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A central objective of historical biogeography is to understand where clades
originated and how they moved across space and over time. However,
given the dynamic history of ecosystem changes in response to climate
change and geological events, the manifold long-distance dispersals
over evolutionary timescales, and regional and global extinctions, it remains
uncertain how reliable inferences based solely on extant taxa can be
achieved. Using a novel species-level phylogeny of all known extant and
extinct species of the mammalian order Carnivora and related extinct
groups, we show that far more precise and accurate ancestral areas can be
estimated by fully integrating extinct species into the analyses, rather than
solely relying on extant species or identifying ancestral areas only based
on the geography of the oldest fossils. Through a series of simulations, we
further show that this conclusion is robust under realistic scenarios in
which the unknown extinct taxa represent a biased subset of all extinct
species. Our results highlight the importance of integrating fossil taxa into
a phylogenetic framework to further improve our understanding of histori-
cal biogeography and reveal the dynamic dispersal and diversification
history of carnivores.
1. Introduction
Most biogeographical studies focus exclusively on extant taxa. For some groups,
this is largely unavoidable, such as in the case of birds, which have poor preser-
vation rates and therefore a scarce fossil record [1]. Yet, for many other clades, the
fossil record is sufficiently rich to inform us about biogeographic patterns and
processes (e.g. [2–4]).

It may be difficult or even impossible to reliably infer the origin of clades
based solely on their extant distribution and phylogeny. This is seen in many
carnivore clades. An analysis relying solely on extant species, for example,
inferred that Felidae (cats) were equally likely to have originated in North
America or Eurasia, whereas Canidae (dogs) could have originated in North
America, Eurasia or Africa [5]. By contrast, when including fossils, it becomes
clear that dogs originated in North America [6], and that cats originated in
Eurasia [7]. Although in those cases the fossil-based analyses did not contradict
the analyses based on extant species only, they were able to increase the pre-
cision of the results (i.e. reduce uncertainty). In other cases, the fossil-based
analyses can infer ancestral ranges outside the ones suggested by living taxa
(e.g. [8]).
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The formal incorporation of fossils into the analyses may thus be vital for obtaining reliable biogeographical inferences. However,
a phylogenetic tree also contains important information that is not recoverable by a purely taxonomic, phylogeny-free reading of the
fossil record. If members of a clade quickly disperse from the point of origin, the area with the oldest fossil records may simply reflect
where most records occur, rather than being the location where the clade originated. For fossil taxa known from multiple regions,
this bias can be corrected by explicitly incorporating sampling intensity between regions (see, e.g. [3]). While this can reduce the
bias in the estimation of dispersal rates, neglecting phylogenetic relationships may lead to low precision and accuracy of inferred
ancestral areas.

If dispersal is rare, a phylogenetic tree contains vital information not present in a purely taxonomic reading of the fossil record.
The python snake family (Pythonidae) shows an interesting example of this. Early Miocene records of crown group pythons are
known from both Africa and Australia [9,10]. This requires dispersal between Eurasia and Africa, which is relatively frequent, but
it also requires over-water dispersal between Southeast Asia and Australia, which is much rarer. The directionality of this overseas
dispersal, however, cannot be inferred from the family-level taxonomy alone. By contrast, phylogenetic trees—whether based on
genetic data of extant taxa [11], or on total evidence data with extinct and extant taxa [12]—clearly show that pythons dispersed
from Eurasia to Australia rather than in the opposite direction.

It is thus likely that neither sole reliance on the fossil record, nor phylogenetic approaches based only on extant organisms,
will be optimal in unveiling the biogeographical history of clades. Instead, the most reliable results should be found through
phylogenetic approaches incorporating fossils, although this is rarely done (but see, e.g. [13,14]). While previous studies have
highlighted the benefit of acknowledging fossils in biogeographical analyses [15,16], we still lack a formal quantification of the
effect of fossil integration in the phylogenetic inference of ancestral geographical ranges. It is also difficult to know a priori the
consequences of sampling biases, which are widespread in the palaeontological record [17], for ancestral state reconstruction
using fossils. Spatial biases in the fossil record can lead to detrimental effects in macroevolutionary analyses [18], although
their effect on historical biogeography is insufficiently studied. It is, however, known that highly diverse areas are often
wrongly inferred as the area of origin for groups when relying on extant taxa only [19,20]. A similar situation likely applies to
analyses using all known fossil species, where ancestral areas may be disproportionally inferred for the areas with the
most known fossil species. For a sufficiently biased fossil sampling, the benefits of adding a phylogenetic tree may thus
potentially be counterbalanced by insufficiently acknowledging the biased record in the analysis. The relative importance of
not incorporating fossils, versus potential problems of biased fossil knowledge, cannot be predicted without a set of empirically
derived simulations.

Here, we estimate the impact of including fossils when inferring the biogeographical history of a clade, as compared with an
analysis based solely on extant taxa. We focus on the mammalian order Carnivora and their extinct relatives Miacoidea, Hyaeno-
dontidae and Oxyaenidae. We first reconstruct a phylogeny of all known extinct and extant species and then infer likely ancestral
areas across multiple subclades. We compare these results with the outcome of analyses based only on extant species, or based
solely on the fossil record but not incorporating phylogenetic information. Based on empirical results and simulations, we demon-
strate that analysing fossils and extant species in a phylogenetic context produces substantially more precise and accurate results
than relying solely on extant species or analysing fossils in a phylogeny-free context.
2. Material and methods
(a) Phylogeny
We first revisited the taxonomy of all extant and extinct species in the study group (Carnivoramorpha, Hyaenodonta, and Oxyaenidae),
to ensure that we included all species we judged to be valid. Following this, we built a phylogeny of all species in a total-evidence phy-
logeny using a tip-dating approach. We summarize all procedures below and provide further details on all steps in the electronic
supplementary material.

