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Abstract

The overall aims of this thesis study were to 
examine	how	different	species	traits	are	related	
to the evolutionary survivorship of land mam-
mal taxa and how the taxon-free trait structure 
of mammalian communities is related to the cli-
mate, habitats and biogeography at the conti-
nental level.

The evolutionary survivorship of taxa was 
studied using a large fossil dataset of Cenozoic 
land mammals (New and Old Worlds, NOW, 
Fortelius, 2009) by controlling sampling biases, 
calculating the per capita origination and extinc-
tion rates of boundary crossers (genera that were 
recorded as present or absent during time bins 
that span 1, 1.5 or 2 M.y.) and estimating surviv-
al probabilities using capture–mark–recapture 
methods. The results demonstrate a recurring pat-
tern whereby large mammal genera and species 
have higher origination and extinction rates and 
therefore shorter durations. This observed pattern 
can be explained because of behaviours such as 
hibernation, torpor and burrowing, collectively 
termed ‘‘sleep-or-hide’’ (SLOH). SLOH behav-
iour is more common in small mammals and they 
are therefore better protected from environmental 
extremes than are large mammals, resulting in 
higher average survivorship and lower origina-
tion probabilities.

The relationship between species traits and 
climate was investigated using global distribu-
tion data on large mammals and their ecomor-
phology, utilizing non-linear regression-tree 
analysis and linear regression. The resulting re-
gression trees provide a reasonably accurate es-

timate of precipitation values for today’s world, 
having the strongest correlations between annual 
precipitation and absolute and relative numbers 
of species, diet, tooth crown height, and diet and 
tooth crown height combined. These results give 
confidence	that	this	methodology	can	be	applied	
to palaeocommunities to estimate the past envi-
ronmental conditions. 

The taxon-free trait structure of mammalian 
communities and their relationships with tropi-
cal habitats across the world were examined us-
ing data for 169 localities. These were assigned 
a priori to hierarchical Olson (1983) vegetation 
categories,	and	the	species	were	classified	into	
dietary, locomotion and body mass groups. The 
resulting group structures were analysed using 
community structure analysis. The results indi-
cate	that	the	community	structure	significantly	
differs	between	all	of	the	studied	vegetation	cat-
egories, being the highest at major and minor 
ecosystem levels. The results demonstrate that 
community	structure	defined	by	both	dietary	and	
locomotor adaptations is a powerful discrimina-
tor of tropical ecosystems and habitats across 
the continents, but body mass should be inter-
preted with caution when the research question 
pertains to multiple continents. As general eco-
system categories are broken down into more 
precisely	defined	habitats,	more	detailed	knowl-
edge of species adaptations is required to distin-
guish between them.

The biogeography of mammals was stud-
ied by identifying the smallest spatial scales in 
which the mammalian faunas are both climati-
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cally and functionally distinct in North Amer-
ica and Europe.  These faunas were produced 
using k-means clustered point-sampled species 
occurrences of land mammals. They were test-
ed	for	significant	differences	 in	climate	(mean	
annual precipitation, mean annual temperature) 
and functional traits (body mass, locomotion 
and	diet).	 In	North	America	climatic	differen-
tiation exists at the scale where mammals are 
divided into 11 distinct faunas and, in Europe, 
at	the	scale	where	there	are	five	faunas.	Func-

tional	 trait	differentiation	 in	body	mass	occurs	
at a larger spatial scale in North America (eight 
distinct	faunas),	but	locomotor	differentiation	is	
present	at	all	spatial	scales,	and	dietary	differen-
tiation	is	not	present	at	any	scale.	No	significant	
differentiation	in	any	functional	trait	at	any	scale	
is present in Europe. Since the functional traits 
(body mass, locomotion) are observable in the 
fossil record, community-level functional trait 
analysis has the potential to be used to recon-
struct past climatic gradients.
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Tiivistelmä

Tämän väitöskirjan tarkoituksena on tutkia kuin-
ka erilaiset lajien ominaisuudet liittyvät maani-
säkkäiden evolutiiviseen selviytymiseen ja kuin-
ka taksoneista vapaa, lajien ominaisuuksiin pe-
rustuva nisäkäsyhteisöjen rakenne liittyy ilmas-
toon, elinympäristöihin ja eliömaantieteeseen.

Taksonien evolutiivista selviytymistä tut-
kittiin käyttämällä laajaa tietokantaa kenotsooi-
sen maailmankauden fossiilisista maanisäk-
käistä (New and Old Worlds - NOW, Fortelius, 
2009). Analyysit tehtiin kontrolloimalla näyttei-
den otantaharhaa laskemalla nk. rajanylittäjien 
lukumäärät ja arvioimalla niiden selviytymis-
todennäköisyyksiä merkitse-vapauta-pyydystä 
uudelleen –menetelmällä (CMR). Rajanylittäjiä 
ovat ne suvut, jotka ovat joko olleet olemassa 
tai puuttuvat eri pituisilla aikaväleillä, jotka oli-
vat 1, 1.5 tai 2 miljoonaa vuotta pitkiä. Tulokset 
osoittavat säännöllisen ilmiön, jossa isommilla 
nisäkässuvuilla ja -lajeilla on suurempi lajiutu-
misen ja sukupuuttoon kuolemisen tahti ja siten 
lyhyempi ajallinen kesto. Tätä voidaan selittää 
niiden lajien avulla, jotka viettävät talviunta, hor-
rostavat tai kaivautuvat maahan, laajemmin kut-
suttuna ‘‘sleep-or-hide’’ (SLOH) -lajeilla. Koska 
SLOH-käyttäytyminen on yleisempää pienillä 
nisäkkäillä, ovat ne siten keskimäärin enemmän 
suojattuja ympäristön ääriolosuhteilta kuin isom-
mat nisäkkäät ja näin ollen kokonaisuudessaan 
vaikuttavat pienempien lajien korkeampaan kes-
kimääräiseen selviytymiseen ja matalampaan la-
jiutumistodennököisyyteen.

Lajien ominaisuuksien suhdetta ilmastoon 
tutkittiin analysoimalla suurten maanisäkkäi-
den maailmanlaajuista levinneisyystietoa ja la-
jien ekomorfologiaa hyödyntämällä ei-lineaari-
sia regressiopuuanalyyseja ja lineaarista regres-
siota. Tuloksena saadut regressiopuut tuottavat 
kohtuullisen tarkat arviot nykyajan sadannasta, 

suurimpien korrelaatioiden ollessa vuotuisen sa-
dannan ja lajien absoluuttisen ja suhteellisen lu-
kumäärän, ruokavalion, hampaan kruunun kor-
keuden sekä ruokavalion ja hampaan kruunun 
korkeuden yhdistelmän välillä. Nämä tulokset 
vahvistavat, että tätä menetelmää voidaan so-
veltaa muinaisiin nisäkäsyhteisöihin arvioitaes-
sa niiden ympäristöolosuhteita.

