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A B S T R A C T

Geographic range is of crucial importance concerning the extinction risk of species. However, our understanding
of how the influence of this trait on extinction risk has varied through Earth history and across different climate
regimes is still rather unexplored. This is especially true for taxa that are currently of strong interest in con-
servation biology, displaying a strong mismatch between paleontological studies and modern efforts to quantify
the extinction risk of threatened species. We herein calculated a continuous measure for the connection of
geographic range and extinction risk in the deep-time amphibian fossil record. Furthermore, we evaluated the
impact of climate on this connection, using two climate proxies derived from oxygen isotope data (global relative
temperature change and variations in the latitudinal temperature gradient). We show that geographic ranges
tended to be larger during times of comparatively small latitudinal temperature gradients. Moreover, the
strength of geographic range influencing extinction risk fluctuated temporally, but remained positive at all
times. The variation in range size impact on extinction risk showed a strong connection with the latitudinal
temperature gradient. Our findings indicate that geographic range persists as a factor influencing species’ ex-
tinction risk through all times. However, geographic range seemed less important during times of higher en-
vironmental variability. Reasons might be the restriction of species ranges due to environmental constraints,
causing ranges to become more similar and therefore lose relative importance in buffering for extinction risk,
while other factors gain in importance. Simultaneously, similar ranges might be more prone to alteration by e.g.
conservation biases (related to sedimentary deposition and fossilization) in relation to their real range size,
resulting in a smaller signal-to-noise ratio, potentially affecting the correlation strength. We show that trait-
extinction risk dynamics can vary in their intensity, and that specifically the observed impact of geographic
range on extinction risk can vary with climatic changes.

1. Introduction

Among the factors that influence the extinction risk of a species,
geographic range has been shown to be of paramount importance
across a large number of different taxa, both in living species and in the
deep-time fossil record (Finnegan et al., 2015; Harnik, 2011; Kiessling
and Aberhan, 2007; Kiessling and Kocsis, 2016; Purvis et al., 2000;
Sodhi et al., 2008; Tietje and Rödel, 2018). Not surprisingly, geographic
range is thus also the main factor used to assess the extinction risk for
living species in the IUCN Red List assessment procedure (IUCN, 2012).
Given its importance across taxa, time and ecosystems, the influence of
geographic range on extinction risk seems persistent; and a large range
proves beneficial for a species’ survival. Nevertheless, potential changes
in the range size–extinction risk connection across time have been

assessed mostly for marine invertebrates (Payne and Finnegan, 2007;
Foote et al., 2008; Harnik et al., 2012; Orzechowski et al., 2015; but
also Dunhill and Wills, 2015). These studies focus on taxa which are not
the principal foci of current conservation efforts, while modern con-
servation studies would benefit from paleontological counterpart stu-
dies for cross-validation of results and to provide a perspective on ex-
tinction dynamics on long timescales. We try to bridge this mismatch
between paleontology and conservation by focusing on the connection
of geographic range and extinction risk under changing climatic con-
ditions in amphibians, which are a main focus of conservation activities
today. Amphibians are currently globally threatened (Ceballos et al.,
2017) and might, as ectothermic terrestrial vertebrates, exhibit dif-
ferent dynamics than marine invertebrates, particularly in response to
environmental changes.
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The strong connection between geographic range and extinction risk
intuitively makes sense, as a large geographic range allows to buffer
declines, or even extinctions, of local populations. For instance, local
populations may be impacted by unforeseen rapid environmental
changes like flooding, volcanic activity, or the arrival of a new com-
petitor, predator, parasite or disease (Kats and Ferrer, 2003; Bower
et al., 2019; Jones, 2012; Scheele et al., 2019; Walls et al., 2013;
Wilting et al., 2012). Declines or extinctions on a local scale, can either
be reversed by filling up the gaps with migrating individuals from other
(meta-)populations (Green, 2005), or the taxon simply survives with an
altered range (Wiens, 2016).

Among the factors that affect the geographic range of a species are
intrinsic traits like dispersal ability and body size (Gaston, 2003; Gaston
and Blackburn, 2008; Penner and Rödel, 2019; Sodhi et al., 2008).
Concerning extrinsic factors impacting range size, climate has been
shown to be one of the most significant factors dictating the limits of
the geographic distribution of species (Caughley et al., 1987; Gaston,
2003; Estrada et al., 2015). Whether climatic variables affect ex-
clusively the geographic range itself, or if they also alter the effect
strength with which the geographic range is influencing extinction risk
over time has been tested in only a few studies. In a meta-analysis
Orzechowski et al. (2015) investigated the environmental influence on
the extinction selectivity and geographic range in fossil marine bivalves
and gastropods, and found no effect. Payne and Finnegan (2007)
however, detected a decrease in the association strength of geographic
range and survivorship of marine invertebrates during mass extinction
events.

Here we assess the interaction of geographic range with extinction
risk for amphibian species in deep-time and relate the patterns in this
interaction to two global climate proxy records based on carbonate
shell geochemistry. The two climate proxies we used are 1) low-latitude
oxygen isotope data, which reflects long-term trends in relative global
temperature; greenhouse vs. icehouse modes (Zachos et al., 2001;
Prokoph et al., 2008; Veizer and Prokoph, 2015), and 2) the difference
between high and low-latitude oxygen isotope data, which represents a
measure of the global latitudinal temperature gradient and variations
therein. Both climate proxies align well with the current understanding
of climatic trends throughout the Phanerozoic (Kidder and Worsley,
2010; Hay and Floegel, 2012; Veizer and Prokoph, 2015). This study
yields insights into the interplay of geographic range, climate, and the
connection of geographic range and extinction risk under differing
climatic conditions in the amphibian fossil record.

2. Material and methods

2.1. Data

2.1.1. Species data
We used the amphibian dataset from Tietje and Rödel (2018). This

dataset includes stratigraphic range (duration) and geographic range
for 353 extinct amphibian species which were calculated from 1049
occurrences from the Paleobiology Database and the literature (for a
complete list of references see Tietje and Rödel, 2018). For an overview
see Figure S1. The data cover lissamphibian groups including their
potential stem-taxa, Temnospondyli as well as Lepospondyli (see Tietje
and Rödel, 2017 for more detailed information), dating back 339 mil-
lion years. Species duration was calculated as the time between the
midpoints of the youngest and oldest stratigraphic unit (geological
stages) in which a species occurred, rounded to the next full million
years. The geographic range for each species was calculated as max-
imum great circle distance, which represents the shortest distance be-
tween two points on the surface of a sphere (Kiessling and Aberhan,
2007) and has shown to be suitable to reconstruct spatial range from
sparse occurrence point data (Darroch and Saupe, 2018). Great circle
distances were calculated for each geologic stage within a species
lifespan. The maximum extent ever achieved by a species over its

lifespan was used as its geographic range for further analysis. There-
fore, the final dataset comprises one value for the duration and geo-
graphic range for each species, as well as the mean species age. As we
were mainly interested in latitudinal aspects of geographic range and
climate, we additionally ran the analysis using the latitudinal range as
an alternative measure for geographic range to account for differences
between these metrics.

