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Rapid Dwarfing of an Insular 
Mammal – The Feral Cattle of 
Amsterdam Island
Roberto Rozzi1 & Mark V. Lomolino2

The island rule describes a graded trend in insular populations of vertebrates from gigantism in small 
species to dwarfism in large species. The dwarfing of large mammals on islands has been observed 
both in the present fauna and in the fossil record. Elephants, hippopotami, deer, and other species 
became dwarfed on islands scattered all over the world, from the Mediterranean Sea to Indonesia, 
from the Eastern to Western Pacific Ocean, from the Caribbean to Canary Islands. The most rapid and 
well documented cases of island dwarfing known thus far took place over thousands of years. Here, we 
describe a rapid example of dwarfing of a large mammal - the feral cattle of Amsterdam Island, southern 
Indian Ocean, which dwarfed to about three quarters of its body size in slightly more than one century. 
This population provides us with a rare opportunity to assess the rapidity of demographic, life history, 
and morphological responses of large mammals to a very isolated and ecologically simple, insular 
environment.

The island rule describes a graded trend from gigantism in small species of vertebrates to dwarfism in large 
species1–6, and it is part of a more general suite of responses to the geographic isolation and ecological simplicity 
of islands known as the island syndrome7. In addition to shifts in body size towards that of intermediate-sized 
mammals, the island syndrome (sensu lato)8 includes demographic and ecological responses (insular populations 
exhibiting abnormally high densities and occurring in an unusually broad range of habitats), shifts in life history 
characteristics (e.g., altered generation times and reproductive potentials), and modifications of bauplans9 (e.g., 
towards that supporting low-gear locomotion in large mammals such as insular elephants and hippos).

These sometimes remarkable shifts in morphological, physiological, behavioral, and ecological characteristics 
of insular populations of mammals may ultimately be the products of the ecological simplicity of the islands 
they inhabit3, 4. Essentially, the island syndrome may well evidence reversals in natural selection from ecolog-
ical displacement favouring diversification and adaptive radiations in species-rich communities, to ecological 
release in species-poor insular communities (in particular, those lacking mammalian competitors and predators) 
and convergence on the intermediate but absent phenotypes2–4, 8. Furthermore, the various features of the island 
syndrome may be expected to occur in a fairly regular chronology, with each change being the precursor to sub-
sequent changes in characteristics of the insular lineage7. Once established, the descendants of a founding popu-
lation may undergo rapid increases in their populations, quickly followed by expansions into habitats, diets, and 
other ecological strategies considered atypical for the species on the mainland (invading niches left vacant in the 
absence of their mammalian competitors and predators)8. Following these early phases of the island syndrome, 
which may occur within just a few generations, descendants of these initial populations may undergo phyletic 
evolution which allows them to progressively adapt to their new niches and insular environments8, 10.

For large mammals, with their relatively long generation times, the latter, evolutionary phases of the island 
syndrome may be expected to require extremely long periods of ecological isolation. There is, however, some 
limited but intriguing indication that at least the initial stages of dwarfism in very large mammals can be remark-
ably rapid (e.g., some artiodactyls and proboscideans decreasing to between 25–50% of the mass of the ancestors 
in just a few millennia)5, 6. Lister hypothesized that this represented the first of a two-stage process of body size 
evolution in large mammals – this first, very rapid stage being followed by one of slower but more prolonged 
dwarfism which, providing persistence of the insular lineage, often produced the true marvels of island evolu-
tion including hippos and elephants that dwarfed to just 5% of the mass of their mainland ancestors10. Lister’s 
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initial stage of dwarfing is characterised by an interplay of plastic and genetic effects10. In particular, the genetic 
component of size reduction would come about in part by genetic assimilation of initial ecophenotypic stunting. 
This stage is dominated by strong selective pressure for size reduction and it is accompanied by allometric and 
other developmental effects10. In the second stage, mostly driven by natural selection, processes already begun 
in the initial stage continue much longer and produce more extreme changes10. A common feature in dwarfed 
island herbivores is a great shortening of the limbs, especially the distal limb elements. This has been explained 
as an adaptation for what Sondaar (1977) described as low-gear locomotion9 – a frequent phenomenon believed 
to be more adaptive, in the absence of predators, for climbing across rocky and hilly terrain than the ancestral 
(mediportal) bauplan.

While the great wealth of evidence on body size evolution in large mammals is derived from palaeontological 
studies, anthropogenic introductions of mammals to islands in recent history can also provide key insights into 
the rate and nature of the island rule and, more generally, the island syndrome. Such introductions can serve as 
valuable manipulative experiments on the ecology and evolution of isolated biotas. Here, we describe the case 
of the feral cattle (Bos primigenius taurus) of Amsterdam Island (South Indian Ocean), which provides us with 
a rare opportunity to assess the rapidity of demographic, life history, and evolutionary (body size and bauplan) 
responses of large mammals to the ecological simplicity of a very isolated, insular environment.

