79 
Ecoregion Total Log -1.04 (0.1)*** 0.59 (0.02)*** 0 
Ecoregion Noc Log -0.69 (0.1)*** 0.55 (0.02)*** 17.88 
Ecoregion Total Normal  1.26 (0.046)*** 2.84 x 10-3 (1.67 x 10-4)*** 84.69 
Ecoregion Noc Normal 1.31 (0.047)*** 3.15 x 10-3 (2 x 10-4)*** 95.6 
Locality Total Log -0.33 (0.13)** 0.41 (0.03)*** 0 
Locality Noc Log 0.13 (0.12) 0.31 (0.03)*** 41.84 
Locality Total Normal 0.85 (0.06)*** 7.19 x 10-3 (7.35 x 10-4)*** 44.9 
Locality Noc Normal 0.96 (0.065)*** 6.34 x 10-3 (8.73 x 10-4)*** 77.61 
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non-carnivore species for each climate bin can be seen in appendix B for total disparity and 
localities. The results from the correlation (Table 2) show that on total disparity all categories 
have a high correlation, >0.9, with MST, except for precipitation which is at 0.44. On the 
locality level the correlation decreases drastically for the different climate categories, <0.3. 
While the correlation between MST and number of species also declined, they are a bit higher 
than for the climate categories, ~0.6. The linear regression between MST and total number of 
species shows a significant p-value and has a high R2 (Figure 3). Figure 4 shows the plot for 
the same categories but instead uses ecoregion, which also showed a significant p-value and a 
high R2. Figure 5 is then for the same categories but for localities and while it still has a 
significant p-value, R2 has decreased. Table 3 shows the results for the different models 
(normal and log-transformed) for MST, using total number of species or number of non-
carnivoran species as predictor for the different levels of analyses and the AIC score for these. 
According to the AIC scores it is better to use log-transformed predictors than normal ones at 
all analytic levels. The total number of species also has a better score than non-carnivoran 
species. The remaining results are therefore based on the log-transformed total number of 
species and non-carnivoran species 

Table 4. Results from the linear regression. Total number of species had similar results to non-
carnivoran species and therefore are only one category of species is presented for total disparity. There 
was some difference between non-carnivoran species and total number of species at the  locality level 
but because this is affected by autocorrelation only one species category is presented there. MST = 
minimum spanning tree, noc = log-transformed non-carnivoran species, total = log-transformed total 
number of species, fr = functional richness. Significance codes: ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05. 

Formula Intercept First predictor Second predictor delta 
AIC 

mst ~ noc + precipitation -2.85 (0.52) 0.94 (0.09)** 0.03 (0.04) 0 
mst ~ noc + NPP -0.65 (0.95) 0.35 (0.34) 0.40 (0.29) 6.11 
mst ~ NPP 0.29 (0.33) 0.69 (0.09)** 

 
6.91 

mst ~ temperature 0.26 (0.33) 0.45 (0.06)*** 
 

13.79 
fr ~ noc + precipitation -0.77 (0.88) 1.64 (0.30)** -0.04 (0.19) 13.86 
mst ~ noc + temperature -0.74 (0.53) 0.40 (0.18) 0.22 (0.12) 13.93 
mst ~ precipitation 2.54 (0.86) 0.22 (0.26) 

 
14.32 

fr ~ noc + temperature 0.42 (2.29) 1.30 (0.39) 0.25 (0.20) 35.3 
Individual localities       
mst ~ noc + NPP -0.08 (0.13) 0.36 (0.04)*** 6.47 x 10-6 (3.72 x 10-6) 0 
mst ~ noc + temperature -0.06 (0.12) 0.39 (0.04)*** -4.70 x 10-3 (2.46 x x10-3) 11.46 
mst ~ noc + precipitation -0.02 (0.12) 0.34 (0.04)*** 4.75 x 10-5 (2.29 x 10-5)* 11.47 
mst ~ NPP 1.17 (0.04)*** 1.02 x 10-5 (4.4 x 10-6)* 

 
73.15 

mst ~ precipitation 1.09 (0.04)*** 1.19 x 10-4 (2.52 x 10-5)*** 
 

84.74 
mst ~ temperature 1.15 (0.05)***  4.55 x 10-3 (2.78 x 10-3) 

