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Abstract 
 Pinnipeds (Carnivora: Mammalia) and sharks 
(Elasmobranchii: Chondrichthyes) are both widely distributed  
marine top predators that occupy similar ecological niches. We  
examined global species diversity patterns of sharks (294 species) 
and pinnipeds (34 species) as a function of latitude. We then used 
body size and trophic position (TP) to test which relationship best 
described the global distributional pattern of species richness  
between the two clades: (1) pinniped as predator, (2) pinniped as 
competitor, or (3) pinniped as prey. Ecological relationships  
between the two species groups were diverse with some larger 
sharks actively consuming pinnipeds and some smaller shark  
species eaten by pinnipeds. Most sharks (81%) overlaped with  
pinnipeds for TP (3.3-4.3), however most sharks are smaller than 
pinnipeds (62% less than 128 cm maximum length), and only 8% of 
sharks (24) are longer than the largest pinniped. Latitudinal  
variation of sharks and pinnipeds indicated that species richness of 
pinnipeds was bimodally higher at temperate latitudes and lowest at 
equatorial latitudes between +40 and -40, the geographic region 
where shark species richness was greatest. A comparison of the 
three trophic models indicated that the predation model (sharks eat 
pinnipeds) best fit the distributional pattern. Oceanic regions that 
supported progressively more than 20 shark species resulted in  
progressively fewer pinniped species. Results suggest that sharks 
may exclude pinnipeds from much of the warmer oceanic waters 
through direct predation. However, an alternate hypothesis that  
differing thermal adaptations of the two clades may explain the  
observed distributional pattern is not refuted by our results. We  
discuss conservation implications associated with ocean warming 
assuming shark species distribution will expand to higher latitudes, 
likely at the expense of pinnipeds. [JMATE. 2014;7(1):23-39] 
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Introduction 
 Species of different taxonomic groups can  
co-occur in similar habitats but may differ significantly 
in competitive adaptations including morphology, life 
history, and behavior (35,65,66). Competition has been 
speculated to occur at cellular, individual, population, 
species, and clade levels through species sorting (5,12, 

 
32,41,44,51). A possible example of competition at the 
species or clade level would be between sharks 
(Elasmobranchii: Chondrichthyes) and pinnipeds 
(Carnivora: Mammalia) (10). Mammals, as endothermic 
organisms, can occupy broader fundamental climate 
niches than ectothermic vertebrates or plants because 
they are able to buffer variation in climate (30). Thus, 
fundamental niche of mammals is likely wide and less 
subject to physiological constraints (18). The majority 
of sharks are ectothermic (exception family Lamnidae,  
heterothermic) while pinnipeds are endothermic and 
therefore it would be expected that mammals are better 
adapted to colder waters associated with high latitudes. 
Sharks have a long evolutionary history with evidence 
for temperature-dependent habitat preferences and more 
recent adaptation to high-latitude environments (19). 
Pinnipeds likely evolved in high-latitude environments 
and subsequently evolved adaptations to warmer  
environments (29,64). Sharks evolved adaptations to 
estuarine, coastal and pelagic environments (7,11,48). In 
contrast, pinnipeds have a much more recent  
evolutionary history (17) and yet display a similar  
diversity of habitat associations including estuarine 
coastal and pelagic (64). Interactions between the two 
taxonomic groups include predation by sharks on  
pinnipeds (39,50), pinnipeds on sharks (1,16), and  
evidence of competition for the same food sources      
(2,59). However, little consideration has been given to 
clade interactions and whether competitive exclusion 
occurs or whether past competition (ghosts) are  
responsible for the current distribution (10,14). Have the 
two taxonomic groups radiated to occupy all marine 
habitats or does one group competitively exclude the 
other? 

Previous research indicated that pinnipeds are 
largely relegated to high-latitude environments  
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compared to the relatively warm-water habitats of sharks 
(10). Here we explore spatial patterns to see whether 
they are consistent with a possible competitive  
mechanism by first comparing latitudinal species  
diversity of sharks and pinnipeds to test whether their 
global distribution differs. Next we use trophic position 
(TP) and body size (length) to define whether indirect 
(competition for the same food) or direct (predation by 
sharks on pinnipeds and pinnipeds on sharks)  
interactions best fit the global pattern. Latitude is a  
robust habitat surrogate since it represents a number of 
environmental gradients that change relatively  
consistently from equator to pole, including temperature, 
primary productivity, seasonality and predictability      
(3,23,24,33). Finally, we consider how shark and       
pinniped global patterns in species diversity relates to  
conservation under a scenario of warming global ocean 
temperatures. 
 