Amsterdam Island (37°40′33″S, 77°33′17″E) is a 55 km2 volcanic dome in the South Indian Ocean that arose 
between 0.4 to 0.2 myBP11 (Fig. 1). At the time of introduction of the cattle, its maximum elevation was 881 m 
above sea level and the island habitat ranged from Phylica nitida trees and grasses in the lowlands to dwarf shrubs 
(Acaena magellanica), sphagum bogs and mosses along the higher elevations12.

The feral herd of Bos primigenius taurus was established when five individuals were introduced onto the 
island in 1871, these being translocated from Réunion Island (21°06′52″S, 55°31′57″E). These individuals were 
descendants of French stocks present on Réunion Island, which at that time included the following breeds: Jersey, 
Tarentaise, Grey Alpine, and Breton Black Pied12–15.

From the initial founders, this unmanaged population, free from artificial selection and natural predators and 
competitors, quickly increased in number (Fig. 1) and spread across the island to occupy most of the lowland 
habitats (those <500 m), which included grasslands, shrubs, and Phylica nitida trees and ferns. By 1950, the pop-
ulation had increased to an estimated 2000 individuals – sufficient numbers such that grazing and trampling pres-
sures heavily impacted the island’s native biota. In fact, at that time much of the native vegetation had disappeared 
in favour of introduced plants and, particularly, forage grasses16. The population of feral cattle then experienced 
a collapse in 1951 due to an undetermined disease outbreak, but quickly rebounded to reach pre-collapse levels 
by the 1980s16. With the ecological impacts of the burgeoning population of cattle now threatening the survival 
of island endemics, including the endemic tree (Phylica nitida) and the Amsterdam Island albatross (Diomedea 
amsterdamensis), conservation measures were initiated to control the herd16. This included erection of fences in 
1987 and 1992 to restrict the range of the cattle (Fig. 1), and culling, which began in the late 1980s but, ultimately, 
was followed by extermination of the herd in 2010 to protect native plants and animals.

Figure 1. Map of Amsterdam Island and general information about the feral cattle population. (a) Feral cattle 
distribution and breeding area of the Amsterdam albatross (map modified after ref. 16). (b) Location map of 
Amsterdam Island (map modified from Wikimedia Commons, public domain: https://commons.wikimedia.
org/wiki/Maps_of_the_world#/media/File:BlankMap-World6.svg). (c) Feral cattle population size from 
introduction to first removal (data from ref. 16).

https://commons.wikimedia.org/wiki/Maps_of_the_world#/media/File:BlankMap-World6.svg
https://commons.wikimedia.org/wiki/Maps_of_the_world#/media/File:BlankMap-World6.svg


www.nature.com/scientificreports/

3Scientific RepoRts | 7: 8820  | DOI:10.1038/s41598-017-08820-2

Results
Our estimates of body size divergence17 (Fig. 2) are based on body mass estimates obtained from metapodial 
dimensions of 90 adult individuals culled in the first removal (1988–1989)14, using allometric regression models 
proven to be optimal for estimating body mass for Bovidae18 (see Methods). Our body mass estimates are only 
partly in agreement with direct measurements of individuals reported in the literature for samples taken in the 
early 1960s15 and from the 1988–1989 culling12 (Fig. 2). These differences most likely reflect the significantly 
larger dataset on which our estimates are based14 (Fig. 2). To express body size divergence as relative reduction 
from the mass of the founding, ancestral individuals we assumed that their size was representative of that for the 
ancestral breeds, and then calculated the average body mass for those breeds (Breton Black Pied: 430 kg; Jersey: 
500 kg; Grey Alpine: 612.5 kg; Tarentaise: 670 kg; see Methods).

As illustrated in Fig. 2, the Amsterdam cattle are smaller than the ancestral French breeds, including the small 
Breton Black Pied. Results of one-sample t-tests (see Supplementary Table S1) confirm a significant body size 
reduction of Amsterdam Island males and females with respect to average reference values obtained for the ances-
tral population (see Methods). Our estimates of body size reductions in adult Amsterdam Island cattle (using 
average Si values; see Methods) ranged from 49% to 81% of the mass of the ancestral stock, thus suggesting that, 
although substantial, their divergence was in the latter periods of Lister’s first stage of insular dwarfism of large 
mammals (i.e., in comparison to the extreme cases of reduction [often >80% mass reduction achieved during 
prolonged periods of Lister’s second stage])10. Thus, as Lister asserted, the initial stage of insular dwarfism can 
occur very rapidly indeed – in this case within just 117 years (about 24 generations according to our estimates; 
Fig. 3) from initial establishment to the culling and sampling period of 1988. The corresponding evolutionary 
rates (2560.25 darwins and 0.07 haldanes for Amsterdam Island cattle), based on our body mass estimates, are 
among the highest reported in the literature for dwarfing in mammals19–22 and, despite likely accounting for the 
contributions of other factors to the dwarfing of the focal population (see Discussion), attest to the ability of large 

