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The study of how long-term changes affect metacommunities is a relevant topic, that involves the
evaluation of connections among biological assemblages across different spatio-temporal scales, in
order to fully understand links between global changes and macroevolutionary patterns. We applied
multivariate statistical analyses and diversity tests using a large data matrix of rodent fossil sites in
order to analyse long-term faunal changes. Late Miocene rodent faunas from southwestern Europe
were classified into metacommunities, presumably sharing ecological affinities, which followed
temporal and environmental non-random assembly and disassembly patterns. Metacommunity
dynamics of these faunas were driven by environmental changes associated with temperature
variability, but there was also some influence from the aridity shifts described for this region during
the late Miocene. Additionally, while variations in the structure of rodent assemblages were directly
influenced by global climatic changes in the southern province, the northern sites showed a pattern of
climatic influence mediated by diversity-dependent processes.

The traditional view of community ecology, where groups of species (communities) are temporally stable, closed
and isolated from each other, has changed over the years'~. Evidence shows that local communities are not only
affected by local abiotic conditions and biotic interactions, but also by processes operating at regional scales such
as speciation, extinction, immigration and emigration®. The metacommunity framework solves this issue, group-
ing local communities that are connected by the dispersal of one of the component species at least"*. The applica-
tion of the metacommunity concept is key to study the macroecological and macroevolutionary processes behind
the deep time dynamics of communities®® and regional scale analyses allow us to evaluate macro-scale biotic and
abiotic factors (faunal turnover, environmental change...) that affect them. Within this metacommunity frame-
work, the study of assembly-disassembly processes, in which successive species losses and gains are considered
the reflection of habitat changes usually linked to global climatic change, has gained relevance in the last years®1°.
These studies have shown that nested patterns are frequent in the assembly and disassembly of metacommunities,
since species endure or disappear in an orderly manner associated to the intensity of environmental disturbances.
Nevertheless, although it is required to fully understand the link between biological assemblages and evolutionary
biology”'"'2, the study of how long-term changes affect metacommunities remains incomplete.

We focus our work on the study of rodents because their communities are widespread, highly diverse and
habitat-sensitive. Environmental disturbances commonly affect these communities, which recover from
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perturbations at relatively rapid rates. Moreover, the Iberoccitanian (southwestern Europe, including most of the
Iberian Peninsula plus southern France, currently influenced by Mediterranean climate, see Supplementary Fig. 1
and the study area subsection in Methods section for its biogeographical relevance) fossil record of this group is
characterised by a large amount of fossil remains due to their life cycle (r strategist) and the good preservation
of their dentition, which are key for both systematic and paleoecological studies'*~'’. Finally, because of the high
resolution of micromammalian fossil sites at large spatiotemporal scales, a great deal is already understood about
the evolutionary dynamics of rodent faunas®=%1318-20, These particular features, make Miocene Iberoccitanian
rodent metacommunities ideal to study the development of novel macroecological and macroevolutionary
approaches (Supplementary Fig. 1). Additionally, their communities during the end of the Miocene (12 to 5Ma)
underwent major changes in a time interval of crucial climate shifts*'~?, including the so-called Vallesian Crisis
and the Messinian Salinity Crisis. The former has been related to the aridification of European ecosystems?>?,
probably associated with gradual cooling during the Neogene and the initial development of ice sheets in the
Arctic*®¥, while the latter involved desiccation of the Mediterranean Sea and an associated sea level decrease
in the Paratethys Sea’®. In both cases, there is controversy about the effects on mammalian faunas”?>2+2%-32,
Furthermore, both crises occurred in the context of general global cooling during this whole time interval?>>33,

The main goals of this study are: (1) to identify the rodent metacommunities from the late Miocene of the
Iberoccitanian Region and (2) analyse their spatio-temporal dynamics in relation to environmental changes as
well as shifts in different ecological parameters of these metacommunities, particularly taxonomical diversity and
ecological structure. In order to fulfill the first objective we used the faunal components (FC) defined by Gémez
Cano, et al.”, which group genera with similar ecological affinities (see Supplementary Fig. 2). Because of the
relatively homogenous ecology of their species (mainly habitat preferences), these faunal components work as
environmental proxies to interpret community ecological structure. This macroecological fossil-based approach
enables us to identify temporal and spatial variations of community structure, which presumably were related to
changes in global and regional climate. Therefore, we used the variations in the percentages of each faunal com-
ponent in each fossil association as variables for the definition of metacommunities by means of cluster analysis.
We achieved the second objective through the analysis of patterns of community assembly-disassembly (as meas-
ured by nestedness) as well as the changes in taxonomic diversity and the ecological structure defined by faunal
components. Subsequently, we evaluated the statistical relationship between these patterns of ecological change
in metacommunities and climatic changes (as independently measured by the global isotopic record, which is
related to variations in temperature and, secondarily, in precipitation patterns). Finally, since there are significant
environmental differences between the southern and northern provinces within the Iberoccitanian Region'¢*4%,
we analysed community changes separately for each biogeographic province.

Results
Metacommunities analyses. The cluster analysis identified four significant metacommunities (Fig. 1),
which were identified with capital letters from A to D. Each metacommunity presented changes in the relevance
of the different faunal components within its rodent associations (see Supplementary Table 2). Metacommunity A
included fossil sites in which FC VI and FC V were dominant, sometimes accompanied by FC III. Sites included
in metacommunity B were clearly dominated by taxa included in FC II. Metacommunity C was mainly domi-
nated by FC III, with some relevance of FC II in the northern province. Finally, sites included in metacommunity
D were restricted to the southern province in our database, and included higher percentages of species from the
FCIand IV. The spatiotemporal dynamics of these rodent assemblages (Fig. 2) showed an initial dominance of
metacommunity A in the Iberoccitanian Region with metacommunities B and C less represented. Progressively,
during the Vallesian (around 11 to 9 Ma), the A metacommunity lost importance in favour of B and C in an
incremental way. During the early Turolian (around 8.5 Ma), the metacommunity C was dominant in the Iberian
Peninsula, and there was a northward shift of metacommunity B. Finally, the appearance of metacommunity D
during the late Turolian (around 7.0 Ma) is associated to the north displacement of metacommunities B and C
(Fig. 2). Geographical shifts or disappearance of these metacommunities in the northern province during the
latest Turolian could not be assessed due to lack of record in this area between 6 and 5 Ma.

