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Abstract

Organisms tend to group according to different life-histories, and groups respond differently to environmental change, which
forms the basis of conservation biology. Our goal was to assess whether cetaceans species form distinct groupings based on life-
history parameters which might respond differently to changes in their local environment. Using a phylogenetic approach, we
found that world cetacean life-histories clustered into two major groups that we termed “bet-hedgers” and “reproducers”. Cetacean
species defined as bet-hedgers were characterized by a life history that was spread over a long life with reduced investment in
progeny, perhaps an adaptation to environmental variability. In contrast, reproducer cetacean species were characterized by a greater
investment in reproduction relative to adult longevity, a pattern likely well-suited to more productive and stable habitats. The
pattern of life history groupings suggests that distributional adjustments of species range with anthropogenic change may depend
on differences in the adaptability of the two groups. These results imply that the two groups have evolved adaptive responses to
very different environmental forces. Future research should attempt to determine the divergent environmental selective pressure
responsible for the life-history dichotomy, such as diet quality, predation, and environmental predictability. Combining knowledge
of life-history patterns and monitoring changes in the marine environment may assist efforts to preserve cetacean diversity by

predicting demographic response.
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INTRODUCTION (Ferguson and Lariviére 2002), habitat stability (Southwood ez a.
1974), dispersal (Horn 1978), predation (Wilbur 7 al. 1974), and

"The evolution of life histories is expected to vary with environmental climatic stresses (Grime 1979). This means knowledge of life history

constraints such as seasonality (Boyce 1979), primary productivit g .
y (Boy ) p yp Y patterns can be used to predict distribution and abundance changes
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University Crescent, Winnipeg, Manitoba, R3T 2N6, Canada. 2006). In particular, knowledge of life history patterns can be used to
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in their local environment.

Here, we investigate whether grouping of cetacean species occurs
based on life-history traits using the comparative method that controls
for phylogeny and body size. We pose the question in a world view
looking at all cetacean species with sufficiently well-known life-
history characteristics. Then we briefly discuss possible explanations to
our observed pattern and why such knowledge may help understand
cetacean adaptability to major environmental perturbations, such as
oceanic climate change.

METHODS

Data collection

Our aim was to collect a representative sample of cetacean life-
history variables for the world’s species and therefore to facilitate
data collection, we focused on encyclopedias and other compendium
sources (e.g., Hayssen e a/. 1993; Ridgway and Harrison 1994;
Perrin ez al. 2002) and the sources identified within. The goal was to
assess possible life-history groups that may respond to environmental
selections pressures in a similar manner. However, we have not
included the environmental variables in this analysis and therefore our
results will be descriptive rather than causal. We used species means
of life-history variables to minimize the influence of intraspecific
variation and focus on interspecific variation.

We collected adult body length (cm) and life-history trait
information on gestation length (d), neonate length (cm), age of
maturity (mo), longevity (yr), and interbirth interval (mo) for 84
cetacean species (Appendix 1). Populations can have considerable
variation in growth patterns and life histories but the data set used
here was limited to averages from studies with the available species
information. However, given that our interest was in global patterns at
the species level (not intraspecific), we think our analyses, as coarse as
they are, are sufficient for the general patterns being investigated.

For body size (i.e., length), data quality varied significantly by
species. Some sources provided data on the length of physical and/
or sexual maturity, sometimes for males and females separately but
sometimes for both sexes combined, and other sources simply gave a
range of adult lengths. Data were generally harder to find for length at
physical maturity (2 = 20 species for males, 7 = 22 species for females)
than for length at sexual maturity (z = 48 species for males, 7 = 49
species for females). To provide a reasonable sample size, we used the
maximum length of the typical range recorded for adults (i.e., not the
greatest length on record, but the upper limit of typical length) for
both sexes combined (Taylor ez al. 2007). We were unable to control
for sexual size dimorphism due to a lack of data for both sexes. Using
maximum length of the typical range recorded for adults allowed us to
include several species that were missing sex-specific data on length at
physical or sexual maturity (z = 54 total).