Figure 2. Body masses of adult Amsterdam Island cattle and body size divergence with respect to ancestral 
French breeds. (a) Comparison of average body masses of adult Amsterdam Island cattle to that of the 
ancestral French breeds. Silhouette of cattle from Amsterdam island drawn by R.R. Images of other breeds 
from Wikimedia Commons, user credits from left to right: https://en.wikipedia.org/wiki/Bretonne_Pie_
Noir#/media/File:Taureau_breton_pie_noir.JPG by Gaëlle Diabaté is licensed under CC BY-SA 3.0 (https://
creativecommons.org/licenses/by-sa/3.0); https://en.wikipedia.org/wiki/Jersey_cattle#/media/File:Walworth_
Gate_010.jpg by Storye book is licensed under CC BY 3.0 (https://creativecommons.org/licenses/by/3.0); 
https://de.wikipedia.org/wiki/Tiroler_Grauvieh#/media/File:Tiroler_Grauvieh0005.jpg. by Hausegger is 
licensed under CC BY-SA 3.0 AT (https://creativecommons.org/licenses/by-sa/3.0/at/deed.en); https://
de.wikipedia.org/wiki/Tarenteser_Rind#/media/File:Tarentaise2.jpg by Cyrille Bernizet is licensed under 
CC BY-SA 3.0 (https://creativecommons.org/licenses/by-sa/3.0). For details about body mass estimates see 
Methods. (b) Body size divergence (Si = mass of insular individuals / mass of mainland individuals) of feral 
cattle from Amsterdam Island with respect to ancestral French breeds (BBP: Breton Black Pied; J: Jersey; T: 
Tarentaise; GA: Grey Alpine). Different values are based on body mass estimates obtained from metapodial 
dimensions of 90 specimens culled in the first removal (1988–1989)14 and from direct measurements of 
individuals reported in the literature for samples taken in the early 1960s15 and from the 1988–1989 culling12. 
Average Si is calculated with respect to an estimate obtained averaging body size values of all the ancestral 
French breeds.
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mammals for rapid morphological adaptations to insular environments (Fig. 3). Alternative, and even higher, 
values of evolutionary rates were calculated on the basis of direct body weights of individuals reported in the 
literature12, 15 and they are included in Supplementary Table S2.

Discussion
The most rapid and well documented cases of island dwarfing known thus far took place over thousands of years 
and include red deer from Jersey, Channel Islands5, and mammoths from Wrangel Island, in the Siberian Arctic6. 
Dwarfing of cattle from Amsterdam Island occurred in an exceptionally short time of isolation, since only 117 
years passed between its introduction and the first removal in 1988.

Consistent with the general patterns of the island syndrome, the marked reduction in body size of Amsterdam 
Island cattle was accompanied by, and likely preceded and perhaps facilitated by demographic and ecological 
release. Population densities of these cattle rose to extremely high levels in comparison to continental populations 
of feral ungulates, and occupied atypical habitats including shrub and forest (Table 1). Accordingly, the diet of the 
feral cattle became more diverse, including introduced (e.g., Poa annua, Holcus lanatus) and native grasses (e.g., 
Poa novarae, Spartina arundinacea), ferns (e.g., Elaphoglossum succaesifolium, Gleichenia polypodioides), and the 
endemic tree Phylica nitida12–16. Amsterdam cattle also exhibited marked shifts in life history traits, including a 
variety of those associated with so-called fast life (formerly “r-selected”) strategies23–25, such as earlier age at first 
reproduction, expanded season of breeding, and female-biased mortality in comparison to continental popula-
tions13, 26–28 (Table 1). Likely closely associated with the habitat shifts referred to above, shortening of metapodials 
in these cattle14 indicates a marked shift towards low-gear locomotion9, 29.

Although our estimates of body size reduction and evolutionary rates are based on an accurate database, some 
unavailable details introduce a minor degree of uncertainty. In particular, a few details about the origin and size 
of the founding individuals, and the time of their introduction on Amsterdam Island need to be discussed further.

For example, we assumed that the founders of Amsterdam Island population were not already dwarfed, 
though they derived from another insular population – that of Réunion Island. One of the reasons behind this 

Figure 3. Evolutionary rates of body size reduction of Amsterdam Island cattle and other insular large 
mammals. Evolutionary rates of body size reduction of Amsterdam Island cattle expressed as functions of time 
in years of isolation (darwins)19 and number of generations (haldanes)21. Evolutionary rates of other extreme 
cases of body size reduction in insular large mammals are given for comparison and represented by bubbles of 
different colours in the chart (silhouettes of focal species drawn by R.R.). The size of each bubble is proportional 
to the body mass of each species/population. It is noteworthy that evolutionary rates of Bos primigenius 
taurus from Amsterdam Island are more than an order of magnitude higher than any other cases reported in 
the literature. See Methods and Discussion for details about calculation of evolutionary rates and for a more 
conservative estimate of rates based on founding of Réunion Island (which nonetheless yields extremely high 
rates of dwarfism, 927.4 darwins and 0.02393 haldanes).

http://S2
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assumption is that the initial livestock populations on Réunion Island were hunted out by the mid-nineteenth 
century30, about 20 years before the introduction of the cattle on Amsterdam Island. Therefore, the 5 founding 
individuals of the Amsterdam Island population would have been selected from stocks re-introduced on Réunion 
Island not earlier than the mid-nineteenth century. Accordingly, a hypothetical dwarfing of the Réunion Island 
population would had occurred in just a couple of decades, from about 1850 to 1871 (the date of introduction 
on Amsterdam Island). Furthermore, there is no mention in the literature of a possible dwarfing of cattle from 
Réunion Island since European occupation of the island in 1665.