Taksoneista vapaan, lajien ominaisuuksien 
perusteella tehtyjen nisäkäsyhteisöjen rakennetta 
ja niiden suhdetta trooppisiin elinympäristöihin 
tutkittiin käyttämällä lajilistoja 169 yksittäisestä 
paikasta. Näille paikoille määriteltiin etukäteen 
hierarkinen Olson (1983) kasvillisuusluokittelu 
ja niissä olleet lajit luokiteltiin ruokavalion, liik-
kumismuodon ja ruumiinpainon mukaisiin ryh-
miin. Näiden ryhmien rakenteita suhteessa elin-
ympäristöön analysoitiin käyttämällä yhteisöra-
kenneanalyyseja. Tulosten mukaan yhteisöra-
kenteet ovat tilastollisesti merkitsevästi erilaisia 
tutkittujen kasvillisuusluokkien välillä, ollen suu-
rin ekosysteemitasolla. Tulosten perusteella voi-
daan todeta, että nisäkäsyhteisöt jotka perustuvat 
ruokavalio- tai liikkumismuotoryhmiin, erottele-
vat hyvin mantereiden trooppiset ekosysteemit 
sekä elinympäristöt, mutta ruumiinkokoon pe-
rustuvaa ryhmittelyä kannattaa tulkita varovai-
semmin, mikäli useita eri mantereita käsitellään 
tutkimuksessa. Mitä tarkempiin määriteltyihin 
elinympäristöihin yleiset ekosysteemiryhmät ha-
lutaan pilkota, sitä yksityiskohtaisempaa tietoa 
lajien ominaisuuksista tarvitaan, jotta eri elinym-
päristöt voidaan erottaa toisistaan.

Nisäkkäiden eliömaantiedettä tutkittiin erot-
tamalla ne Pohjois-Amerikan ja Euroopan pie-
nimmät mahdolliset maantieteelliset alueet, jois-
sa niiden lajistot ovat sekä ilmastollisesti että la-
jiominaisuuksiltaan erilaiset. Nämä alueet luotiin 
jakamalla maanisäkkäiden levinneisyystiedot K-
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keskiarvo klustereiksi – lajistoiksi. Tuloksena 
saatujen lajistojen tilastollista eroavaisuutta tes-
tattiin käyttämällä levinneisyystiedoista riippu-
mattomia ilmaston (vuotuinen sadanta, vuotui-
nen lämpötila) ja lajiominaisuuksien (ruumiin-
paino, liikkumismuoto, ruokavalio) välisiä ero-
avaisuuksia. Tulosten perusteella Pohjois-Ame-
rikassa lajistot ovat ilmastoltaan erilaisia mitta-
kaavassa, jossa nisäkkäät on jaettu 11 erilliseen 
lajistoon kun taasen Euroopassa ne jakautuvat 
alueellisesti viiteen erilaiseen lajistoon. Ruumiin-
painon erojen perusteella Pohjois-Amerikan la-
jisto jakautuu maantieteellisesti laajempiin alu-
eisiin, kahdeksaan kokonaisuuteen, kun taasen 

liikkumismuodon perusteella lajistot eroavat kai-
kissa jakoluokissa. Ruokavalion perusteella ei 
lajistojen välille muodostunut tilastollisia eroja 
millään jaolla. Euroopassa yksikään lajisto ei 
eronnut tilastollisesti toisistaan minkään lajio-
minaisuuden perusteella millään jaolla. Tutki-
muksessa saatujen tulosten perusteella voidaan 
todeta, että niitä havaittavia lajiominaisuuksia, 
joita voidaan erottaa myös fossiiliaineistosta 
(ruumiinpaino, liikkumismuoto) voidaan käyt-
tää nisäkäsyhteisöjen analysointiin ja muinaisten 
ilmasto-olosuhteiden mallintamiseen.
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1. Introduction

For palaeoecological analyses, the relationship 
between an animal and its habitat can be divid-
ed into two distinct niches: spatial and trophic. 
The spatial niche relates to the physical space 
in which a species sleeps, moves, reproduces 
and eats in during its life cycle, while the tro-
phic niche relates to the feeding ecology a spe-
cies exploits to meet its nutritional and energy 
requirements. During evolution, each species has 
adapted both physically and behaviourally to its 
habitat	and	available	resources:	it	fills	a	partic-
ular niche. Some of these adaptations can be 
identified	and	traced	back	to	niche	exploitation.	
Thus, they can be used for habitat reconstruc-
tion (Kovarovic et al., 2017).

From a palaeontological point of view, be-
havioural	 adaptations	 are	 seldom	 identifiable	
in fossil material. However, the preservation 
of	skeletal	and	dental	remains	offers	a	vast	re-
source of study material from the past that can 
be related back to spatial and trophic niche ex-
ploitation. Of the postcranial remains, particu-
larly elements of the fore and hind limbs pro-
vide information on the locomotion method and 
substrate to which the species is adapted. Skel-
etal limbs show correspondence between the lo-
comotor type and morphological indices (Van 
Valkenburgh, 1987) and can be used to assess 
the association between limb morphology and 
locomotor habits (e.g., Brown and Yalden, 1973; 
Van Valkenburgh, 1987; Kappelman, 1988; Ma-
cLeod and Rose, 1993; Samuels and Van Valken-
burgh, 2008). Teeth, in comparison to postcra-
nial elements, provide information on the diet 
of a species and the trophic niche to which it is 
adapted and for which dental morphologies vary. 
Carnivorous, insectivorous, frugivorous and her-
bivorous	diets	require	different	dental	morpholo-
gies. A good example is the tooth crown height 

(hypsodonty) of large herbivorous mammals. 
This is used as a measure of dental durability. 
As mammals have only a single adult dentition, 
abrasive material such as grass or dusty and gritty 
plants would wear low-crowned teeth down be-
fore the end of the natural lifespan of a species. 
To extend the useful life of teeth, the height of 
the tooth crowns has evolved for species that 
have a more abrasive diet. Usually, species that 
mostly eat soft leafy material have relatively low 
tooth crowns (brachyodont), while species eat-
ing abrasive material have higher molars (hypso-
dont). Generally speaking, hypsodonty is infor-
mative ecologically because it is well developed 
in	mammals	eating	fibrous	and	abrasive	foods,	
which are most abundant in open and generally 
seasonally dry environments, while species that 
have low cheek teeth live in more humid, closed 
environments (van Valen, 1960; Janis and Fortel-
ius, 1988; Jernvall and Fortelius, 2002). A second 
example is quite intuitive: tropical and subtropi-
cal rainforests or similar biomes support more 
purely frugivorous mammals. These areas have 
a high annual average temperature and precipi-
tation, where fruit resources are available year-
round (Kay and Madden, 1997; Hanya et al., 
2011; Pineda-Munoz et al., 2016). As for post-
cranial remains, many studies have been con-
ducted to infer the relationship between dental 
morphologies and diets (e.g., Janis, 1990; Kai-
ser et al., 2013).