We were only able to obtain complete data for 30 species, with 15
species missing one value, and 9 missing two values. We did not use

29 species that had three or more missing values, leaving 54 species

for analyses. To account for body size allometry, we first ran simple
linear regressions for each of the five life-history traits following log10
transformation using log body length (cm) as the independent variable.
Significance of the slope from the regression model was assessed using
t-tests or using F-tests in the case of an ANOVA when body size was
the covariate. Although body mass measures were unavailable for most
cetaceans, body length is strongly correlated with body mass (Trites
and Pauly 1998) and less affected by seasonal patterns in adipose
storage (Pond 1978). Residuals from regression provided species-
specific values for each life-history trait while controlling for body size;
however, for the phylogenetic analysis we used (1) the residual values
as inputs; and (2) incorporated body size directly as a covariate (see
below).

Conventional analysis

Cluster analysis was initially run on the 30 cetacean species with
complete life-history data. Multivariate analyses can be influenced
by how missing data are handled. Therefore, we estimated missing
data (n=33 values for 24 species) with the mean residual for the total
data set and used these values in the subsequent cluster analysis
(Weijerman ez al. 2005). Cluster analysis results did not change the
qualitative pattern between the smaller, more complete (#=30) and
the larger estimated data set (7=54) and therefore we chose to use the
latter since analysis of 54 species would provide maximum benefit to
cetacean conservation. Cluster analysis of cetacean species was based
on log-transformed life-history traits with body-size effects removed
(see above).

Cluster analysis assigned species as similar according to the average
Euclidean distance between clusters using SAS Version 8.02. Analyses
used the unpaired group averaging method, which had the highest
cophenetic correlation coeflicient compared with other cluster analysis
methods (Romesburg 1984). We used pseudo F statistic (Calinski and
Harabasz 1974), and pseudo t” statistic (similar to Hoteling’s T% Duda
and Hart 1973) as statistical indicators to objectively determine the
number of clusters.

We conducted both Q- and R-mode cluster analyses of cetacean
data. Q-mode cluster analysis examines clusters of objects (species in
our example), for a measured number of variables (life-history traits),
and the variable values are used to measure distance. In contrast, R
mode cluster analysis examines clusters of variables (life-history traits),
with object values (species) measuring distance between variables. The
latter analysis provided information necessary to interpret variable
contributions relative to multivariate analyses (see below). Following
cluster analysis and determination of number of groupings, canonical
discriminant analysis was run using the clusters to assess differences
graphically. Analysis of variance (ANOVA) was used to test whether
identified clusters were significantly different.

Phylogenetic analysis

Phylogeny may contribute to the observed patterns due to common

ancestry affecting the statistical non-independence of species and

confounding the underlying ecological relationships. Therefore,
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in much the same way that we control for body size allometry,
phylogenetic analysis is performed to remove this influence. We
used the phylogenetic tree proposed by Agnarsson and May-Collado
(2008) that included 88 cetacean taxa (species and subspecies). We
pruned their tree to include only the 54 species examined here. The
Agnarsson and May-Collado (2008) tree does not include branch
lengths, so we tested various arbitrary sets. We set all branches equal
to one (“constant branch lengths”, or a speciational model of evolution,
Martins and Garland, 1991). We also used the Grafen, Nee, and Pagel
methods of assigning branch lengths using the PDAP:PDTREE
module (Midford ez a/. 2008) of Mesquite version 2.5 (Maddison and
Maddison 2008).

All data were logl0 transformed prior to analyses to meet
assumptions of normality and homoscedascity required for parametric
analyses. The five variables (log-transformed and using the residuals to
control for body size) were further examined using methods to control
for phylogenetic relationships. We tested whether the major groupings
were still significantly different after removal of phylogenetic effects
using PDANOVA and PDRANDOM in PDAP (Garland ez a/.
1993) with 1000 Monte Carlo simulations. We considered differences
among categories to be significant if the original F-value derived from
a non-phylogenetic analysis was higher than the F95 value derived
from the empirical distribution. We also ran the log-transformed
variables using PDANOVA while including the covariate log10 body
size to control for allometry within the phylogenetic analyses.