The hypothesis that some individuals of zebu cattle, Bos primigenius indicus, may have also been introduced 
on Amsterdam Island, although mentioned by a few authors14, 31, was never confirmed. This hypothesis, based 
on putative similarities in the frequencies of haemoglobin variants shared by the Amsterdam Island cattle and 
African and Malagasy taurine and zebu breeds32, was dismissed by Lesel, who did not observe any morphological 
trait typical of zebu bovines in the individuals of the focal island population15. In light of the results of genetic 
studies, which highlighted similarities in the distributions of haemoglobin allele frequencies between a few tau-
rine breeds (in particular, the Jersey breed) and zebu breeds33, and the diversity of haemoglobin variants and 
complexity of their geographical distribution among zebu and cattle breeds34, we agree with Lesel in ruling out 
the hypothesis of a zebu ancestry for the Amsterdam Island cattle.

Our average estimates of body size reduction and evolutionary rates for the focal cattle rest on the assumption 
that the founding population included individuals of all the ancestral French breeds present on Réunion Island 
at the end of the 19th century (see Methods). The highly diversified coat colours and patterns exhibited by the 
individuals of Amsterdam Island cattle12, 14, 15 are in agreement with this assumption. In particular, the high per-
centage (about 84%) of fawn- and sand-coloured individuals in the focal insular population15 would exclude a 
mostly Breton Black Pied ancestry, or, at least, confirms the occurrence of larger and fawn-coloured (Tarentaise), 
light-coloured (Grey Alpine, Jersey) breeds among the 5 founding individuals.

Our reference body size values for these ancestral breeds come from a FAO report from the 1960s35. We relied 
on this old source to prevent our dataset from being affected by the last 60 or so years of artificial selection - likely 
selectively breeding for higher beef yields - on French farms. However, we are aware of the potential risk that 
the exact body masses of the ancestral breeds at the time of colonisation of Amsterdam Island might have been 
slightly smaller than our reference values35, due to the consequences of any artificial selection to increase size of 
the focal French breeds in their home range throughout the first half of the 20th century. Nevertheless, available 
evidence suggests that this bias would not be significant. In particular, animal husbandry became very intensive 
only from the 1960s, and artificial selection pressure for large framed cattle was not common in the first half of the 
20th century36. Conversely, at that time, cattle in Europe and the Americas (including the ancestral French breeds 
in this study) were utilised primarily for milk and draught and, until the late 1950s, artificial selection pressure for 
early maturing, small framed cattle was the major trend36.

The possibility of a previous introduction of cattle of European origin on Amsterdam Island by the first colo-
nizers in the 17th century is cited in the literature15 (although only once and it is considered less probable by the 
author), but it has been dismissed37. Nevertheless, we produced a more parsimonious estimate of evolutionary 
rates, using an increased time period of 323 years (considering the founders of the Réunion Island population 
as the founders of the Amsterdam Island one and taking as starting point the year of colonization of Réunion 
Island). Even using this prolonged time period, we obtained rates of dwarfism that are significantly higher than 
the ones that we obtained for other large mammals (Supplementary Table S2 and Fig. 3). The body size reduction 
of Amsterdam Island cattle is an example of rapid dwarfing in an allopatric isolate and was probably the result of 
a combination of factors.

Amsterdam Island Chillingham Park Doñana National Park

Latitude 37°40′33″S 55°31′31,64″N 37°N

Date 1988 1989 1989

Estimated herd size (ind.) 2000 52 191

Density per total surface (ind./ha) 0.64 0.39 0.03

Density per surface of available 
pasture (ind./ha) 0.75–0.91 — 0.04

Seasonality of breeding January–March All year May–November

Age at first reproduction 
(months) 24–36 (minimum: before 15) 36–66 (minimum: 24) —

Sex ratio 1:0.797 (m:f) 1:1.95 (m:f) 1:2.56 (m:f)

Age structure

0–2 years (21.8%); 0–2 years (32.3%); 0–2 years (30%); 0–2 years (28.2%); 0–4 years (66.67%); 0–2 years (21%);

2–5 years (17.9%); 2–5 years (31.3%); 2–5 years (20%); 2–5 years (10.3%);
>4 years (33.33%) >3 years (79%)

>5 years (60.3%) >5 years (36.3%) >5 years (50%) >5 years (61.5%)