2.1.2. Climate data
We used the oxygen isotope data (δ18O; on the VPDB-scale) based

on carbonate shells from organisms (bivalves, belemnites, brachiopods
and foraminifera) living at shallow water depths provided by Veizer
and Prokoph (2015), thereby reflecting the surface water conditions.
Each isotope value is referenced to the geologic stage (GTS, 2012) and
comes with information on the climatic zone (temperate, arctic, tro-
pical, and subtropical). For global average climatic trends, we use ex-
clusively oxygen isotope data from low paleolatitude surface oceans as
defined in Veizer and Prokoph (2015). The selection of surface water
species is necessary to connect the Cretaceous-recent dataset with the
pre-Cretaceous dataset, where the latter consists exclusively of shallow
water taxa from shelf environments and epicontinental seas. Although
this dataset stacks δ18O measured on the shells produced by different
taxonomic groups, systematic δ18O offsets (so-called “vital effects”)
between those fossils groups are relatively small comparative to the
overall scatter in the dataset (Veizer and Prokoph, 2015). By doing so,
we create a more-or-less continuous climate proxy record that is re-
presentative for one environment (low-latitude surface waters), which
is sensitive to secular climatic trends, and unbiased by artifacts gener-
ated through the inclusion of climatic signals specific to certain en-
vironments (i.e. cooler deep water vs. warm upper water column con-
ditions). Moreover, low-latitude oceans are a principal driving force of
solar heat distribution from the equator to the poles, and thereby
control general atmospheric circulation (Chiang, 2009). Hence, long-
term first-order trends in the low paleolatitude surface water δ18O
(δ18Olow-latitude) record can be regarded as a monitor of climate evolu-
tion that is directly relevant to changes in the global amphibian po-
pulation over long geological timescales.

The latitudinal δ18O gradient (Δ18Ohigh–low-latitude) was calculated
for the last 110 million years from planktic foraminifera by calculating
the difference between high (58°–90° N/S paleolatitude) and low
(15°S–15°N paleolatitude) latitude data, as a second source of paleo-
climate information. This record would be largely a reflection of the
latitudinal temperature gradient, although other factors do as well
control latitudinal differences in seawater δ18O composition (Tindall
et al., 2010). Besides the control of global average temperatures, this
latitudinal temperature gradient is thought to be dictated by secondary
processes, such as the continental configuration, oceanic circulation
patterns and the presence of land ice (Bjerrum et al., 2001; Poore et al.,
2011), so this record might be a more sensitive monitor of latitudinal
temperature differences important for the distribution of amphibian
habitats. To accommodate for the before cited uncertainties in δ18O
composition we restrict this record to the last 110 million years where
continental configuration, circulation patterns, and climate evolution
are best constrained, but also as older carbonate shell records are scarce
before this time. Moreover older carbonate shell records consisting of
bivalves, brachiopods and belemnites from shelf and epicontinental
settings might be unrepresentative of the latitudinal temperature gra-
dient due to restricted exchange of water with the open ocean, and are
therefore more likely to be influenced by riverine influxes. These in-
fluxes can lead to local isotope values different from the open ocean,
which would not be representative for the general climatic conditions
(Marshall, 1992; Holmden et al., 1998; Harzhauser et al., 2007). This
effect is exaggerated by repeated evaporation-precipitation cycles, and
associated isotope fractionation during phase transitions, that succes-
sively deplete meteoric water in 18O during transport towards the high-
latitude (Marshall, 1992). Hence, high-latitude isotope data older than
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ca. 110 million years, that predominantly originate from shallow water
settings, could be compromised, which makes a δ18O gradient as a
sensitive proxy of prevalent climatic conditions less reliable.

3. Methods

Prior to all calculations, isotope values were corrected for 18O de-
pletion (Phanerozoic trend, “secular shift”) using the equation provided
by Veizer and Prokoph (2015). To cancel out the temporally and
quantitatively uneven spread of data in the isotope dataset, we calcu-
lated median isotope values using a moving window approach in-
cluding a subsampling routine (Schobben et al., 2017), which divides
the temporal axis of the data into an evenly sized grid and moves a
window over this grid in small steps (one million years), repeating the
same analysis in each time interval (Fig. 1). Window size was chosen as
25 million years to maintain a minimum sample size of ten in each
window. Additionally, within each window the data was repeatedly
subsampled (n=100) to the sample size of the minimum number of
isotope values contained in all windows, the final value being the
median δ18O of all subsamples. Additionally, the median absolute de-
viation was calculated from the 100 medians as an error measure for
the final median. The moving window procedure acts as a smoother
which accounts for temporal unevenness of data, while the internal
subsampling procedure accounts for quantitative differences in the
data.

We split the isotope data into two sets, according to the climatic
zone information given by Veizer and Prokoph (2015). “Arctic” and
“temperate” labeled data points were used to calculate the high-latitude
temperatures, data points labeled with “tropical” to calculate low-lati-
tude temperatures. The moving window approach was applied to both
datasets. The temperature gradient was calculated as the difference
between the two resulting curves from high and low-latitudes. Data
labeled as subtropical were not used for the temperature gradient due
to potentially high evaporation in these areas, which can lead to falsely
increased δ18O values, known as the cool tropic paradox (D'Hondt and
Arthur, 1996). Following the same procedure, we calculated additional
climate proxies to provide support for our approach of using exclusively

surface water oxygen data; the median deep sea δ18O curve. Comparing
the median deep sea δ18O record with the median surface δ18O record
gives insights if the surface water δ18O follows global climatic trends
(Zachos et al., 2001). Additionally, deep sea water formation usually
takes place at high-latitudes (Rahmstorf, 2002), however, differences
between the deep sea δ18O and the high-latitude surface δ18O records
can potentially point at regional variations in the deep sea water for-
mation, where variations in deep water formation seems to be in-
timately linked with the hydrological cycle (Marotzke and Willebrand,
1991). Paleontological (i.e. geographic range and duration) and climate
data were combined by picking the closest temperature or temperature
gradient value for each species mean age.

To estimate a continuous measure for the connection of geographic
range and duration, we calculated the correlation between the geo-
graphic range and duration following the same moving window ap-
proach as for the isotope data. Window size was 50 million years to
ensure a minimum sample size of ten. As for the isotope data, the
moving window procedure accounts for the temporally and quantita-
tively uneven spread of species occurrences. The resulting correlation
curve was used to test the connection with the global average relative
temperature and the latitudinal δ18O gradient. Time-series data (i.e.
climate data) were used in their original form without accounting for
autocorrelation as to preserve the inherent information about relatively
warmer and colder climatic conditions, which would be lost by e.g. first
differencing or further detrending the climate proxies. Normality of
numerical variables was tested using Shapiro-Wilk normality test. As
none of the variables show normal distribution, we used Spearman rank
correlation test for correlation analysis. All analysis were done in R
version 3.6.0 (Planting of a Tree). Data and R files to replicate this study
are fully available on https://doi.org/10.5281/zenodo.3497434.

