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Abstract

Evolutionary hypotheses for ageing generally predict that delayed

senescence should evolve in organisms that experience lower extrinsic mor-

tality. Thus, one might expect species that are highly toxic or venomous

(i.e. chemically protected) will have longer lifespans than related species

that are not likewise protected. This remarkable relationship has been

suggested to occur in amphibians and snakes. First, we show that chemical

protection is highly conserved in several lineages of amphibians and snakes.

Therefore, accounting for phylogenetic autocorrelation is critical when con-

servatively testing evolutionary hypotheses because species may possess sim-

ilar longevities and defensive attributes simply through shared ancestry.

Herein, we compare maximum longevity of chemically protected and non-

protected species, controlling for potential nonindependence of traits among

species using recently available phylogenies. Our analyses confirm that lon-

gevity is positively correlated with body size in both groups which is consis-

tent with life-history theory. We also show that maximum lifespan was

positively associated with chemical protection in amphibian species but not

in snakes. Chemical protection is defensive in amphibians, but primarily

offensive (involved in prey capture) in snakes. Thus, we find that although

chemical defence in amphibians favours long life, there is no evidence that

chemical offence in snakes does the same.

Introduction

Several general evolutionary hypotheses have been pro-

posed to explain why organisms tend to experience

higher mortality as they age and, consequently, why

there is such wide variation in longevity among species

(Medawar, 1952; Williams, 1957; Kirkwood, 1977, 1996;

Kirkwood & Holliday, 1979). These hypotheses (summa-

rized in Blanco & Sherman, 2005) are united in their pre-

diction of a positive relationship between the rate of

‘extrinsic’ mortality and the rate of senescence (but for

important qualifications see Abrams, 1993; Ricklefs,

1998; Williams & Day, 2003). This relationship was

examined by Blanco & Sherman (2005) who compared

the maximum recorded longevity in captivity of chemi-

cally protected and unprotected species of fish, amphibi-

ans and snakes. Their cross-species comparison found a

positive relationship between maximum longevity and

possession of chemical protection in all groups examined.

Assuming that chemically protected species experience

lower extrinsic mortality on average than unprotected

species, then this result supports the broad predictions of

the evolutionary hypotheses for ageing. However, key

differences may exist in the extent to which purely

defensive chemicals (e.g. skin toxins) translate to reduc-

tions in extrinsic mortality in the field compared with

those traits where the primary function is prey capture

(e.g. snake venom).

An important limitation of Blanco & Sherman (2005),

recognized by the authors, is that their comparisons did
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not completely account for the potential lack of indepen-

dence of characteristics among phylogenetically related

species. This omission is important because related spe-

cies may possess similar traits not only through indepen-

dent realizations of the same causal process, but also

because of their shared evolutionary history (Harvey &

Pagel, 1991). The assumption of data independence is

fundamental in statistical tests, and its contravention

necessarily calls into question any results. Although

there remains discussion over whether there is ever suffi-

cient phylogenetic inertia to require ‘correction’ (Reeve

& Sherman, 2001), the fact that it may exist suggests that

we should consider controlling for it, especially when

conservatively testing evolutionary hypotheses. At mini-

mum, it is helpful to compare tests of evolutionary

hypotheses with and without controls for phylogenetic

autocorrelation. Blanco & Sherman (2005) partially cir-

cumvented the problem of phylogenetic dependence by

reanalysing their data using characters classified at the

genus level. However, this approach necessarily over-

looks intrageneric variation and continues to assume

independence of characters at higher taxonomic levels

(e.g. at the family and subfamily level). Advances in

comparative biology and recently available phylogenies

now allow us to conduct appropriate phylogenetically

controlled analyses. Such phylogenetic controls are critical

in cases of high phylogenetic dependence (see Swiderski,

2001 and references therein, Freckleton et al., 2002), and

our reanalysis therefore provides the first truly rigorous

test of the relationship between longevity and possession

of chemical protection in amphibians and snakes.