The nestedness analyses indicated a statistically significant nested pattern in the rodent assemblages from both
bioprovinces, as well as in most of their different faunal components (Table 1).

Diversity dynamics. The Shannon diversity index increased progressively in both provinces, although this
increase was slightly more pronounced in the northern province (Fig. 3). Overall, this index exhibits fluctuations
through time in both provinces (Fig. 3), but in an opposite pattern, with rough synchronicity between peaks in
the northern province and valleys in the southern one.

According to the dynamic of rodent families, there were similar trends in both provinces, with early dom-
inance of Cricetidae, Sciuridae and Gliridae (Fig. 4). Around 11-10 Ma the family Muridae is recorded in the
Iberoccitanian region for the first time, and became the dominant family around 9 Ma in the southern prov-
ince and 1 Ma later in the northern one (Fig. 4). The other families had much lower representation in the
Iberoccitanian faunas, except for the families Castoridae, and Eomyidae in the northern province (Fig. 4). It is
important to note the presence of the family Hystricidae only in the southern province, where it is recorded spo-
radically. Nestedness ranking of rodent assemblages was significantly correlated with taxonomical diversity only
in the northern province (Table 2), which indicates an ordered pattern for variations of diversity in this province
and suggests that the apparent loss/gain of genera in the northern province was diversity-dependent. The negative
correlation between taxonomic diversity and nestedness ranking indicates that permanence of genera in face of
environmental change within this province was higher if resources were shared among more equitably distributed
genera (with similar proportions of species) rather than in communities with a higher incidence of closer relatives
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Figure 1. Rodent metacommunities cluster for the Iberoccitanian region during the latest middle Miocene to
the Mio-Pliocene boundary. Metacommunities A, B, C and D are represented with different colours. Euclidean
distance between nodes is shown at the bottom of the cluster and the coefficient of cophenetic correlation is
shown at the top. Abbreviations for fossil sites as in Supplementary Table 1.

in one or few genera. Lower variation range in the diversity index of southern fossil sites precluded a statistical
relationship between diversity and nestedness ranking.

Environmental variables correlation. Our correlation analyses between climatic change (as measured by
8180 values) and the different variables studied here showed a high level of connection between environmental
change and faunal dynamics.
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Figure 2. Geographical and temporal replacement of rodent metacommunities in the Iberoccitanian Region
from the latest middle Miocene to the Mio-Pliocene boundary. Each map represents one million of years,
except the ones in the extremes of the temporal gradient. The colours of the different fossil sites correspond to
the colours assigned to each metacommunity in Fig. 1. The arrows correspond the Vallesian Crisis (VC) and
Messinian Salinity Crisis (MSC). Dotted line separate the northern and southern province. Figure created with
Adobe Illustrator CS6 version 16.0.0.

The Shannon diversity index was not correlated with §'®O in the southern province, although there was a sig-
nificant correlation in the northern province, which shows that the general global cooling across the late Miocene
appears to be related to increases in taxonomical diversity of its rodent faunas (Table 2).

Proportion of species for most faunal components (FC) showed statistically significant correlations with iso-
topic values, which were slightly different in the southern and the northern province (Table 3). Proportions of
FC V and VI, both related to a set of middle Miocene genera (Supplementary Fig. 2), significantly dropped in
association with temperature increases in both provinces. FC III and FC IV, dominated by generalist species
(Supplementary Fig. 2), correlated only marginally with isotopic variation in the southern province, while the
former was significantly related to decreases in temperature in the northern province and the latter was recorded
in only two northern fossil sites and statistical correlation was not possible. Finally, increases in the proportion of
species of FC I, dominated by generalists and some species adapted to more open spaces (Supplementary Fig. 2),
were significantly related to increases in temperature in the southern province, but this was not the case in the
northern province, probably because its absence in most of the northern rodent associations precluded a robust
analysis.
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T RT P T RT P
South 20.456 31.756 <0.001 North 22.990 37.946 <0.001
FCI 1.915 20.85 <0.001 FCI — — -
FCII 17.335 30.255 0.004 FCII 12.569 28.062 <0.001
FCIII 32.298 43.200 0.005 FCIII 15.449 34.199 0.001
FCIV 7.054 26.157 <0.001 FCIV — — —
FCV 6.243 25.558 <0.001 FCV 6.022 28.544 <0.001
FCVI 9.999 34.77 <0.001 FCVI 7.535 25.931 0.003

Table 1. Nestedness analyses for complete Iberoccitanian late Miocene rodent assemblages (Total). and for
each faunal component (FC) in southern (left) and northern (right) provinces. T, matrix temperature; RT,
Random T, mean matrix temperature for 10000 randomly shuffled matrices; p, probability values based on the
comparison between T and its distribution for 10000 randomly shuffled matrices.

The nestedness ranking was significantly correlated with temperature in the southern province and
non-significant in the northern province (Table 3). Regarding the independent FCs, in the southern province the
FCs 111, IV, V and VI were significantly correlated with the §'O value, while in the northern province only the
FC III was significantly correlated and correlations with FC V and FC VI were marginally significant (Table 3).
Looking into the sign of these correlations, the decrease of temperatures provoked gains of FC IV genera in the
associations from the southern province, and gain of FC III genera in the northern province. In turn, the decrease
of temperatures provoked a decrease in the fossil associations of genera included in the FCs III, V and VI in the
southern province, and FC V and VT in the northern province (Table 3).