Materials and Methods 
 
Data:  We collected TP, body size, and range data on 
globally distributed shark species from the online  
version of Fishbase from data collected between  
December 2009 and March 2010 (28). We used the long-
est of five length measures that are available in 
FishBase. Not all measures were available for all species 
and no species had more than three length variables      
(n = 135). Two variables were available for 140 species, 
and 19 species had only a single length variable.     
Maximum reported total length for females was       
available for 99 species, and this value was used for 63 
species (longest length reported). Most species (288 of 
294) had data for maximum reported length for male or 
unsexed specimens, and we used this value for 223    
species. An additional six species had equal values for 
both of these variables, that is, both measures were the 
same, and this was the length value used. Commonly 
attained total length for male or unsexed specimens was 
available for 82 species but was only used for one      
species. Commonly attained total length for female 
specimens was only available for two species and was 
not used for any species, as it was not the longest value 
available. Standard length of male or unsexed specimens 
was reported for a single species only, and this was the 
length value used as it was the only one with data. Both 
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female and male/unsexed total length was available for 
94 species, and the two measures were significantly  
correlated (r = 0.95, n = 94, P < 0.0001). Maximum total 
length (male/unsexed) and commonly attained total 
length (male/unsexed) was available for 83 species and 
the two measures were again highly correlated (r = 0.95, 
n = 83, P < 0.0001). Elasmobranch taxonomy is in a 
state of constant flux, with > 1,100 species currently  
recognized (21). We examined sharks only in the 
“superorder” Selachimorpha (8 orders of sharks), and 
excluded the superorder Batoidea with greater than 500 
described species (3 orders; 17 families; eg skates, rays). 
A total of 495 shark species are currently recognized 
compared to 494 included in FishBase (21,28).  

For pinnipeds, data were compiled from a variety 
of sources including Bininda-Emonds & Gittleman for 
body length, Pauly et al.,  for TP, and Higdon and IUCN 
for global distribution and are detailed in subsequent 
sections (4,18,38,42). Length data available from  
Bininda-Emonds and Gittleman includes both male and 
female standard length in addition to the species average 
values which we used (4). All measures are highly  
correlated. For females and males, r = 0.82, n = 34  
including the two Pusa species which were excluded 
from latitudinal analyses, P < 0.0001. Correlations  
between species averages and the male or female length 
values were even stronger, with r = 0.97 and r = 0.94, 
respectively. Some pinniped species are highly sexually 
dimorphic, but using male values instead of species  
averages would have had no significant influence on our 
classification. For example, if we used male length, the 
minimum length would be 129.3 cm, instead of 127.7 
using the species average (minimum female standard 
length was 120 cm). Our data files are available upon 
request to the authors. 
 
Trophic relations: Sharks were classed as  
pinniped-predators, pinniped-prey, or  
pinniped-competitors (with some overlap) based on TP 
and body size (length). For diet characterization, Cortés 
(15) included 17 shark species with marine mammal  
remains recorded in their diets, with a calculated  
minimum TP of 4.16. Nine of the 17 species overlapped 
with pinniped TP (range 3.3-4.3, (61)), and the other 
eight were higher than the maximum pinniped TP value 
(4.3). Using a TP cutoff of 4.3 (> than maximum  
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pinniped TP) would underestimate the number of  
pinniped-predators. We used 4.16 as the TP cutoff to 
identify pinniped-predators but also examined the effect 
of a less conservative threshold by comparing results 
with a TP value of 4.0 which was the mean pinniped TP, 
as the cutoff. TP assessments for sharks and pinnipeds 
likely are underestimated based on coarse scale grouping 
of prey items and associated bias in the TP calculation, 
but values derived from Pauly et al., and Cortés for both 
taxonomic clades were used based on their standardized 
calculation and current availability of estimates for all 
species (15,35,61). 

Body length (see Data above) was also  
considered in identifying pinniped-predator sharks. A 
large number of shark species have high TP values       
(≥ 4.0) despite being small in physical size. For example, 
Saldanha catshark (Apristurus saldanha) has a maximum 
length of 88 cm and a TP of 4.24. If length were ignored, 
this shark species would be classified as a pinniped-
predator, despite being  30-40 cm shorter than the  
shortest pinniped species. Of the 17 sharks with marine 
mammal diet contributions listed by Cortés, species 
range in length from 120 cm to 750 cm maximum length 
(15). The shortest species, Portuguese dogfish 
(Centroscymnus coelolepis), feeds mainly on fish  
including other sharks and cephalopods, but also  
gastropods and cetacean meat on occasion (13). They are 
not known as a predator of pinnipeds, and are more 
likely a scavenger of cetacean carcasses. If Portuguese 
dogfish is excluded as a pinniped-predator, the next 
smallest species with a marine mammal component to 
the diet is 200 cm and is the Australian blacktip shark, 
Carcharhinus tilstoni. This is the same as the median 
length for pinniped species (200 cm, mean 211 cm) (4). 
We therefore used 200 cm minimum length as a factor in 
classifying sharks as possible pinniped-predators in  
combination with the TP requirements noted above.  