Besides locomotor adaptation and substrate 
utilisation or the dietary preferences of a spe-
cies, body mass has been considered as an eco-
logically relevant variable for palaeoecological 
analyses. Body mass is often said to be one of 
the most fundamental biological characteristics 
of mammals, correlating with many other vari-
ables such as the metabolic rate (Kleiber 1932, 
1947), home range (Lindstedt et al. 1986) and 
longevity (Schmidt-Nielsen 1984). It also im-
poses	physiological	restrictions,	which	influence	
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the space utilization, locomotor adaptation, di-
et or the geographical distribution of the spe-
cies. Skeletal and dental remains provide a good 
source for body size estimations of fossil species 
(see Damuth and MacFadden 1990 for several 
examples).

Palaeontologists have long used the above-
mentioned species traits for autecological stud-
ies, dealing with an individual species in rela-
tion to its environment (e.g., Hutchinson, 1959). 
However, synecological studies, which deal with 
the structure, development and distribution of 
ecological communities, have only been carried 
out since the late 1970s, when the work of An-
drews et al. (1979) brought the taxon-free ap-
proach	to	the	field	of	palaeontological	commu-
nity structure analysis. These authors published 
a series of histograms organized according to 
five	broad	habitat	types	of	three	continents	and	
showed that habitats with a similar array of avail-
able niches have similar community structure 
profiles,	 regardless	of	 their	geographical	 loca-
tion.	By	using	specific	dietary,	locomotion	and	
body mass groups, there is no longer a need to 
have a full taxonomy of the fossil species. In-
stead,	there	is	a	taxon-free	classification,	which	
is freed from geographical location and geologi-
cal	time.	By	having	these	abstract	groups,	differ-
ent time series and locations can be examined at 
the same analytical level, allowing the investi-
gation	of	how	different	environments	evolve	or	
how similar they are.

Using this theoretical framework to recon-
struct environments from the mammalian com-
munity structure, several aspects of the envi-
ronments and the community structure itself, as 
well as species traits, can be studied. The goal 
of this thesis study was to address the follow-
ing questions: how does body size relate to the 
evolutionary survivorship of taxa in a changing 
environment, and are there other species traits 
that might explain these survivorship patterns? 

(Paper I); can mammalian communities be used 
to form boundary values for palaeoclimatic vari-
ables such as precipitation? (Paper II); can tropi-
cal	habitats	across	 the	world	be	differentiated	
by using the taxon-free mammalian community 
structure, and what are the implications of this 
type of analysis for palaeoecological community 
studies? (Paper III); and at which level the mam-
malian faunas are both climatically and func-
tionally distinct in North America and Europe, 
and can they provide community-level functional 
trait analysis that has the potential to be used to 
reconstruct past climatic gradients (Paper IV)?

2. Material

For the four papers that constitute this thesis, the 
author compiled a comprehensive database of 
mammals (MammalBase; Lintulaakso, 2013). 
This is based on hundreds of published sourc-
es of ecomorphological attributes, diets, species 
distributions and locality-based occurrences of 
mammals. The main taxonomy is from Wilson 
and Reeder (2005), which is linked to other da-
ta	sources	by	managing	the	different	nomencla-
tures, synonyms and spelling variations between 
them (e.g. Lawing et al., 2017).

The temporal coverage in these papers ex-
tends from the distant past (Paper I) to recent 
time (Papers II, III, IV), and spatially the species 
occurrence data covered large areas: Europe in 
Paper I, the global scale in Paper II (excluding 
the	Indo-Pacific	area	and	Australasia),	the	trop-
ics in Paper III and continental North America 
and Europe in Paper IV. The species occurrence 
data were in point data format (Papers I, III and 
VI) and in grid format (Paper II).

Data on species occurrences were obtained 
from several sources:

• WWF WildFinder, the World Wildlife Fund’s 
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species distribution dataset (World Wildlife 
Fund, 2006), Paper II;

• the NOW database (New and Old Worlds, 
Fortelius, 2009), Paper I;

• the database compiled by the National Cen-
ter for Ecological Analysis and Synthesis 
(NCEAS) Workshop on Mammalian Com-
munities (Badgley et al., 2001; van Dam et 
al., 2001; Damuth et al., 2002), Paper III;

• previously published studies, including An-
drews et al. (1979), Andrews and Humphrey 
(1999), Reed (1997) and Reed (2008), Pa-
per III;

• information from WDPA, the World Data-
base on Protected Areas (IUCN and UNEP, 
2009),	was	used	to	locate	more	specific	co-
ordinates for some species occurrence locali-
ties, Paper III;

• the distribution ranges for mammals in North 
America came from NatureServe (Patterson 
et al., 2005), Paper IV;

• the distribution ranges for mammals in Eu-
rope came from Societas Europaea Mam-
malogica (the Atlas of European mammals, 
EMMA; Mitchell-Jones et al., 1999), Paper 
IV.

The taxonomic setting consists of mammals 
mainly from the orders Artiodactyla, Carnivora, 
Creodonta, Hyracoidea, Insectivora (and the new 
orders previously included in it), Lagomorpha, 
Perissodactyla, Primates, Proboscidea, Roden-
tia and Tubulidentata. In addition, the following 
taxa and species groups were excluded: marine 
species from the orders Cetacea and Sirenia, the 
families Odobenidae, Phocidae and Otariidae, 
as well as those species coded as aquatic in the 
database. The order Chiroptera is also excluded. 
This follows a well-established practice of ex-
cluding these groups in palaeocommunity analy-
ses	due	to	the	practical	difficulties	with	includ-
ing them as fossil species; they do not frequently 

fossilise,	or	they	are	fossilised	under	very	differ-
ent taphonomic conditions compared to other 
land-dwelling or larger mammals. Given this, 
and their rarity in the fossil record, most work-
ers thus exclude them (e.g. Andrews et al., 1979; 
Reed, 1998; Kovarovic et al., 2002; Mendoza et 
al., 2004; Louys et al., 2011). In addition, some 
body size restrictions were set (large herbivores 
in Paper II, >500 g in Paper III).