Discussion

Late Miocene rodent faunas from the Iberoccitanian region sharing similar ecological structures were classified
into metacommunities, which followed non-random temporal and environmental assembly and disassembly
patterns directly or indirectly related to environmental changes. Influence of climatic changes on the rodent
communities proceeded through the integration of separate impacts on the different faunal components that inte-
grated these assemblages. The proportions of species from each faunal component were significantly influenced
by global temperature changes (Table 3). Additionally, our results strongly suggest that faunas from the northern
and southern provinces showed differential responses to climatic changes; while temperature changes had a direct
influence on the assembly-disassembly patterns of southern rodent faunas (Table 3), the influence of environmen-
tal changes appeared to be diversity-dependent in the northern province (Table 2); taxonomic diversity of rodent
faunas in the northern province was influenced by temperature changes, while this was not the case for the south-
ern province, where changes in humidity-aridity conditions might be more important'**. This would be related
to the effects of changes in temperature in the higher latitudes of the Iberoccitanian Region, where forested and
more stable environments were dominant”**¥. The temperate evergreen forests typical of the northern province
in this period seem to be more affected by changes in temperature than in relative humidity®*® and, therefore,
the rodent faunas adapted to these environments would be indirectly affected by landscape changes induced by
temperature changes. Additionally, the increase in thermal seasonality associated with latitude increase made
variations in temperature more relevant than relative humidity under these Miocene tropical conditions®*, since
it gave rise to the lack of specific food resources (e.g. fruits) during long periods of the year. The influence of
diversity-dependent dynamics on the assembly-disassembly processes of rodent metacommunities in the north-
ern province suggests that permanence of taxa in face of environmental change within this province was lower
among close relatives than if they belonged to different genera. Although the functional role of diversity has been
the subject of a long-standing debate in ecology, diversity tends to be correlated positively with ecosystem stabil-
ity**-%2, which is dependent on the differential response of species or functional groups to variable conditions, as
well as the functional redundancy of species that have important stabilizing roles.

On the contrary, our results on the southern province suggest that, while the diversity of the local faunas was
not correlated to changes in temperature (Table 2), the structure of the communities may have been influenced
mostly by temperature changes (Table 3). The significant correlations of the nestedness ranking with isotopic
values showed that global temperature changes gave rise to an ordered substitution of the metacommunities
and most of their components. However, some parts of that structure were possibly also determined by aridity
changes. For example, there was no significant correlation between temperature changes and proportion of spe-
cies in FCII (Table 3), which was dominated by forest adapted species (Supplementary Table 2). Due to the mostly
dry climates of the southern province®, slight fluctuations of relative humidity had a crucial influence in forest
environments and their associated fauna’.

In addition to the different ecological processes implied in the faunal dynamics of the provinces, faunal
changes in relation to major environmental crises during the late Miocene appear to be delayed in the northern
province when compared to the southern one (Figs 3 and 5). Eventually, changes in the ecological structure of
rodent communities and turnover among metacommunities seem to be much more pronounced in the southern
province than in the northern province (Fig. 5).

The simultaneous disappearance of metacommunities A and B and final dominance of metacommunity C
in the southern province coincided with what has been called the Vallesian Crisis****, while there was a gradual
substitution of metacommunities in the northern province during a much longer time interval during the late
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Figure 3. Changes in taxonomical diversity (above). Measured by Shannon index, for Iberoccitanian late
Miocene rodent assemblages from the northern (blue, 27 fossil sites) and southern (orange, 90 fossil sites)
provinces, compared with benthic foraminifera 6'%0 values (below) from Zachos et al.. To visualize trends
throughout the late Miocene, we applied a local regression fitting (LOESS) to diversity indexes. The smoothing
parameter (\) controls the balance between the goodness of fit of the model. Shaded areas represent the 95%
confidence interval of the LOESS fit. The grey boxes represent the Vallesian Crisis (VC) and Messinian Salinity
Crisis (MSC).
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Figure 4. Changes in the proportions of rodent families in the Iberoccitanian Region (southern province, left;
northern province, right) across the latest middle Miocene to the Mio-Pliocene boundary.

Miocene and started one million years earlier. Particularly interesting is the gradual change produced in the
ecological structure of metacommunity B in the northern province across all the fossil sites studied (Fig. 5).
Casanovas-Vilar and Agusti®” suggested that seasonality increase in the southern province was related to an
exacerbated arid season while in the northern province there was simultaneous cooling and increase in aridity.
These changes coincided with the gradual increase of thermal and hydric seasonality derived from the global
cooling initiated in the middle Miocene”**?%2>?732 which affected a set of species related to forested and humid
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H N 0,467 0,014 —0,610 <0,001 27

S 0,167 0,115 —0,044 0,681 90

Table 2. Correlation between the taxonomical diversity, as measured by Shannon (H’) index with the isotopic
value and nestedness ranking of the Iberoccitanian late Miocene rodent assemblages from the southern (S) and
northern (N) provinces. o Spearman correlation coefficient.

Total 0,258 0,014 90 Total —0,188 0,347 27
FCI —0,196 0,182 48 FCI — — —
FCII 0,179 0,230 47 FCII —0,016 0,942 22
NEST | FCIII 0,327 0,002 85 NEST | FCIII —0,491 0,015 24
FCIV —0,384 0,013 41 FCIV — — —
FCV 0,488 0,001 40 FCV 0,387 0,068 23
FCVI 0,533 <0,001 39 FCVI 0,460 0,098 14
FCI 0,291 0,045 48 FCI —0,800 0,200 4
FCII —0,074 0,621 47 FCII 0,300 0,165 23
%S FCIII 0,188 0,084 85 %S FCIII 0,488 0,015 24
FCIV 0,297 0,059 41 FCIV — — 2
FCV —0,490 0,001 40 FCV —0,420 0,036 23
FCVI —0,817 <0,001 39 FCVI -0,610 0,021 14

Table 3. Correlation between proportion of species richness (%S), nestedness ranking and the isotopic value of
the Iberoccitanian late Miocene rodent assemblages from the southern (left) and northern (right) provinces, for
all the species (total) and for those included in each faunal component (FC). ¢ Spearman correlation coefficient.
NEST, Nestedness correlation for total (S and N) and for theFCs

environments during the Vallesian Crisis and favoured the murid immigrants. These changes in seasonality and
the general trend of increasing aridity since the latest Miocene to the Pliocene gave rise to the expansion of rela-
tively open ecosystems in the Iberian Peninsula®-*, which would affect Iberoccitanian rodent metacommunities
by driving a substitution of the faunas dominated by dormice (metacommunity A), for a more diversified set of
ubiquitous taxa, particularly within Muridae”*. Additionally, the prevalence of metacommunity B in the south-
ern province was probably related to humid pulses during the latest Aragonian (12-11 Ma) and early Vallesian
(11-10 Ma)*!8, which allowed for the dispersal of forest elements from Central Europe through the northern
province. The pulse of increment in taxonomical diversity around 10 Ma (Fig. 4) in the northern province is con-
gruent with such a dispersal scenario and could be related to the first occurrence documented for murid taxa in
this province!® as well as the decrease in Gliridae (Fig. 4).