4. Results

4.1. Correlation strengths among climate proxy and geographic range data

A statistical evaluation of the climate proxy and paleontological
datasets by means of Spearman rank correlation is summarized in
Table 1. Deep-sea δ18O, the usual reference for mainly Cenozoic cli-
matic trends (Fig. 2d) (Zachos et al., 2001), strongly correlates with the
low-latitude surface δ18O (Fig. 2a) as well as with the high-latitude
δ18O (Fig. 2c). Conversely, no correlation is observed between low-la-
titude surface δ18O and the latitudinal δ18O gradient.

Co-variance of geographic range and species duration was signified
by moderately strong correlation strength. We obtained weak and
moderately negative correlation strengths between geographic range
and low-latitude surface δ18O (global relative temperature trends), and
Δ18Ohigh–low-latitude (latitudinal gradient), respectively (Fig. S3). As a last

Fig. 1. Schematic representation of the moving window approach. Each dot
represents the mean age of a species and has a corresponding geographic range
and duration. A window size that ensures a specified minimum sample size (at
least 10 in our case) at all times is chosen and moved along the temporal axis.
At each 1 million year step, repeated subsampling with replacement is per-
formed (100 repetitions). For each subsample, we calculate either the median
and median absolute deviation (isotope data), or the Spearman rank correlation
(geographic range and duration data).

Table 1
Spearman rank correlation values for climate proxies and geographic range,
showing correlation strength (ρ), the p-value of the correlation, the sample size
(n) and the age range of the data points. Significant values are highlighted bold.

y vs. x ρ p-value n age
range
(Ma)

δ18Olow-latitude surface ~ δ18Odeep 0.73 <0.001 117 117–0
δ18Odeep ~ δ18Ohigh-latitude 0.80 <0.001 111 111–0
δ18Olow-latitude surface ~ Δ18Ohigh–low latitude 0.12 0.209 111 111–0
duration ~ geographic range * 0.57 – 333 333–0
geographic range~ δ18Olow-latitude surface −0.04 0.599 353 339–0
geographic range~ Δ18Ohigh–low-latitude −0.30 <0.010 353 339–0
δ18Olow-latitude surface ~ ρgeographic range–duration −0.23

−0.20
<0.001
<0.050

331
111

331–0
111–0

Δ18Ohigh–low-latitude ~ ρgeographic range–duration −0.71 <0.001 111 111–0

*The median of all values contained in the continuous correlation measure, the
results of the moving window approach.
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step, we looked at the connection between the correlative strength of
duration with geographic range and the two climate proxies used in this
study, which yielded a weak and a strongly negative correlation, re-
spectively (Table 1). Limiting correlation and low-latitude surface δ18O
data to the temporal range of the Δ18Ohigh–low-latitude dataset showed no
difference in the connection (Table 1).

4.2. Temporal trends in climate data and correlation strength between
geographic range and duration

The correlative strength (ρ) between geographic range and species
duration (ρgeographic range–duration) ranged between 0.38 and 0.65 for 50%
(lower and upper quantile, respectively) of the sample population (cf.
median ρ Table 1). Fig. 3 displays the temporal pattern in the correla-
tion and shows that it remained relatively stable around its median
value of 0.57 (Table 1) from the Carboniferous to the Middle Triassic.
From the Triassic–Jurassic up to the Late Jurassic, ρgeographic range–dura-

tion rose above the median background value, where after a steep drop
marked the latest Jurassic with an almost total eclipse of the correlative
strength, and remaining low up to 100Ma (base of the Late Cretaceous).
A steep rise in ρgeographic range–duration was followed by a long period of
stable and high correlative strength. Only during the Middle Paleogene,
a steady decrease of ρgeographic range–duration with a persistent decline for
the remainder of the Paleogene was evident. The Neogene showed the
lowest values ρgeographic range–duration of the record.

Comparing the correlation curve with the two climate proxies, we

found a strong covariance between the two most notable minima in the
ρgeographic range–duration record and transitions from low to high δ18O low-

latitude surface during the Early Cretaceous and the last 45 Myr of the
Cenozoic (Fig. 4a & Table 1). Conversely low δ18O low-latitude surface were
generally associated with higher values of ρgeographic range–duration. Upon
comparing the ρgeographic range–duration record with the latitudinal δ18O
gradient, a similar but stronger pattern emerged where a large latitu-
dinal δ18O gradient was mirrored by low ρgeographic range–duration values
(Fig. 4b, Table 1).

When applying latitudinal range size as an alternative measure for
geographic range, we found that it strongly correlated with the max-
imum great circle distance for our data (ρ=0.79, p < 0.001), re-
sulting in very similar results for the entire analysis (Table S1; Fig. S5 &
S6).

5. Discussion

A common aim of conservation paleobiology is to make inferences
from the past for the present and future (Dietl and Flessa, 2011, 2017;
O'Dea et al., 2017). Considering that the previous statement assumes
temporal stability of the studied traits, it is essential to test if biotic
interactions in the past resemble interactions today. Here we show that
for the last 330 million years geographic range of amphibians was
positively correlated with species longevity. Although the general in-
fluence of geographic range on extinction risk seems consistent, we did
observe variations in the interaction strength, which seemed connected

Fig. 2. Carbonate-oxygen isotope data from Prokoph and Veizer (2015). a) Low-latitude surface water δ18O and deep water δ18O. b) Low-latitude surface water δ18O
and Δ18Ohigh–low-latitude (latitudinal δ18O gradient); the difference between surface high-latitude and low-latitude δ18O. c) High-latitude surface water δ18O and deep
water δ18O. Dashed line represents f(x)= x. d) Median low-latitude surface water δ18O over time. The grey area is the median absolute deviation for the median
values. e) Latitudinal δ18O gradient based on subtracting low-latitude from high-latitude surface water δ18O over time.
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with geochemical climate proxy data.
The quality of the fossil record is a main factor which sets the frame

for paleontological studies, and the comparatively small scope of the
amphibian record in particular is most likely one of the reasons for the
mismatch between studies in paleontology and conservation biology.
However, we did not find indications that our results are artifacts rather
than real signals, for the following reasons. First, geographic ranges and
species durations show only minor fluctuations over time (Fig. S1), and
between the major taxonomic groups (Fig. S4), suggesting no major
disruptions in the amphibian fossil record which might lead to the
fluctuations in the geographic range influence on extinction risk as
shown in Fig. 3. Furthermore, geographic ranges of species are in-
dependent from the total of occurrences in each geology stage (Fig.
S2a), and therefore likely represent a real signal rather than an effect
caused by the sampling extent. However, we observed temporal fluc-
tuations in the abundance of occurrences (Fig. S2b), which we account
for by smoothing our data with the moving window procedure. Inter-
estingly, the peaks in the temporal pattern of occurrences do not co-
incide with shifts in the correlation pattern, which in combination with
the lack of major differences in geographic range sizes suggests this
pattern to be of negligible importance for our analysis. Lastly, addi-
tional support was added to our results by repeating the analysis with
latitudinal range as a second geographic range measure, which con-
centrates entirely on the latitudinal aspect of the correlation and
therefore rules out that the correlation might be spurious and driven by
e.g. longitudinal variations, which would not necessarily be connected
to climatic conditions. Although, the fossil record used for this study
might be limited in quantity, we do not detect signs of strong biases,
which makes us confident that our results represent real ecological
signals.