Materials and methods

Longevity, size and chemical protection data were

obtained from supplementary tables generously made

available by Blanco & Sherman (2005). Snout-vent

length was used for the amphibian size data, whereas

total length was used for snakes because of data availabil-

ity. Data for an additional seven snake species were col-

lected from Ernst & Ernst (2012). We reclassified three

snake species considered nonchemically protected by

Blanco & Sherman (2005) as chemically protected

because Weinstein et al. (2011) indicated that they

possessed potent venom: Enhydris chinensis (murine

intravenous LD50 = 2.05 mg kg�1), Spalerosophis diadema

(murine intravenous LD50 = 2.75 mg kg�1) and Thamnophis

elegans (murine intraperitoneal LD50 13.85 mg kg�1). In

our analyses, we used recently published phylogenies

(Amphibia: Pyron & Wiens, 2011; Colubroidea: Pyron

et al., 2011) which represent the most comprehensive

phylogenies for these groups to date. Analyses were

restricted to those species where body size, longevity and

phylogenetic data were both available (amphibians:

n = 106, snakes: n = 102).

To evaluate the extent of phylogenetic dependence of

species-level traits (i.e. longevity, maximum body size

and possession of chemical protection), we computed

Pagel’s k (Pagel, 1992; Freckleton et al., 2002) through

maximum likelihood optimization using the geiger

package (Harmon et al., 2009) in R (R Development

Core Team, 2012). We then compared the negative log

likelihood from the optimized k value with that from a

tree without phylogenetic signal (i.e. k = 0) using a

likelihood ratio test to determine statistical significance.

The relationship between chemical protection and lon-

gevity was examined using both phylogenetic general-

ized least squares (PGLS) and generalized estimating

equation (GEE) approaches (Grafen, 1989; Paradis &

Claude, 2002). PGLS has low Type I error rates and is

suggested to be one of the most robust methods cur-

rently available to examine evolutionary trends (Lau-

rin, 2010). Maximum body size (i.e. length) was

included as a factor in our analyses because Blanco &

Sherman (2005) suggested a positive effect of body size

on longevity in these groups, and mass data were not

available. We have not reanalysed the fish data from

Blanco & Sherman (2005) because a suitable phylogeny

is not yet available. To illustrate the importance of con-

trolling for phylogenetic dependence, we also analysed

our data by fitting a general linear model (GLM) that

did not control for such dependencies. Models were fit-

ted in R using the ape (Paradis et al., 2009) and nlme

(Pinheiro et al., 2012) packages.

Results

As expected, chemical protection showed strong phylo-

genetic signal in both amphibians and snakes (Table 1,

Fig. 1) indicating that the possession of chemical protec-

tion is not independent among related taxa. Similarly,

there was strong phylogenetic signal in body size, yet

intriguingly no phylogenetic signal was detected in lon-

gevity (Table 1). In amphibians, both maximum body

size and possession of chemical protection had a significant

positive relationship with maximum longevity. However,

maximum body size, but not chemical protection, had a

Table 1 The strength of phylogenetic signal estimated for

longevity, maximum body size, and chemical protection in both

amphibians (n = 106) and advanced snakes (n = 102) as indicated

by Pagel’s k values estimated through maximum likelihood (ML)

optimization. P-values indicate that the ML k is significantly

different from 0, suggesting that trait values do not vary

independently between species, but instead exhibit phylogenetic

autocorrelation.

Amphibians Snakes

k P-value k P-value

Longevity <0.001 0.999 <0.001 0.984

Size 0.833 0.016 0.918 0.015

Chemical protection 1 0.003 0.956 <0.001
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significant positive relationship with longevity in snakes

(Tables 2, S1). Both the GEE and PGLS approaches

generated similar results (Table 2). In contrast, failing to

control for phylogenetic dependence greatly overesti-

mated the significance of these relationships in both

amphibians and snakes (Tables 2, S1).