(i) Input data
We included all extant and extinct species of mammalian carnivores and related extinct groups (Carnivoramorpha, Hyaenodonta and
Oxyaenidae). Herein, we refer to this entire clade as ‘carnivores’. We revisited the taxonomy of all fossil and extant members of the
group and accepted 1723 species (314 of which are extant). We based our analyses on records in the Paleobiology Database (PBDB;
https://paleobiodb.org/) and the New and Old Worlds database of fossil mammals (http://www.helsinki.fi/science/now/; NOW), sup-
plementing these with data from the original literature for 128 species that we consider valid, but which lacked any records in either of the
two databases at the time of compilation. We then manually investigated the taxonomy of all names in NOW or PBDB for internal con-
sistency and to match current knowledge (e.g. to filter out synonyms and spelling errors).

(ii) Phylogeny
We reconstructed the phylogeny of all extant and extinct species of carnivores using a tip-dating approach under a fossilized birth–death
model in MrBayes 3.2 [21]. We did this in a two-step procedure combining a backbone tree with a number of smaller phylogenies at lower
taxonomic levels. All these smaller clades were constrained to be monophyletic on the backbone phylogeny, and all but one of the species
of each smaller clade were removed from the backbone before merging. Our approach therefore produced a consistent way of merging
trees to generate fully dichotomous phylogenies. For a few families with short stem branches, the resulting family-level clades had
crown ages slightly older than the stem ages of the overall tree in some of the trees in the posterior distribution, and we therefore
needed to recalibrate the family-level trees to avoid negative branch lengths. This was done for all problematic trees (i.e. family-level
trees with crown ages slightly older than the stem ages from the backbone tree) so that all branch lengths in the new tree were proportional
to the branches in the original tree, and the root age was equal to the stem age of the backbone tree minus 0.01.

https://paleobiodb.org/
http://www.helsinki.fi/science/now/
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Our procedure is similar to that used to reconstruct phylogenies focusing on other large clades (e.g. [22,23]), but it has previously
mainly been used to generate phylogenies of all extant species within a clade. The placement of species without genetic or morphological
data was facilitated by a number of constraints based on taxonomy and suggested relationships from taxonomic treatments. In total 724
out of 1723 species had genetic and/or morphological data and a total of 500 constraints were employed (see electronic supplementary
material, tables S1–S4). The phylogeny was reconstructed at the species level. Fossil records assigned only to genus level (for genera con-
strained to be monophyletic) were, however, used to determine the minimum age of the genus (the priors for the age of such genera had
the age of the oldest fossil in the genus as a lower bound). These trees only give species origination times, but we combined that infor-
mation with extinction times estimated by the Bayesian program PyRate [24]. These PyRate analyses were performed at the species level,
unlike the PyRate analyses used to understand ancestral area (see below). The resulting phylogeny is available as Appendix 1 in Dryad (as
1000 trees from the posterior distribution of trees) [25].
journal/rspb
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(b) Ancestral area reconstruction on empirical trees
We compared ancestral area estimated with four methods: one relying solely on taxonomy plus three phylogenetic methods. The three
phylogenetic methods used the same methodology but varied in whether fossils were included or not and whether the analyses focused
on stem or crown groups.

For the non-phylogenetic method, we estimated origination and extinction time for all genera using PyRate, which is a program that
can explicitly account for temporal, spatial or lineage-specific biases in preservation and sampling rates [24]. We chose to conduct this
analysis at the genus rather than the species level, which has both pros and cons. On the one hand, by analysing data at the genus
level, we had to assume that all species within a genus had the same fossilization potential, whereas analyses at the species level
could incorporate species-specific preservation rates. On the other hand, we were able to include fossil occurrences that were only ident-
ified at the genus level, which we would have to exclude if the analyses had been conducted at the species level. Many of these occurrences
represent the earliest records for their genera. For this method, we inferred the ancestral area as the one having the oldest record. In all
PyRate analyses (for both ancestral state reconstruction and phylogeny), we removed duplicated records from PBDB and NOW and
excluded spatially and temporally overlapping occurrences (see electronic supplementary material, §S5.1.4 for more details). In short:
for each species we accepted all records from the database with most records and only added records from the other database if they
were not spatially and temporally overlapping with any already accepted record.

The three phylogenetic methods relied on maximum-likelihood estimations of the ancestral areas. These were inferred under both the
DEC + J (dispersal–extinction–cladogenesis including jump dispersal) and the DEC (dispersal–extinction–cladogenesis) models in BioGeo-
BEARS [26]. There is an ongoing debate regarding which of the two models is the better for inferring ancestral areas. DEC + J is generally
preferred based on Akaike information criterion (AIC) model selection, and its inclusion of founder effect speciation as a process may be
more biologically realistic in some contexts [27]. While there thus are arguments for including founder speciations, the statistical validity
of its implementation has been criticized (e.g. [28,29]), but see Matzke [30], and remains the subject of ongoing discussion. We therefore
carried out our analyses under both models, reporting them for DEC + J in the main text, but providing all results based on DEC in
the electronic supplementary material. The results were largely congruent among models, indicating that our findings are robust to
the underlying biogeographical model.

We only allowed dispersal between adjoining continents (Africa/Eurasia, Eurasia/North America, and North America/South America),
i.e. we set all dispersal probabilities between non-adjoining continents to zero. We allowed all species to be in a maximum of three
(not necessarily contiguous) continents at once (even though most clades were found to be single-continent endemics with a very
high likelihood).