For ecomorphology, several species traits 
were used in the analyses: body mass (Papers I, 
II, III, and IV), diet (Papers II, III, and IV), tooth 
crown height (Paper II), locomotion (Papers III 
and IV) and behaviour such as hibernation, tor-
por and burrowing, collectively termed ‘‘sleep-
or-hide’’ (SLOH) behaviour (Paper I).

Data for these ecomorphological traits come 
from the NOW database (New and Old Worlds, 
Fortelius, 2009), MammalBase (Lintulaakso, 
2013) and from previously published datasets 
from NCEAS (Badgley et al., 2001; van Dam 
et al., 2001; Damuth et al., 2002) and PanTHE-
RIA (Jones et al., 2009).

Besides species occurrence and trait data, 
climatological and environmental information 
was obtained: for Papers II and IV, climatologi-
cal data from Hijmans et al. (2005; www.world-
clim.org) was used. In Paper III, a 50-km grid 
data	was	assigned	 to	 the	vegetation	classifica-
tion system from the “Major World Ecosystem 
Complexes Ranked by Carbon in Live Vegeta-
tion” GIS dataset (Olson et al., 1983, 1985), and 
in Paper IV to Bailey’s ecoregion categorization 
(https://www.fs.fed.us/rm/ecoregions/products/
map-ecoregions-continents/; Bailey & Hogg, 
1986; Bailey, 1989).

3. Methods

The methods varied according to the study set-
tings for each paper. Generally, the methods can 
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be divided into three categories: classical sta-
tistical analyses, community analyses and data 
mining.

Several “classical” analyses were used in the 
papers. In Paper I, the Kolmogorov–Smirnov test 
and Mann–Whitney U-test were used to assess 
whether small genera have greater mean and me-
dian durations than larger ones. In Paper II, a 
linear regression was used to predict the annual 
precipitation (mm) using absolute and relative 
numbers of species, body size, body mass, di-
et and tooth crown height as covariates or pre-
dictor variables. In Paper IV, one-way ANOVA 
(Krzanowski, 1988; Rencher, 2002) was used to 
analyse	whether	the	generated	clusters	differed	
significantly	(p	<	0.01)	in	the	values	of	the	cli-
mate variables.

The community analyses included cap-
ture–mark–recapture (CMR, Connolly & Mill-
er, 2001), which was used in Paper I to control 
for sampling biases instead of classical estima-
tion of the population size per se. In Paper III, 
several methods were used to examine wheth-
er	 there	are	differences	between	communities	
and their environmental settings. These includ-
ed permutational multivariate analysis of vari-
ance (PERMANOVA or NPMANOVA; Ander-
son, 2001, 2005), canonical analysis of principal 
coordinates (CAP, Anderson and Willis, 2003) 
and similarity percentage analysis (SIMPER, 
Clarke, 1993).

Some of the methods that were used are com-
mon in data mining. Quite often, the data are 
multivariate, and in some cases the method does 
not, for example, assume that the covariates are 
independent. In Paper II, nonlinear regression-
tree analysis was used to estimate the relation-
ships between the environment (precipitation) 
and the characteristics of mammalian commu-
nities. In Paper III, non-metric multidimensional 
scaling (NMDS) was used for the preliminary 
analyses, while in Paper IV, k-means clustering 

was used to group mammalian distribution data 
into coherent entities.

4. Summary of the 
original publications

4.1 Paper I
Higher origination and extinction rates in larg-
er mammals

Paper I focuses on the question of how body 
size is related to the evolutionary survivorship 
of taxa in a changing environment, and wheth-
er there are other species traits that may explain 
these survivorship patterns. The study used a 
large fossil dataset of mammals from the Neo-
gene of the Old World (NOW, Fortelius, 2009). 
By controlling for sampling biases, calculating 
the per capita origination and extinction rates of 
boundary crossers (genera that were recorded as 
present or absent during time bins that span 1, 1.5 
or 2 M.y.) and estimating survival probabilities 
using capture–mark–recapture (CMR) methods, 
this study found the recurring pattern that large 
mammal genera and species have higher origi-
nation and extinction rates, and therefore shorter 
durations. This pattern is surprising in the light 
of molecular studies. Although the shorter gen-
eration times and higher metabolic rates of small 
mammals may increase the molecular rates of 
evolution, and even if molecular changes trans-
late substantially to phenotypic changes, these 
shorter-term, generational changes do not appear 
to translate to higher turnover rates. To explain 
the observed pattern, a nearest living relative ap-
proach was used to code behaviour such as hiber-
nation, torpor and burrowing, collectively termed 
‘‘sleep-or-hide’’ (SLOH) behaviour, for the fos-
sil taxa. The patterns in the data indicate that the 
ability of mammals to shield themselves from 
environmental	fluctuations	lowers	their	turnover	
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rates, and that the ability to ‘‘sleep or hide’’ is 
constrained by body size. SLOH behaviour is 
more common in some small mammals, and, as 
a result, SLOH small mammals contribute to the 
higher average survivorship and lower origina-
tion probabilities among small mammals.

4.2 Paper II
Precipitation and large herbivorous mammals I: 
estimates from present-day communities

Paper II presents a study on the relationship be-
tween climate (precipitation) and mammalian 
community characteristics. Previous studies re-
constructing past environmental conditions have 
mainly been based on plant data (e.g. Leaf Mar-
gin Analysis, Wolfe, 1979; Climate Leaf Anal-
ysis Multivariate Program, Wolfe, 1993; Coex-
istence Approach, Mosbrugger and Utescher, 
1997; Climate Amplitude Method, Fauquette et 
al., 1998), while data from large fossil mammals 
have not extensively been used for quantitative 
estimates of past environmental conditions. For-
telius et al. (2002) used the fossil teeth of terrestri-
al plant-eating mammals as a quasi-quantitative 
proxy for environmental aridity. The mean hyp-
sodonty value was calculated for each locality 
by averaging the ordinated scores for brachyo-
dont (1), mesodont (2) and hypsodont (3) teeth, 
and the mean values were plotted on maps using 
interpolated	colours	to	indicate	regional	differ-
ences. Paper II follows the idea of a connection 
between tooth hypsodonty and environmental 
aridity. It examines how mammalian community 
characteristics can be used to estimate region-
al precipitation with global distribution data for 
large mammals and their ecomorphology (tooth 
hypsodonty) by using nonlinear regression-tree 
analysis and linear regression. 

