
rsbl.royalsocietypublishing.org
Research
Cite this article: Veter NM, DeSantis LRG,

Yann LT, Donohue SL, Haupt RJ, Corapi SE,

Fathel SL, Gootee EK, Loffredo LF, Romer JL,

Velkovsky SM. 2013 Is Rapoport’s rule a recent

phenomenon? A deep time perspective on

potential causal mechanisms. Biol Lett 9:

20130398.

http://dx.doi.org/10.1098/rsbl.2013.0398
Received: 29 April 2013

Accepted: 19 July 2013
Subject Areas:
palaeontology, ecology

Keywords:
Rapoport’s rule, Caenozoic, macroecology,

mammals, latitude, geographical range
Author for correspondence:
Larisa R. G. DeSantis

e-mail: larisa.desantis@vanderbilt.edu
Electronic supplementary material is available

at http://dx.doi.org/10.1098/rsbl.2013.0398 or

via http://rsbl.royalsocietypublishing.org.
& 2013 The Author(s) Published by the Royal Society. All rights reserved.
Palaeontology

Is Rapoport’s rule a recent phenomenon?
A deep time perspective on potential
causal mechanisms

Nikolai M. Veter1, Larisa R. G. DeSantis1, Lindsey T. Yann1, Shelly L. Donohue1,
Ryan J. Haupt1,2, Sarah E. Corapi1, Siobhan L. Fathel1, Emily K. Gootee1,
Lucas F. Loffredo1, Jennifer L. Romer1 and Stoycho M. Velkovsky1

1Department of Earth and Environmental Sciences, Vanderbilt University, 5726 Stevenson Center,
Nashville, TN 37240, USA
2Department of Geology and Geophysics, University of Wyoming, Dept. 3006, 1000 University Avenue,
Laramie, WY 82071, USA

Macroecology strives to identify ecological patterns on broad spatial and

temporal scales. One such pattern, Rapoport’s rule, describes the tendency

of species’ latitudinal ranges to increase with increasing latitude. Several

mechanisms have been proposed to explain this rule. Some invoke climate,

either through glaciation driving differential extinction of northern species

or through increased seasonal variability at higher latitudes causing higher

thermal tolerances and subsequently larger ranges. Alternatively, continen-

tal tapering or higher interspecific competition at lower latitudes may be

responsible. Assessing the incidence of Rapoport’s rule through deep time

can help to distinguish between competing explanations. Using fossil occur-

rence data from the Palaeobiology Database, we test these hypotheses by

evaluating mammalian compliance with the rule throughout the Caenozoic

of North America. Adherence to Rapoport’s rule primarily coincides with

periods of intense cooling and increased seasonality, suggesting that extinc-

tions caused by changing climate may have played an important role in

erecting the latitudinal gradients in range sizes seen today.
1. Introduction
Species at higher latitudes tend to have larger latitudinal ranges. This pattern,

called Rapoport’s rule, was first formally identified to help explain another lati-

tudinal trend in species distributions, that of increased species diversity at lower

latitudes [1]. Since its conception, the generality of the rule has been called into

question. Critics argue that Rapoport’s rule is a local phenomenon [2], appli-

cable to some regions and not others. Indeed, while Rapoport’s rule is well

evidenced for a wide variety of organisms in the temperate north [1,3,4], includ-

ing arthropods, reptiles, mammals, birds, plants and pathogens [3–9], support

for the rule is scarcer in tropical regions and the Southern Hemisphere [2,3,8].

Suggested explanations for Rapoport’s rule include decreased land area closer

to the equator [3,10], increased interspecific competition from greater species

diversity at lower latitudes [3,5], differential rates of glacially driven extinction

at higher latitudes [2,3,10], and increased climatic variability and thermal toler-

ance at higher latitudes [1,10,11]. These mechanisms are not mutually exclusive,

and several may apply simultaneously in different ecological settings. However,

we should observe Rapoport’s rule: (i) in every epoch if the tapering continent

[3,10] or high interspecific competition at low latitudes [3,5] primarily drives

Rapoport’s rule, as narrower North American southern land areas and latitudinal

species diversity gradients have been present throughout the Caenozoic [12,13],

though the latter strengthened closer to the present day [13] and do not appear
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Table 1. Results summarizing two-tailed linear regressions and Spearman’s rank correlations between palaeolatitude midpoint and range for each NALMA of
the Caenozoic.