While the initial concept of the Vallesian Crisis considered it as an abrupt event** and relevant changes have
been observed in both macro- and micromammal faunas”***?, during the last years several authors have sug-
gested that it could really be a succession of extinctions during a more prolonged time interval”**?7%2 The coex-
istence of three different rodent metacommunities during the early Vallesian in the southern province as well as
the prolonged persistence and gradual changes in the ecological structure of metacommunity B in the northern
province appear to reinforce this interpretation of the Vallesian Crisis as a gradual event. Additionally, according
to our results, the Vallesian Crisis rendered different outcomes in the southern and northern provinces of the
Iberoccitanian Region, with the disappearance of metacommunities A and B in the former and the appearance of
metacommunity C in the latter (Figs 2 and 5).

A second peak of diversity around 8.5 Ma in the northern province (Fig. 3) could be related to the displace-
ment of metacommunity B towards higher latitudes within the northern province (Fig. 2), while metacommunity
C became dominant in the Iberian Peninsula. The latter was mostly composed by murids, which were involved in
a sudden diversification in Europe during the late Miocene®”*. This time was another moment of global cooling
and aridification'?, which favoured the survival and diversification of murids, probably due to their generalist
condition. Nevertheless, regarding the southern province, taxonomic diversity in rodent faunas dropped around
this date (Fig. 3), which was due to the relevance of rodent faunas highly dominated by numerous murid species
(Fig. 4). The sudden reversion in the diversity trends in both the northern and southern provinces close to 8 Ma
could be related to a recovery of previous climatic values (Fig. 4).

Noteworthy changes in rodent communities from the southern province around 7 Ma during the late Turolian
were associated with the beginning of the Messinian, around one million years before the Messinian Salinity
Crisis (Fig. 5). Metacommunity D appeared in the southern province (Figs 2 and 5) and completely displaced
metacommunity C, which only remained in the northern province due to the arid conditions dominant in the
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Figure 5. Changes in the ecological structure of each metacommunity (A-D). According to the time series of
faunal components percentage values (%FC), which represent percentages of species in each component (for
colours representing each FC, see the legend at the bottom of the figure). Values for southern fossil sites (right)
and northern fossil sites (left) are shown separately. See supplementary material for an in-deep explanation of
this figure.

south and is involved in the last diversity decrease observed in the northern province (Fig. 3). Unfortunately, there
is no record of rodent faunas in the northern province after this time period and the development of these meta-
communities in that province is unknown at this moment. The sudden dominance of metacommunity D in the
southern province could be related to the progression of decreasing global temperatures and aridity increase that,
through glacio-eustatic sea-level changes, is at least partially responsible for the onset of the Messinian Salinity
Crisis (MSC) around 6 Ma??. The MSC event represented a drastic increase in aridity, which affected the general
pattern of faunal turnover in the Mediterranean region”*” and reduced taxonomical diversity of rodent faunas
from the southern province (Fig. 3), largely dominated once more by murid species.

Our work demonstrates that the influence of global and regional climatic changes on metacommunity dynam-
ics is not simple and depends on the environmental characteristics of the affected areas as well as the characteris-
tics of the species present in the community. In general, we found evidence of direct and indirect environmental
controls on the variations of the ecological structure of rodent metacommunities, which were not only linked
to temperature changes, but there was probably also an influence of the changes in aridity that occurred in this
region during the late Miocene, particularly in the southern province. However, the diversity of rodent communi-
ties was more influenced by temperature than by humidity-aridity conditions in the northern province, through
the effects of temperature and thermal seasonality changes on the dominant forest environment. Due to its buffer
environmental conditions, the northern province of the Iberoccitanian region, or at least parts of it, played an
important role as a humid fauna refuge where the metacommunities B and C survived successive aridity increases
during the late Vallesian and the Turolian, before their alleged disappearance, which also evidences the stabiliza-
tion effects of the higher diversity of the northern rodent faunas.

Although they were not drastic, we also found evidence of changes in the ecological structure of rodent faunas
linked to the Vallesian and Messinian crises, particularly concerning the taxonomical diversity of the assem-
blages. We observed that diversity values were less variable in the southern province during the late Miocene,
which is probably linked to the fact that aridity-prone faunas dominated rodent assemblages in this province.
Notwithstanding, weak fluctuations in the Shannon diversity index through time in the southern sites were
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opposite to those in the northern province, which is consistent with the contrasting differences between these
biogeographic provinces and their associated faunas.

Methods

Study area and fossil sites.  The study area of this work spans the Iberoccitanian Region (Supplementary
Fig. 1), comprising 117 fossil localities from the latest middle Miocene to the earliest Pliocene (12.6 to 4.9 Ma).
This region is a key area area for the development of macroevolutionary studies due to the completeness, richness
and abundance of fossil remains found in long-term and continuous stratigraphic sequences'*%. The study
area exhibits strong environmental differences from the rest of Europe, which persisted in time due to its isolated
position in the westernmost part of Europe?»*. Furthermore, there are two environmentally distinctive mam-
malian bioprovinces in this region'®*, recognizable since the Eocene®*. The northern province includes fossil
sites from the Rhone, Provence, Cucuron-Basse Durance and Languedoc-Rousillon basins from South-Eastern
France, and the Vallés-Penedés basin from Catalonia (northeastern Spain). All the other fossil sites from the
Iberian Peninsula are included in the southern province and are located at the Alfambra-Teruel, Alicante, Baixo
Tejo, Castellon, Calatayud-Daroca, Duero, Fortuna, Granada, Guadix-Baza, Hijar, Murcia, Tajo, and Valencia
basins (Supplementary Fig. 1).