The continued positive correlation between geographic range and
extinction risk underlines the ubiquitous influence of geographic range,
even under differing environmental conditions. This supports geo-
graphic range as a useful measure for extinction risk of living species, as
it is included in the current assessment procedures of the IUCN Red List
(IUCN, 2012). Our results support Orzechowski et al. (2015) and
Finnegan and Payne (2007), who found that the geographic range re-
mained a persistent factor for extinction selectivity for marine gastro-
pods and bivalves over the last 540 million years. However, in contrast
to Orzechowski et al. (2015), we observed a link between the variation
of the influence strength of the geographic range and the climate
proxies.

Adding two climate proxies, average δ18O low-latitude surface and the
latitudinal δ18O gradient, to our analysis suggests that the average
global climate (δ18O low-latitude surface) only had a minor effect on the
correlation pattern (Fig. 4a), and no measurable effect on the geo-
graphic range of species itself, which agrees with Orzechowski et al.
(2015). In contrast, the latitudinal δ18O gradient was strongly nega-
tively correlated with the temporal variations in the correlation of
geographic range and duration (Fig. 4b, Table 1), and moderately
correlated with the geographic range itself (Fig. S3b, Table 1). The
differing connections between these two climate proxies and the tem-
poral correlation pattern underline the lack of correlation we observed
between them (Table 1 & Fig. 2b). While the latitudinal δ18O gradient is
usually expected to follow the global trend (Tindall et al., 2010), sev-
eral effects might cause the detachment of the two climate records; the
continental configuration, oceanic circulation patterns and the presence
of land ice (Bjerrum et al., 2001; Poore et al., 2011). Detachment is also
clear from Fig. 2c, as deep water δ18O can deviate to more positive
values than the expected 1:1 relation with high-latitude surface δ18O,
where it is considered that the 1:1 relation would be the result of deep-
water formation occurring at high-latitudes. So, even though δ18Odeep

and δ18Ohigh-latitude (Table 1) correlated well, suggesting an overriding
control by secular climate trends on the latitudinal δ18O gradient,
anomalous heavy δ18Odeep data, e.g. in the Cretaceous, suggest a dif-
ferent mode of deep water formation. Veizer and Prokoph (2015)

implied that this Cretaceous signal can be best reconciled with deep-
water formation at low-latitudes, where land-locked basins of the Te-
thys ocean could generate hypersaline water masses, dense enough to
fuel a halothermal mode of ocean circulation, instead of a thermohaline
mode, as we observe in today's ocean. Hence, we argue that the lati-
tudinal temperature gradient could therefore provide additional in-
formation about past climatic conditions relevant to the amphibian
record. More so, ocean circulation has a key control on surface currents
and is thereby an important aspect in the interaction of the ocean with
the atmosphere and global heat distribution, thus controlling the pre-
vailing regional terrestrial climate systems (e.g. the effect of the modern
Gulf Stream on NW Europe) (Marotzke and Willebrand, 1991;
Rahmstorf, 2002). The latitudinal δ18O gradient might therefore be a
more sensitive gauge of climatic parameters (e.g. precipitation patterns
and fluctuations in daily and seasonal temperatures) that control global
environmental variability, which ultimately contributes to the dis-
tribution limits of a species according to its environmental niche
(Caughley et al., 1987; Gaston, 2003; Diffenbaugh and Field, 2013;
Estrada et al., 2015). Our results suggest that a higher environmental
variability trims the latitudinal boundaries for species distributions,
leading to generally smaller geographic ranges. This is supported by our
observation that geographic ranges were larger when the latitudinal
δ18O gradient was small (Fig. S3b). These results also align with find-
ings by Tomašových et al. (2015) who also demonstrate the importance
of temperature in setting range limits.

However, the latitudinal δ18O gradient had the strongest connection
not with geographic range itself, but with its correlation with species
durations (Table 1). Two scenarios may explain how the temperature
gradient might cause the observed variation in the correlation strength
of geographic range and duration.

First, under a general spatial restriction due to environmental con-
ditions (i.e. a large latitudinal temperature gradient), the potential of
the geographic range to buffer for extinction risk might not unfold its
full effect, as the differences in ranges between species are rather small
due to the lower upper limit (i.e. the species with the largest range at
that time). Low variability in this trait might eventually lead to a de-
crease in relative importance of the geographic range in relation to
other beneficial traits. This is supported by Chen et al. (2019), who
showed that geographic range had stronger influence on extinction risk
in small-ranging amphibian species compared to species with larger
ranges, while also detecting differences in other trait influences be-
tween these two geographic range groups. We cannot determine the
mechanisms behind these observed patterns, however we suppose a
more complex interplay of factors linked to geographic range, e.g. body
size or dispersal ability, might be responsible, as these factors usually
show close connections in amphibians (Penner and Rödel, 2019).

One might as well argue that range size would be especially bene-
ficial for survival during times of high environmental variability, as it
requires true generalists with large niche breadths.

Smaller climatic zones and therefore suitable habitats might have
higher levels of interspecific competition due to the limited available
area. Therefore, the ability to cope with competitors and exploit limited
resources become comparatively more important for survival. On the
other end, limited competitive qualities might be compensated with a
large geographic range, raising the importance of this trait for extinc-
tion risk as soon as the environmental conditions allow for a wider
spread. However, an increase in competition in small suitable areas is
likely most relevant for phases of shifting climatic conditions, as species
richness itself is strongly affected by environment heterogeneity (Stein
et al., 2014), which would make increased competition a rather short-
term effect until species richness has adapted.

An additional explanation for variations in the correlation strength
between the geographic range and duration is a decrease in the signal-
to-noise ratio rather than the importance of geographic range itself.
When geographic ranges become generally smaller, caused by a large
temperature gradient (Fig. S3b), the distances between the ranges of
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each species become smaller too (i.e. signal). As Spearman's correlation
test is rank-based, potential incompleteness of the fossil record (i.e.
noise) can more easily distort the actual rank order of species under
these conditions, resulting in a smaller correlation. This effect would
not require changes in preservation or fossil record quality over time,
but is simply based on the degree of homogeneity of geographic range
data.

A limitation of our study is the temporal and spatial resolution of
the data, which might be the reason why we observe one major drop in
the temperature gradient around 80 million years that is not mirrored
by the correlation pattern (Fig. 4a). It is also possible that climate
proxies might not always properly display the local conditions that
apply to these species, due to for example the continental configuration.
More short-term climatic fluctuations in terrestrial systems might as
well not be recorded, as our climate proxies reflect relative trends in
ocean temperature and global climate, where the ocean has a larger
heat capacity than landmasses and is therefore less susceptible to short-
term fluctuations (Diffenbaugh and Field, 2013). As a result, short time
scale climatic changes, perturbing terrestrial environments and eco-
systems, might have only had a limited effect on the contemporaneous
marine environment. However, we argue that large scale patterns in the
climate proxies point to changes in the prevailing climate modes that
would have had the potential to influence biotic interactions. Other
studies support this notion and have already shown a long-term cou-
pling between environmental changes and biodiversity (Hannisdal and
Peters, 2011).