 
106.01 

Individual localities SARerr       
mst ~ total + precipitation -0.53 (0.16)*** 0.39 (0.03)*** 0.04 (0.02)* 0 
mst ~ total + NPP -0.58 (0.19)*** 0.04 (0.02)*** 0.04 (0.02) 0.74 
mst ~ total + temperature -0.34 (0.13)** 0.41 (0.03)*** 8.904e-05 (2.48 x 10-3) 4.01 
mst ~ noc + NPP -0.17 (0.20) 0.30 (0.03)*** 0.04 (0.02)* 37.1 
mst ~ noc + precipitation -0.16 (0.16) 0.30 (0.03)*** 0.05 (0.02)* 39.89 
mst ~ noc + temperature 0.10 (0.12) 0.31 (0.03)*** 1.81 x 10-3 (27 x 10-3) 45.52 
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mst ~ NPP 0.57 (0.21)*** 1.02280e-05 (4.1787e-06)**  107.8 
mst ~ precipitation 0.50 (0.17)** 0.11 (0.02)***  110.2 
mst ~ temperature 1.08 (0.08)** 0.08 (0.02)**  118.6 
 

Total disparity 
The results from the linear regression for each bin are shown in Table 4 for both MST and 
Fric. Figure 6 shows linear regression between MST and temperature, while Figure 7 shows 
linear regression between MST and NPP. Both of these linear regressions have significant p-
values and high R2. Figure 8 shows the plot between MST and precipitation. In this case the 
linear regression did not show a significant p-value and the R2 was ~0. The results for total 
disparity show that while temperature and NPP are significant predictors for MST, 
precipitation is not. Furthermore, both non-carnivoran species and total number of species are 
significant predictors for MST. For multiple regression the only predictors that show any 
significance are non-carnivoran species and total number of species in the regression with 
precipitation. The AIC score shows that most of the time when number of species are 
included the score gets better compared to regression with only a climate variable, except for 
temperature which had a higher score when number of species was included, and with AIC a 
lower score is better. Table 4 also shows the linear regression for functional richness from the 
FRic analysis. The other FRic results, not shown in Table 4, showed similarities with the 
MST results, or no significance for climate as predictor.  

 
Figure 3. Linear regression between the length of the MST and natural log-transformed total number 
of species for total disparity across all the different climate bins. P < 0.05, R2 0.8957. The plot looks 
similar with number of non-carnivoran species, which has P <0.05, R2 0.8852. 

Localities 
In multiple linear regressions with localities instead of total disparity, both total number of 
species and non-carnivoran species were always significant predictors. The climate 
categories, however, changed depending on if linear regression was involved, and if SARerr 
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was used (Table 4). Temperature was only a significant predictor for localities with SARerr, 
but not in combination with number of species. Both NPP and precipitation, on the other 
hand, were significant predictors on both linear regression and SARerr. When analyzed with 
number of species, NPP was shown to be a significant predictor only with SARerr and when 
analyzed with non-carnivoran species. Precipitation was shown to be a significant predictor 
both with the multiple linear regression and with SARerr when analyzed with non-carnivoran 
species or total number of species. SARerr was needed because the localities had a high spatial 
autocorrelation between localities close to each other. The AIC shows that the best prediction 
for MST at the locality level is the total number of species together with precipitation. Total 
number of species and NPP is a close second. 

 
Figure 4. Linear regression between the length of the MST and natural log-transformed total number 
of species for the ecoregions analysis. P < 0.05, R2 0.8829. The plot looks similar with number of non-
carnivoran species which has P < 0.05, R2 0.8609. 
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Figure 5. Linear regression between the length of the MST and natural log-transformed total number 
of species for each locality. P < 0.05, R2 0.4357. AIC score for linear regression is 91.485 and AIC for 
SARerr -2.4496. The plot looks similar with number of non-carnivoran species and has P < 0.05, R2 
0.3099. AIC score for linear regression is 142.82 and AIC for SARerr 40.568. 

 
Figure 6. Linear regression between the length of the MST and temperature. This displays how the 
MST increases up to a point and then starts to decrease again. P <0.05 and R2 0.8795. 
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Figure 7. Linear regression between the length of the MST and the NPP in total disparity. P <0.05 and 
R2 0.9282. 