TP for 32 pinniped species ranged from a  
minimum of 3.3 (Crabeater seal, Lobodon  
carcinophagus) to a maximum of 4.3 (both Elephant 
seals, Mirounga species) (61). Pinniped-competitor 
sharks were all those species that overlapped with  
pinnipeds in TP (3.3-4.3), regardless of length 
(overlapping with pinniped-predators, as some sharks 
could be both). Standard adult length (average of both 
sexes) of pinnipeds ranged from 127.7 cm (Ringed seal, 
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Pusa hispida) to 372.5 cm (Northern elephant seal, 
Mirounga angustirostris) (4). We classed sharks with a 
maximum length ≤ 100 cm as pinniped-prey and this 
also overlapped with the pinniped-competitor category. 
  
Latitudinal distribution: For each shark species, 
FishBase provides a link to AquaMaps, including the 
point data used to produce the predictive maps (28,45). 
AquaMaps uses point data from OBIS-SEAMAP and 
GBIF (37, 49). The FishBase database also contains a 
link to point data, and also provides locations from OBIS 
and GBIF, in addition to other record locations specific 
to the FishBase database. We extracted maximum and 
minimum latitude, and the total number of point  
locations, from both data sets, for all 494 shark species. 
Pinniped distributions are better known than for most 
shark species, with established distribution maps 
(polygons) versus the point data available for sharks. A 
number of sources provide distribution maps (38).  
Recently, the IUCN produced a GIS dataset (ESRI  
ArcView shapefile) of global mammal ranges that  
contains distributional polygons for 34 extant pinniped 
species (42). We digitized the ranges for two recently 
extinct pinnipeds – Japanese sea lion (Zalaphus  
japonicus) and Caribbean monk seal (Monachus  
tropicalis) based on available historic information and 
included them in the analyses (63). Both species are  
extinct due to human persecution, and we assumed that 
both would still exist in their native range had such  
over-exploitation not occurred.  Two pinniped species 
the Baikal seal (Pusa sibirica) and Caspian seal (P.  
caspica) are restricted to inland lakes/seas, where no 
sharks are present, and were therefore removed from the 
analyses (n = 34 pinnipeds total). For each pinniped  
species we calculated the maximum northern and  
southern latitudes of their range polygons. Each species 
(sharks and pinnipeds) was assigned to 5o degree latitude 
bands (n = 36) to plot latitudinal patterns in species  
richness.  
 
Testing for competition: Latitudinal variation in shark 
and pinniped species diversity was examined via  
regression analysis. Analyses using latitudinal bands can 
be problematic due to statistical non-independence of 
band values because each species often contributes to 
more than one latitude band (31). If not addressed with 
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the proper analyses methods, this spatial  
pseudoreplication increases Type I error rates and  
produces artificially small p-values. The band data are 
spatially autocorrelated, and we therefore examined  
latitudinal diversity patterns using generalized  
least-squares (GLS) regressions with an autoregressive 
first-order process (gls function in R package 'nlme')
(62). The standard linear model is of the form:                
y = X*β + e, where y is the response variable; X is the  
explanatory variable; β is the regression coefficient to 
estimate; and e is the error term. The generalized-least-
squares (GLS) estimator of β = bGLS = (X'Σ−1X)−1X'Σ−1y, 
with covariance matrix V (bGLS) = (X'Σ−1X)−1 and a first-
order auto-regressive process, AR(1), defined as            
εt = φεt−1 + νs. The random shocks νs are assumed to be 
Gaussian white noise and the covariance of two errors 
depends only upon their separation in s space (27). The 
models assessed the best fit relationships among the 
three shark-pinniped groupings: shark predation on  
pinnipeds, pinniped predation on sharks and competitive 
interactions. 
 
Results 
 
Trophic relations: Among all 294 shark species, overall 
length ranged from 20 to 2,000 cm and TP ranged from 
3.06 to 4.6. Box-whisker plots of body length and TP 
summarize differences between sharks and pinnipeds 
(Figure 1). Body length and TP are both highly variable 
in sharks. Some orders, for example the  
Heterodontiformes and Pristiophoriformes, show little 
variation in total length, while the Carcharhiniformes, 
Lamniformes and Squaliformes show large variation. 
This variation in body length observed by order equated 
to larger variation in TP as would be expected. Pinnipeds 
show similarly large variation in TP, but are generally 
more similar in body length. Pinnipeds overlap, in both 
size (length) and TP, with members of all eight shark 
orders. Standard adult length (average of both sexes) of 
pinnipeds ranges from a minimum of 127.7 cm to a 
maximum of 372.5 cm. Mean average body length         
(n = 32) is 210.7 cm, close to the median value of 200.3 
cm. Mean TP for pinnipeds was 3.97, with the median 
again similar (4.0). There were nine species with TP < 4 
and 23 species with TP ≥ 4. 