NALMA
max. age
(Ma)

min. age
(Ma) n

linear regression
Spearman’s rank
correlation

slope R2 p-value r p-value

Holocene 0.012 0 9 0.58 0.21 0.22 20.09 0.81

Rancholabrean 0.3 0.012 117 1.02 0.44 ,0.0001* 0.58 ,0.0001*

Irvingtonian 1.8 0.3 100 0.38 0.06 0.01* 0.05 0.64

Blancan 4.9 1.8 81 0.44 0.05 0.04* 0.15 0.18

Hemphillian 10.3 4.9 50 20.20 0.02 0.28 20.18 0.22

Clarendonian 13.6 10.3 53 20.65 0.23 ,0.001* 20.45 0.001*

Barstovian 15.97 13.6 70 20.60 0.20 ,0.0001* 20.27 0.02*

Hemingfordian 20.43 15.97 41 21.29 0.58 ,0.0001* 20.66 ,0.0001*

Arikareean 30.8 20.43 58 21.12 0.33 ,0.0001* 20.61 ,0.0001*

Whitneyan 33.3 30.8 7 2.17 0.80 ,0.01* 0.61 0.17

Orellan 33.9 33.3 35 0.93 0.16 0.02* 0.63 ,0.0001*

Chadronian 37.2 33.9 40 21.58 0.53 ,0.0001* 20.41 0.01*

Duchesnean 40.4 37.2 8 20.44 0.11 0.41 0.24 0.58

Uintan 46.2 40.4 30 1.04 0.33 ,0.001* 0.53 0.002*

Bridgerian 50.3 46.2 56 21.72 0.84 ,0.0001* 20.57 ,0.0001*

Wasatchian 55.8 50.3 126 20.30 0.02 0.09 20.83 ,0.0001*

Clarkforkian 56.8 55.8 9 22.13 0.98 ,0.0001* 20.58 0.11

Tiffanian 61.7 56.8 50 20.56 0.10 0.03* 20.07 0.6111535

Torrejonian 63.3 61.7 26 20.18 0.02 0.48 0.08 0.68

Puercan 65.5 63.3 17 20.57 0.18 0.09 20.54 0.03*

*Significant p-values ( p , 0.05).
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to be ubiquitous for mammals through deep time [14]; (ii) in

the Oligocene and/or Late Miocene onwards, if seasonality

drives Rapoport’s rule, as those epochs mark increasing sea-

sonality [15,16] or (iii) in the Pleistocene alone, if differential

extinction by Pleistocene glaciation drives Rapoport’s rule.

We examine when Rapoport’s rule holds for North

American non-volant terrestrial mammals during the

Caenozoic. Specifically, we test the presence or the absence

of Rapoport’s rule during the Palaeocene (66.0–56.0 Ma),

Eocene (56.0–33.9 Ma), Oligocene (33.9–23.0 Ma), Miocene

(23.0–5.3 Ma), Pliocene (5.3–2.6 Ma) and Pleistocene (2.6–

0.01 Ma) epochs using approximately 35 000 individual

fossil occurrences recorded in the Palaeobiology Database

[17,18]. We also assess Rapoport’s rule throughout the

Caenozoic using North American land mammal age

(NALMA) time bins [19]. By determining when Rapoport’s

rule occurs, we can evaluate potential causal mechanisms.
2. Material and methods
All Caenozoic mammalian occurrences were downloaded

from the Palaeobiology Database on 12 March 2012 [17].