Mortality of juveniles 22.40% 11.70% 50% —

Mortality of adults 18.30% 47.70% — —

Table 1. Population data of cattle from Amsterdam Island and selected feral herds. Population data of cattle 
from Amsterdam Island12, 13 in comparison to the herd of Chillingham (in northern England)26, frequently 
used as control sample in population studies of insular cattle12, 52, and the feral, continental herd from Doñana 
National Park (SW Spain)53. Data about age structure and mortality are given separately for males (left half-
columns) and females (right half-columns), when available.
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Artificial selection experiments continue to show the potential for fast rates of evolutionary change in different 
organisms38, 39. Cattle have the capacity for such rapid rates when subject to strong (albeit artificial) selection pres-
sures40. It appears, however, that the population of Amsterdam cattle was not influenced by artificial selection14, 
and the only human interference was the removal of 50–80 individuals each year, mainly adult and subadult 
males, to provide fresh meat for people living on the island12. Furthermore, this hunting regime started only in 
recent times when the scientific base Martin de Viviès was built (1949). In order to isolate the effect of other fac-
tors and to avoid biased information, we used (in all possible cases) data coming from Zone I12, an area located in 
the southern part of the island, where cattle had never been hunted. Nevertheless, we cannot exclude the influence 
of artificial selection during immigration in triggering two potential, extreme bottlenecks during the founding 
of the Réunion Island and Amsterdam Island cattle populations. For instance, the hypothesis that 19th century 
sealers might have introduced mainly relatively small individuals, easier to transport and keep alive on wooden 
ships, on Réunion Island cannot be ruled out. Moreover, high livestock mortality during sea shipment, frequently 
exceeding 50% due to overcrowding, inadequate feed supply, and rough seas41, could have played an additional 
role in influencing the composition of the ancestral populations.

Island populations are usually characterised by lower average levels of genetic variation than mainland pop-
ulations42. For instance, a founder effect and/or genetic drift have been invoked to explain the extremely low 
genetic diversity of feral cattle from Kuchinoshima Island, Japan43. This small population (<100 individuals) 
originated from a few individuals of Japanese native cattle imported on the island around the year 1900, and 
it exhibits unique genetic characteristics - including allelic distribution and peculiar frequencies of the genes 
associated with carcass weight - different from those of Japanese Black and Mishima cattle44 (the latter retaining 
the characteristics of native Japanese cattle). Significant inbreeding likely occurred also in the cattle population 
from Amsterdam Island and it might have driven its body size reduction. In particular, the disease outbreak and 
resulting population collapse experienced in 1951 by the focal population likely triggered a third, significant bot-
tleneck, in addition to the ones associated with immigrant selection at the time of colonization of Réunion Island 
and Amsterdam Island. Unfortunately, no detailed information about the nature of the disease is available and it 
is, thus, impossible to speculate whether it affected some individuals more than others. In fact, individual hosts 
in a population are characterised by different resistance and tolerance levels to specific infectious pathogens45.

Although it is widely accepted that genetic drift plays a key role in influencing the evolution of small, isolated 
populations and in decreasing their genetic diversity, other forces need to be taken into account. For instance, 
despite a strong founder effect, a significant increase in heterozygosity over time was recorded in an insular 
mouflon (Ovis aries) population from Haute Island (Kerguelen archipelago, Sub-Antarctic Indian Ocean)46. A 
longitudinal genetic survey highlighted that the changes in genetic variation observed in this population could 
be explained by disruptive selection, likely lowering the impact of drift on the loss of genetic diversity46. Recent 
phenotypic changes in wild mammal populations can arise due to environmental effects acting directly on an 
individual’s phenotype (plasticity) and on the maternal phenotype (maternal effects)47. Ozgul and coauthors48, 

49 highlighted the higher ecological relevance of plasticity with respect to microevolution, namely genetic 
change across generations50, in body mass changes of Soay sheep from St. Kilda archipelago (Scotland, UK) and 
yellow-bellied marmots from the Upper East River Valley (Colorado, USA). Phenotypic plasticity is widespread 
in nature and different levels of plasticity may influence genetic evolution in different ways51. Accordingly, we 
cannot exclude that environmental effects - i.e., poor nutrition arising from limited resource availability, high 
competition due to high density - may have played a role in the dwarfing of Amsterdam Island cattle. In particu-
lar, shortage of food related to overgrazing could have affected the focal cattle population during the last decades 
before its extermination12. On the other hand, the high population density of cattle (see Table 1) would seem to 
argue for a healthy population and overall high carrying capacity of the environment, that was sufficient to sustain 
a successful herd (starting with just 5 individuals and developing quite fast, overcoming a disease and expanding 
again; see Fig. 1). Moreover, Lomolino and coauthors3, investigating the causality of the island rule, showed that 
resource limitation (as inferred from island area) does not influence body size shifts in large insular mammals.