We found correlations between TP and body size 

Figure 1: Box-whisker plots summarizing (a) body length;             
(b) trophic position; (c) geographic range size of shark orders and  
pinnipeds. The lower boundary of the box indicates the 25th  
percentile, the line within the box marks the median, and the upper 
boundary of the box indicates the 75th percentile. Whiskers above 
and below the box indicate the 90th and 10th percentiles, points are 
outliers. Body length plot excludes one 2000 cm long shark outlier 
(Lamniformes). Order of shark groups (orders) follows that of the 
Catalog of Fishes (21). Pinniped N = 32 for trophic position and 
length, n = 34 for range size (varying data available from original 
sources).  
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across all sharks combined, but no correlations within 
orders with the exception of Carcharhiniformes. TP and 
body size were correlated for all pinnipeds minus three 
that primarily consume invertebrates (molluscs, krill) 
using 2-tailed test looking for positive or negative values 
(Table 1). 

In a comparison of sharks and pinnipeds we  
observed size and diet overlap with a proportion of 
sharks that overlap with pinnipeds for length and TP. 
Most sharks (n=237, 81%) overlap with pinnipeds for 
TP (3.3-4.3). Some (n=53, 18%) have a higher TP, only 
4 species have a lower TP (< 3.3) than any pinniped  
species. Despite the overlap in TP, most sharks are 
smaller (shorter) than pinnipeds (<128 cm maximum 
length) (n=181, 62%). Nearly one third (n = 89, 30%) 
overlap in length and only 8% of sharks (n=24) are 
longer than the largest pinnipeds (total length > 373 cm). 

Due to a lack of field data, we inferred sharks as 
pinniped-predators, pinniped-competitors, or pinniped-
prey based on the combined metrics of TP and total 
length. Using TP ≥ 4.16 and total length ≥ 200 cm as 
thresholds, we classified 45 sharks as pinniped-
predators, including all marine mammal eating sharks 
identified by Cortés (n = 16), excluding Portuguese  
dogfish (C. coelolepis) (28). This included 18 sharks that 
were also classed as pinniped-competitors. As a test of 
sensitivity, we also used a TP cutoff of 4.0 (mean and 
median pinniped TP) that resulted in 51 sharks being 
classified as pinniped-predators (including 24 pinniped-
competitors). A total of 228 shark species were  
classified as pinniped-competitors, and 141 classified as 
pinniped-prey (with overlap for 124 species in both  
categories). If pinniped-prey were classified as those 
smaller than 128 cm instead (minimum pinniped adult 
length), an additional 40 shark species would be  
considered pinniped-prey. Table 2 summarizes the  
number of classified sharks by order and family. 
 Based on our definitions, there were 22 shark  
species that were unclassified including Portuguese  
dogfish, C. coelolepis. Generally the unclassified shark 
species were between 100 and 200 cm, and thus not 
classed as prey (> 100 cm), while their TP was too low 
or too high to be classed as pinniped-competitors           
(< 3.3 or > 4.3). The unclassified sharks were spread 
among 11 families in six orders, including two families 
(Stegostomatidae [order Orectolobiformes] and  

Table 1: Correlations between total length and trophic position (TP) 
for sharks and pinnipeds.  

Group n r P 

All sharks 294 0.21 < 0.001 

Hexanchiformes     5 0.46 0.44 

Heterodontiformes     7 -0.40 0.37 

Orectolobiformes   21 0.023 0.92 

Lamniformes   15 -0.35 0.21 

Carcharhiniformes 158 0.39 < 0.001 

Squaliformes   73 0.19 0.11 

Pristiophoriformes     4 0.91 0.09 

Squatiniformes   11 -0.52 0.11 

        

All pinnipeds   31 0.19 0.31 

Pinnipeds excluding three species 
that mainly consume invertebrates 

(TP 3.3-3.4) 