As a secondary test of the number of groups, we graphically
examined the different species groupings while controlling for
phylogeny using a multivariate ordination method referred to
as evolutionary principal components analysis (EPCA). EPCA
reconstructs shared states via squared-change parsimony, and then
performs Principal Components Analysis (PCA) on the vectors
of change along each branch of the tree; hence the ordination acts
directly upon the tree (Dyreson and Maddison 2006). The EPCA
approach provides evolutionary insight, by capturing the most change
in the system, not available using standard multivariate ordinations.
EPCA and PCA calculations were carried out in the Rhetenor
module (Dyreson and Maddison 2006) of Mesquite. We used the
size-adjusted residuals in the EPCA analysis.

RESULTS

Conventional analysis

Regression models of log10-transformed variables against body
length described significant relationships for all cetacean life-history
variables except interbirth interval (Table 1). Both neonate mass and
longevity were the variables significantly related to body size and both
approximated either a 2/3 or 3/4 power relationship. The other three
life-history variable relationships provided non-significant regression
slopes.

Results of the R analysis indicated that age of maturation, gestation
length, and neonate mass grouped together and provided similar
information, whereas longevity and interbirth interval grouped
separately. Based on the R analysis and allometry results, we chose
neonate mass and longevity to be reduced variable data that most
economically synthesized the different information on species life-
histories.

A cluster analysis was performed on the 54 cetacean species with
sufficient life-history data. The cluster-determination statistics had
the highest peak at two clusters and canonical discriminant analysis
separated the species diagonally into two major groups (Figure
1). The first two canonical variables explained 56% and 26% of the
variation (Table 2). The first canonical variable was negatively related
to neonate mass and positively related to the other four life-history
traits. In contrast, the second canonical variable was positively related
to longevity and age at maturity and negatively to gestation length,
neonate mass, and interbirth interval.

Groupings into two broad categories were based on significant
differences among life-history trait residuals that control for body-size
differences (Table 3). The first group (“Reproducers”) was characterized
by relatively short gestation length, interbirth interval, and longevity,
and younger age of maturity. Also, reproducers generally had larger
neonate mass than average. In contrast, the second group (“Bet-
hedgers”) was characterized by longer gestation length and interbirth
interval, greater longevity and later age of maturity while concurrently
giving birth to smaller neonates.

Phylogenetic analysis
Constant branch lengths performed better than the three sets of

Table 1. Regression statistics for 54 cetacean species allometric relationships between body length and life-history traits.

Life-history traits* Sample size F p Intercept Slope
Gestation length 51 5.22 0.027 2.44 0.045
Neonate mass 54 1447 0.0001 0.030 0.807
Age at maturation 46 8.62 0.0053 01.467 0.186
Longevity 46 70.5 0.001 -0.082 0.633
Interbirth interval 41 0.72 0.40 2.342 0.069
*log10 transformed
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Figure 1; Ferguson and Higdon

Table 2. Loadings from canonical discriminant analysis based on five life-

history traits of world cetaceans.

= Reproducers
¢ Bet-hedgers

Second canonical variable

First canonical variable

Figure 1.Canonical discriminant analysis of cetacean life-history traits
grouped according to reproductive strategy: “Reproducers” and “Bet-
hedgers.”

“arbitrary” branch lengths. For constant branches all variables (log-
transformed, non-residuals) adequately fit the branch lengths (i.e.,
no correlation coefficients larger than the critical value, 0.271). Nee’s
branch lengths indicated a significant lack of fit for age at maturity and
neonate size (P<0.05), and the other two arbitrary branch lengths had
a poorer fit. When the residuals were used, the correlation coeflicients
for constant branch lengths indicated a significant lack of fit to the tree
(P<0.05) for age at maturity only. Thus, all additional phylogenetic
analyses were done using constant branch lengths.

We were not surprised that the groups of cetacean species
determined by cluster analysis were different according to the
conventional ANOVA analysis (Table 3). Next, we used a more
conservative test that controls for phylogeny and found significant

First Second
Variable* Canonical variable Canonical variable
Gestation length +0.805 -0.034
Neonate mass -0.453 -0.299
Age at maturation +0.525 +0.505
Longevity +0.477 +0.683
Interbirth interval +0.938 -0.237
Total explained 0.560 0.263
variation
* Residuals of regression between log10 transformed variables and species
body length

difference between the two groups based on all four life-history
variables (Table 3).