Ecoregions 
The analyses on ecoregions, both the specific ecoregions analysis and on individual localities, 
showed that only a few ecoregions were significant predictors for the MST. The analysis on 
localities showed that only one ecoregion was significant with multiple linear regression and 
none were with SARerr. Adding number of species to the analysis changed the number of 
ecoregions that were significant predictors to two for multiple linear regression. With SARerr 
nothing changed when adding number of species and there was still no ecoregion that was a 
significant predictor. For the specific ecoregions’ analysis, the significant ecoregions changed 
depending on if they were analyzed alone with MTS or if the number of species was included. 
While the number of ecoregions that were significant stayed the same (four) the specific 
ecoregion changed. Only one of the four ecoregions that were significant was the same when 
including or excluding the number of species: ‘Temperate forest’, which was the combined 
ecoregion of ‘Temperate Broadleaf and mixed Forests’ and ‘Temperate Conifer Forests’. The 
R2 value changed when the analysis included the number of species, from being ~0.48 
excluding them to be ~0.9 including them. 
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Figure 8. The length of the MST and the Precipitation in total disparity. The linear regression did not 
show any significance and the R2 was around 0. The plot shows the same thing as the temperature in 
that the MST increases up to a point when it decreases drastically. 

 
Figure 9. The variance of the MST segment lengths and the number of Carnivora species for total 
disparity. The plot shows how the variance in MST are decreasing with the increasing number of 
Carnivora species. 
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Figure 10. Morphospace for A) 12 species. B) 46 species. The circles show examples of how groups 
are formed when there are more species. 

Hypercarnivores and variance 
Five non-carnivoran species or ten total number of species were enough for a locality to 
include a large (>20 kg) hypercarnivore. One locality with this number of species would then 
not only include one large hypercarnivore, but also two small hypercarnivores, all from the 
family Felidae. Figure 9 shows the variance in MST and how it changes with the number of 
carnivorans in the different bins. The result shows a curve where adding carnivorans lowers 
variance. Figure 10 shows an example of a morphospace with 12 and 46 Carnivora species. 
The figure shows that when more species are added they start to form small clusters in the 
morphospace. 

Discussion 
The results of the analyses show that the number of species is almost always a good predictor 
for the MST, which is used to measure functional richness, and the total number of species is 
a better predictor than non-carnivoran species. Climate, on the other hand, is not always a 
good predictor and is more dependent on the kind of analyses conducted. Of the four different 
climate predictors, NPP seems to be the best to use as predictor for MST. The results also 
show that a locality only needs a few species to have the possibility to host a large 
hypercarnivore. If a new carnivoran were to appear in this locality it is more likely that it will 
be close to an already existing species in the morphospace than further away.  

Because the total number of species is the best predictor for the functional richness this means 
that it would be possible to analyze the functional richness of carnivorans without the need to 
determine what kind of species there are in a region, only that they are different species. Also, 
the result shows that the climate does not need to be taken into consideration when calculating 
the functional richness. These findings could be of use for paleontologists when studying 
functional richness during different time periods. This is also the reason why the focus in this 
study has been on the species and no consideration has been given to species abundance, 
because it is almost impossible to obtain absolute abundance from the fossil record (Turvey 
and Blackburn, 2011). It could also be useful on a shorter time scale: e.g., analyses of how 
functional richness changes in different regions after deforestation, fragmentation or during 
ongoing global warming. Also, because functional diversity is an important component of 
biodiversity (Petchey and Gaston, 2006) and functional richness is one part of functional 
diversity (Mason et al., 2005), this would mean that functional richness is important for 
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biodiversity conservation. Having an easy way to calculate the functional richness of 
carnivorans could therefore be valuable and a formula is provided later for calculating the 
functional richness using the number of species on total disparity. 

Overall analysis 
The plot of the correspondence analysis (Figure 1) shows that some families, such as Felidae 
and Canidae, are closely clustered in the plot, and therefore morphologically similar to each 
other. Other families, on the other hand, they are more scattered, e.g., family Mustelidae 
which in other studies has been shown to occupy over 32% of the total morphospace of all 
carnivores, whereas the number for Canidae is 12% and for 1.3% Felidae (Werdelin and 
Wesley-Hunt, 2014). 