We first identified ancestral areas based on the full tree. Following this, we removed all extinct species and inferred ancestral areas
relying solely on extant species. We kept all species with confirmed records in the Holocene or Late Pleistocene (such as cave lions,
Panthera spelaea, or short-faced bears, Arctodus simus) and considered them as ‘extant’ owing to the strong evidence for anthropogenic
involvement in (nearly) all of these extinctions [31,32], thus focusing on the estimation of natural pre-anthropogenic evolutionary pro-
cesses. Finally, we estimated the ancestral area of the crown group using the full tree, with the crown group defined as the most
recent common ancestor of all extant species and all of its descendants. This last method was intended to evaluate whether any differences
between the methods incorporating fossils and the method using extant taxa only were true differences or were due to different ancestral
areas of stem and crown groups. All estimates of ancestral areas, whether based on all species or extant taxa only, were obtained from the
full carnivore tree, meaning that the ancestral states of all clades were jointly estimated.

After the investigation of ancestral areas of named clades, we examined the effect of fossils across the tree. We estimated ancestral areas
for the full tree, based only on extant species or with randomly sampled 5, 25 or 50% of the extinct species included in the tree. We then
estimated the accuracy under the assumption that the full tree results were accurate. This was done for each of the four continents as well
as a combined total accuracy. The accuracy in any given continent was defined as: Accuracy = 1 – abs(AncestryFull tree – AncestrySmall tree),
with AncestryFull tree being the probability of the continent being part of the ancestral area based on the full tree, and AncestrySmall tree

being the probability of the continent being part of the ancestral area based on the tree with only some fossils included. Total accuracy
was defined as the product of the continental accuracies. For this we compared all clades in the tree of extant species with the smallest
possible clades in the trees with fossils containing the same species (and potentially some extinct ones as well). The analyses were con-
ducted across 100 trees and the mean accuracy within temporal periods was calculated for each. We reported the mean of these across trees
as well as the 95% highest posterior density (95% HPD) of the means across the trees.
(c) Sensitivity to sampling biases
(i) Simulated trees
The comparisons so far assume that the ancestral areas were completely accurate in the full tree and that fossils are randomly sampled, but
we tested both assumptions on 100 separate simulated trees with the same number of extant species as the empirical ones.

The trees were simulated in the R package Diversitree [33] based on a modification of the GeoSSE model of Goldberg et al. [34]. The
default GeoSSE model only contains two areas but GeoSSE models are a special case of the much more general ClaSSE model [35], and we
modified a ClaSSE model to the equivalent of a four-area GeoSSE model (figure 1). Five different types of processes were included: range
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expansion, extinction and three types of speciation. In our model, four continents (South America, North America, Eurasia and Africa)
were treated as being on a line, with dispersal only possible between adjacent regions (South America/North America, North Amer-
ica/Eurasia and Eurasia/Africa). Our simulations had five parameters, all assumed to be identical within the four continents: (a) the
per-continent extinction rate µ; (b) the rate of range expansion between adjacent continents δ; (c) the rate of sympatric speciation λ1
(with ranges only defined at a continental level); (d) jump dispersal speciation λ2, i.e. speciation where one daughter species colonizes
a neighbouring continent during speciation; and (e) the allopatric speciation rate λ3 (at the continental level), i.e. the rate where multicon-
tinental species diversify into species endemic to each continent.

We selected plausible trees among the ones simulated by Diverstree using an ABC (approximate Bayesian computation) approach. All
five diversification parameters had uniform priors (µ∼U(0, 1), δ∼U(0, 1), λ1∼U(0, 1), λ2∼U(0, 0.25), λ3∼U(0, 3)). We simulated a total of
10 million trees and kept the 100 best trees based on their performance using five criteria. The criteria were: (a) empirical tree length;
(b) empirical root height; (c) fraction of total species that were still extant; (d) total number of extant species found in two continents;
and (e) fraction of sister species that are single-continent endemics and occur on separate continents. For (e), the extinct species were
scored solely based on the last continent they went extinct on. For each simulated tree we calculated the difference from the empirical
values as the absolute log error:

ALE ¼ log
remp

rsim

� �����
����,

where remp is the empirical parameter value (e.g. root age) and rsim is the simulated one. We calculated the ALE for each of the five criteria
for each tree and stored the largest of the five (ALEmax). Finally, we selected the 100 trees with the smallest ALEmax.

(ii) Simulated ancestral areas
For each of the 100 trees, we ran BioGeoBEARS across the full tree, only relying on extant taxa or including biased partial sampling of
fossils. We first identified empirically derived sampling rates from species-level PyRate analyses, where the rates represent the expected
numbers of fossil records per lineage per million years, based on the expectation of a Poisson sampling process [24]. We then identified a
factor to multiply all rates by to get a desired fraction of known fossils for each tree, and used this to estimate biased sampling across the
tree. Since there is substantial temporal and spatial bias in fossilization potential, the resulting datasets will maintain similar biases. Area/
time combinations with a particularly well understood fossil record, like Pleistocene North America, will thus still have the vast majority
of its species known under scenarios where only a small fraction of all species are known globally.