The resulting regression trees provide a rea-
sonably accurate estimate of precipitation values 

for today’s world, having the strongest corre-
lations between annual precipitation and abso-
lute and relative numbers of species, diet, tooth 
crown height, and diet and tooth crown height 
combined.	These	results	give	confidence	that	this	
methodology can be applied to palaeocommuni-
ties to estimate past environmental conditions.

4.3 Paper III
Diet and locomotion, but not body size, differen-
tiate mammal communities in worldwide tropi-
cal ecosystems

Paper III focuses on the relationships between 
the taxon-free mammalian community structure 
and the physical environment in which they exist. 
Previous studies have demonstrated that there is 
a relationship between the mammalian commu-
nity composition and the tropical environment, 
especially with the amount of tree cover (Har-
rison, 1962; Andrews et al., 1979; Reed, 1997, 
1998; Louys et al., 2011; Andrews and Hixson, 
2014); this also relates to the amount of precipi-
tation. The aim of this paper was to investigate 
whether tropical habitat groups of the world can 
be	differentiated	by	using	the	taxon-free	mam-
malian community structure and to discuss the 
implications of the analysis for palaeoecologi-
cal community studies. Mammalian community 
data were used on 169 modern tropical localities 
from four continents: the Americas, Africa, Asia 
and Australia. These localities were assigned to 
a	standardised	vegetation	classification	(Olson,	
1983) and 607 species over 500 g were assigned 
to four ecological categories: body mass, loco-
motor pattern and two hierarchical dietary cat-
egories. These data were obtained from Mam-
malBase, a database of species attributes and 
diets based on hundreds of published sources, 
compiled by K. Lintulaakso (Lintulaakso, 2013). 
Additional data came from NCEAS (Badgley 
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et al., 2001; van Dam et al., 2001; Damuth et 
al., 2002) and PanTHERIA (Jones et al., 2009). 
The	mass	categories	were	modified	from	those	
in Andrews et al. (1979): 0.5–8 kg (A), 8–45 kg 
(B), 45–90 kg (C), 90–180 kg (D), 180–360 kg 
(E) and >360 kg (F). The species were divid-
ed into six locomotor groups that describe the 
substrate(s) in which the species moves (Reed, 
1998; Miljutin, 2009): arboreal (A), arboreal–ter-
restrial (AT), subterranean (S), subterranean–ter-
restrial (ST), terrestrial (T) and terrestrial–aquatic 
(TA). The dietary variable was divided into two 
levels of food resource preference. Diet Level 1 
represented the broadest categories of feeding 
strategy: animalivorous, frugivorous and herbiv-
orous (Miljutin, 2009). Diet Level 2 followed 
that	of	Eisenberg	 (1981)	with	some	modifica-
tions: mixed-feeders were added to the herbi-
vore group, and aerial insectivores and foliage-
gleaning insectivores were combined into one 
category: insectivores. The resulting communi-
ties were analysed using community structure 
analyses. According to the results, the mamma-
lian	community	structure	significantly	differed	
between all of Olson’s categories, being high-
est at Olson’s major and minor ecosystem lev-
els. As general ecosystem categories are broken 
down	into	more	precisely	defined	habitats,	more	
detailed knowledge of the species adaptations is 
required to distinguish between them. The results 
also demonstrate that community structure de-
fined	by	both	dietary	and	locomotor	adaptations	
is a powerful discriminator of tropical ecosys-
tems and habitats across the continents, but body 
mass should be interpreted with caution when the 
research question pertains to multiple continents.

4.4 Paper IV
Land mammals form eight distinct biogeographi-
cal units in North America, but only one in Europe

In Paper IV, the mammalian faunas that are both 
climatically and functionally distinct in North 
America and Europe were studied. The point-
sampled species occurrences of land mammals 
were clustered using the k-means algorithm, 
ranging from three clusters at the largest spa-
tial scale and 21 at the smallest. After cluster-
ing,	 the	 faunas	were	 tested	for	significant	dif-
ferences in climate (mean annual precipitation, 
mean annual temperature) and functional traits 
(body mass, locomotion and diet). As a result, 
in	North	America	climatic	differentiation	exists	
at the scale where mammals are divided into 11 
distinct faunas and, in Europe, at the scale where 
there	are	five	faunas.	Functional	trait	differentia-
tion in body mass occurs at a larger spatial scale 
in North America (eight distinct faunas), but lo-
comotor	differentiation	 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 is present in Europe. 
Faunal clusters can be constructed at any spatial 
scale, but clusters are climatically and function-
ally meaningful only at larger scales, producing 
entities that form regional species pools for com-
munity assembly processes. Since the functional 
traits (body mass, locomotion) are observable 
in the fossil record, community-level functional 
trait analysis has the potential to be used to re-
construct past climatic gradients.

5. Discussion

Paper I shows that among mammal genera 
with shorter taxon durations, there is a predom-
inance of large mammals (Artiodactyla, Carniv-
ora, Creodonta, Hyracoidea, Perissodactyla, Pri-
mates, Proboscidea and Tubulidentata), whereas 
among those with longer durations, there is an 
excess of small mammals (Insectivora, Rodentia 
and Lagomorpha). Large mammal genera have 
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higher per capita rates of both origination and 
extinction than small mammals. By using a cap-
ture–mark–recapture (CMR) approach, the re-
sults indicate that large animals have compara-
tively lower survivorship. The best models in 
each case from CMR analyses always include a 
body	size	effect,	indicating	that	large	mammals	
have a lower probability of survival. Although 
the shorter generation times and higher meta-
bolic rates of small mammals may increase the 
molecular rates of evolution, and even if mo-
lecular changes translate substantially to pheno-
typic changes, these shorter-term, generational 
changes do not appear to translate into higher 
turnover rates, as demonstrated here. Body size 
is indeed a general predictor of mammal taxon 
duration (this study), even though there are cer-
tainly small short-duration and large long-dura-
tion mammal taxa.

In this study, a hypothesis was presented that 
it is not just being smaller per se that allows 
greater survivorship (many small mammals also 
have short species and genus durations). Rath-
er, a greater proportion of small mammals may 
be more apt at hiding (e.g., in burrows or tree 
holes) or going into low metabolic rate modes 
(e.g., hibernation and torpor). Taxa that demon-
strate	the	ability	to	buffer	themselves	from	envi-
ronmental stress in this manner are here termed 
SLOH (‘‘sleep-or-hide’’) taxa. A nearest living 
relative approach was used to infer the presence/
absence of SLOH behaviour in fossil genera. 
According to the results, genera having SLOH 
behaviour in the dataset generally have small-
er body mass estimates. There is also a group 
of small mammals that does not display SLOH 
behaviour. Therefore, some, but not all, small 
mammals	may	be	better	buffered	against	envi-
ronmental changes than larger mammals. Based 
on the analyses in this study, there is good evi-
dence that the longest-lived small mammal gen-
era have SLOH traits. These results suggest that 

SLOH genera are less extinction prone and ex-
perience less selective pressure to evolve to cope 
with environmental change. Whether species are 
seasonal or facultative in the hibernation–torpor 
continuum, this behaviour is associated with de-
creased food resources, lower ambient tempera-
tures and lowered oxygen availability. Because 
this behaviour is in part plastic, species that dis-
play it are expected to cope better with (un)ex-
pected climate variation.