Figures 3-5 show that when going from total disparity, to ecoregions and then localities, and 
therefore increasing sample size, the more dispersed the points are. The total disparity model 
(Figure 3) indicates a clean line, which means that the more non-carnivoran or total species a 
climate bin has, the higher the MST length becomes. On the ecoregion level (Figure 4) the 
result is a little more scattered but is still rising, resulting in the same conclusion. Looking at 
the locality level (Figure 5), the points are more spread, but it is nevertheless still possible that 
MST length increases with number of species. This result (Table 4) and the respective plots 
show that both the total number of species and total non-carnivoran species are significant 
predictors in the linear regression against MST. While the R2 is only slightly higher for total 
number of species compared to non-carnivoran species, the AIC score on the other hand 
shows greater variation. From showing a rather low difference for total disparity (2.89) to a 
high difference for localities (41.84). This means that the total number of species is the better 
predictor of these two. 

The analysis with FRic showed similar results, or lack of significance, with the climate as 
predictor, compared to the MST analysis. MST also had a lower AIC score than FRic, which 
suggests that it is better to use the MST to calculate the functional richness here than by using 
FRic. The rest of the discussion will therefore focus on the MST. 

Total disparity 
At the total disparity level, all categories, except precipitation, had a high correlation and 
almost all categories, both climate and number of species, were significant predictors for 
MST in the linear regression and a rather high level of R2. Only precipitation did not show as 
significant. Because the relationship between the carnivore guild and climate is complex 
(Eronen et al., 2010) it is not enough to say that its structure is directly affected by the 
climate, because there are also other things to take into consideration. When considering the 
number of species in the multiple linear regressions, the results show that climate is no longer 
significant. The difficulty here is that the number of species is important only when analyzed 
together with precipitation. Therefore, the result from total disparity are insufficient to make 
conclusions about what has the greatest impact on the functional richness of the carnivoran 
guild. 
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Locality 
On the locality level all predictors except temperature show significance in the linear 
regression with MST. When adding the number of non-carnivoran species, only precipitation 
and the number of species remain as significant predictors, while the rest of the climate 
categories are non-significant, which suggests that the number of species is the best predictor 
for MST length. When moving to localities the R2 changes drastically compared to total 
disparity and decreases to approx. 0.3 from 0.89 for non-carnivoran species. This makes it 
seem like they are not good indicators to use at the locality level. This result is affected by 
spatial autocorrelation, however. Therefore, SARerr needs to be used. The AIC score shows 
that results improve after using SARerr, after which all climate categories are once again 
significant predictors for MST length in the linear regression. Adding number of species to 
the regression leads to one of the few differences between non-carnivoran species and total 
number of species. For non-carnivoran species the result shows that both precipitation and 
NPP are significant predictors, whereas using the total number of species gives only 
precipitation as a significant predictor. This is interesting because they have shown 
similarities in almost all other analyses, with total number of species only having a slightly 
higher R2. The number of species remained significant in all analyses and is therefore a more 
stable predictor for MST. 

Because total disparity could not definitively show whether species or climate was most 
important for functional richness, more analyses were needed. Even if the data points from 
localities seem to be widely distributed across the plot they are still useful. The localities are, 
as mentioned, affected by spatial autocorrelation and therefore an SAR model was needed. 
With the help of SARerr, the analyses on localities improved quite a bit judging by the AIC 
score. There is a possibility that the other analyses also were affected by spatial 
autocorrelation, but the way these analyses were carried out makes it more difficult to use 
SARerr or similar to correct for autocorrelation. Another reason for using the locality level is 
that at higher levels the analyses is restricted to bins, and therefore it is useful to examine 
different levels to answer the question if the functional richness of the carnivore guild is 
affected by climate parameters. By only analyzing one level, the results would be limited to a 
single perspective. If analyses at several different levels present the same results, however, 
this would indicate that these results are likely to be more robust. 