Taken together, the divergence in morphological and ecological traits exhibited by the very recent, albeit 
short-lived, population of Amsterdam Island cattle attests to the substantial variability in these traits among indi-
viduals and to the power of ecologically simplified, isolated islands to drive rapid transformations of their biotas. 
In the absence of detailed, quantitative genetic data on the Amsterdam Island cattle population, it is not possible 
to confirm the relative influences of microevolution and plasticity underlying the observed body size reduction. 
Nonetheless, based on available evidence and on the evolutionary history of a similar, albeit less isolated, popu-
lation43, 44 it seems probable that a combination of factors, including two or three extreme bottlenecks and subse-
quent inbreeding, absence of predators and competitors, and range expansion into highly atypical habitats may 
have driven this case of rapid dwarfism in a large mammal. This suggests one plausible, albeit largely untested, 
explanation for the differences in evolutionary rates reported for Lister’s two stages of body size evolution. The 
first stage might be largely driven by genetic drift and selection of the variation that already exists among indi-
viduals in founding populations, whereas the second more pronounced but much slower stage would require 
accumulation of new mutations and recombinations of genes that must be co-adapted and build on incrementally 
modified blueprints (body size, bauplan, and demographic, life history and ecological strategies) of evolving 
lineages.

Methods
We estimated the body mass of the cattle of Amsterdam Island by using the predictive equations with the 
lowest predictive errors among those based on the available dimensions of metapodials14, 18 (Supplementary 
Tables S3–S4).

To infer the size shift of the focal population in light of the island rule, we collected available body size data of 
the ancestral breeds introduced on Amsterdam Island35 and we compared them with our estimates (Fig. 2). The 
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relative size of the feral cattle of Amsterdam Island was expressed as a proportion of the body masses of the ances-
tral French breeds (Si = body size divergence17; Fig. 2). To obtain reliable estimates, we carefully selected the most 
appropriate reference body size values for the ancestral breeds from an old, but reliable report35. We avoided refer-
ring to more recent sources of data because they often include body size values that are more strongly affected by 
recent artificial selection and less likely to approach the size of the original introduced individuals. Furthermore, 
when regional size differences within the same breed exist, we adopted a conservative approach and selected 
the minimum available body size value (e.g., 350 kg for Jersey cows)35. Average Si values were obtained by com-
parison with the average body mass of the French breeds, and thus by taking into account all combinations of 
the 5 founding individuals. The estimate rests on the assumption that the founding population included at least 
one individual of each breed (see Discussion). We used two-tailed one-sample t-tests to compare these average 
body mass values estimated for the ancestral population (males: 675 kg; females: 431.25 kg) with distributions 
of body mass estimates of Amsterdam Island males and females, and to assess whether the body size reduc-
tion of the focal island population was significant (Supplementary Table S1). Distributions of Amsterdam cattle 
body masses included mean, minimum, and maximum estimates, based on selected dimensions of metapodials14 
(Supplementary Table S1). Statistical analyses were performed using XLSTAT (version 2017.4, Addinsoft).

We calculated evolutionary rates of body size reduction of Amsterdam Island cattle and of the most pro-
nounced examples of dwarfing reported in the literature among insular large mammals4–6 (Fig. 3). As in the case 
of body size divergence, to obtain average evolutionary rates of body size reduction of the Amsterdam Island 
population we compared the average body mass value of the focal population estimated from metapodial dimen-
sions (409.95 kg), with the average body mass of the French breeds (553.13 kg). Although we believe that our 
body mass estimates of Amsterdam Island cattle, based on a rather large dataset14, are more reliable than the 
direct body weights of individuals reported in the literature for samples taken in the early 1960s15 and from the 
1988–1989 culling12, we also obtained alternative estimates of evolutionary rates on the basis of the latter data (see 
Supplementary Table S2).

Evolutionary rates were expressed in darwins19, 20, (d), as (Log x2-Log x1)/Dt, where a trait evolved from x1 to 
x2 over a time Dt in millions of years. Log is the natural logarithm, and the variable x is, in this case, body mass. 
Rates in darwins can easily be calculated from mean values published in the literature, but they are inversely 
related to the time interval over which they are calculated20, 21. However, this scaling relation may be influenced by 
a mathematical artifact due to the plot of a ratio (rate) against its denominator (Dt)20. To avoid this scaling prob-
lem we also expressed evolutionary rates in haldanes21, 22, (H), as D/I, where D = d/sp. The proportional difference 
between the sample means (d = ȳ2 − ȳ1) is, in this case, the difference between the insular body mass and the 
ancestral body mass; sp is the pooled standard deviation of the samples; I is the time interval between the samples, 
I = t2 − t1, estimated in generations. All the measurements of the samples were logged (logs to the base e) because 
of the geometric normality of biological variation21. Body mass standard deviation (sp) was estimated from pub-
lished data4–6, 14 as (ln(maximum) − ln(minimum))/4, based on an estimate that 95% of normally-distributed 
observations are within two standard deviations of the mean22. The number of generations or biological time 
(I) experienced by the population is equal to the chronological time experienced divided by generation time G 
(Fig. 3). We estimated the generation time from our body mass estimates and literature data using an allometric 
scaling function developed for placental mammals22.

Data availability. The authors declare that the data supporting the findings of this study are available within 
the paper and its supplementary information files.