In Paper II, a method was developed to es-
timate regional precipitation from mammalian 
community characters using non-linear regres-
sion-tree analysis and linear regression between 
annual precipitation and ecomorphologies. Ac-
cording to the results, a non-linear algorithm bet-
ter estimates precipitation than a linear correla-
tion. The strongest correlations were observed 
for annual precipitation versus diet (R2 = 0.665), 
precipitation versus tooth crown height (R2 = 
0.658), and precipitation versus diet and tooth 
crown height combined (R2 = 0.742). Many of 
the regional and all of the global-scale patterns 
are well represented in the predictions. Africa in 
particular, and both the Eurasian continent and 
the New World are relatively well estimated.

Mammal	communities	reflect	the	vegetation	
habitat,	which	in	turn	reflects	the	patterns	of	rain-
fall. The causal chain between rainfall and mam-
mal abundances goes through grass and foliage 
production, which is approximately linearly re-
lated to rainfall (Huxman et al., 2004). The an-
nual net primary production (ANPP) in world 
biomes is related to rainfall. However, at some 
stage, rainfall is not the main limiting factor. At 
high northern latitudes, primary production is 
controlled by temperature and light more than by 
precipitation (Churkina and Running, 1998; Ne-
mani et al., 2003), and there, the relationship be-
tween precipitation and mammalian community 
traits become less clear. The production of arid 
environments is more rainfall limited, whereas in 



19

environments that are more humid, production is 
temperature or nutrient limited. This can also be 
seen from the model. Mammalian communities 
cannot	be	confidently	used	to	estimate	rainfall	
above ~2000 mm, representing the present-day 
habitats of tropical forests (with rainfall exceed-
ing 1500 mm) and tropical rainforests (over 2000 
mm). For example, in South America, tropical 
rainforest is especially troubling for hypsodon-
ty estimation. However, combined hypsodonty 
and diet estimation captures much of the precip-
itation variation in South America. In addition 
to certain rainfall thresholds, some other areas 
had poor estimates for rainfall: Madagascar and 
areas having orographically driven changes in 
precipitation, such as Alpine regions of Europe, 
the highlands of central India and the South Hi-
malayan region. The likely reason for the poor 
estimates for Madagascar is that it has almost 
no terrestrial herbivores. During the last 10,000 
years, large terrestrial and arboreal species have 
gone extinct in Madagascar due to excessive hu-
man hunting and human-induced environmental 
change (Burney et al., 2004). For the high-alti-
tude areas, a likely reason is that mammals are 
mobile and track the seasonal variation in moun-
tains, which causes mammal species to be re-
corded in multiple adjacent ecoregions. Perhaps 
the method is too coarse to detect orographically 
driven changes in precipitation.

Generally, the estimated annual precipitation 
values based on regression trees using absolute 
and relative numbers of species, hypsodonty, di-
et, and hypsodonty and diet depict the actual an-
nual precipitation pattern remarkably well. The 
correlation values are larger when the full set of 
absolute and relative numbers are used in com-
parison with relative numbers only. Africa shows 
the best correspondence between predicted and 
actual	rainfall	patterns.	This	is	significant	for	the	
potential use of this method to estimate climatic 
conditions of the past. As Africa was the conti-

nent	least	affected	by	end-Pleistocene	megafauna	
extinctions (Koch and Barnosky, 2006), it has 
the best available approximation of the mam-
mal community structure that could be thought 
to represent pre-anthropogenic conditions.

Since the publication of Paper II, species trait-
based models for estimating climatic variables 
have been developed by other researchers (e.g., 
Liu	et	al.,	2012;	Žliobaitė	et	al.,	2016;	Fortel-
ius et al., 2016) using other functional traits of 
herbivore molar surfaces than hypsodonty. The 
longitudinal loph count has been used to extract 
estimates of rainfall and temperature (Liu et al., 
2012), FCT (Functional Crown Types, which in-
cludes	seven	different	dental	traits)	has	been	used	
for modelling local precipitation, temperature, 
primary productivity and a vegetation index as 
functions	of	these	traits	(Žliobaitė	et	al.,	2016),	
while hypsodonty and longitudinal lophedness 
have been used in regression models for sepa-
rately estimating temperature and precipitation 
(Fortelius et al., 2016).

Paper III presents an investigation into 
whether tropical habitats across the world can 
be	differentiated	on	the	basis	of	their	mamma-
lian	community	structure.	Olson’s	classification	
was used to categorise the habitats. The results 
demonstrate that the diet and locomotion cate-
gories	differentiate	the	communities	best,	while	
body mass performed poorly. 

The	habitat	differences	using	dietary	cate-
gories are largely accounted for by the number 
of frugivorous mammals (frugivore–granivores 
and frugivore–herbivores). These are mainly pri-
mates, but there are also other frugivores, such 
as ungulates. The number of herbivores is only 
important at Olson’s minor ecosystem and veg-
etation level, where “interrupted woods” and 
treeless areas such as grasslands and tundra 
are	differentiated	 from	each	other.	Animalivo-
rous	groups	do	not	 impact	on	 the	differences	
between major or minor ecosystems. Herbivores 
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and frugivores are mainly primary or second-
ary consumers, while animalivores are higher 
in the trophic hierarchy. This may be the reason 
why	habitats	are	reflected	more	by	their	primary	
and secondary consumers and the ‘signal’ from 
primary production weakens towards the top of 
the trophic hierarchy. The results show that the 
broader	dietary	classification	(Diet	Level	1,	ani-
malivores, herbivores and frugivores) may make 
it a more robust approach to worldwide ecosys-
tem and vegetation comparisons, although clear-
ly	less	detail	is	captured.	More	nuanced	differ-
ences between habitats can be obtained using 
Diet Level 2 (Eisenberg, 1981, see summary of 
Paper III). This requires between one and six 
dietary variables.