As a final test, we used evolutionary principal components analysis
(EPCA) to describe a cladogram of species relationships in reduced
multivariate space. We interpreted the first two component axes
extracted from the EPCA, which accounted for 50.0% and 26.3%
of the total variation in the dataset, respectively. The first axis was
structured primarily by the inverse relationship between neonate length
and the other four variables, with gestation length, age at maturity,
longevity and interbirth interval all loading positively on this axis
(Table 4). The second EPCA axis reflected interspecific differences in
age at maturity, longevity, and interbirth interval, and was structured
along an inverse relationship between birth interval and the other two
variables. Gestation length and neonate size loaded negligibly on this
axis. A scatterplot of species factor scores on the first two EPCA axes

Table 3. Analysis of variance results (conventional and phylogenetic) comparing two major groups of world cetaceans based on life-history traits. Life-history

traits were log-transformed residuals from linear regression on body length that provide relative differences after removing body size effects, with the exception

of body length.
Conventional statistics Phylogenetic
Reproducers Reproducers Bet-hedgers Bet-hedgers
Trait F 4 P mean SE mean SE
Sample size

Body length (37,17) 1.05 0.39 NA 755.0 122.3 6679 139.9
Gestation length (36,15) 55.12 0.0001 0.001 11.3 0.154 13.7 0.494
Interbirth interval (29,12) 25.8 0.0001 0.001 25.1 1.44 47.3 599
Longevity (19,17) 777 0.0001 0.010 44.2 5.25 65.7 11.34
Neonate size (37,17) 10.12 0.0001 0.003 222.3 30.44 179.5 29.64
Maturity (31,16) 9.14 0.0001 0.004 717 0.373 10.6 1.032
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(Figure 2) showed that the broad grouping of species into reproducers
and bet-hedgers was maintained after controlling for phylogenetic
relationships. Thus, using phylogenetically-informed results, we found

consistent support for the two broad groupings (Table 3).

05
- #Reproducers (31)
mBet-hedgers (18)

EPCA2

0.6

.-0.4

EPCA1

Figure 2. Scatter plots of species factor scores for the first two axes from
the Evolutionary Principle Components Analysis (ENFA), which con-
trols for phyolgenic relationships. Cetacean species split into two groups

of “Reproducers” and “Bet-hedgers”.

Table 4. Character loadings and percentage of total variance explained in

component axes extracted from Evolutionary Principal Components Analysis

(EPCA).

Character* EPC1 EPC2
Gestation length 0.1394 0.0906
Neonate mass -0.0874 -0.0843
Age at maturation 0.3906 -0.5188
Longevity 0.5701 -0.5115
Interbirth interval 0.7038 0.6738
% of total variance 50.01 26.28
explained
*log10 transformed residuals

DISCUSSION

The most parsimonious grouping of cetaceans according to life
history supported a division into two divergent strategies. Cetaceans
appear to follow a simpler life-history pattern of two general strategies
rather than a more complex grouping pattern characteristic of
Carnivora (Ferguson and Lariviere 2002) and the subset of pinnipeds
(Ferguson and Higdon 2006). As the evolutionary closest relative
of cetaceans, Artiodactyla may also follow a two-group pattern that
cetaceans inherited. Szther and Gordon (1994), using comparative
analyses of life-history traits, found that ungulates (including

Artiodactyla) can be best divided along a 2-dimensional slow-fast
continuum. One group of ungulate species produced many small
offspring during a short period (i.e., reproducers), whereas another
group was characterized by greater longevity and a single large
offspring (i.e., bet-hedgers).