We simulated multiple different sampling fractions and calculated the resulting accuracies. We simulated scenarios where 25, 50 or
75% of all fossils are known based on this biased sampling and then included either 5 or 25% of all fossil species in the analysis (note
that both fractions refer to the fraction of all species; so, e.g. 25% included and 25% known means that all known species are included).
The scenario we modelled thus simulated a scenario where only a subset of species is known (based on biased sampling), but a random
number of the known fossils are included in the study. The logic for this is that inclusion in a study may be driven by a number of factors,
including which museum the specimens are stored in, that are independent of sampling intensity. We then calculated accuracy in a similar
way to the method for the empirical trees, except that we were comparing results to the known ancestral areas from the simulations rather
than the inferred ones based on the full tree. The simulated trees had different root ages and for comparison purposes we therefore
grouped them within quantiles of ages within trees rather than by absolute ages.
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(d) Predictability of accuracy
We investigated whether the reduction in accuracy of estimated ancestral ranges when omitting fossils was predictable, focusing on two
potential predictors: (i) node ages, assuming that it would become progressively harder to infer the correct ancestral area without fossils
the older the node is; and (ii) sampling similarity, i.e. changes in geographical distributions between extant and extinct taxa in a clade.
Sampling similarity was defined as the probability that the proportions of species across continents found among extant species and
among all species (extant and extinct) are samples from the same distribution based on Fisher’s exact tests.
 blishing.org/journal/rspb
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3. Results
(a) Ancestral areas of named clades
We identified ancestral areas for all four methods for 13 clades (figure 2) and found that the ancestral areas for the most recent
common ancestor of extant species are likely to be incorrectly inferred for the majority of them unless extinct species are incorporated
into the analyses. Only four of these clades had comparable results across all methods (Felidae, Ursidae, Ailuridae and Mephitidae).
Two other families (Herpestidae and Procyonidae) had similar inferences for their crown group for the full tree or for the tree with
only extant species but differences between these and the two other methods. The results for these two families highlight the need for
precision in terminology especially when comparing patterns with and without fossils. For such comparisons it is vital to know if we
are referring to crown groups (i.e. the most recent common ancestor of living species and all its descendants) or total groups, since as
we see here the ancestral areas of the crown and total group can easily be different. Two clades (Viverridae and Mustelidae) had
similar results for all phylogenetic methods but different results for the phylogeny-free method. The remaining five clades (Carni-
vora, Felifornia, Hyaenidae, Caniformia and Canidae) showed the same results for stem and crown groups based on fossils but
different results in the analyses relying only on the extant species. These five are thus clearly clades where the wrong conclusions
are reached if fossils are omitted from the analysis. For another nine groups, we only compared the full tree with fossils. In only
three of these, did we find the same results, while the six other groups had conflicts between the results based on the two methods.

The results above are based on averages across all 100 trees and do not account for multicontinental origins. When these are
incorporated, the results become slightly more complex (electronic supplementary material, figures S2 and S3). There are two main
differences. Firstly, figure 2o suggests equal support for a North American or an African origin of Hyaenodontidae using the phy-
logenetic method but instead it appears that the ancestor was widespread and inhabited both continents. Secondly, for five groups
where no consistent support was found for a single continental origin across the trees (Nimravidae, Viverridae, Barbourofelidae,
Amphicyonidae and Mustelidae), closer inspection shows that strong support was found for many trees, meaning that clear
support for one ancestral area might be retrieved if the tree could be better resolved.
(b) Ancestral areas across the tree
Across the tree, we found that inclusion of fossils led to drastic improvement in the inference of ancestral areas for the empirical
trees (figure 3a). We found that, particularly for younger nodes, the inclusion of even very small numbers of fossils led to a sub-
stantial improvement, with the majority of gains in accuracy being found after adding just 5% fossil species. More data only led to
minor additional accuracy gains, which suggests that, at least for random fossils, any addition of fossil species can make a sub-
stantial difference. In this regard, we note that empirical data can only show differences and not accuracy per se, given that we
do not have a ground truth for comparison, even though our analyses on simulated data clearly indicate that the inclusion of
fossils produces more reliable results.
(c) Simulations
Biased fossil sampling was found to be of negligible concern in our dataset (figure 3b). For younger nodes, we found a consistent
but small decline in accuracy owing to biased inclusion of fossils, and for some cases we detected a minor decline in accuracy when
including biased fossils relative to not including any. For older nodes, we found that this effect was completely overshadowed by
the large benefits of including even small numbers of potentially biased fossils in the phylogeny. Even though the improvement
in accuracy is only seen in older clades in the simulations, it thus seems that, for results where the addition of fossils had any
meaningful effect, their addition led to more accurate results.
(d) Predictability of accuracy
The accuracy of the inferred ancestral areas without fossils was highly correlated with both sampling similarity and node ages. Node
ages and sampling similarity were too tightly correlated to be included in the same model and we therefore compared their strengths
as predictors through their individual correlations with accuracy. For empirical trees under DEC+ J, accuracy was more strongly cor-
related with sampling similarity than it was with node ages (ρSampling similarity median across trees 0.58, range: 0.51, 0.69; ρNode ages

median across trees −0.51, range: −0.59, −0.44). The difference was significant based on a paired t-test (p < 2.2 × 10−16). For the simu-
lations under DEC+ J, accuracy was more strongly correlated with node ages than it was with sampling similarity (ρNode ages median
across trees −0.44, range: −0.55, −0.32; ρSampling similarity median across trees 0.43, range: 0.33, 0.59). The difference was significant
based on a paired t-test (p = 0.006). Through visual inspection of the results, it is however clear that both predictors matter and
keeping one predictor constant shows a strong relationship between accuracy and the other predictor (figure 4).
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simulations, the accuracy is comparing inferred ancestral areas from BioGeoBEARS with the actual simulated ancestral areas. Both figures show results across 100
trees. The bars show means of the trees and the error bars show 95% highest posterior distributions (HPDs) of means between the trees. Only patterns in total
accuracy loss are shown here. Patterns in continental accuracy and under the DEC rather than the DEC + J model (which show similar temporal patterns) are shown
in electronic supplementary material, figures S4–S7.
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Figure 2. (Overleaf.) Ancestral area inferred for each monophyletic family and for selected larger well known clades in relation to method applied. The probability
for each continent to be the ancestral area of each group is colour-coded as in the global map. For ten extant families within the order Carnivora, for the two
suborders within it and for the order itself, we compare four methods: (I) relying on the phylogeny of all species; (II) relying on the phylogeny but removing all
fossils; (III) relying on all fossils but identifying the ancestral area of the most recent common ancestor of all living species rather than the most recent common
ancestor of all known species in the group; and (IV) relying only on fossil taxonomy using PyRate. Methods I–III may produce ancestral areas containing two or three
continents for some clades for some trees, but the figure only shows multicontinental origin. For plotting purposes, multicontinental occurrence was divided equally
among the continents (e.g. a 20% chance of being in both North America and Eurasia is plotted as 10% for being in North America and 10% for being in Eurasia).
Family names in this figure and throughout the paper are used in the Linnaean sense and refer to total groups including both crown and stem species. The
assignment of species to families can be seen in Appendix 3 in Dryad [25]. The figure is based on the DEC + J model. Results based on the DEC model (electronic
supplementary material, figure S1) are very similar. The results above are based on averages across all 100 trees and do not account for multicontinental origins.
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4. Discussion
(a) Ancestral areas of carnivore clades
Our results demonstrate that accurate inferences of ancestral areas require fossils, thus lending further evidence and additional
perspectives to recent work highlighting the need to incorporate fossils in analyses of diversification dynamics [36]. This improve-
ment is likely best seen in the dog family. For around 20 million years the clade was restricted to North America, where it has left a
rich fossil record [6], but over the past few million years the family has colonized all other continents multiple times and its
ancestral area is unrecoverable based on extant species (figure 1h).