In terms of the locomotion groups, the num-
ber	of	arboreally	adapted	species	differentiates	
closed habitats from open ones. This is a con-
clusion borne out by others (Reed, 1997; Louys 
et al., 2011), who have also demonstrated that 
an abundance of arboreal species indicates the 
presence of well-developed tree cover. These 
taxa are generally primates and tree-dwelling ro-
dents. Interestingly, the number of terrestrial spe-
cies	contributed	very	little	to	the	differences	be-
tween community structures. Terrestriality may 
be too general a category for describing species 
that move about on the land surface. By adding 
more detailed locomotor classes (i.e. cursorial), 
the separation between open and closed habitats 
could be clearer. Subterranean–terrestrial and ter-
restrial species distinguished humid and forested 
localities from seasonal or less forested areas. 
Seasonality and the inconsistent availability of 
food throughout the year can be dealt with by 
migration, which requires terrestrial movement, 
or by many of the ‘‘sleep-or-hide’’ (SLOH) be-
haviours described in Paper I. “Sleeping” (hiber-
nation, torpor, estivation) provides a means for 
escaping harsh conditions, such as seasonality, 
for up to several months, while “hiding” (liv-

ing underground, taking shelter in caves or tree 
holes) can provide a more secure environment to 
live in, stabilising some of the climatic season-
ality. Food caching is also one of the traits that 
is regularly used by SLOH species in order to 
cope with seasonal changes in food availability.

Body	mass	categories	did	not	clearly	differ-
entiate community structure, particularly in veg-
etation categories. However, further analysis of 
the data showed that the size ranges of mammals 
differed	on	each	continent.	Africa	has	a	higher	
proportion of larger mammals, whilst America 
and Australia have smaller species, with Asia 
somewhere in between. This pattern is also ob-
servable in the palaeontological record of the 
Pleistocene and is likely to have roots deep in 
time (Janis, 1993; De Vivo and Carmignotto, 
2004; Louys et al., 2011; Fortelius, 2013; Owen-
Smith, 2013). Although a recent study (Rodrí-
guez et al., 2006) has shown that body size can 
be useful, this is only clear at higher latitudes, 
suggesting that the warmer the annual tempera-
ture, the less likely body size is to be helpful in 
distinguishing habitats.

The	study	 in	Paper	 III	confirmed	 that	pal-
aeoecological reconstructions of tropical fossil 
localities based on dietary and locomotor vari-
ables can be obtained. The results indicate only 
relatively small numbers of similar mammali-
an community structures for worldwide tropi-
cal vegetation classes. This indicates that histori-
cal and ecological factors shape the mammalian 
community	structure	slightly	differently	in	rela-
tively similar primary production environments 
(Endler, 1982). Some vegetation groups repre-
sent a continuum of cover that is, at least in the 
worldwide	comparison,	too	detailed	to	differen-
tiate when broad generalities are sought. How-
ever,	when	the	use	of	well-defined	broad	habitat	
categories is pursued in palaeoecological com-
munity studies, three worldwide tropical major 
ecosystems could be used: “humid, closed for-
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ests”, “seasonal or interrupted forests and grass-
lands” and “seasonal, open drylands”.

In	Paper	IV,	the	study	investigated	the	find-
ings of Heikinheimo et al. (2007 and 2012), who 
demonstrated that mammalian distribution data 
for Europe naturally divide into clusters that are 
spatially	highly	connected.	These	findings	were	
investigated in Paper IV between two continents: 
North America and Europe. The mammalian 
presence/absence data were clustered using the 
k-means algorithm. The resulting clusters, which 
were solely based on the mammalian distribu-
tion data, formed coherent groups — termed as 
faunas. Using climatic variables that were inde-
pendent of the clustering itself showed that these 
groups	were	significantly	different	 in	 their	cli-
mate for up to eleven faunas in North America 
and	five	in	Europe.	When	these	faunas	were	ana-
lysed using their functional trait data (body mass, 
locomotion,	diet),	they	differed	significantly	in	
North	America.	The	functional	trait	differentia-
tion in body mass occurred at a broader spatial 
scale in North America (eight distinct faunas), 
while	the	locomotor	differentiation	was	present	
at	all	spatial	scales.	Dietary	differentiation	was	
not	present	at	any	scale.	No	significant	differ-
entiation in any functional trait at any scale was 
present in Europe. 

The	lack	of	trait	differentiation	among	Eu-
ropean faunas is an interesting result. Europe’s 
narrower climate range probably explains why 
its	 faunas	do	not	 show	statistically	 significant	
differentiation	 in	 body	mass.	 North	America	
has a wider range of mean annual temperature 
(-26°C to 29°C) and annual precipitation (54 mm  
to	4860	mm)	and	fills	a	broader	climate	space	
than Europe (-9.7°C to 18.2°C, 242 mm to 2331 
mm, respectively). Only three North American 
faunas overlap climatically with European ones: 
the Eastern US, which overlaps with France and 
Southern Scandinavia–UK, and Southern Can-
ada and British Columbia, which overlaps with 

Northern Scandinavia–Finland. The remaining 
eight North American faunas lie outside the cli-
matic boundaries of the European faunas, form-
ing three unique groups: warm and moist, dry, 
and cold. The greater climate gradient of North 
America may be necessary to sort species into 
faunas based on body mass. In Europe, the re-
duced climate range and the smaller number of 
species decrease statistical power to detect body 
mass	differences.	Similarly,	a	narrower	variety	
of habitats in Europe probably does not facilitate 
locomotor sorting among the faunas. Tropical, 
desert, and basin and range environments are 
missing entirely from Europe. The dispersion of 
faunas in climate space is also greater in North 
America, suggesting that even though the cli-
matic	differences	in	the	European	faunas	are	sta-
tistically	significant,	they	are	smaller.	Therefore,	
the	strong	sorting	effects	imposed	by	extreme-
ly	different	North	American	habitats	like	dense	
tropical forests, open desert and scrubland, grass-
lands, and large expanses of taiga may be absent 
in Europe, thus explaining the lack of locomotor 
diversification	among	faunas	in	the	latter.

In North America, locomotor categories dif-
fer at comparatively small spatial scales, form-
ing	a	hierarchy	that	creates	significant	differenc-
es between faunas at small scales from k=21 
to	large	scales	at	k=4.	Body	mass	differed	at	a	
comparatively large spatial scale where k=8. The 
proportion of large (> 8,000 g) species varied 
substantially among these functionally distinct 
faunas, being lowest (5% of the faunal compo-
sition) in the south (Mesoamerica) and highest 
in the north (High Arctic Canada, Eastern Berin-
gia, and Northern High Canada, >24%). Diet did 
not	differentiate	faunas	at	any	scale.	The	lack	of	
differences	may	be	because	the	dietary	catego-
ries were too detailed (Lintulaakso & Kovarovic, 
2016), but is more likely because all types of diet 
are likely to be mixed within local communities 
whereas body mass and locomotor specialisa-
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tions have a functional relationship to climate 
or landscape conditions that vary geographically. 
These	findings	suggest	a	hierarchy	of	process-
es involved in the formation of regional species 
pools and local community assembly. Function-
al 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.	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	differentia-
tion among European faunas is puzzling since 
in	North	America	that	differentiation	is	found	at	
almost all scales.