  28 0.62 < 0.001 

Cetorhinidae [order Lamniformes]) with only one  
species each. Nine of the 22 are > 100 cm but < 128 cm, 
the minimum pinniped length (and would be included as 
pinniped-prey using an alternative cutoff, above).  
Another 11 are 130 to 175 cm, these generally have high 
TP, 4.31 to 4.5, except for one with TP = 3.06. One large 
species is included, the Basking shark (Cetorhinus  
maximus), is 980 cm long but TP = 3.2, and therefore 
lower than pinniped minimum. There are two other filter
-feeders that eat zooplankton, the Megamouth shark, 
(Megachasma pelagios), (TP = 3.38) and the Whale 
shark (Rhincodon typus) (TP = 3.55). Both were classed 
as pinniped-competitors because their TP overlapped 
with the three pinnipeds with the lowest TP scores      
(3.3-3.4) that are planktonic or benthic foraging. These 
are the Crabeater seal (Lobodon carcinophagus), Walrus 
(Odobenus rosmarus) and Bearded seal (Erignathus  
barbatus) that are all limited to high latitudes in both  
hemispheres where sharks are unlikely to be abundant. 
We nonetheless retained these two species as potential 
pinniped-competitors. 
 
Latitudinal distribution: The shark distribution dataset 
contained 303 species with at least 10 location points 
(range 10-24, 515 points, mean = 577, median = 73,   
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Table 2: Breakdown of sharks classified as pinniped-predator, pinniped-prey or pinniped-competitors, by order and 
family.  

Order Family (n w/ data) Predators Competitors Prey Unclassified* 

Hexanchiformes Hexanchidae (4) 2 3 0   

  Chlamydoselachidae (1) 1 1 0   

Heterodontiformes Heterodontidae (7) 0 6 2 1 

Orectolobiformes Rhincodontidae (1) 0 1 0   

  Parascylliidae (3) 0 3 3   

  Brachaeluridae (2) 0 2 1   

  Orectolobidae (4) 1 4 2   

  Hemiscylliidae (8) 0 8 6   

  Stegostomatidae (1) 0 0 0 1 

  Ginglymostomatidae (2) 0 2 0   

Lamniformes Odontaspididae (3) 3 1 0   

  Mitsukurinidae (1) 0 1 0   

  Pseudocarchariidae (1) 0 1 0   

  Lamnidae (5) 5 0 0   

  Megachasmidae (1) 0 1 0   

  Cetorhinidae (1) 0 0 0 1 

  Alopiidae (3) 3 0 0   

Carcharhiniformes Scyliorhinidae (69) 0 62 64 2 

  Proscylliidae (4) 0 4 3   

  Pseudotriakidae (2) 1 1 0   

  Leptochariidae (1) 0 1 1   

  Triakidae (26) 0 23 5 2 

  Hemigaleidae (4) 1 3 1 1 

  Carcharhinidae (44) 21 30 6 3 

  Sphyrnidae (8) 3 5 0   

Squaliformes Dalatiidae (51) 2 41 37 5 

  Centrophoridae (11) 0 7 4 2 

  Squalidae (9) 0 5 4 2 

  Echinorhinidae (2) 2 0 0   

Pristiophoriformes Pristiophoridae (4) 0 4 1   
Squatiniformes Squatinidae (11) 0 8 1 2 

Total 294 45 228 141 22 

*Unclassified shark species (incl. Portuguese dogfish, Centroscymnus coelolepis) occurred due to 
their size (100 and 200 cm), and thus not classed as prey (> 100 cm), while their TP was too high or 
too low to be classed as pinniped-competitors (< 3.3 or > 4.3). 

Shark and pinniped latitudinal species diversity  Vol 7, No 1, 2014 
Printed in Canada 



 

 

JMATE 
29 

Figure 2: Latitudinal variation in species richness of sharks (gray bars, n = 294) and pinnipeds (black bars, n = 
34) (36 5o latitude bands). The y-axis shows the percentage of the total examined species (294 sharks, 34  
pinnipeds) in each group that occur in the 5o latitude band.  

5-95th percentile range 12-2, 458). This distribution    
dataset was pruned to include only species with length 
data and TP available on FishBase, resulting in a final 
shark data set of 294, or 60% of the total recognized  
species. Coverage per shark family ranged from 32% to 
100% and included 31 families (range 1-146 species per  
family) in eight orders (2-270 species per order). We 
measured total latitudinal extent (Figure 1c) using 
whichever data set included the largest number of      
locations (usually FishBase, 290 species; see             
Supplementary Material). There was still a significant            
relationship between total extent and the number of    
location points (linear regression on log10 data, n = 303, 
R2 = 0.19, F(1, 301) = 70.84, p < 0.0001). Species are 
included from all eight orders (ranging from  50% to 
94% of the species per order) (Appendix 3).  

Latitudinal variation in species richness of sharks 
and pinnipeds was largely reversed with pinnipeds  
dominating at high latitudes and sharks dominating at 

low latitudes (Figure 2). Pinniped species richness  
distribution was bimodal with peaks at temperate  
latitudes, whereas shark species richness was normally 
distributed with a peak within +40 and -40o latitude, the 
area with few pinniped species. 