Ecoregions 
Only a few ecoregions showed significant values for the predictor, independently of whether 
only MST and ecoregions were considered or if the number of species was also included. 
What is interesting is that even if it was the same number of ecoregions that were significant, 
the type of ecoregion changed when adding number of species. Because ecoregions are 
defined as “relatively large units of land containing a distinct assemblage of natural 
communities and species” (Olson et al., 2001), it is surprising that the ecoregions do not seem 
to affect the functional richness of the Carnivora guild. The climate bins were not analyzed 
separately here because this analysis was for ecoregions and there were not enough data 
points to be able to analyze during total disparity. The reason for that is that ecoregions are 
categories with no mathematical relations between each other (Lunt, 2015). When focusing on 
temperature, the bins can be subdivided in categories with temperature ranges (0–5.0, 5.1–
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10.0, and so on). Ecoregions are difficult to order similarly, e.g. by starting with tundra via 
desert to boreal forest. Therefore, dummy variables are needed to change the categorical 
values into numeric variables which requires more datapoints than total disparity would offer. 
Given the results from this level and the locality level it does not seem like ecoregions 
provide insight into the functional richness of the carnivore guild. Nevertheless, this level 
instead also suggests that the number of species is important. This is even more apparent as 
the R2 increased drastically when adding number of species as a predictor along with 
ecoregions. 

Climate or species? 
At first glance it seems like the functional richness of the carnivore guild, in this study 
measured by MST length, is directly affected by the climate, at least as far as temperature and 
NPP are concerned. As previously mentioned, however, carnivores have a more complex 
relationship with climate than herbivores (Eronen et al., 2010) and more aspects need to be 
taken into consideration. When adding either the total number of species or the number of 
non-carnivore species to the mix, and doing analyses on different levels, it seems like climate 
is only significant in some analyses. The only predictor that stays significant in most analyses, 
either in total disparity, ecoregion or locality, both with multiple linear regression and with 
SARerr, is the number of species. This suggests that this is the main driving predictor for the 
functional richness of the carnivore guild. Because predator richness is linked to prey richness 
(Sandom et al., 2013) it is also likely that the functional richness can be predicted by species. 
As their diet consists of other species this is only logical. The climate showed so much 
variance that it seems like it is a bad measure for the MST. Precipitation did not show any 
significance in the analysis of total disparity, but instead showed significance in the multiple 
linear regression model considering localities. Temperature showed conflicting results: 
significance in the total disparity analysis but not in the multiple linear regression at the 
locality level. It seems that NPP would be the best predictor of the climate categories because 
it showed significance in both those analyses, but this is only valid when considering the non-
carnivorans and not all species.  

It seems that the best predictor for MST length is either non-carnivoran species or the total 
number of species. Which to use might depend on the situation. If the carnivore guild is 
affected by potential prey then it is also important to remember that other carnivores are also 
potential prey. Thus, e.g., bat-eared fox, Otocyon megalotis, is potential pray for cheetah, 
Acinonyx jubatus (Hayward et al., 2006). Intraguild predation is more common when there is 
a dispute over food or if food is scarce (Palomares and Caro, 1999). According to AIC score 
and R2 the total number of species should be the better predictor for the MST as it always had 
a better score. For total disparity the best predictor model for MST is - 1.73 + 0.75 *loge(total 
number of species). This means that for 600 species MST length would be around 3.07 (-
1.73+ 0.75 *loge(600)). The problem here with MST is that it only indicates the extent of the 
dispersion in the structure of Carnivora but does not give any information about the kind of 
carnivores that are included, e.g., if they are hypo- or hypercarnivores. As explained earlier, 
however, it does tell us how big the total difference between the carnivores is among those 
that are present (i.e., the total carnivore functional richness). An MST length of zero only 
means that all the carnivores look the same in dental morphology and therefore have similar 
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roles; a higher number instead tells us that there are greater differences among the carnivores 
that can be found here and therefore greater variation among the roles. 