The aim of this study was not to create formu-
lae of any kind between taxon-free species com-
position of a locality and the climate, as in Paper 
I. This should be and is in some part already be-
ing	investigated	in	other	studies	(see	Žliobaitė	et	
al., 2016). However, the hierarchical distribution 
of faunas, climate, and functional traits provides 
a framework for interpreting paleontological fau-
nas in terms of climate. Faunal clusterings based 
on a combination of species occurrences, body 
size, and locomotor traits should correspond to 
some	level	of	climatic	and	environmental	differ-
entiation. The results suggest that the frequency 
of locomotor types in a fauna may be a guide to 
palaeoenvironmental interpretation. Purely ter-
restrial locomotion dominates the northern fau-
nas (38%-46% of the fauna), while subterranean-
terrestrial species dominate the mid-latitude and 
southern faunas (35-51%). Subterranean species 
are found in faunas that have varied soils asso-
ciated with high topographic relief and variable 
conditions, both diurnally and seasonally. This 
combination of conditions may favour subter-
ranean and subterranean-terrestrial species that 

look for shelter and food storage underground 
(see SLOH species, Paper I). Mesoamerica, with 
its tropical and subtropical forests, has a high pro-
portion of arboreal and arboreal-terrestrial spe-
cies (12% and 22% respectively). Arboreality is 
associated with to dense tree cover, while arbore-
al-terrestrial species are associated with savanna 
and	woodland	environments.	The	results	confirm	
previous studies that showed that standing diver-
sity and body size distributions are related to cli-
mate and could thus be useful for palaeoclimatic 
reconstruction. Cold regions (mean annual tem-
peratures	<	-5	°C)	have	a	low	number	of	mam-
mals (between 49 to 58 species). The proportion 
of large (> 8000 g) species is over 24% of the 
community composition, and the proportion of 
small	species	(<	500	g)	is	less	than	51%.	Rela-
tively wet and mild regions (700 - 1050 mm per 
year; 0 - 11 °C MAT) have a moderate number 
of	species	(≈	80)	with	large	species	making	up	
between 10 - 21% of the fauna and small species 
between 53 - 61%. Dry areas with low precipita-
tion, moderate temperatures, and high elevations 
(300 - 500 mm per year; 6 - 20 °C; > 1400 m) 
have a high number of species (140 - 150) with 
few large species (9%) and many small ones 
(65 - 68%). Warm and humid areas (> 23 °C, > 
1700 mm per year) have a very high number of 
species (>240) with fewer than 5% large species 
and more than 70% small species.

6. Conclusions

This thesis study examined the relationships be-
tween mammalian traits, community structure 
and their relationship with the environment and 
climate. Paper I investigated the relationship be-
tween body mass and the origination and extinc-
tion rates of taxa, presenting a new hypothesis 
that	 taxa	with	 the	ability	 to	buffer	 themselves	
from environmental stress last longer. In Paper II, 
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a method was developed to estimate precipitation 
from a set of ecomorphological characteristics 
of modern large herbivorous mammal commu-
nities. Paper III analysed the modern mamma-
lian community structure to determine whether 
these structures similarly relate to the vegetation 
in tropical localities. Paper IV concentrated on 
the mammal distribution of North America and 
Europe to examine whether they construct simi-
lar types of climate-related communities.

In Paper I, the results showed that there are 
higher origination and extinction rates in larger 
mammals, i.e. the smaller taxa last longer. By 
analysing the results, a new hypothesis for this 
pattern was presented: it is not just being small-
er per se that allows greater survivorship. Rath-
er, a greater proportion of small mammals may 
be more apt at hiding (e.g., in burrows or tree 
holes) or going into low metabolic rate modes 
(e.g., hibernation and torpor). Taxa displaying 
such behaviour generally have a small body size 
(this	study),	and	demonstrate	the	ability	to	buffer	
themselves from environmental stress, suggest-
ing that SLOH (‘‘sleep-or-hide’’) genera are less 
extinction prone and experience less selective 
pressure to evolve to cope with environmental 
change. Whether species are seasonal or facul-
tative in the hibernation–torpor continuum, this 
behaviour is associated with decreased food re-
sources, lower ambient temperatures and low-
ered oxygen availability. Because this behaviour 
is in part plastic, species that display it are ex-
pected to cope better with (un)expected climate 
variation. 

The method of Paper II was developed to 
estimate precipitation from a set of ecomorpho-
logical characteristics of large herbivorous mam-
mal communities. These estimations were based 
on regression trees and used the characteristics 
of	mammalian	communities	to	define	the	rela-
tionships with the environment. These regression 
trees gave reasonably accurate estimates of pre-

cipitation values for today’s world, and thus can 
be applied to palaeocommunities to estimate past 
environmental conditions. 

In Paper III, the tropical mammalian commu-
nity structure was analysed to determine wheth-
er there are any dependencies in the communi-
ties and habitats. According to the results, there 
is wide applicability in distinguishing between 
modern habitats and, by extension, fossil locali-
ties where relatively complete species lists with 
species	traits	can	be	obtained.	While	defining	pa-
laeospecies traits is not a straightforward task, the 
findings	of	Paper	III	encourage	palaeontological	
research to continue to gather information on in-
dividual taxa. This will enable both broad eco-
system discriminations and more precise habitat 
reconstructions, as well as the construction of pa-
laeocommunity	structure	with	habitat	affiliations.	

While the study in Paper III concentrated on 
locality-based data, the approach in Paper IV 
was to detect broader entities based on mammal 
distribution data. The results in Paper IV con-
cur with earlier studies: clustered land mammal 
community compositions express both climatic 
and	physical	environments	modified	by	biogeo-
graphical history. By using species traits (espe-
cially locomotion), the connection of fossil-based 
studies with living ecosystems may be used to 
reconstruct past environmental conditions.

To conclude, the results of Papers I–IV have 
demonstrated that many types of relationships 
exist between the community structure of mam-
mals and their environment, ranging from conti-
nental-level climatic relationships to local vege-
tation models. The studies have also shown that 
more precise information on species can pro-
vide tools to interpret more nuanced informa-
tion	about	past	environments	and	how	different	
climatic conditions have evolved during the past 
million years. The more we know about past en-
vironments, the better we can interpret how the 
future climatic conditions are going to change.
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