 
Testing for competition: To explore spatial patterns and 
test whether they are consistent with a possible trophic 
explanation for the observed pattern, we investigated the 
relationship of richness per latitudinal band after  
dividing the sharks into pinniped-predator, pinniped-
competitor, and pinniped-prey groupings. We tested both 
methods of classifying sharks as predators but found no 
qualitative difference in results; therefore we report only 
on pinniped-predators defined as sharks greater than 200 
cm in length and having a TP > 4.16. Plots of shark   
species richness versus pinniped species richness were 
fit to all shark species and three shark groupings using a  
second-order polynomial relationship (Figure 3). A  

Shark and pinniped latitudinal species diversity  Vol 7, No 1, 2014 
Printed in Canada 



 

 

JMATE 
30 

Figure 3: Plots of shark species richness (n=294) versus pinniped species richness (n=34) per 5o latitude band    
(n = 36) (2-order polynomial lines of best fit) according to (a) all sharks, (b) sharks classified as pinniped-
predators (conservative classification), (c) as pinniped-competitors, and (d) pinniped-prey.  

significant serial auto correlation existed in the different 
classifications of shark and pinniped species richness per 
latitude band (smallest first-order correlation coefficient 
AR(1) = 0.960). Autoregressive first-order models  
indicated a positive autocorrelation among error terms 
using first order autocorrelation and Durbin-Watson  
statistics. Mixed effects models with an autoregressive 
first-order process to control for the non-independence 
indicated significant relationships for all sharks and the 
pinniped-predator classification, but not for pinniped-
competitors or pinniped-prey (Table 3). The relationship 
is nonlinear with: (1) some latitudinal bands having few 
shark and pinniped species, (2) as the number of shark 
species increases we initially see an increase in pinniped 
species until the species richness of sharks exceeds 20 
species, after which (3) a negative relationship occurs 

with fewer and fewer pinniped species occurring as 
shark diversity increases. 
 
Discussion 
 We have provided correlative evidence that the 
shark clade has competitively excluded the pinniped 
clade from much of the world’s marine waters. Shark 
species richness was opposite pinnipeds with pinnipeds 
dominating at high latitudes and sharks dominating at 
low latitudes. Of the various shark groups, sharks     
classified as predators of pinnipeds were the only group 
with a significant spatial relationship between shark and 
pinniped richness by latitude. Here, the pattern was    
curvilinear with fewer shark predators in areas with very 
few pinnipeds in equatorial regions. The distribution of 
pinnipeds is noticeably bimodal with few species  
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Table 3. Generalized least squares (GLS) regression fit by maximum likelihood models and with an  
autoregressive first-order process (AR(1)), comparing pinniped (n = 34) and shark (various  
classifications) diversity (log10 number of species per latitudinal band) across latitude (5-degree latitude 
bands, n = 36). Zero-values changed to 0.001 prior to log-10 transformation. For all models, df = 36 
total, 34 residual. Regression analysis indicates that predation model is the best fit compared to  
competitor and prey models. 

associated with diving birds and pinnipeds versus  
cetaceans suggests that it is the evolved morphological 
ability to escape sharks using their size/speed or defend 
using 'weaponry/armor' that is an important factor in  
determining the outcome of higher-level competition 
selection. 

Many pinnipeds are locked into land-use because 
of the evolutionary pre-condition that necessitates a need 
for land breeding, particularly among otariid seals (46). 
During their time on land, pinnipeds mate, give birth, 
and care for their dependent young while lactating (6). 
Land sites are chosen that have few terrestrial predators. 
However, during the period of learning to use water, seal 
pups are at a considerable disadvantage to marine  
predators, such as sharks and killer whales (8,43).  
Evidence of shark predation on seal pups is mostly  
reported in temperate waters in agreement with the shark
-pinniped species richness trend (57,58). Future research 
on the evolutionary origins of pinnipeds relative to  
geography such as ocean temperature and sea ice  
distribution  may assist in understanding the ghosts of 
competition past (14). 