Some of the caseswith conflicting results betweenmethods highlight the strength of relying on a phylogeny including fossils, rather
than a simpler reading of the fossil record. This is best seen in Caniformia (figure 1g). Most of the oldest records of this group are North
American but there are also a few old, poorly dated records of aphicyonids (beardogs) from Eurasia, which likely include the oldest
record of the suborder [37]. The analysis relying only on the stratigraphic record therefore inferred the group as Eurasian in origin
whereas the phylogenetic one inferred it as North American in origin. The first split within Caniformia separates Amphicyonidae
from the remaining Caniformia, with the deepest split within the family separating American and Eurasian lineages, but the next
two lying within Caniformia, i.e. Canidae and Lycophocyon are clearly North American in origin [37]. A Eurasian origin of the group
therefore requires multiple migration events, whereas a North American one requires only one and is therefore more parsimonious.

Unlike the dog family—which has a very well understood fossil record—the phylogenetic placement of extinct species in many
of the other families is governed by vast uncertainty. This means that the ancestral area of several of the larger groups, including
Mustelidae and Viverridae, remains unknown until more information is available on the phylogenetic placement of some of the
extinct forms within the families. Our analyses do, however, indicate that the ancestral area should be reliably inferable when
such information becomes available, since most of the trees from the posterior distribution do suggest one specific ancestral
area (electronic supplementary material, figure S2).

Most of our results are consistentwithprevious studies, but one result thatmayseempeculiar is theancestral area forHyaenodontidae,
where all trees agree that the ancestral area comprises bothAfrica andNorthAmerica, with some uncertainty ofwhether or not Eurasia is
also included (electronic supplementary material, figure S2). Earlier work has suggested an African origin of the family but we note that
we used a different taxonomic assignment that considers the early-diverging North American Altacreodus as belonging to Hyaenodonti-
dae rather than being the sister group to the family, as in [38,39]. Two extant species (Mustela nivalis andVulpes vulpes) are found in both
NorthAmerica andAfrica (aswell as Eurasia) and a third (Ursus arctos) occurred in both continents upuntil a fewhundred years ago [40].
Such widespread distributions are thus clearly possible within carnivores, but the results still require further investigation.
(b) Methodological considerations
Ancestral area reconstruction is expected to fail for many climatically restricted lineages. Most lineages originated under a warmer cli-
mate than today and many of these may no longer be able to live where they originated, so their true ancestral area is therefore
unidentifiable by extant records only. A recent study on tree ferns [8] showed this pattern very neatly. The group originated in Laurasia,
but owing to the tropical requirement of most species they are now restricted to warmer regions of Gondwanan origin. A similar claim
wasmade in a study of ancestral areas of ants and of dragonflies, which showed that substantial differences were observedwhen ranges
of generawere defined as all regions theyare known from in fossils or extant records rather than only the current range of each genus [41].

While it can be expected that the inference of ancestral geographical range of climatic specialists is challenging to trace back in
time, it could be hoped higher accuracies can be achieved for climatic generalists. Our results, however, highlight that this is not so.
Carnivores are generalists in their climatic requirements, at least at the family level. For instance, species from six families of car-
nivores currently occur in Colombia and four of these (Felidae, Canidae, Ursidae and Mustelidae) also occur in Yukon, Canada
[40]. A fifth (Mephitidae) does not occur in Yukon but did so until the end of the last ice age, and went extinct there during
the megafauna extinction [42]. The sixth family (Procyonidae) does not occur in Yukon but is found as far north as northern
Alberta [40]. Owing to this very wide climatic tolerance, climatic changes are unlikely to cause continental extinction at the
family level. While the wide tolerance should make regional extinction at the family level less likely in carnivores than in
many other groups, under some circumstances the same wide tolerance may also increase dispersal rate between regions,
which could mean that ancestral areas may be harder to infer for more recent clades. In many ways, carnivores could be a
near-optimal group for inferring ancestral areas relying only on extant species, at least for older clades. Despite this, we have
shown that multiple errors may occur in a biogeographical inference of this clade based on extant species. We can expect similar
or worse problems in many, if not most, other clades, unless fossil evidence is integrated in the analysis.