The amphibian fossil record shows some major taxonomic turn-
overs, like the end of the small bodied Lepospondyli at the Permian-
Triassic boundary, the following rise of generally large bodied tem-
nospondyls, and their demise, followed by the rise of the mostly smaller
lissamphibians around the Triassic-Jurassic boundary (Schoch, 2014).
This sequential rise and fall of major amphibian orders has the potential
to create phylogenetically rather than environmentally driven results,
both for the correlation pattern and the geographic range and duration
themselves. Comparing the three factors geographic range, duration,
and correlation strength of both factors between the major taxonomic
orders however revealed only mild differences for correlation and
duration, and no difference for the geographic range (Fig. S4). Those
groups showing differences in median correlation strength occurred

around the same time in the fossil record, and most differences in
duration are caused by Allocaudata, a group comprising just eleven
species. We therefore argue that existing phylogenetic signal should be
negligibly small. Given that these major taxonomic groups also en-
compass differing life habits from fully aquatic small salamanders to
mostly terrestrial, gigantic temnospondyls, we do not expect preserva-
tion or sampling biases to have a strong effect on our results.

In contrast to some studies on marine invertebrates (Finnegan and
Payne, 2007) and terrestrial tetrapods (Dunhill and Wills, 2015), we did
not find a weakening of the geographic range–extinction risk connec-
tion around the last three mass extinction events (Permian–Triassic,
Triassic–Jurassic, Cretaceous–Paleogene). Moreover, the long-term
temporal trends in ρgeographic range–duration suggest a stronger link be-
tween those variables compared to the Neogene and Quaternary,
thereby hinting at a stronger influence of the geographic range–ex-
tinction risk connection during these past intervals than today (Fig. 4a).
Intriguingly, the small proportion (17%) of species in our data with last
appearances within a three million year interval around mass extinction
events agrees with the common perception that amphibians were gen-
erally less affected than other tetrapod clades by these events (Schoch,
2014). Naturally we cannot rule out durations to be shortened by
preservation and sampling effects (Signor-Lipps effect), which might
affect this observation and mask a stronger effect of mass extinctions on
the fossil record of amphibians. In addition, the difference in timescale
over which those mass extinctions unfold (< 1 Myr) comparative to the
multi-million year record studied here, suggests that the here found
geographic range–extinction risk connection might be of importance on
both long and short timescales. Although not readily discernible in our
broad-scale δ18O low-latitude surface record (Fig. 4a), probably because of
their short duration, past extinction events have been connected with
rapid warming events (Ruhl et al., 2011; Joachimski et al., 2012;
Schobben et al., 2014; Vellekoop et al., 2014; Barnet et al., 2018),
which some argue to be analogous to current human-driven climate
change (Barnosky et al., 2011). However, as the Neogene and Qua-
ternary ρgeographic range–duration is low compared to the average correla-
tion in the amphibian fossil record (Fig. 4a), the baseline for current
climate-driven impact on amphibians might be different than in those
past mass extinctions. Even though geographic range is an important
determinant of extinction risk, caution needs to be taken when for-
mulating conservation strategies, as an over-reliance on this single
parameter might not always be justified, given the possible fluctuations
in the strength of its influence, potentially caused by environmental
parameters.

6. Conclusions

Geographic range is an important parameter used in the extinction
risk assessment procedure for the IUCN Red List. Although the link
between geographic range and species survival success seems valid
today, the stability of this link in relation to changing environmental
and climatic conditions is of particular importance given current and
future predicted human-induced climate change. Hence, the main ob-
jective of this study is to assess the validity of this rule. We do this by
looking at long-term changes in geographic range influence on extinc-
tion risk in one of the most critically endangered taxonomic groups: the
amphibians. Our study provides validation for the usage of geographic
range as a measure for extinction risk in living amphibian species, even
under most differing environmental conditions. However, we also em-
phasize that trait-extinction risk dynamics can vary in their intensity,
and that specifically the observed impact of geographic range on ex-
tinction risk can vary with climatic changes.

Data availability

All data and R code to replicate this study are available on https://
doi.org/10.5281/zenodo.3497434.

Fig. 3. Correlation of geographic range and duration of species (Spearman's
rank correlation) assessed via a moving window approach. Larger absolute
values indicate a stronger influence of geographic range, while smaller absolute
values closer to zero indicate less influence. Window size was 25 million years,
within each window we applied a subsampling routine (n= 100) to the size of
the minimum number of data points contained in all windows, the final value
being the median of all subsamples. The grey area depicts the median absolute
deviation from the median correlation. The grey line is the moving average of
the correlation values using a window size of 20 Myr. The dashed line is the
median of all correlation values.

M. Tietje, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 537 (2020) 109414

6

https://doi.org/10.5281/zenodo.3497434
https://doi.org/10.5281/zenodo.3497434


Authors’ contributions

Data collection and analysis were performed by MT. MT, MS and
MOR contributed in writing the manuscript. All authors contributed
substantially to the design of the study.

Funding

MT was supported by the innovation-fund of the Museum für
Naturkunde Berlin.

Declarations of competing interest

None.

Acknowledgements

We thank the numerous contributors to the Paleobiology Database
for entering their data and making quantitative studies like this one
possible in the first place. We also thank Alex Dunhill and one anon-
ymous reviewer for their work reviewing and thereby improving our
manuscript. This is Paleobiology database publication number 352.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.palaeo.2019.109414.

References

Barnet, J.S.K., Littler, K., Kroon, D., Leng, M.J., Westerhold, T., Röhl, U., Zachos, J.C.,
2018. A new high-resolution chronology for the late Maastrichtian warming event:
establishing robust temporal links with the onset of Deccan volcanism. Geology 46,
147–150. https://doi.org/10.1130/G39771.1.

Barnosky, A.D., Matzke, N., Tomiya, S., Wogan, G.O.U., Swartz, B., Quental, T.B.,
Marshall, C., McGuire, J.L., Lindsey, E.L., Maguire, K.C., Mersey, B., Ferrer, E.A.,
2011. Has the Earth's sixth mass extinction already arrived? Nature 471, 51–57.
https://doi.org/10.1038/nature09678.

Bjerrum, C.J., Surlyk, F., Callomon, J.H., Slingerland, R.L., 2001. Numerical paleocea-
nographic study of the early Jurassic transcontinental Laurasian Seaway.
Paleoceanography 16, 390–404. https://doi.org/10.1029/2000PA000512.

Bower, D.S., Brannelly, L.A., McDonald, C.A., Webb, R.J., Greenspan, S.E., Vickers, M.,
Gardner, M.G., Greenlees, M.J., 2019. A review of the role of parasites in the ecology
of reptiles and amphibians. Austral Ecol. 44, 433–448. https://doi.org/10.1111/aec.
12695.

Caughley, G., Short, J., Grigg, G.C., Nix, H., 1987. Kangaroos and climate: an analysis of
distribution. J. Anim. Ecol. 56, 751–761. https://doi.org/10.2307/4946.