The evolutionary time scale of sharks 
(neoselachians – sharks, skates and rays) of ~420 million 
years (55) considerably predates the first occurrence of 
pinnipeds at ~50 million years (17). This long  
evolutionary history likely enabled sharks to evolve  
superior predatory skills and to diversify to occupy a 
broad range of niches within the marine realm prior to 
the occurrence and diversification of pinnipeds. The  

Shark classification β SE t P RSE Correl AR(1) 

Predators* (n = 45) 2.341 0.635 3.688 < 0.001 1.787 -0.264 0.9396 
Competitors (n = 228) 0.977 0.831 1.176 0.248 2.315 -0.269 0.9382 

Prey (n = 141) 1.014 0.860 1.179 0.247 2.222 -0.309 0.9279 

All sharks (n = 294) 2.489 0.636 3.912 < 0.001 2.082 -0.199 0.9554 

Shark predators of pinnipeds defined as having body length > 200 cm and trophic  
position (TP) > 4.16 (n = 45). A second classification of predators as TP > 4.0 (n = 51) 
was also used but results are not shown. 

distributed in low-latitude warm waters, the areas where 
sharks thrive. Most pinnipeds occur in high-latitude  
regions with relatively few shark predators and most 
shark predators occur in temperate water areas. The  
divergence occurred in latitudinal regions with greater 
than 20 shark species. 

Our distributional results are descriptive.  
However, we consider the likely mechanism of the  
distribution pattern to be superior predatory adaptations 
of sharks and inferior pinniped adaptations to minimize 
this predation risk. Most sharks (62%) are smaller than 
pinnipeds and only 8% of sharks are longer than the 
largest pinnipeds. Marine trophic dynamics are  
gape-limited and sharks have a larger gape than  
pinnipeds relative to body size as an adaptation to  
engulfing or biting large prey such as pinnipeds,  
particularly small-bodied juveniles (36). 

The observed pattern found in pinnipeds is not 
evident for other endothermic animals such as cetaceans 
that have been shown to display greater biodiversity at 
warmer sea surface temperatures (71). Cetaceans are 
more evolved swimmers than pinnipeds with greater 
speed and include species such as Killer whales (Orcinus 
orca) that regularly eat large sharks (26). In contrast, 
seals are slower swimmers and generally smaller than 
cetaceans. Also, endothermic pursuit-diving sea birds 
that are smaller than pinnipeds and cetaceans also show 
a similar geographic distribution pattern as pinnipeds 
suggesting that their world distribution could also be 
limited by shark diversity (9, 10). The differences  
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microcephalus), Pacific sleeper shark (Somniosus  
pacificus) and Antarctic sleeper shark (Somniosus  
antarcticus) are all very large bodied species that do not 
possess heat exchange systems but have physiologically 
adapted to cold water environments through increased 
lipid levels, thick skin layer, high urea content and likely 
very low metabolic rates (54). Thus, sharks of the  
Lamnidae and Somniosidae have consequently evolved 
adaptations that support predation on seals through  
independent evolutionary trajectories. 

Considerable research has described sharks as 
predators of pinnipeds including a summary by Cortés of 
diet composition and TP for 149 species of shark within 
eight orders and 23 families (15). Marine mammal prey 
(0.1 to 35.5%) was included in the standard diet  
composition of 18 species in five families of four orders: 
a) Carcharhiniformes (11 species, 10 in family  
Carcharhinidae); b) Hexanchiformes (2); c)  
Lamniformes (2), and d) Squaliformes (3). Marine  
mammal prey was a minor component of the diet of 
most of the 18 sharks (< 1% for seven species, < 5% for 
12 species). TPs from Cortés are significantly (t-test: t = 
6.707, df = 37, P < 0.001) higher for mammal-eating 
sharks (n=18; mean 4.26, range 4.2-4.7) compared to 
those with no recorded mammal diet (n=131; mean 3.98, 
range 3.1-4.4) (15). 

However, we recognize the limitations of our  
assumptions. For example, the coarse metrics used to 
delineate shark species as possible pinniped predators 
overlooks the likelihood that most of the sharks with 
higher TP may not typically eat pinnipeds. The presence 
of remains of prey in the stomachs of a predator species 
does not provide information on the intensity of  
predation interactions, the dynamics of trophic energy 
flow or the population-dynamic effects (60). Although, 
we have considered the overlap in trophic position as 
evidence for potential interspecific competition, we  
encourage future research to more explicitly explore the 
nature of species interactions between sharks and  
pinnipeds and their differential use of the water column. 
Field data is limited but given that these sharks eat 
higher order and likely larger prey does at least provide 
clues into the possibility that they are capable of  
predation on pinnipeds and that there may be ghosts of 
past evolutionary processes at play in the background 
(14). Other trophic considerations that were not included 

radiation of modern day extant sharks occurred in the 
early Jurassic, with most species considered to be small 
bodied and oviparous in reproductive mode.  
Diversification increased rapidly through the early/
middle Jurassic, while extinction rate was low with peak 
diversification occurring in the Taorcian, coincidental 
with sea level rise (47,55,67). Sea level rise created  
extensive shallow marine and epicontinental  
environments and was the precursor event for selection 
over evolutionary time favoring larger body size, later 
age at maturity, and ability to colonize broader habitat 
types including the deep ocean (34). Much of the  
distribution patterns of modern day sharks reflect this 
geologic phase, with highest species diversity occurring 
at intermediate latitudes, on upper continental slopes, 
along coastlines and near submerged features (53).   
Predation on seals by sharks is postulated from the fossil 
record during the Eocene (17). Sharks consequently 
gained an evolutionary advantage over pinnipeds in 
terms of niche, predatory skill, adaptability and habitat 
occurrence; through ‘opportunistic’ radiation events and 
possible evolution of novel body plans (47). 