Our results give conflicting results as towhether limited addition of fossils is more important for older or younger clades. Our simu-
lations (figure 3b) suggest that fossils are particularly important for older nodes,while the empirical results (figure 3a) suggest that fossils
are particularly important for younger clades. It is not easy to interpret this apparent conflict, but we hypothesize that it is caused by
complexities in the dispersal, extinction and sampling process not captured in the simple simulation model. Our simulations were car-
ried out assuming the rate to be constant, but dispersal between continents likely becamemore frequent in the Pleistocene than in earlier
geological time periods [3,43] and ancestral area estimation should be more difficult the more common intercontinental dispersal is.
5. Conclusion
We have shown that ancestral areas are frequently misidentified based on extant taxa alone. While the main take-home is that
incorporating fossils is essential for increasing the reliability of biogeographical inferences, there is unfortunately no guarantee.
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For carnivores, we have shown that biases in the fossil record are too small to be a concern (figure 3b), but the fossil record for
carnivores is better than for most other clades [44]. If the bias in the fossil record for a clade is sufficiently strong, the approach
we have used should also produce biased results. Fortunately, the magnitude of this bias can be estimated as we have done
here based on simulations using empirically derived estimates of variation in sampling. The recognition of critical gaps in knowl-
edge arising from this could hopefully encourage further cross-disciplinary research involving taxonomists, molecular
phylogeneticists and palaeontologists.
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description of our treatment of all the individual fossil records. Appendix 4 shows topological variation across trees plotted as 18 separate subtrees
focusing on smaller clades. Appendix 5 contains morphological character coding for the newly coded taxa and the MrBayes input files.

Data are provided in the electronic supplementary material [45].

Declaration of AI use. We have not used AI-assisted technologies in creating this article.
Authors’ contributions. S.F.: conceptualization, data curation, formal analysis, funding acquisition, investigation, methodology, project administration,
visualization, writing—original draft; D.S.: conceptualization, methodology, writing—review and editing; L.W.: conceptualization, data curation,
formal analysis, writing—review and editing; A.A.: conceptualization, funding acquisition, writing—review and editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed herein.

Conflict of interest declaration. We declare we have no competing interests.

Funding. Funding for this work was provided by the Swedish Research Council (B0569601, 2015-04587, 2019-04739 and 2021-04690), Swedish Foun-
dation for Strategic Environmental Research, MISTRA, within the framework of the research programme BIOPATH (F 2022/1448), the Swiss
National Science Foundation (PCEFP3_187012) and the Royal Botanic Gardens, Kew.
Acknowledgements. We thank Rhian Smith for linguistic help. We also thank the associate editor, as well as Márton Rabi and two anonymous
reviewers for constructive comments on our work.
References
1. Walker FM, Dunhill AM, Benton MJ. 2020 Variable preservation potential and richness in the fossil record of vertebrates. Paleontology 63, 313–329. (doi:10.1111/pala.12458)
2. Goldberg EE, Kaustov R, Lande R, Jablonski D. 2005 Diversity, endemism, and age distributions in macroevolutionary sources and sinks. Am. Nat. 165, 623–633. (doi:10.1086/

430012)
3. Hauffe T, Pires MM, Quental TB, Wilke T, Silvestro D. 2022 A quantitative framework to infer the effect of traits, diversity and environment on dispersal and extinction rates from

fossils. Methods Ecol. Evol. 13, 1201–1213. (doi:10.1111/2041-210X.13845)
4. Koecke AV, Muellner-Reihl AA, Pennington TD, Schorr G, Schnitzler J. 2013 Niche evolution through time and across continents: the story of Neotropical Cedrela (Meliaceae). Am. J.

Bot. 100, 1800–1810. (doi:10.3732/ajb.1300059)
5. Rolland J, Condamine FL, Beeravolu CR, Jiguet F, Morlon H. 2015 Dispersal is a major driver of the latitudinal diversity gradient of Carnivora. Glob. Ecol. Biogeogr. 24, 1059–1071.

(doi:10.1111/geb.12354)
6. Tedford RH, Wang X, Taylor BE. 2009 Phylogenetic systematics of the North American fossil Caninae (Carnivora, Canidae). Bull. Am. Mus. Nat. Hist. 325, 1–218. (doi:10.1206/574.1)
7. Salesa MJ, Anton M, Morales J, Peigné S. 2012 Systematics and phylogeny of the small felines (Carnivora, Felidae) from the Late Miocene of Europe: a new species of Felinae from

the Vallesian of Batallones (MN 10, Madrid, Spain). J. Syst. Palaeontol 10, 87–102. (doi:10.1080/14772019.2011.566584)
8. Ramírez-Barahona S. 2024 Incorporating fossils into the joint inference of phylogeny and biogeography of the tree fern order Cyatheales. Evolution 78, 919–933 (doi:10.1093/

evolut/qpae034)
9. Georgalis GL, Gawad MKA, Hassan SM, El-Barkooky AN, Hamdan MA. 2020 Oldest co-occurrence of Varanus and Python from Africa—first record of squamates from the early

Miocene of Moghra Formation, Western Desert, Egypt. PeerJ 8, e9092. (doi:10.7717/peerj.9092)
10. Scanlon JD. 2001 Montypythonoides: the Miocene snake Morelia riversleighensis (Smith & Plane, 1985) and the geographical origin of pythons. Mem. Assoc. Australas. Palaeont

25, 1–35. (doi:10.1080/03115510108619211)
11. Esquerré D, Donnellan S, Brennan IG, Lemmon AR, Lemmon EM, Zaher H, Grazziotin FG, Keogh JS. 2020 Phylogenomics, biogeography, and morphometrics reveal rapid

phenotypic evolution in pythons after crossing Wallace’s line. Syst. Biol. 69, 1039–1051. (doi:10.1093/sysbio/syaa024)
12. Zaher H, Smith KT. 2020 Pythons in the Eocene of Europe reveal a much older divergence of the group in sympatry with boas. Biol. Lett. 16, 20200735. (doi:10.1098/rsbl.2020.0735)
13. Cantalapiedra JL, Prado JL, Hernández Fernández M, Alberdi MT. 2017 Decoupled ecomorphological evolution and diversification in Neogene–Quaternary horses. Science 355,

627–630. (doi:10.1126/science.aag1772)
14. Silvestro D et al. 2019 Early arrival and climatically-linked geographic expansion of New World monkeys from tiny African ancestors. Syst. Biol. 68, 78–92. (doi:10.1093/sysbio/

syy046)
15. Finarelli JA, Flynn JJ. 2006 Ancestral state reconstruction of body size in the Caniformia (Carnivora, Mammalia): the effects of incorporating data from the fossil record. Syst. Biol.