Ceballos, G., Ehrlich, P.R., Dirzo, R., 2017. Biological annihilation via the ongoing sixth
mass extinction signaled by vertebrate population losses and declines. Proc. Natl.
Acad. Sci. U. S. A 114, E6089–E6096. https://doi.org/10.1073/pnas.1704949114.

Chen, Chuanwu, Chen, Cangsong, Wang, Y., 2019. Ecological correlates of extinction risk
in Chinese amphibians. Divers. Distrib. 25, 1586–1598. https://doi.org/10.1111/ddi.
12961.

Chiang, J.C.H., 2009. The tropics in paleoclimate. Annu. Rev. Earth Planet Sci. 37,
263–297. https://doi.org/10.1146/annurev.earth.031208.100217.

Darroch, S.A.F., Saupe, E.E., 2018. Reconstructing geographic range-size dynamics from
fossil data. Paleobiology 44, 25–39. https://doi.org/10.1017/pab.2017.25.

Dietl, G.P., Flessa, K.W., 2011. Conservation paleobiology: putting the dead to work.
Trends Ecol. Evol. 26, 30–37. https://doi.org/10.1016/j.tree.2010.09.010.

Dietl, G.P., Flessa, K.W., 2017. Conservation Paleobiology: Science and Practise. The
University of Chicago Press, Chicago. https://doi.org/10.7208/chicago/
9780226506869.001.0001.

Diffenbaugh, N.S., Field, C.B., 2013. Changes in ecologically critical terrestrial climate

Fig. 4. Temporal changes in correlation strength of geographic range and duration of species, plotted with oxygen isotope data; a) median low-latitude δ18O and b)
latitudinal δ18O gradient. Colored lines show the climate proxy data, black lines show the correlation strength (ρ) between the geographic range and the duration
(stratigraphic range) of species. Note the different time scales between a) and b). Missing values in a) indicate a failure to calculate Spearman correlation values in
these time bins due to a lack of variability in the data.

M. Tietje, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 537 (2020) 109414

7

https://doi.org/10.1016/j.palaeo.2019.109414
https://doi.org/10.1016/j.palaeo.2019.109414
https://doi.org/10.1130/G39771.1
https://doi.org/10.1038/nature09678
https://doi.org/10.1029/2000PA000512
https://doi.org/10.1111/aec.12695
https://doi.org/10.1111/aec.12695
https://doi.org/10.2307/4946
https://doi.org/10.1073/pnas.1704949114
https://doi.org/10.1111/ddi.12961
https://doi.org/10.1111/ddi.12961
https://doi.org/10.1146/annurev.earth.031208.100217
https://doi.org/10.1017/pab.2017.25
https://doi.org/10.1016/j.tree.2010.09.010
https://doi.org/10.7208/chicago/9780226506869.001.0001
https://doi.org/10.7208/chicago/9780226506869.001.0001


conditions. Science 341, 486–492. https://doi.org/10.1126/science.1237123.
Dunhill, A.M., Wills, M.A., 2015. Geographic range did not confer resilience to extinction

in terrestrial vertebrates at the end-Triassic crisis. Nat. Commun. 6, 7980. https://doi.
org/10.1038/ncomms8980.

D'Hondt, S., Arthur, M.A., 1996. Late cretaceous oceans and the cool tropic paradox.
Science 271, 1838–1841. https://doi.org/10.1126/science.271.5257.1838.

Estrada, A., Meireles, C., Morales-Castilla, I., Poschlod, P., Vieites, D., Araújo, M.B., Early,
R., 2015. Species' intrinsic traits inform their range limitations and vulnerability
under environmental change. Glob. Ecol. Biogeogr. 24, 849–858. https://doi.org/10.
1111/geb.12306.

Finnegan, S., Anderson, S.C., Harnik, P.G., Simpson, C., Tittensor, D.P., Byrnes, J.E.,
Finkel, Z.V., Lindberg, D.R., Liow, L.H., Lockwood, R., Lotze, H.K., McClain, C.R.,
McGuire, J.L., Pandolfi, J.M., 2015. Paleontological baselines for evaluating extinc-
tion risk in the modern oceans. Science 348, 567–570. https://doi.org/10.1126/
science.aaa6635.

Foote, M., Crampton, J.S., Beu, A.G., Cooper, R.A., 2008. On the bidirectional relationship
between geographic range and taxonomic duration. Paleobiology 34, 421–433.
https://doi.org/10.1666/08023.1.

Gaston, K.J., 2003. The Structure and Dynamics of Geographic Ranges. Oxford University
Press, New York, USA.

Gaston, K.J., Blackburn, T.M., 2008. Pattern and Process in Macroecology. Blackwell
Science Ltd, Oxford, UK. https://doi.org/10.1002/9780470999592.

Green, D.M., 2005. Biology of amphibian declines. In: Lannoo, M. (Ed.), Amphibian
Declines. University of California Press, Berkeley and Los Angeles, California, pp.
28–33. https://doi.org/10.1525/california/9780520235922.003.0007.

Hannisdal, B., Peters, S.E., 2011. Phanerozoic Earth system evolution and marine biodi-
versity. Science 334, 1121–1124. https://doi.org/10.1126/science.1210695.

Harnik, P.G., 2011. Direct and indirect effects of biological factors on extinction risk in
fossil bivalves. Proc. Natl. Acad. Sci. U. S. A 108, 13594–13599. https://doi.org/10.
1073/pnas.1100572108.

Harnik, P.G., Lotze, H.K., Anderson, S.C., Finkel, Z.V., Finnegan, S., Lindberg, D.R., Liow,
L.H., Lockwood, R., McClain, C.R., McGuire, J.L., O'Dea, A., Pandolfi, J.M., Simpson,
C., Tittensor, D.P., 2012. Extinctions in ancient and modern seas. Trends Ecol. Evol.
27, 608–617. https://doi.org/10.1016/j.tree.2012.07.010.

Harzhauser, M., Piller, W.E., Latal, C., 2007. Geodynamic impact on the stable isotope
signatures in a shallow epicontinental sea. Terra. Nova 19, 324–330. https://doi.org/
10.1111/j.1365-3121.2007.00755.x.

Hay, W.W., Floegel, S., 2012. New thoughts about the Cretaceous climate and oceans.
Earth Sci. Rev. 115, 262–272. https://doi.org/10.1016/j.earscirev.2012.09.008.

Holmden, C., Creaser, R.A., Muehlenbachs, K., Leslie, S.A., Bergström, S.M., 1998.
Isotopic evidence for geochemical decoupling between ancient epeiric seas and
bordering oceans: implications for secular curves. Geology 26, 567–570. https://doi.
org/10.1130/0091-7613(1998)026<0567:IEFGDB>2.3.CO;2.

IUCN, 2012. IUCN Red List Categories and Criteria: Version 3.1, Second. IUCN, Gland,
Switzerland; Cambridge, UK iv + 32pp.

Joachimski, M.M., Lai, X., Shen, S., Jiang, H., Luo, G., Chen, B., Chen, J., Sun, Y., 2012.
Climate warming in the latest Permian and the Permian-Triassic mass extinction.
Geology 40, 195–198. https://doi.org/10.1130/G32707.1.