Database. Our database is derived from Gémez Cano® and considers all rodent species recorded at the stud-
ied fossil sites, including 209 species. In order to reduce sampling biases, this database included well sampled fos-
sil sites, which recorded a minimum of 100 m1 + m2 + M1 + M2, following van der Meulen and Daams'®. Only a
few fossil sites with a lower sample size were allowed as they were the only representatives of poorly sampled areas
or because they were part of stratigraphically important sequences.

We employed this dataset of rodent species to compile a matrix with information on the number of species and
percentage of species of each genus and family in each fossil site. As in other studies'®, we only analysed taxa that
were determined at the species level in each fossil site to avoid potential noise in the data due to unidentified taxa.
We also assigned all the species in our matrix into the faunal components (FC) defined by Gémez Cano, et al.’,
which grouped genera with similar ecological affinities (Supplementary Fig. 2).

Finally, we also compiled independent bibliographic information for isotopic data contemporary to fossil sites
included in our work’; this work follows Gémez Cano, et al.” by fitting a smoothed curve to the isotopic infor-
mation provided by Zachos, ef al.>! and interpolate !30 values for the age of each fossil site. We used the global
marine isotopic record because the continental isotopic record from the Iberoccitanian Region has low resolution
in comparison to the rodent fossil record, although it is increasing at a steady pace®->>. Global isotopic record
allow us to identify minimum ecological changes that affected rodent faunas.

Metacommunity identification. In order to identify different metacommunities in the Iberoccitanian
region during the studied time interval, we carried out a cluster analysis including the data from both
bioprovinces.

Since we sought to group fossil sites according to the ecological aflinities of their species instead of the taxo-
nomical resemblance between them, we used faunal components as the studied variables’. These faunal compo-
nents group together rodent genera with relatively similar ecological characteristics (as shown in previous works,
see Supplementary Fig. 2 and references therein), which showed similar responses through time during the late
Miocene’. Therefore, we calculated the percentage of species for every faunal component registered in each fossil
site in relation to the total number of species in such site. The use of species percentages instead of the number of
species allows the homogenization of all fossil sites for comparisons among them despite differences in species
richness, which minimizes potential sampling biases (although they cannot be completely avoided).

The cluster analysis was calculated on Euclidean distances between group centroids and the clustering proce-
dure was UPGMA (Unweighted Pair Group Method with Arithmetic Mean, also called Paired group) using the
PAST 3.11 software®. Thereafter, we used the NbClust package of R software’” to identify the significant number
of groups within each cluster, which defined the number of metacommunities identified.

Diversity dynamics. We calculated the Shannon index (H’) to assess how diversity was related to changes in
environment and ecological structure of rodent faunas within different metacommunities. This index takes into
account the evenness of a dataset, so the cases with equitable numbers of entities between different types have
higher diversity values. In ecology of modern ecosystems communities are customarily the studied cases, the
types of interest are usually species and the entities of interest are commonly measured as number of individu-
als®®>. Nevertheless, since there are no available data on number of individuals for each species for all the studied
fossil sites, and multiple taphonomic biases can affect to the representativity of proxies to individual abundance
(such as number of identified specimens, inferred minimum number of individuals or number of molars), we
used an approach that reflects taxonomical diversity rather than ecological diversity; we used the proportion
of species (abundance of entities) for each genus (types) to calculate the Shannon index (H’) for each one of the
fossil sites (cases) in the two provinces. This measure gives an idea of evolutionary diversification within commu-
nities, establishing a gradient between communities in which resources are shared among a more or less equitable
number of lineages. In order to study how this index changes through time we plotted the values for each one of
the fossil sites against time and applied a local regression fitting (LOESS) over the data to visualize their trends
throughout time. Finally, we also computed proportion of species in each faunal component as an additional
biodiversity measure.

Since it is commonly proposed as a general model of community disassembly®, we also evaluated the pos-
sible presence of a nested structure in the assembly and disassembly patterns observed in the Iberoccitanian
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rodent faunas during the latest middle Miocene to Mio-Pliocene boundary. This model proposes that commu-
nities within disturbed systems exhibit nested structure such that the taxa included in poorer communities rep-
resent a confined subset of those in richer assemblages, rather than a random selection of those found in the
entire species pool®!®. This pattern would imply that each taxon requires some minimal conditions to support
population levels adequate to resist extinction, and that it can occur in all sites that attain these conditions. We
calculated the nestedness of the rodent assemblages following the algorithm proposed by Rodriguez-Gironés
and Santamaria® based on data of genus presence-absence matrices arranged by genus richness and number of
occurrences. Following Furi6, et al.',we used genera in order to avoid the possible noise derived from the species
multiplicity within the fossil sites among sedimentary basins in both provinces'®. Additionally, since species go
extinct over a few m.y., in order to conduct the research over a long span of time, we have to use higher taxo-
nomic units than species, and it is usually considered that congeneric species were ecologically similar. Finally,
rodent taxonomy may change at the species level (e.g. difficulties in species differentiation due to anagenesis may
become a problem in some lineages) but it is very consistent at the genus level. This algorithm calculates the nested
subset temperature (a nestedness score) of each matrix in such a way that the lower the score, the more nested
the structure of the community®. We calculated p values by means of a comparison to the distribution of scores
generated by randomly shuffling the original matrices through 10000 Monte Carlo simulations (rows and sum
totals were maintained constant). Nestedness analyses were run using the nestedness function as implemented
in the R library Bipartite®” and the null model 3 as suggested by Rodriguez-Gironés and Santamaria®, which is a
constrained null model that accounts for the frequency of genera (column totals) and the genus richness of fossil
sites (row totals) while sampling the null space uniformly, which minimises type I and II errors. Finally, when sig-
nificant nestedness was identified, we compared the rank order in which assemblages were nested to their order
based on diversity index and isotopic value using Spearman’s rank correlation®®®’. These analyses were performed
for both bioprovinces as well as using independent matrices corresponding to the genera included in each faunal
component?.