55, 301–313. (doi:10.1080/10635150500541698)
16. Liow LH, Finarelli JA. 2014 A dynamic global equilibrium in carnivoran diversification over 20 million years. Proc. R. Soc. B 281, 20132312. (doi:10.1098/rspb.2013.2312)
17. Close RA, Benson RBJ, Saupe EE, Clapham ME, Butler RJ. 2020 The spatial structure of Phanerozoic marine animal diversity. Science 368, 420–424. (doi:10.1126/science.aay8309)
18. Close RA, Benson RBJ, Alroy J, Carrano MT, Cleary TJ, Dunne EM, Mannion PD, Uhen MD, Butler RJ. 2020 The apparent exponential radiation of Phanerozoic land vertebrates is an

artefact of spatial sampling biases. Proc. R. Soc. B 287, 20200372. (doi:10.1098/rspb.2020.0372)
19. Sanmartin I, Meseguer AS. 2016 Extinction in phylogenetics and biogeography: from timetrees to patterns of biotic assemblage. Front. Genet. 7, 35. (doi:10.3389/fgene.2016.

00035)
20. Vasconcelos T, O’Meara BC, Beaulieu JM. 2022 Retiring ‘cradles’ and ‘museums’ of biodiversity. Am. Nat. 199, 194–205. (doi:10.1086/717412)
21. Ronquist F et al. 2012 MrBayes 3.2: efficient Bayesian phylogenetic inference and model choice across a large model space. Syst. Biol. 61, 539–542. (doi:10.1093/sysbio/sys029)
22. Jetz W, Thomas GH, Joy JB, Hartmann K, Mooers AO. 2012 The global diversity of birds in space and time. Nature 491, 444–448. (doi:10.1038/nature11631)

https://doi.org/10.5061/dryad.76hdr7t48
http://dx.doi.org/10.1111/pala.12458
http://dx.doi.org/10.1086/430012
http://dx.doi.org/10.1086/430012
http://dx.doi.org/10.1111/2041-210X.13845
https://doi.org/10.3732/ajb.1300059
http://dx.doi.org/10.1111/geb.12354
https://doi.org/10.1206/574.1
https://doi.org/10.1080/14772019.2011.566584
https://doi.org/10.1093/evolut/qpae034
https://doi.org/10.1093/evolut/qpae034
http://dx.doi.org/10.7717/peerj.9092
https://doi.org/10.1080/03115510108619211
https://doi.org/10.1093/sysbio/syaa024
http://dx.doi.org/10.1098/rsbl.2020.0735
http://dx.doi.org/10.1126/science.aag1772
https://doi.org/10.1093/sysbio/syy046
https://doi.org/10.1093/sysbio/syy046
https://doi.org/10.1080/10635150500541698
https://doi.org/10.1098/rspb.2013.2312
https://doi.org/10.1126/science.aay8309
https://doi.org/10.1098/rspb.2020.0372
https://doi.org/10.3389/fgene.2016.00035
https://doi.org/10.3389/fgene.2016.00035
http://dx.doi.org/10.1086/717412
http://dx.doi.org/10.1093/sysbio/sys029
http://dx.doi.org/10.1038/nature11631


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

291:20240473

10
23. Upham NS, Essentyn JA, Jetz W. 2019 Inferring the mammal tree: species-level sets of phylogenies for questions in ecology, evolution, and conservation. PLoS Biol. 17, e3000494.
(doi:10.1371/journal.pbio.3000494)

24. Silvestro D, Salamin N, Antonelli A, Meyer X. 2019 Improved estimation of macroevolutionary rates from fossil data using a Bayesian framework. Paleobiology 45, 546–570.
(doi:10.1017/pab.2019.23)

25. Faurby S, Silvestro D, Werdelin L, Antonelli A. 2024 Data from: Reliable biogeography requires fossils: insights from a new species-level phylogeny of extinct and living carnivores.
Dryad Digital Repository. (doi:10.5061/dryad.76hdr7t48)

26. Matzke NJ. 2013 BioGeography with Bayesian (and likelihood) evolutionary analysis in R scripts. See https://cran.r-project.org/web/packages/BioGeoBEARS/BioGeoBEARS.pdf.
27. Matzke NJ. 2014 Model selection in historical biogeography reveals that founder-event speciation is a crucial process in island clades. Syst. Biol. 63, 951–970. (doi:10.1093/sysbio/

syu056)
28. Ree RH, Sanmartin I. 2018 Conceptual and statistical problems with the DEC + J model of founder-event speciation and its comparison with DEC via model selection. J. Biogeogr.