Hypercarnivores 
The minimum number of species that was necessary at a locality to host a large 
hypercarnivore, >20kg, is five non-carnivoran species or ten species in total. In such a case 
there was room for three hypercarnivores, of which one is a large carnivore while the other 
two are small hypercarnivores, <20 kg. This would mean that not many mammal species are 
needed to allow for the presence of a large hypercarnivore. This also depends on the size of 
the mammal species that are present in the locality, however. A large population of different 
small mammal species cannot provide enough energy for a large carnivore (Carbone et al., 
1999). In one locality the cougar, Puma concolor, was one of the hypercarnivores. One of its 
main prey is ungulates, but its diet also consists of non-mammalian species such as birds and 
fish (Rau and Jiménez, 2002). The large hypercarnivore is more interesting here as smaller 
carnivores tend to feed on small vertebrates and invertebrates (Carbone et al., 1999), while 
large hypercarnivores tend to specialize on large vertebrates of similar mass to their own or 
larger (Carbone et al., 2007). This means that large carnivores are more likely to reflect how 
many other mammal species are needed before there is room for an hypercarnivore, because 
mammals are the focus of this study. 

Additional species 
Changes in the MST variance, Figure 9, show that when the number of Carnivora species is 
low, there is a higher variance in MST. This means that at a lower total, any new species that 
appear are positioned close to already existing species in the morphospace. Figure 10 shows 
two different morphospaces, one with 12 carnivoran species (variance ~0.005), and the other 
with 46 species (variance ~0.003). The morphospace with 12 species therefore has more 
variation in the distances between species than the one with 46. When more species are added 
they are inserted close to already existing species in the morphospace, which can be seen e.g. 
by the forming of the two groups Felidae (left circle) and Canidae (top circle). When more 
and more species are added the variance will get lower as the morphospace gets more 
clumped, with small and even distances between most species. 

Possible problem 
As the carnivore dataset contained only 75 % of the carnivorans of the world (Wilson and 
Reeder, 2005), 25% of the carnivoran species, approx. 60 species, were not included in these 
analyses because they lacked trait data. They were, however, included in the total number of 
species. Of these 60 species, 24 species were present in the localities studied and of these 24 
species, eight belong to the genus Herpestes. This would mean that not counting these 24 
species, the dataset includes approx. 90 % of all the carnivores that could affect the results of 
this study. This should not affect the results, however, as the study investigated whether 
carnivore structure was affected by climate. This seems to be the case when focusing on 
climate and MST length, but when number of species is included, it instead seems that the 
number of non-carnivore species or total number of species has a greater effect. If the 
excluded carnivores were present they would increase MST length. This increase in MST 
would need to affect it in a way that the connection to climate would become stronger while 



21 
 

at the same time not strengthening the connection to the number of species. This seems 
unlikely considering the small number of species excluded and that the excluded species are 
closely related to species that are present in the data. 

Further studies 
The results from this study are based on the fauna present in the dataset from NCEAS (2001). 
However, as human pressure is one of the most influential predictors of species range (Di 
Marco and Santini, 2015) and a database exists with what would be species’ natural ranges 
without human activities (Faurby et al., 2018), analyses of functional richness on the 
predicted natural range would be a logical next step to see if the result would be the same. The 
result from the new analyses would then either strengthen the results from this study or show 
how much impact human activity has on the functional richness of carnivores. It is possible 
that nothing would change as the study from Sandom et al. (2013) did take human activities 
into consideration and still showed that it was the prey richness that had the biggest impact.  

Conclusion 
The questions to be answered in this study were: Is the functional richness of the carnivoran 
guild determined by the climate or some other driver? How many species are needed before 
there is room for a hypercarnivore? When additional species are added, are they close to 
already existing species in the morphospace or distant from them? The resulting hypothesis is, 
that it is the prey that are the main driver of carnivoran functional richness. All analytic levels 
were needed to be able to draw conclusions as to the best predictor of the carnivoran guild 
structure. The conclusion is that if there is a climate category that affects the structure, the one 
with the strongest impact would be NPP, but even so, a more important category is the 
number of species. It does not really matter if this is only by looking at the non-carnivorans or 
at the total number of species, because both show a strong influence on shaping carnivore 
functional richness, with total number of species being slightly more important. Only a few 
species are needed to create a niche for a hypercarnivore at a locality and when additional 
species are added they are located close to already existing species in the morphospace. 
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Appendix A 
Popular science summary 
Does climate affect the structure of carnivores? 