A total of 34 969 individual species occurrences were used in

our analysis (Palaeocene, 3777; Eocene, 11 823; Oligocene, 2669;

Miocene, 7568; Pliocene, 1890; Pleistocene, 7242). Each occur-

rence is based on the presence of one or more specimens

identified to a given species per temporal unit [17]. As the
Palaeobiology Database has epoch categorizations based on the

Pliocene/Pleistocene boundary of 1.8 Ma, we instead sorted by

midpoint age and reclassified occurrences according to a revised

Pleistocene age of 2.6 Ma [18]. When a midpoint age was identi-

cal to a boundary date (e.g. 2.6 Ma) and the total age range was

equally split between two epochs, the epoch assigned previously

was given precedence.

Data were also sorted and analysed using NALMA time bins,

with NALMA assignments made using minimum and maximum

age estimates (noted in the Palaeobiology Database) if taxon-

locality pairs lacked NALMA designations (NALMA age ranges

are given in table 1). Species occurrences that spanned two

NALMAs were assigned to both, whereas those spanning more

than two were removed owing to lack of temporal resolution.

We determined the palaeolatitudinal range and midpoint of

each species’ maximum and minimum palaeolatitude in each

time bin. Our method is comparable with Rohde’s midpoint

method [20], but differs in that each species is treated as a separ-

ate data point, similar to recent methods used to test Rapoport’s

rule (e.g. [9]). As the fossil record may fail to capture the total

latitudinal range of all species, we also examined relationships

between palaeolatitude mean and standard deviation. If multiple

occurrences of a species appeared in a given locality for a given

time bin, all but one of those occurrences were excluded. Best

model, two-tailed linear regressions were performed using

XLSTAT. Spearman’s rank correlations were also performed to

ensure assessment of nonlinear monotonic relationships.

Volant and marine mammals (i.e. members of the orders

Chiroptera, Sirenia and Cetacea; the families Odobenidae,
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Figure 1. Palaeolatitude midpoint versus range for all species with 10 or more unique localities in each epoch (a – f ), with trend lines and subsequent R2 values
noted (asterisk (*) denotes statistically significant regressions, p , 0.05).
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Otariidae and Phocidae; and the genus Enhydra) were exclu-

ded from this analysis. Species not appearing at 10 or more

unique localities in an epoch or 5 or more unique localities in a

NALMA were also excluded.
3. Results
Rapoport’s rule is not consistently observed in North American

terrestrial mammals through time (figure 1a–f and table 1).

Instead, the Pleistocene is the only epoch where linear

regression of midpoint and range is both positive and signi-

ficant ( p , 0.05; figure 1; see the electronic supplementary

material, table S1), though regressions of mean and standard

deviation are positive and significant in both the Pleistocene

and Oligocene (see the electronic supplementary material,

table S2). Spearman’s rank correlations demonstrate significant

positive relationships during the Pleistocene and Oligocene for

both midpoints/ranges and means/standard deviations (see

the electronic supplementary material, tables S1 and S2).

NALMA subdivisions provide increased temporal resolution

and yield significant positive relationships between species’

midpoints and ranges during the Rancholabrean, Irvingtonian,

Blancan, Whitneyan, Orellan and Uintan (table 1). Mean

and standard deviation regressions are consistent during all

NALMAs noted above except for the Blancan (see the electronic

supplementary material, table S3). Spearman’s rank correlations

are positive and significant in the Rancholabrean, Orellan and

Uintan for midpoint and range (table 1), and in the Rancholab-

rean, Orellan, Tiffanian and Torrejonian for mean and standard

deviation (see the electronic supplementary material, table S3).