Influence of climatic change. Finally, In order to evaluate the relevance of climate change in the estab-
lishment of the different metacommunities and their ecological and taxonomical characteristics (diversity and
nestedness), we performed correlation analyses of the different measurements previously commented with the
variations in the 8!30 isotopic record as interpolated from Zachos, et al.>! for the age of each fossil site included
in this paper.

References

1. Leibold, M. A. et al. The metacommunity concept: a framework for multi-scale community ecology. Ecol. Lett 7, 601-613 (2004).

2. Ricklefs, R. E. Disintegration of the ecological community. Am. Nat. 172, 741-750 (2008).

3. Leibold, M. A. & Loeuille, N. Species sorting and patch dynamics in harlequin metacommunities affect the relative importance of
environment and space. Ecology 96, 3227-3233 (2015).

4. Datry, T., Bonada, N. & Heino, J. Towards understanding the organisation of metacommunities in highly dynamic ecological
systems. Oikos 125, 149-159 (2016).

5. Wilson, D. S. Complex interactions in metacommunities, with implications for biodiversity and higher levels of selection. Ecology
73, 1984-2000 (1992).

6. Gomez Cano, A. R. Andlisis Bioclimdtico y Paleoecolégico de las Faunas de Roedores del Mioceno Superior Ibérico, Universidad
Auténoma de Madrid (2013).

7. Gémez Cano, A. R, Cantalapiedra, J. L., Alvarez-Sierra, M. A. & Hernéndez Ferndndez, M. A macroecological glance at the
structure of late Miocene rodent assemblages from Southwest Europe. Sci. Rep 4, 1-6 (2014).

8. Hernindez Fernandez, M., Cantalapiedra, J. L. & Gémez Cano, A. R. Plio-Pleistocene climatic change had a major impact on the
assembly and disassembly processes of Iberian rodent communities. Palaeobio. and Palaeoenv. 95, 387-404 (2015).

9. van der Meulen, A. J., Peldez-Campomanes, P. & Levin, S. A. Age structure, residents, and transients of Miocene rodent
communities. Am. Nat. 165, E108-E125 (2005).

10. Furié, M. & Casanovas-Vilar, I. & van den Hoek Ostende, L. W. Predictable structure of Miocene insectivore (Lipotyphla) faunas in
Western Europe along a latitudinal gradient. Palaeogeogr. Palaeoclimatol. Palaeoecol. 304, 219-229 (2011).

11. Figueirido, B., Janis, C. M., Pérez-Claros, J. A., De Renzi, M. & Palmqvist, P. Cenozoic climate change influences mammalian
evolutionary dynamics. Proc. Natl. Acad. Sci. 109, 722-727 (2012).

12. Maridet, O., Costeur, L. & Legendre, S. European Neogene rodent communities: explaining family-level replacements through a
spatiotemporal approach. Hist. Biol 25, 655-677 (2013).

13. van Dam, J. A. & Weltje, G. J. Reconstruction of the Late Miocene climate of Spain using rodent palaecocommunity successions: an
application of end-member modelling. Palaeogeogr. Palaeoclimatol. Palaeoecol. 151, 267-305 (1999).

14. Sesé, C. Los roedores y lagomorfos del Ne6geno de Espana. Estud. Geol. 62, 429-480 (2006).

15. Hernandez Ferndndez, M., Alvarez Sierra, M. A. & Peldez-Campomanes, P. Bioclimatic analysis of rodent palaeofaunas reveals
severe climatic changes in Southwestern Europe during the Plio-Pleistocene. Palaeogeogr. Palaeoclimatol. Palaeoecol. 251, 500-526
(2007).

16. Gémez Cano, A. R., Hernéndez Fernandez, M. & Alvarez-Sierra, M. A. Biogeographic provincialism in rodent faunas from the
Iberoccitanian Region (southwestern Europe) generates severe diachrony within the Mammalian Neogene (MN) biochronologic
scale during the Late Miocene. Palaeogeogr. Palaeoclimatol. Palaeoecol. 307, 193-204 (2011).

17. Oliver, A. & Peldez-Campomanes, P. Megacricetodon vandermeuleni, sp. nov.(Rodentia, Mammalia), from the Spanish Miocene: a
new evolutionary framework for Megacricetodon. J. Vertebr. Paleontol 33, 943-955 (2013).

18. van der Meulen, A. J. & Daams, R. Evolution of Early-Middle Miocene rodent faunas in relation to long-term palaeoenvironmental
changes. Palaeogeogr. Palaeoclimatol. Palaeoecol. 93, 227-253 (1992).

19. van Dam, J. A. et al. Long-period astronomical forcing of mammal turnover. Nature 443, 687-691 (2006).

20. Casanovas-Vilar, I, Garcia-Paredes, I, Alba, D. M., van den Hoek Ostende, L. W. & Moya-Sola, S. The European Far West: Miocene
mammal isolation, diversity and turnover in the Iberian Peninsula. J. Biogeogr 37, 1079-1093 (2010).

21. Mosbrugger, V., Utescher, T. & Dilcher, D. L. Cenozoic continental climatic evolution of Central Europe. Proc. Natl. Acad. Sci. USA
102, 14964-14969 (2005).

22. van der Made, J., Morales, J. & Montoya, P. Late Miocene turnover in the Spanish mammal record in relation to palaeoclimate and
the Messinian Salinity Crisis. Palaeogeogr. Palaeoclimatol. Palaeoecol 238, 228-246 (2006).

SCIENTIFICREPORTS | (2018) 8:2502 | DOI:10.1038/s41598-018-20900-5 10



www.nature.com/scientificreports/

23.
24.
25.

26.
. Agusti, J., Cabrera, L. & Garcés, M. The Vallesian Mammal Turnover: A Late Miocene record of decoupled land-ocean evolution.

28.
29.
30.

31.
32.

33.
34.
35.
36.
37.
38.
39.
40.
. Ives, A. R,, Klug, J. L. & Gross, K. Stability and species richness in complex communities. Ecol. Lett. 3, 399-411 (2000).

42.

43.
. Agusti, ]. & Moya-Sola, S. Mammal extinctions in the Vallesian (upper Miocene) in Extinction Events in Earth History 425-432

45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
. Jost, L. Entropy and diversity. Oikos 113, 363-375 (2006).
60.
61.
62.