Jones, S.C., 2012. Local- and regional-scale impacts of the ~74 ka Toba supervolcanic
eruption on hominin populations and habitats in India. Quat. Int. 258, 100–118.
https://doi.org/10.1016/j.quaint.2011.09.017.

Kats, L.B., Ferrer, R.P., 2003. Alien predators and amphibian declines: review of two
decades of science and the transition to conservation. Divers. Distrib. 9, 99–110.
https://doi.org/10.1046/j.1472-4642.2003.00013.x.

Kidder, D.L., Worsley, T.R., 2010. Phanerozoic large igneous provinces (LIPs), HEATT
(haline euxinic acidic thermal transgression) episodes, and mass extinctions.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 295, 162–191. https://doi.org/10.1016/j.
palaeo.2010.05.036.

Kiessling, W., Aberhan, M., 2007. Geographical distribution and extinction risk: lessons
from Triassic-Jurassic marine benthic organisms. J. Biogeogr. 34, 1473–1489.
https://doi.org/10.1111/j.1365-2699.2007.01709.x.

Kiessling, W., Kocsis, Á.T., 2016. Adding fossil occupancy trajectories to the assessment of
modern extinction risk. Biol. Lett. 12, 20150813. https://doi.org/10.1098/rsbl.2015.
0813.

Marotzke, J., Willebrand, J., 1991. Multiple equilibria of the global thermohaline circu-
lation. J. Phys. Oceanogr. 21, 1372–1385. https://doi.org/10.1175/1520-
0485(1991)021<1372:meotgt>2.0.co;2.

Marshall, J.D., 1992. Climatic and oceanographic isotopic signals from the carbonate rock
record and their preservation. Geol. Mag. 129, 143–160. https://doi.org/10.1017/
s0016756800008244.

Orzechowski, E.A., Lockwood, R., Byrnes, J.E.K., Anderson, S.C., Finnegan, S., Finkel,
Z.V., Harnik, P.G., Lindberg, D.R., Liow, L.H., Lotze, H.K., Mcclain, C.R., Mcguire,
J.L., O'Dea, A., Pandolfi, J.M., Simpson, C., Tittensor, D.P., 2015. Marine extinction
risk shaped by trait-environment interactions over 500 million years. Glob. Chang.
Biol. 21, 3595–3607. https://doi.org/10.1111/gcb.12963.

O'Dea, A., Dillon, E.M., Altieri, A.H., Lepore, M.L., 2017. Look to the past for an optimistic
future. Conserv. Biol. 31, 1221–1222. https://doi.org/10.1111/cobi.12997.

Payne, J.L., Finnegan, S., 2007. The effect of geographic range on extinction risk during
background and mass extinction. Proc. Natl. Acad. Sci. U. S. A 104, 10506–10511.

https://doi.org/10.1073/pnas.0701257104.
Penner, J., Rödel, M.-O., 2019. Keep it simple? Dispersal abilities can explain why species

range sizes differ, the case study of West African amphibians. Acta Oecol. 94, 41–46.
https://doi.org/10.1016/j.actao.2017.11.011.

Poore, H., White, N., MacLennan, J., 2011. Ocean circulation and mantle melting con-
trolled by radial flow of hot pulses in the Iceland plume. Nat. Geosci. 4, 558–561.
https://doi.org/10.1038/ngeo1161.

Prokoph, A., Shields, G.A., Veizer, J., 2008. Compilation and time-series analysis of a
marine carbonate δ18O, δ13C, 87Sr/86Sr and δ34S database through Earth history.
Earth Sci. Rev. 87, 113–133. https://doi.org/10.1016/j.earscirev.2007.12.003.

Purvis, A., Gittleman, J.L., Cowlishaw, G., Mace, G.M., 2000. Predicting extinction risk in
declining species. Proc. R. Soc. Biol. Sci. 267, 1947–1952. https://www.jstor.org/
stable/2665681.

Rahmstorf, S., 2002. Ocean circulation and climate during the past 120,000 years. Nature
419, 207–214. https://doi.org/10.1038/nature01090.

Ruhl, M., Bonis, N.R., Reichart, G.-J., Sinninghe Damsté, J.S., Kürschner, W.M., 2011.
Atmospheric carbon injection linked to End-Triassic mass extinction. Science 333,
430–435. https://doi.org/10.1126/science.1204255.

Scheele, B.C., Pasmans, F., Skerratt, L.F., Berger, L., Martel, A., Beukema, W., Acevedo,
A.A., Burrowes, P.A., Carvalho, T., Catenazzi, A., De La Riva, I., Fisher, M.C., Flechas,
S.V., Foster, C.N., Frías-Álvarez, P., Garner, T.W.J., Gratwicke, B., Guayasamin, J.M.,
Hirschfeld, M., Kolby, J.E., Kosch, T.A., Marca, E.La, Lindenmayer, D.B., Lips, K.R.,
Longo, A.V., Maneyro, R., McDonald, C.A., Mendelson, J., Palacios-Rodriguez, P.,
Parra-Olea, G., Richards-Zawacki, C.L., Rödel, M.O., Rovito, S.M., Soto-Azat, C.,
Toledo, L.F., Voyles, J., Weldon, C., Whitfield, S.M., Wilkinson, M., Zamudio, K.R.,
Canessa, S., 2019. Amphibian fungal panzootic causes catastrophic and ongoing loss
of biodiversity. Science 363, 1459–1463. https://doi.org/10.1126/science.aav0379.

Schobben, M., Joachimski, M.M., Korn, D., Leda, L., Korte, C., 2014. Palaeotethys sea-
water temperature rise and an intensified hydrological cycle following the end-
Permian mass extinction. Gondwana Res. 26, 675–683. https://doi.org/10.1016/j.gr.
2013.07.019.

Schobben, M., van de Velde, S., Gliwa, J., Leda, L., Korn, D., Struck, U., Ullman, C.V.,
Hairapetian, V., Ghaderi, A., Korte, C., Newton, R.J., Poulton, S.W., Wignall, P.B.,
2017. Latest Permian carbonate carbon isotope variability traces heterogeneous or-
ganic carbon accumulation and authigenic carbonate formation. Clim. Past 13,
1635–1659. https://doi.org/10.5194/cp-13-1635-2017.

Schoch, R.R., 2014. Amphibian Evolution: the Life of Early Land Vertebrates. Wiley-
Blackwell, Oxford, UK. https://doi.org/10.1002/9781118759127.

Sodhi, N.S., Bickford, D., Diesmos, A.C., Lee, T.M., Koh, L.P., Brook, B.W., Sekercioglu,
C.H., Bradshaw, C.J.A., 2008. Measuring the meltdown: drivers of global amphibian
extinction and decline. PLoS One 3, e1636. https://doi.org/10.1371/journal.pone.
0001636.

Stein, A., Gerstner, K., Kreft, H., 2014. Environmental heterogeneity as a universal driver
of species richness across taxa, biomes and spatial scales. Ecol. Lett. 17, 866–880.
https://doi.org/10.1111/ele.12277.

Tietje, M., Rödel, M.-O., 2017. Contradicting habitat type-extinction risk relationships
between living and fossil amphibians. R. Soc. Open Sci. 4, 170051. https://doi.org/
10.1098/rsos.170051.