The world's climate is changing and with that change some mammal species will have it 
better and some will have it worse. The polar bear, for example, will have problems surviving 
when the ice melts in the Arctic, while the roe deer will have an easier time to survive in the 
Nordic environment. It seems, however, that there are some things that might not change. 
Even though the species themselves can be affected it seems like the functional richness of 
mammal carnivores is not affected by the climate but instead is dependent on the number of 
species. Functional richness means the amount of niche space that is occupied by species. 
Niche space is the position of a species in the ecosystem, how species affected by the 
environment and how they affect the environment. Neither precipitation, temperature, nor net 
primary productivity seems to be the main predictor for the functional richness of carnivores. 
Instead, it was the number of non-carnivore species or the total number of species that 
determines the functional richness of carnivores. Analyses on three analytical levels: 
localities, ecoregions and the total diversity around the world all showed that the species is the 
main predictor, whereas climate was not as consistent when it came to determine the 
functional richness. 

Even though it is the number of species that determines the functional richness of carnivores 
it was also shown that not many species were needed before there was room for a large (more 
than 20 kg) hypercarnivore in a locality. A hypercarnivore is a species that almost exclusively 
eats meat. A locality that had 10 mammal species included not only one hypercarnivore, but 
three. However, only one of those was a large carnivore, while the other were smaller ones, 
(less than 20 kg). What is interesting is that in this locality they all belonged to the cat family. 
This, of course depends, on what kind of prey species there are in a locality. A large 
hypercarnivore cannot get enough energy to survive by just eating small mice and rats. They 
instead tend to specialize on large vertebrates that are closer to their own size, so a lion would 
rather eat a buffalo than some rats. 

That is not all; the study also showed that when new species appear, they are close to already 
existing species in their hunting morphology, meaning that new species seem to be more 
likely to fill the same or similar niche as the species that are already there. This means that it 
could be a case of in-situ speciation, meaning that when new species appear, they are not 
coming from outside this region but is instead a new species descended from one of the 
species already there. So maybe it is not that surprising that the three different species of 
hypercarnivore that was found in one locality all belonged to the cat family. 

Even though the functional richness is not dependent on climate, the number of species is. It 
will therefore be interesting to see how the climate change will indirectly affect the functional 
richness of the carnivores in the future. 
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Appendix B 
 The different climate bin and the minimum spanning tree and number of non-carnivoran species for those bins. 
This is for the total disparity analyses. 

Precipitation 
Minimum Spanning 
tree 

Number of non-
carnivoran 

Total number of 
species 

0 - 5 2.17928569417844  193  246  
5 - 6 3.05762420009119  598  701  
6 - 7 3.88576379769405  1092  1234  
7 - 8 4.07042453132141  1396  1561  
8 - 9 2.76420235304016 346 400 
Temperature     
15 - -10 0.18367459446854 6 8 
-9.9 - -5 1.45247900358636 38 58 
-4.9 - 0 1.73662081794266 140 175 
0.1 - 5 2.0666561684188 261 313 
5.1 - 10 2.40182169817928 388 462 
10.1 - 15 3.17179921631048 528 627 
15.1 - 20 3.93596469694817 828 970 
20.1 - 25 4.21002892918117 1270 1435 
25.1 - 30 3.52621606415841 860 981 
Ecoregion       
Deserts and Xeric Shrublands 2.88141181071562 469 558 
Tundra 1.35395594812414 21 34 
Temperate Forests 2.69976468631247 529 608 
Mediterranean Forests, Woodlands and Scrub 1.89036026586618 173 213 
Montane Grasslands and Shrublands 2.63642762433432 297 364 
Tropical and Subtropical Moist Broadleaf 
Forests 3.62210427078638 1088 1221 
Temperate Grasslands, Savannas and 
Shrublands 1.89477979166288 197 248 
Tropical and Subtropical Grasslands, 
Savannas and Shrublands 2.90113801630957 649 729 
Tropical and Subtropical Dry Forests 2.62272852715039 346 417 
Boreal Forests/Taiga 1.64501193578626 59 80 
Flooded Grasslands and Savannas 1.86563643750185 57 88 
NPP       
0 - 5 0.877313420144112  37  52  
5 - 6 1.76738553176221  42  66  
6 - 7 2.09447868076657  198  240  
7 - 8 3.24840758342643  704  816  
8 - 9 4.19542683269493 1305 1470 
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