References
 1. Foster, J. B. Evolution of mammals on islands. Nature 202, 234–236 (1964).
 2. Van Valen, L. M. Pattern and the balance of nature. Evol. Theory 1, 31–49 (1973).
 3. Lomolino, M. V., Sax, D. F., Palombo, M. R. & Van der Geer, A. A. E. Of mice and mammoths: Evaluations of causal explanations for 

body size evolution in insular mammals. J. Biogeogr. 39, 842–854 (2012).
 4. Lomolino, M. V. et al. Of mice and mammoths: generality and antiquity of the island rule. J. Biogeogr. 40, 1427–1439 (2013).
 5. Lister, A. M. Rapid dwarfing of red deer on Jersey in the Last Interglacial. Nature 342, 539–542 (1989).
 6. Vartanyan, S. L., Garutt, V. E. & Sher, A. V. Holocene dwarf mammoths from Wrangel Island in the Siberian Arctic. Nature 362, 

337–340 (1993).
 7. Adler, G. H. & Levins, R. The island syndrome in rodent populations. Q. Rev. Biol. 69, 473–490 (1994).
 8. Lomolino, M. V., Riddle, B. R. & Whittaker, R. J. Biogeography: Biological Diversity across space and time (Sinauer Associates, 

Sunderland, Mass, 2017).
 9. Sondaar, P. Y. In Major Patterns in Vertebrate Evolution (eds Hecht, M. K., Goody, P. C. & Hecht, B. M.) Ch. 23, 671–707 (Plenum 

Publishing Corporation, 1977).
 10. Lister, A. M. Dwarfing in island elephants and deer: processes in relation to time of isolation. Symp. Zool. Soc. 69, 277–292 (1996).
 11. Lebouvier, M. & Frenot, Y. Conservation and management in the French Sub-Antarctic Islands and surrounding seas. Pap. Proc. R. 

Soc. Tasmania 141, 23–28 (2007).
 12. Berteaux, D. & Micol, T. Population studies and reproduction of the feral cattle (Bos taurus) of Amsterdam Island, Indian Ocean. J. 

Zool. 228, 265–276 (1992).
 13. Berteaux, D. Female-biased mortality in a sexually dimorphic ungulate: feral cattle of Amsterdam Island. J. Mamm. 74, 732–737 

(1993).
 14. Berteaux, D. & Guintard, C. Osteometric study of the metapodials of Amsterdam Island feral cattle. Acta Theriol. 40, 97–110 (1995).
 15. Lesel, R. Étude d’un troupeau de bovins sauvages vivant sur l’île Amsterdam. Revue Élev. Méd. vét. Pays trop. 22, 107–125 (1969).
 16. Micol, T. & Jouventin, P. Restoration of Amsterdam Island, South Indian Ocean, following control of feral cattle. Biol. Cons. 73, 

199–206 (1995).
 17. Lomolino, M. V. Body size evolution in insular vertebrates: generality of the island rule. J. Biogeogr. 32, 1683–1699 (2005).
 18. Scott, R. In Body size in mammalian paleobiology (eds Damuth, J. & MacFadden, B. J.) Ch. 14, 301–336 (Cambridge University Press, 1990).
 19. Haldane, J. B. S. Suggestions as to quantitative measurement of rates of evolution. Evolution 3, 51–56 (1949).
 20. Millien, V. Morphological evolution is accelerated among island mammals. PLoS Biol 4(10), e321 (2006).
 21. Gingerich, P. D. Rates of evolution on the time scale of the evolutionary process. Genetica 112–113, 127–144 (2001).

http://S1
http://S1
http://S2


www.nature.com/scientificreports/

8Scientific RepoRts | 7: 8820  | DOI:10.1038/s41598-017-08820-2

 22. Evans, A. R. et al. The maximum rate of mammal evolution. Proc. Natl. Acad. Sci. 109, 4187–4190 (2012).
 23. Palombo, M. R. How can endemic proboscideans help us understand the ‘island rule’? A case study of Mediterranean islands. Quat 

Int 169–170, 105–124 (2007).
 24. Meiri, S. & Raia, P. Reptilian all the way? Proc. Natl. Acad. Sci. 107, E27 (2010).
 25. Van Heteren, A. & De Vos, J. In Recent advances on southeast Asian paleoanthropology and archaeology. (ed. Indriati, E.) 95–106 (2007).
 26. Hall, S. J. G. & Hall, J. G. Inbreeding and population dynamics of the Chillingham cattle (Bos taurus). J Zool 216, 479–493 (1988).
 27. Clutton-Brock, T. H., Albon, S. D. & Guinnes, F. E. Parental investment and sex differences in juvenile mortality in birds and 

mammals. Nature 313, 131–133 (1985).
 28. Promislow, D. E. L. Costs of sexual selection in natural populations of mammals. Proc. R. Soc. B. 1320, 203–210 (1992).
 29. Rozzi, R. & Palombo, M. R. Lights and shadows in the evolutionary patterns of insular bovids. Integr. Zool. 9, 213–228 (2014).
 30. Diamond, A. W., Cheke, A. S. & Elliott, H. F. Studies of Mascarene island birds. (Cambridge University Press, 1987).
 31. Guintard, C. & Tardy, F. In Aurochs, le retour. Aurochs, vaches et autres bovins de la préhistoire à nos jours. (ed. NEO-TYPE 