Desmognathus welteri
Desmognathus fuscus
Desmognathus ochrophaeus
Desmognathus monticola
Desmognathus aeneus
Desmognathus quadramaculatus
Phaeognathus hubrichti
Aneides lugubris
Aneides aeneus
Hydromantes italicus
Plethodon yonahlossee
Plethodon jordani
Plethodon glutinosus
Plethodon welleri
Plethodon cinereus
Plethodon nettingi
Plethodon dunni
Plethodon vehiculum
Plethodon elongatus
Gyrinophilus porphyriticus
Gyrinophilus palleucus
Pseudotriton montanus
Haideotriton wallacei
Eurycea wilderae
Bolitoglossa mexicana
Hemidactylium scutatum
Amphiuma tridactylum
Amphiuma means
Rhyacotriton olympicus
Necturus maculosus
Necturus punctatus
Proteus anguinus
Taricha granulosa
Taricha torosa
Taricha rivularis
Notophthalmus viridescens
Notophthalmus perstriatus
Paramesotriton hongkongensis
Cynops pyrrhogaster
Pachytriton brevipes
Triturus cristatus
Tylototriton verrucosus
Salamandra salamandra
Ambystoma talpoideum
Ambystoma macrodactylum
Ambystoma maculatum
Ambystoma mabeei
Ambystoma texanum
Ambystoma opacum
Ambystoma tigrinum
Ambystoma gracile
Ambystoma cingulatum
Siren lacertina
Siren intermedia
Cryptobranchus alleganiensis
Andrias japonicus
Bufo retiformis
Bufo debilis
Bufo cognatus
Bufo americanus
Bufo woodhousii
Bufo speciosus
Bufo quercicus
Bufo punctatus
Bufo canorus
Bufo boreas
Bufo alvarius
Bufo valliceps
Bufo marinus
Bufo bufo
Bufo viridis
Dendrobates pumilio
Dendrobates auratus
Leptodactylus pentadactylus
Ceratophrys cornuta
Ceratophrys ornata
Hyla avivoca
Hyla chrysoscelis
Hyla femoralis
Hyla andersonii
Hyla cinerea
Hyla gratiosa
Hyla squirella
Smilisca baudinii
Smilisca phaeota
Acris crepitans
Litoria caerulea
Agalychnis callidryas
Rana virgatipes
Rana heckscheri
Rana catesbeiana
Rana sylvatica
Rana pipiens
Rana aurora
Mantella aurantiaca
Pyxicephalus adspersus
Conraua goliath
Gastrophryne carolinensis
Kaloula pulchra
Scaphiopus couchii
Scaphiopus holbrookii
Pelobates fuscus
Pipa pipa
Xenopus laevis
Bombina orientalis
Bombina bombina

Lampropeltis pyromelana
Lampropeltis zonata
Lampropeltis triangulum
Lampropeltis getula
Lampropeltis calligaster
Rhinocheilus lecontei
Arizona elegans
Pituophis melanoleucus
Elaphe quatuorlineata
Dasypeltis scabra
Dasypeltis atra
Boiga dendrophila
Thrasops jacksonii
Dispholidus typus
Drymarchon corais
Masticophis flagellum
Spilotes pullatus
Oxybelis aeneus
Ptyas mucosa
Macroprotodon cucullatus
Spalerosophis diadema
Thamnophis sauritus
Thamnophis proximus
Thamnophis sirtalis
Thamnophis elegans
Thamnophis couchii
Thamnophis butleri
Storeria occipitomaculata
Natrix tessellata
Natrix natrix
Heterodon platirhinos
Farancia abacura
Hypsiglena torquata
Naja naja
Naja atra
Naja kaouthia
Naja mossambica
Naja nigricollis
Naja nivea
Hemachatus haemachatus
Aspidelaps scutatus
Walterinnesia aegyptia
Ophiophagus hannah
Bungarus caeruleus
Bungarus multicinctus
Bungarus fasciatus
Dendroaspis polylepis
Elapsoidea sundevallii
Pseudechis porphyriacus
Pseudechis australis
Notechis scutatus
Micruroides euryxanthus
Micrurus fulvius
Pseudaspis cana
Psammophis subtaeniatus
Leioheterodon madagascariensis
Atractaspis bibronii
Enhydris chinensis
Crotalus viridis
Crotalus oreganus
Crotalus scutulatus
Crotalus adamanteus
Crotalus tigris
Crotalus mitchellii
Crotalus willardi
Crotalus totonacus
Crotalus molossus
Crotalus basiliscus
Crotalus durissus
Crotalus atrox
Crotalus tortugensis
Crotalus horridus
Crotalus enyo
Crotalus cerastes
Sistrurus miliarius
Sistrurus catenatus
Agkistrodon taylori
Agkistrodon bilineatus
Agkistrodon piscivorus
Agkistrodon contortrix
Lachesis muta
Bothrops jararaca
Bothrops atrox
Trimeresurus gramineus
Vipera latastei
Vipera aspis
Vipera berus
Vipera ammodytes
Vipera xanthina
Eristicophis macmahoni
Echis carinatus
Echis coloratus
Causus rhombeatus
Cerastes cerastes
Cerastes vipera
Bitis nasicornis
Bitis gabonica
Bitis caudalis
Bitis worthingtoni
Bitis arietans
Atheris squamigera
Boa constrictor