From our analysis, cetaceans were either bet-hedgers or reproducers.
Bet-hedgers were characterized by relatively (relative to body size)
later age of maturity, longer gestation length and interbirth interval,
and greater longevity while producing relatively smaller offspring.
Such a pattern is advantageous because the female lives over a long
time spreading out births, thereby sampling the unpredictable and
highly variable environment many times. In these unpredictable
environments, offspring occasionally are born during the good
times and have an increased opportunity to survive (Sether 1997).
Females invest less in individual offspring due to the relatively high
risk of mortality. The trade-off is to invest in adult survival at the cost
of juvenile survival to allow sampling across long periods (Hopper
1999).

For reproducers, the trade-off reverses (Gadgil and Bossert 1970).
Females invest more in each offspring (e.g., larger size) at the expense
of female survival. Reproducers are additionally characterized by
relatively (relative to body size) earlier age of maturation, shorter
gestation length, shorter interbirth interval, and reduced longevity.
Here, female life history is geared to producing more offspring as the
conditions are relatively stable and productive with the evolutionary
result that adult survival is diminished (Linden and Moller 1989).
According to our classification, cetaceans do not display the life-
history strategies termed “competitors” or “survivors” by Ferguson
and Lariviere (2002). Interestingly, even among smaller cluster
groups (results not shown) within the two major divisions, none were
characterized as having relatively long timing of life history events
(age of maturity, interbirth interval, longevity) and greater relative
investment in offspring (neonate size, i.e., competitors) or relatively
short timing of life history events and relatively small investment in
offspring (i.e., survivors).

A two-grouping of life-history traits corresponding to the fast-
slow continuum has gained popularity (Read and Harvey 1989;
Dobson 2007; Sibly and Brown 2007) and corresponds to theoretical
predictions of Kozlowski and Wiegert (1987) and Charnov (1993).
Both the dual and quad models assume life-history traits are associated
with environment. When environments are unpredictable, a tradeoff
occurs between reproductive effort and adult survival (Ferguson ez al.
1996; Bielby ez al. 2007), thereby linking environment to life-histories.
Environment is the key explanatory variable for the patterns related to
life history groupings (Gadgil and Bossert 1970) and environmental
selection pressure in the form of spatiotemporal dispersion of energy
has generally been implicated as the unifying explanation (Brown
and Maurer 1987; Chesson and Huntley 1988; Van der Putten ez al.
2001).

We have provided a description of cetacean evolution that
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suggests two groups of cetaceans have evolved under quite different
environmental selection pressure. However, we cannot discount the
likelihood that we have identified a continuum of environmental
selection pressure that results in an apparent dichotomy. Next steps
are to identify the selection pressures responsible for this pattern.
Possible explanatory processes would include unpredictable versus
more predictable spatial and temporal distribution of resources (e.g.,
seasonality; Boyce 1979), divergent predation pressure (e.g., hiders and
fast swimmers; Ford and Reeves 2008), migratory or more sedentary
lives (Roff 1991), active pursuit of prey versus hide and ambush capture
of prey (Bowen ez al. 2002), or a combination of these and others
(Menge and Sutherland 1976).

Obur results have conservation implications. If life-history traits
are important to understanding distributional relationships, then
our results indicate that conservation patterns are best explained
by a dichotomy of cetacean life histories. For example, life-history
adaptations to high-latitude environments apparently resulted in
the selection for spreading out reproductive bouts across a relatively
long life thereby increasing the odds of having offspring survive
during good times while reducing relative investment in offspring
that seldom survive the more common bad times (Zammuto and
Miller 1985; Ferguson and McLoughlin 2000). A key conservation
question for marine mammals is how they will redistribute with
climate change (Tynan and DeMaster 1997; Moore and Huntington
2008; Learmonth ez a/. 2006; MacLeod 2009). A test of our results
that could inform conservation efforts would be to compare risk of
extinction of bet-hedging cetaceans with reproducer cetaceans to
make predictions as to which species are likely to increase distribution
and abundance and which species are likely to decrease with current
patterns of environmental change. Future research should study
changes in environmental uncertainty with climate warming as an
indication of changing patterns in habitat suitability for the two groups
of cetaceans. Thus, combining knowledge of life-history patterns and
monitoring changes in the marine environment may assist efforts to
preserve cetacean diversity by predicting demographic response and

understand limitations to their adaptability to major oceanic changes.
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