45, 741–749. (doi:10.1111/jbi.13173)
29. Cornuault K, Sanmartín I. 2022 A road map for phylogenetic models of species trees. Mol. Phylogenet. Evol. 173, 107483. (doi:10.1016/j.ympev.2022.107483)
30. Matzke NJ. 2022 Statistical comparison of DEC and DEC + J is identical to comparison of two ClaSSE submodels, and is therefore valid. J. Biogeogr. 49, 1805–1824. (doi:10.1111/

jbi.14346)
31. Sandom CJ, Middleton O, Lundgren E, Rowan J, Schowanek SD, Svenning JC, Faurby S. 2020 Trophic rewilding presents regionally specific opportunities for mitigating climate

change. Proc. R. Soc. B 375, 20190125. (doi:10.1098/rstb.2019.0125)
32. Andermann T, Faurby S, Turvey S, Antonelli A, Silvestro D. 2020 The past and future human impact on mammalian diversity. Sci. Adv. 6, eabb2313. (doi:10.1126/sciadv.abb2313)
33. Fitzjohn J. 2012 Diversitree: comparative phylogenetic analyses of diversification in R. Methods Ecol. Evol. 3, 1084–1092. (doi:10.1111/j.2041-210X.2012.00234.x)
34. Goldberg EE, Lancaster LT, Ree RH. 2011 Phylogenetic inference of reciprocal effects between geographic range evolution and diversification. Syst. Biol. 60, 451–465. (doi:10.1093/

sysbio/syr046)
35. Goldberg EE, Igic B. 2012 Tempo and mode in plant breeding system evolution. Evolution 66, 3701–3709. (doi:10.1111/j.1558-5646.2012.01730.x)
36. Porto LMV, Maestri R, Janzen T, Etienne RS. 2023 From fossils to living canids: two contrasting perspectives on biogeographic diversification. bioRxiv, 2023.08.30.555443. (doi:10.

1101/2023.08.30.555443)
37. Tomiya S, Tseng ZJ. 2016 Whence the beardogs? Reappraisal of the Middle to Late Eocene ‘Miacis’ from Texas, USA, and the origin of Amphicyonidae (Mammalia, Carnivora).

R. Soc. Open Sci. 3, 160518. (doi:10.1098/rsos.160518)
38. Zack SP. 2011 New species of the rare early Eocene creodont Galecyon and the radiation of early Hyaenodontidae. J. Paleontol. 85, 315–336. (doi:10.1666/10-093.1)
39. Borths MR, Stevens NJ. 2019 Simbakubwa kutokaafrika, gen. et sp. nov. (Hyainailourinae, Hyaenodonta, ‘Creodonta,’ Mammalia), a gigantic carnivore from the earliest Miocene of

Kenya. J. Vertebr. Paleontol. 39, e1570222. (doi:10.1080/02724634.2019.1570222)
40. IUCN. 2023 The IUCN red list of threatened species. See https://www.iucnredlist.org/en (accessed Sep 29 2023).
41. Barden P, Ware JL. 2017 Relevant relicts: the impact of fossil distributions on biogeographic reconstruction. Insect Syst. Diver. 1, 73–80. (doi:10.1093/isd/ixx005)
42. Youngman PM. 1986 The extinct short-faced skunk Brachyprotoma obtusata (Mammalia, Carnivora): first records for Canada and Beringia. Can. J. Earth Sci. 23, 419–424. (doi:10.

1139/e86-043)
43. Bacon CD, Silvestro D, Jaramillo C, Antonelli A. 2014 Biological evidence supports an early and complex emergence of the isthmus of Panama. Proc. Natl Acad. Sci. USA 112,

6110–6115. (doi:10.1073/pnas.1423853112)
44. Plotnick RE, Smith FA, Lyons SK. 2016 The fossil record of the sixth extinction. Ecol. Lett. 19, 546–553. (doi:10.1111/ele.12589)
45. Faurby S, Silvestro D, Werdelin L, Antonelli A. 2024 Reliable biogeography requires fossils: insights from a new species-level phylogeny of extinct and living carnivores. Figshare.

(doi:10.6084/m9.figshare.c.7363552)

https://doi.org/10.1371/journal.pbio.3000494
https://doi.org/10.1017/pab.2019.23
http://dx.doi.org/10.5061/dryad.76hdr7t48
https://cran.r-project.org/web/packages/BioGeoBEARS/BioGeoBEARS.pdf
http://dx.doi.org/10.1093/sysbio/syu056
http://dx.doi.org/10.1093/sysbio/syu056
http://dx.doi.org/10.1111/jbi.13173
https://doi.org/10.1016/j.ympev.2022.107483
http://dx.doi.org/10.1111/jbi.14346
http://dx.doi.org/10.1111/jbi.14346
http://dx.doi.org/10.1098/rstb.2019.0125
https://doi.org/10.1126/sciadv.abb2313
http://dx.doi.org/10.1111/j.2041-210X.2012.00234.x
http://dx.doi.org/10.1093/sysbio/syr046
http://dx.doi.org/10.1093/sysbio/syr046
http://dx.doi.org/10.1111/j.1558-5646.2012.01730.x
https://doi.org/10.1101/2023.08.30.555443
https://doi.org/10.1101/2023.08.30.555443
http://dx.doi.org/10.1098/rsos.160518
http://dx.doi.org/10.1666/10-093.1
http://dx.doi.org/10.1080/02724634.2019.1570222
https://www.iucnredlist.org/en
http://dx.doi.org/10.1093/isd/ixx005
http://dx.doi.org/10.1139/e86-043
http://dx.doi.org/10.1139/e86-043
https://doi.org/10.1073/pnas.1423853112
http://dx.doi.org/10.1111/ele.12589
https://doi.org/10.6084/m9.figshare.c.7363552

	Reliable biogeography requires fossils: insights from a new species-level phylogeny of extinct and living carnivores
	Introduction
	Material and methods
	Phylogeny
	Input data
	Phylogeny

	Ancestral area reconstruction on empirical trees
	Sensitivity to sampling biases
	Simulated trees
	Simulated ancestral areas

	Predictability of accuracy

	Results
	Ancestral areas of named clades
	Ancestral areas across the tree
	Simulations
	Predictability of accuracy

	Discussion
	Ancestral areas of carnivore clades
	Methodological considerations

	Conclusion
	Ethics
	Data accessibility
	Declaration of AI use
	Authors' contributions
	Conflict of interest declaration
	Funding
	Acknowledgements
	References