(a) (b)

Fig. 1 Cladograms showing evolutionary relationships between (a) amphibians and (b) snakes. In each cladogram, a filled square on the

terminal branch indicates chemical protection. Classifications largely from Blanco & Sherman (2005) but see main text for exceptions.
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Discussion

Amphibian longevity was associated positively with the

possession of chemical protection, and body size was

positively associated with longevity in both amphibians

and snakes, supporting the wider predictions of senes-

cence theory and consistent with the results of Blanco

& Sherman (2005). Indeed, the strong positive effect of

body size on longevity may be a result of larger

animals suffering reduced extrinsic mortality (see also

Wilkinson & South, 2002). Nevertheless, we found no

association between longevity and the possession of

potent venom in snakes, which contrasts directly with

the earlier interpretation of Blanco & Sherman (2005).

The lack of a relationship between possession of

potent venom and longevity in snakes most likely

results from the dual purpose of venom in both preda-

tion and defence. Defensive bites vary greatly in venom

load (indeed, some venomous snakes may bite without

venom), whereas predatory bites are metered according

to prey size and species (Hayes et al., 2002). Further-

more, recent comparative analyses support the gener-

ally accepted hypothesis that snake venom evolved

primarily as a predatory, offensive weapon (Barlow

et al., 2009), making it a qualitatively different trait to

the chemical defence in amphibians. We were not able

to find any examples of amphibians where the primary

use of their toxins was prey capture. Alternative expla-

nations for the lack of a positive association include the

possibility that the dichotomous classification of snakes

as venomous vs. nonvenomous poorly reflects the

trait’s continuous nature. Of course, it may also arise as

a Type II statistical error, but our test has reasonable

power and included data from 102 species of snakes

from 54 genera and four families. We must also

acknowledge the possibility of greater error in the mea-

surement of maximum lifespan in snakes, as compared

to amphibians. Snakes are relatively long-lived when

compared to amphibians, and their longevity records

from zoos occasionally came from individuals that were

wild-caught as adults of an unknown age, were still

alive at the time age was reported, or both (see also:

Moorad et al., 2012).

In summary, our findings demonstrate the impor-

tance of phylogenetic methods in reducing Type I errors

when conducting comparative studies and showcase

the power of such techniques to examine evolutionary

explanations for phenomena such as senescence. Our

findings are consistent with a primarily offensive role

for snake venom, which is not expected to reduce

extrinsic mortality in the same way as an anti-predator

trait, and a defensive role for amphibian toxins that

alleviates that extrinsic mortality. Furthermore, our

work illustrates that elucidating evolutionary patterns

in longevity relies on a well-developed understanding

of the realized ecological function of traits assumed to

reduce extrinsic mortality.
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Additional Supporting Information may be found in the

online version of this article:

Figure S1 Amphibian phylogeny used in our analyses,

reduced from Pyron et al. (2011).

Figure S2 Snake phylogeny used in our analyses,

reduced from Pyron & Wiens (2011).

Figure S3 Mean (�SE) maximum longevities for

chemically protected and unprotected species (as classi-

fied by Blanco & Sherman, 2005) within families of

amphibians (left), and snakes (right).

Table S1 Results from Phylogenetic Generalized Least

Squares (PGLS), examining the effects of maximum

body size and being chemically defended on longevity

in amphibians (n = 106) and advanced snakes (n = 102)

when the correlation structure based on a Brownian,

Ornstein-Uhlenbeck, or Grafen model.

Table S2 Raw data for maximum longevity, maximum

size (body length), and presence/absence of chemical

protection for amphibian species. See main text for data

sources.

Table S3 Raw data for maximum longevity, maximum

size (body length), and presence/absence of chemical

protection for snake species. See main text for data

sources.
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