63.
64.

65.
66.

67.

Bruch, A. A., Utescher, T. & Mosbrugger, V. Precipitation patterns in the Miocene of Central Europe and the development of
continentality. Palaeogeogr. Palaeoclimatol. Palaeoecol. 304, 202-211 (2011).

Casanovas-Vilar, I, van den H Ostende, L. W, Furié, M. & Madern, P. A. The range and extent of the Vallesian Crisis (Late Miocene):
new prospects based on the micromammal record from the Vallés-Penedés basin (Catalonia, Spain). J. Iber. Geol. 40, 29-48 (2014).
Domingo, L. et al. Late Neogene and early Quaternary paleoenvironmental and paleoclimatic conditions in southwestern Europe:
isotopic analyses on mammalian taxa. PLoS. ONE 8, €63739 (2013).

Zubakov, V. A. & Borzenkova, I. I. Global palaeoclimate of the late Cenozoic. Vol. 12, 456pp (Elsevier, 1990).

Geobios 46, 151-157 (2013).

Krijgsman, W., Stoica, M., Vasiliev, I. & Popov, V. Rise and fall of the Paratethys Sea during the Messinian SalinityCrisis. Earth
Planet. Sc. Lett 290, 183-191 (2010).

Fauquette, S. et al. How much did climate force the Messinian salinity crisis? Quantified climatic conditions from pollen records in
the Mediterranean region. Palaeogeogr. Palacoclimatol. Palaeoecol. 238, 281-301 (2006).

Costeur, L., Montuire, S., Legendre, S. & Maridet, O. The Messinian event: What happened to the peri-Mediterranean mammalian
communities and local climate? Geobios 40, 423-431 (2007).

Gibert, L. et al. Evidence for an African-Iberian mammal dispersal during the pre-evaporitic Messinian. Geology 41, 691-694 (2013).
Domingo, M. S., Badgley, C., Azanza, B., DeMiguel, D. & Alberdi, M. T. Diversification of mammals from the Miocene of Spain.
Paleobiology 40, 197-221 (2014).

Zachos, J., Pagani, M., Sloan, L., Thomas, E. & Billups, K. Trends, rhythms, and aberrations in global climate 65 Ma to present.
Science 292, 686-693 (2001).

Heikinheimo, H., Fortelius, M., Eronen, J. & Mannila, H. Biogeography of European land mammals shows environmentally distinct
and spatially coherent clusters. J. Biogeogr. 34, 1053-1064 (2007).

Badiola, A. et al. The role of new Iberian finds in understanding European Eocene mammalian paleobiogeography. Geol. Acta 7,
243-258 (2009).

de Bonis, L., Bouvrain, G., Geraads, D. & Koufos, G. Multivariate study of late Cenozoic mammalian faunal compositions and
paleoecology. Paleontol. Evolucio 24, 93-101 (1992).

Casanovas-Vilar, I. & Agusti, ]. Ecogeographical stability and climate forcing in the Late Miocene (Vallesian) rodent record of Spain.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 248, 169-189 (2007).

Jiménez-Moreno, G., Fauquette, S. & Suc, J.-P. Miocene to Pliocene vegetation reconstruction and climate estimates in the Iberian
Peninsula from pollen data. Rev. Palaeobot. Palynol. 162, 403-415 (2010).

Jiménez-Moreno, G. & Suc, J.-P. Middle Miocene latitudinal climatic gradient in WesternEurope: evidence from pollen records.
Palaeogeogr. Palaeoclimatol. Palaeoecol 253, 208-225 (2007).

McCann, K. S. The diversity-stability debate. Nature 405, 228 (2000).

Loreau, M. & Mazancourt, C. Biodiversity and ecosystem stability: a synthesis of underlying mechanisms. Ecol. Lett. 16, 106-115
(2013).
Moya-Sola, S. & Agusti, J. The Vallesian in the type area (Valles—Penedes, Barcelona, Spain). Ann. Hung. Geol. Inst. 70, 93-99 (1987).

(Springer, 1990).

Gomez Cano, A. R. et al. Ecomorphological characterization of murines and non-arvicoline cricetids (Rodentia) from south-
western Europe since the latest Middle Miocene to the Mio-Pliocene boundary (MN 7/8-MN13). Peer] 5, e3646 (2017).

van Dam, J. A. The small mammals from the upper Miocene of the Teruel-Alfambra region (Spain): paleobiology and paleoclimatic
reconstructions. Vol. 156, 204 (Utrecht University, 1997).

Loépez Martinez, N. et al. Approach to the Spanish continental Neogene synthesis and palaeoclimatic interpretation. Ann. Inst. Geol.
Publ. Hung. LXX, 384-391 (1987).

Calvo Sorando, J. P. et al. Up-to-date Spanish continental Neogene synthesis and paleoclimatic interpretation. Rev. Soc. Geol. Esp. 6,
29-40 (1993).

Mai, D. H. Development and regional differentiation of the European vegetation during the Tertiary. Plant. Sys.t Evol. 162, 79-91
(1989).

Peldez-Campomanes, P. Micromamiferos del Paleégeno continental Espariol: sistemdtica, biocronologia y paleoecologia, Universidad
Complutense (1993).

Zachos, J. C., Dickens, G. R. & Zeebe, R. E. An early Cenozoic perspective on greenhouse warming and carbon-cycle dynamics.
Nature 451, 279-283 (2008).

van Dam, J. A. & Reichart, G. J. Oxygen and carbon isotope signatures in late Neogene horse teeth from Spain and application as
temperature and seasonality proxies. Palaeogeogr. Palaeoclimatol. Palaeoecol. 274, 64-81 (2009).

Domingo, L., Koch, P., Grimes, S., Morales, J. & Lopez-Martinez, N. The isotopic ecology of middle Miocene herbivores from the
Madrid basin (Spain). . Vertebr. Paleontol. 31, 100-100 (2011).

Domingo, L., Koch, P. L., Grimes, S. T., Morales, J. & Lépez-Martinez, N. Isotopic paleoecology of mammals and the Middle
Miocene Cooling event in the Madrid Basin (Spain). Palaeogeogr. Palaeoclimatol. Palaeoecol. 339, 98-113 (2012).