As Pleistocene fossil identification is often informed by

what is currently living in the region [21], we tested Rapoport’s

rule separately for extinct and extant species in the Pleistocene
epoch and the Rancholabrean and Irvingtonian NALMAs to

ensure that observed fossil trends were not biased by modern

distributions. Both extant and extinct species demonstrate

Rapoport’s rule in the Pleistocene and Rancholabrean (for

both regression and Spearman’s rank correlation of mean/

standard deviation and midpoint/range), and only extinct

species in the Irvingtonian (for regressions of mean/standard

deviation and midpoint/range), suggesting that observed pat-

terns throughout the Pleistocene are not merely reflecting

patterns in the present (see the electronic supplementary

material, tables S4 and S5).
4. Discussion
North American continental geography has not changed con-

siderably during the Caenozoic. Specifically, narrower land

areas in Central America have been apparent since the Juras-

sic [12]. Thus, failure to observe Rapoport’s rule during all

well-sampled time periods (table 1) suggests that reduced

continent width at lower latitudes does not play a major

mechanistic role, consistent with prior work [3]. Changes in

interspecific competition are more difficult to assess through

time. The fossil record evinces latitudinal gradients in diver-

sity since the Palaeozoic, though mostly for marine fauna,

with the gradient strengthening during the Caenozoic [13].

North American terrestrial mammals in the Palaeocene, how-

ever, do not increase in richness at the equator [14]. The

temporal ubiquity of latitudinal diversity gradients must be

better ascertained before firm conclusions regarding the inter-

specific competition hypothesis can be drawn, though we

might still expect greater adherence to Rapoport’s rule

through deep time than observed.
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Rapoport’s rule may have been influenced by the onset

of Pleistocene glaciations, as previously suggested [2,3,10].

Broadly speaking, the Caenozoic is a time of rapidly changing

climate. Its sharpest global cooling event occurs at the Eocene–

Oligocene transition 33.9 Ma [15,22], and full-scale Northern

Hemisphere ice sheets are present only during the rapid

cooling of the Late Pliocene and Pleistocene [22]. Of the

six NALMA midpoint/range regressions that adhere to Rapo-

port’s rule, two coincide with cooling at the Eocene–Oligocene

transition and three with Plio–Pleistocene cooling and/or

Pleistocene glaciations, possibly implicating rapid cooling—

and the complex interactions of species and climate that

result—as a causal mechanism for Rapoport’s rule. As mean

annual temperatures are colder and seasonal variation in temp-

erature greater at higher latitudes, cooling effects would have

been more pronounced in northern North America, and

species with smaller ranges would have faced higher chance

of extinction (perhaps having to disperse longer distances to

find suitable habitat) [10,23]. As the Uintan corresponds to a

time of climatic stability [22,24], further work is needed to

clarify why Rapoport’s rule occurred then (table 1).

High temperature seasonality may also have contributed

to Rapoport’s rule. Temperature seasonality dramatically

increased at the Eocene/Oligocene boundary [15] and from

the Late Miocene to the present [16,25], matching closely

with cooling climates and the presence of Rapoport’s rule

through time. Higher seasonality at higher latitudes would

result in species capable of tolerating a wider array of climatic

conditions, enabling them to disperse farther north and south

and across elevational barriers whose summer conditions at

high elevations are no more severe than winters in the
lowlands [1,10,11]. As Rapoport’s rule is not observed in all

time periods typified by increased seasonality, synergy

between declining temperatures and increasing seasonality

may have caused the larger latitudinal ranges of species at

higher latitudes noted today.

Sampling efforts throughout the Caenozoic have varied

considerably [26], and different geographical regions are

better sampled during different time periods [27]. For

example, terrestrial mammal fossil excavations in the Palaeo-

cene and Eocene focus largely on the Western Interior of

North America (e.g. Bighorn Basin, WY, USA), while post-

Oligocene faunas are more broadly sampled. Additionally,

biases arising from heterogeneity of taxonomic efforts

throughout the Caenozoic may have influenced our analysis.

Taxonomic revisions in well-studied time periods (e.g. pri-

mates of the Early Eocene) may decrease species’ range size

relative to less-studied time periods (e.g. the Oligocene)

[28]. To mitigate biases resulting from differential taxonomic

focus and collecting effort, we only considered species

appearing at 5 or more and 10 or more unique localities

under NALMA and epoch-scale bins, respectively. While

we advise caution when interpreting analyses from less

studied time bins, Rapoport’s rule is clearly not ubiquitous

throughout the Caenozoic.
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