Besançon) 203–209 (1994).
 32. Petit, J. P. In Adaptation within Antarctic ecosystems. (ed. Llano, G. A.) 1181-1202 (1977).
 33. Naik, S. N., Sukumaran, P. K. & Sanghvi, L. D. Haemoglobin polymorphism in Indian Zebu cattle. Heredity 24, 239–247 (1969).
 34. Ibeagha-Awemu, E. M., Jäger, S. & Erhardt, G. Polymorphisms in blood proteins of Bos indicus and Bos taurus cattle breeds of 

Cameroon and Nigeria, and description of new albumin variants. Biochem. Genet. 42, 181–197 (2004).
 35. French, M. M., Johansson, I., Joshi, N. R. & McLaughlin, E. A. European Breeds of Cattle 1 & 2. (Food & Agriculture Organisation of 

the United Nations, 1966).
 36. Ritchie, H. Historical Review of Cattle Type. https://msu.edu/~ritchieh/historical/cattletype.html (2002)
 37. Headland, R. K. History of exotic terrestrial mammals in Antarctic regions. Polar Rec. 48, 123–144 (2012).
 38. Hill, W. G. & Caballero, H. Artificial selection experiments. Annu. Rev. Ecol. Syst. 23, 287–310 (1990).
 39. Thompson, J. N. Rapid evolution as an ecological process. TREE 13, 329–332 (1998).
 40. MacEachern, S. et al. Molecular evolution of the Bovini tribe (Bovidae, Bovinae): Is there evidence of rapid evolution or reduced 

selective constraint in Domestic cattle? BMC Genomics 10, 179 (2009).
 41. Swanson, J. C. & Morrow-Tesch, J. Cattle transport: Historical, research, and future perspectives. J. Anim. Sci. 79, 102–109 (2001).
 42. Hedrick, P. W. & Garcia-Dorado, A. Understanding Inbreeding Depression, Purging, and Genetic Rescue. Trends Ecol. Evolut. 31, 

940–952 (2016).
 43. Mannen, H. et al. Low mitochondrial DNA diversity of Japanese Polled and Kuchinoshima feral cattle. Anim. Sci. J. 88, 739–744 (2017).
 44. Siqintuya, T. et al. Allelic distributions of genes involved in economical traits, hereditary disorder, and coat color in a population of 

Kuchinoshima cattle. The J. of Anim. Genet. 42, 11–19 (2014).
 45. Bishop, S. C. & Woolliams, J. A. Genomics and disease resistance studies in livestock. Livest. Sci. 166, 190–198 (2014).
 46. Kaeuffer, R. et al. Unexpected heterozygosity in an island mouflon population founded by a single pair of individuals. Proc. R. Soc. 

B. 274, 527–533 (2007).
 47. Boutin, S. & Lane, J. E. Climate change and mammals: evolutionary versus plastic responses. Evol. Appl. 7, 29–41 (2014).
 48. Ozgul, A. et al. The Dynamics of Phenotypic Change and the Shrinking Sheep of St. Kilda. Science 325, 464–467 (2009).
 49. Ozgul, A. et al. Coupled dynamics of body mass and population growth in response to environmental change. Nature 466, 482–485 

(2010).
 50. Futuyma, D. J. Evolution. (Sinauer Associates, Sunderland, Mass, 2009).
 51. Price, T. D., Qvarnström, A. & Irwin, D. E. The role of phenotypic plasticity in driving genetic evolution. Proc. R. Soc. B. 270, 

1433–1440 (2003).
 52. Hall, S. J. G. & Moore, G. F. Feral cattle of Swona, Orkney Islands. Mammal Rev. 16, 89–96 (1986).
 53. Lazo, A. Social segregation and the maintenance of social stability in a feral cattle population. Anim. Behav. 48, 1133–1141 (1994).

Acknowledgements
We thank Claude Guintard and Dominique Berteaux for information on the population in the study. We thank 
Lawrence Heaney, Brett Riddle, and Ally Phillimore for comments on a previous version of the manuscript. R.R. 
has been supported by the Alexander von Humboldt Foundation. M.V.L. has been supported by NSF Award 
1028470 (Program in Geography and Spatial Sciences).

Author Contributions
R.R. designed the study and analysed the data. R.R. and M.V.L. wrote the paper.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-08820-2
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

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

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

https://msu.edu/~ritchieh/historical/cattletype.html
http://dx.doi.org/10.1038/s41598-017-08820-2
http://creativecommons.org/licenses/by/4.0/

	Rapid Dwarfing of an Insular Mammal – The Feral Cattle of Amsterdam Island
	Results
	Discussion
	Methods
	Data availability. 

	Acknowledgements
	Figure 1 Map of Amsterdam Island and general information about the feral cattle population.
	Figure 2 Body masses of adult Amsterdam Island cattle and body size divergence with respect to ancestral French breeds.
	Figure 3 Evolutionary rates of body size reduction of Amsterdam Island cattle and other insular large mammals.
	Table 1 Population data of cattle from Amsterdam Island and selected feral herds.