Domingo, L. et al. Late Neogene and Early Quaternary paleoenvironmental and paleoclimatic conditions in Southwestern Europe:
isotopic analyses on mammalian taxa. PLoS. ONE 8, 63739 (2013).

Hammer, @., Harper, D. A. T. & Ryan, P. D. PAST: Palaeontological statistics software package for education an data analysis.
Palaeontol. Electron. 4,1-9 (2001).

R Development Core team. R: A language and environment for statistical computing. R Foundation for Statistical Computing.
Vienna, Austria. Internet: http://www.R-project.org (2013).

Keylock, C. Simpson diversity and the Shannon-Wiener index as special cases of a generalized entropy. Oikos 109, 203-207 (2005).

OKkie, J. G. & Brown, J. H. Niches, body sizes, and the disassembly of mammal communities on the Sunda Shelf islands. Proc. Natl.
Acad. Sci. 106, 19679-19684 (2009).

Patterson, B. D. & Atmar, W. Nested subsets and the structure of insular mammalian faunas and archipelagos. Biol. J. Linn. Soc. 28,
65-82 (1986).

Feeley, K. Analysis of avian communities in Lake Guri, Venezuela, using multiple assembly rule models. Oecologia 137, 104-113
(2003).

Ulrich, W., Almeida-Neto, M. & Gotelli, N. J. A consumer’s guide to nestedness analysis. Oikos 118, 3-17 (2009).
Rodriguez-Gironés, M. A. & Santamaria, L. A new algorithm to calculate the nestedness temperature of presence—absence matrices.
J. Biogeogr. 33, 924-935 (2006).

Atmar, W. & Patterson, B. D. The measure of order and disorder in the distribution of species in fragmented habitat. Oecologia 96,
373-382(1993).

Lomolino, M. V. Investigating causality of nestedness of insular communities: selective immigrations or extinctions? J. Biogeogr. 23,
699-703 (1996).

Patterson, B. & Atmar, W. Analyzing species composition in fragments. Bonn. Zool. Monogr. 46, 9-24 (2000).

SCIENTIFICREPORTS | (2018) 8:2502 | DOI:10.1038/s41598-018-20900-5 11


http://www.R-project.org

www.nature.com/scientificreports/

Acknowledgements

We thank the PMMYV Team (Paleoclimatology, Macroecology and Macroevolution of Vertebrates) for discussion
and comments. Furthermore, we wish to show our appreciation to the many paleontologists who conducted
fieldwork at the fossil sites studied herein and who published their results on the fossil record of Iberoccitanian
micromammals from the middle and late Miocene, all of which made this research possible. We want to thank the
editor and reviewers for their valuable comments and suggestions. This is a contribution by the Palaeoclimatology,
Macroecology and Macroevolution of Vertebrates research team (http://pmmvteam.tumblr.com/) of the
Complutense University of Madrid as a part of the Research Group UCM 910607 on Evolution of Cenozoic
Mammals and Continental Palaeoenvironments. J.L.C. was founded by a Humboldt Fellowship. M.S.D. was
supported by a postdoctoral fellowship from the Marie Sklodowska-Curie program. L.D. acknowledges to Juan
de la Cierva fellowship (MINECO, Spanish Government). .M. was founded by a predoctoral grant from the
Complutense University of Madrid. This work was partially supported by the Spanish Ministry of Economy and
Competitivity (project CGL2015-68333-P) and the Generalitat de Catalunya (CERCA program). This research has
been funded by the German Research Foundation (DFG, LO 2368/1-1, AOB]J: 637491).

Author Contributions

EB., M.H.F. and A.R.G.C. developed the idea for the manuscript, co-edited all drafts, and are the guarantors
for the integrity of the article as a whole. EB. and A.R.G.C. collected the database. F.B. and J.L.C. performed all
the data analyses. EB. wrote all drafts, and prepared the final version of the manuscript. A.R.G.C. and M.H.E.
conceived, designed and coordinated the study, initiated the project, facilitated the gathering of contributors, and
coordinated the authorship survey. J.L.C., M.S.D., L.D., and .M. co-edited all drafts and co-refined the intellectual
content. L.J.E. co-edited the final drafts and co-refined the intellectual content and scope. All authors read and
approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-20900-5.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
G ] jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:2502 | DOI:10.1038/s41598-018-20900-5 12


http://pmmvteam.tumblr.com/
http://dx.doi.org/10.1038/s41598-018-20900-5
http://creativecommons.org/licenses/by/4.0/

	Differential responses of Miocene rodent metacommunities to global climatic changes were mediated by environmental context

	Results

	Metacommunities analyses. 
	Diversity dynamics. 
	Environmental variables correlation. 

	Discussion

	Methods

	Study area and fossil sites. 
	Data base. 
	Metacommunity identification. 
	Diversity dynamics. 
	Influence of climatic change. 

	Acknowledgements

	Figure 1 Rodent metacommunities cluster for the Iberoccitanian region during the latest middle Miocene to the Mio-Pliocene boundary.
	Figure 2 Geographical and temporal replacement of rodent metacommunities in the Iberoccitanian Region from the latest middle Miocene to the Mio-Pliocene boundary.
	Figure 3 Changes in taxonomical diversity (above).
	Figure 4 Changes in the proportions of rodent families in the Iberoccitanian Region (southern province, left northern province, right) across the latest middle Miocene to the Mio-Pliocene boundary.
	Figure 5 Changes in the ecological structure of each metacommunity (A–D).
	Table 1 Nestedness analyses for complete Iberoccitanian late Miocene rodent assemblages (Total).
	Table 2 Correlation between the taxonomical diversity, as measured by Shannon (H’) index with the isotopic value and nestedness ranking of the Iberoccitanian late Miocene rodent assemblages from the southern (S) and northern (N) provinces.
	Table 3 Correlation between proportion of species richness (%S), nestedness ranking and the isotopic value of the Iberoccitanian late Miocene rodent assemblages from the southern (left) and northern (right) provinces, for all the species (total) and for t