Tietje, M., Rödel, M.-O., 2018. Evaluating the predicted extinction risk of living amphi-
bian species with the fossil record. Ecol. Lett. 21, 1135–1142. https://doi.org/10.
1111/ele.13080.

Tindall, J., Flecker, R., Valdes, P., Schmidt, D.N., Markwick, P., Harris, J., 2010.
Modelling the oxygen isotope distribution of ancient seawater using a coupled ocean-
atmosphere GCM: implications for reconstructing early Eocene climate. Earth Planet.
Sci. Lett. 292, 265–273. https://doi.org/10.1016/j.epsl.2009.12.049.

Tomašových, A., Jablonski, D., Berke, S.K., Krug, A.Z., Valentine, J.W., 2015. Nonlinear
thermal gradients shape broad-scale patterns in geographic range size and can re-
verse Rapoport's rule. Glob. Ecol. Biogeogr. 24, 157–167. https://doi.org/10.1111/
geb.12242.

Veizer, J., Prokoph, A., 2015. Temperatures and oxygen isotopic composition of
Phanerozoic oceans. Earth Sci. Rev. 146, 92–104. https://doi.org/10.1016/j.
earscirev.2015.03.008.

Vellekoop, J., Sluijs, A., Smit, J., Schouten, S., Weijers, J.W.H., Sinninghe Damste, J.S.,
Brinkhuis, H., 2014. Rapid short-term cooling following the Chicxulub impact at the
Cretaceous-Paleogene boundary. Proc. Natl. Acad. Sci. U. S. A 111, 7537–7541.
https://doi.org/10.1073/pnas.1319253111.

Walls, S., Barichivich, W., Brown, M., 2013. Drought, deluge and declines: the impact of
precipitation extremes on amphibians in a changing climate. Biology (Basel) 2,
399–418. https://doi.org/10.3390/biology2010399.

Wiens, J.J., 2016. Climate-related local extinctions are already widespread among plant
and animal species. PLoS Biol. 14, 1–18. https://doi.org/10.1371/journal.pbio.
2001104.

Wilting, A., Sollmann, R., Meijaard, E., Helgen, K.M., Fickel, J., 2012. Mentawai's en-
demic, relictual fauna: is it evidence for Pleistocene extinctions on Sumatra? J.
Biogeogr. 39, 1608–1620. https://doi.org/10.1111/j.1365-2699.2012.02717.x.

Zachos, J., Pagani, M., Sloan, L., Thomas, E., Billups, K., 2001. Trends, rhythms, and
aberrations in global climate 65 Ma to present. Science 292, 686–693. https://doi.
org/10.1126/science.1059412.

M. Tietje, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 537 (2020) 109414

8

https://doi.org/10.1126/science.1237123
https://doi.org/10.1038/ncomms8980
https://doi.org/10.1038/ncomms8980
https://doi.org/10.1126/science.271.5257.1838
https://doi.org/10.1111/geb.12306
https://doi.org/10.1111/geb.12306
https://doi.org/10.1126/science.aaa6635
https://doi.org/10.1126/science.aaa6635
https://doi.org/10.1666/08023.1
http://refhub.elsevier.com/S0031-0182(19)30701-1/sref18
http://refhub.elsevier.com/S0031-0182(19)30701-1/sref18
https://doi.org/10.1002/9780470999592
https://doi.org/10.1525/california/9780520235922.003.0007
https://doi.org/10.1126/science.1210695
https://doi.org/10.1073/pnas.1100572108
https://doi.org/10.1073/pnas.1100572108
https://doi.org/10.1016/j.tree.2012.07.010
https://doi.org/10.1111/j.1365-3121.2007.00755.x
https://doi.org/10.1111/j.1365-3121.2007.00755.x
https://doi.org/10.1016/j.earscirev.2012.09.008
https://doi.org/10.1130/0091-7613(1998)026<0567:IEFGDB>2.3.CO;2
https://doi.org/10.1130/0091-7613(1998)026<0567:IEFGDB>2.3.CO;2
http://refhub.elsevier.com/S0031-0182(19)30701-1/sref26
http://refhub.elsevier.com/S0031-0182(19)30701-1/sref26
https://doi.org/10.1130/G32707.1
https://doi.org/10.1016/j.quaint.2011.09.017
https://doi.org/10.1046/j.1472-4642.2003.00013.x
https://doi.org/10.1016/j.palaeo.2010.05.036
https://doi.org/10.1016/j.palaeo.2010.05.036
https://doi.org/10.1111/j.1365-2699.2007.01709.x
https://doi.org/10.1098/rsbl.2015.0813
https://doi.org/10.1098/rsbl.2015.0813
https://doi.org/10.1175/1520-0485(1991)021<1372:meotgt>2.0.co;2
https://doi.org/10.1175/1520-0485(1991)021<1372:meotgt>2.0.co;2
https://doi.org/10.1017/s0016756800008244
https://doi.org/10.1017/s0016756800008244
https://doi.org/10.1111/gcb.12963
https://doi.org/10.1111/cobi.12997
https://doi.org/10.1073/pnas.0701257104
https://doi.org/10.1016/j.actao.2017.11.011
https://doi.org/10.1038/ngeo1161
https://doi.org/10.1016/j.earscirev.2007.12.003
https://www.jstor.org/stable/2665681
https://www.jstor.org/stable/2665681
https://doi.org/10.1038/nature01090
https://doi.org/10.1126/science.1204255
https://doi.org/10.1126/science.aav0379
https://doi.org/10.1016/j.gr.2013.07.019
https://doi.org/10.1016/j.gr.2013.07.019
https://doi.org/10.5194/cp-13-1635-2017
https://doi.org/10.1002/9781118759127
https://doi.org/10.1371/journal.pone.0001636
https://doi.org/10.1371/journal.pone.0001636
https://doi.org/10.1111/ele.12277
https://doi.org/10.1098/rsos.170051
https://doi.org/10.1098/rsos.170051
https://doi.org/10.1111/ele.13080
https://doi.org/10.1111/ele.13080
https://doi.org/10.1016/j.epsl.2009.12.049
https://doi.org/10.1111/geb.12242
https://doi.org/10.1111/geb.12242
https://doi.org/10.1016/j.earscirev.2015.03.008
https://doi.org/10.1016/j.earscirev.2015.03.008
https://doi.org/10.1073/pnas.1319253111
https://doi.org/10.3390/biology2010399
https://doi.org/10.1371/journal.pbio.2001104
https://doi.org/10.1371/journal.pbio.2001104
https://doi.org/10.1111/j.1365-2699.2012.02717.x
https://doi.org/10.1126/science.1059412
https://doi.org/10.1126/science.1059412

	The effect of geographic range and climate on extinction risk in the deep-time amphibian fossil record
	Introduction
	Material and methods
	Data
	Species data
	Climate data


	Methods
	Results
	Correlation strengths among climate proxy and geographic range data
	Temporal trends in climate data and correlation strength between geographic range and duration

	Discussion
	Conclusions
	Data availability
	Authors’ contributions
	Funding
	mk:H1_15
	Acknowledgements
	Supplementary data
	References