Heterothermic (endothermic and ectothermic) 
sharks include only a few species within the lamnids, the 
Great white (Carcharodon cacharias), Shortfin and 
Longfin mako (Isurus oxyrinchus and I. paucus) and the 
Salmon shark (Lamna ditropis). These represent large, 
fast swimming, agile species that occur in both sub-
tropical and temperate waters and are known to occa-
sionally predate on pinnipeds with the white shark con-
sidered to be a specialized seal hunter (57).  
Interestingly, the lamnids represent one of the more  
recent shark groups in evolutionary history, first  
occurring in the Miocene and thought to have evolved 
from Isurus sp. in the Eocene (21), coincidental with the 
occurrence of Pinnipedia. These heterothermic sharks 
may have specifically evolved heat exchange systems, 
the rete mirabile, to exploit latitudes where pinniped  
diversification occurred. Notably these species that  
overlap in latitudinal range are all large bodied animals 
with serrated teeth design and gape size capable of  
predating and handling seal prey. In polar waters, few 
shark species occur and are dominated by one family, 
Somniosidae, that is known to feed on seals although 
little is known about actual predator-prey interactions 
(25,72). The Greenland shark (Somniosus  
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oceans to continue to warm which would suggest high-
latitude areas would become better shark habitat and 
poorer environments for pinnipeds. With the accelerated 
climate change occurring at higher latitudes, research 
into global biogeographic patterns of ecosystem       
structure will assist in predicting latitudinal shifts in  
species distribution (70). Understanding climate-related 
changes in species distribution has conservation         
implications and can influence human activities,         
including commercial fisheries. Thus, there is a need to 
shift some of the current attention on climate-change  
impacts on marine predators that emphasizes changes at 
species-level ecological scales towards interspecific   
effects at global community scales since interspecific 
competition has the potential to alter populations,      
communities and the evolution of trophic interactions. 
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are sharks and pinnipeds that feed on lower trophic food 
sources such as krill (see above on planktonivores as 
pinniped-competitors) and potential interactions  
associated with common predators of both groups, such 
as Killer whales, humans and other sharks. Also, the  
current distributions provided by Fish Base are likely to 
be modified by human pressures (direct hunting and 
elimination of food resources) and may not reflect the 
ranges in which the sharks naturally occurred. 

Alternative explanations to the observed  
distributional pattern include the distribution of oceanic 
primary productivity and physiological differences  
between the two clades. Among marine environments, 
temperate latitudes, especially areas of upwelling,  
support the highest productivity (56) and therefore, tend 
to support higher abundance of large predators than 
tropical latitudes (69). Pinnipeds as endotherms are 
adapted to maintain high metabolism with a large caloric 
intake that is provided by temperate latitude marine  
environments. Thus, pinniped latitudinal distribution 
may be a direct result of adaptations to feed in areas with 
the greatest abundance of food resources that generally 
occurs in temperate areas. Ectothermic sharks are limited 
in their distribution due to thermal constraints associated 
with their physiology. The exceptions are heterothermic 
lamnids, well-known active predators of pinnipeds. 
Lamnids, because they can take advantage of temperate 
waters, also appear to have one of the greatest ranges in 
distribution (Appendix 2). As a result, temperate  
upwelling areas would be beneficial for both sharks and 
pinnipeds to occupy. Therefore, an alternative untested 
explanation for the observed distribution reflects thermal 
constraints rather than competitive exclusion or  
predation risk. Future research should investigate the 
lamnid, somniosid, and White shark distribution relative 
to seal abundance and primary productivity (68). 

There are conservation implications of our  
distribution results. An expanding range for the shark 
clade towards the poles with warming ocean temperature 
may prove problematic for pinnipeds. Many of the  
pinnipeds that inhabit temperate marine environments 
are at an evolutionary risk of extinction due to warming 
waters (22). Here, seals make their home around islands 
that are observing more shark predation. For example, 
Grey seals (Halichoerus grypus) on Sable Island, Nova 
Scotia, Canada (52). Predictions are for the world’s 
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Additional Supporting Information may be found in 
the online version of this article: 
 
Appendix 1 Distribution data 
The AquaMaps (see Methods) database included point 
data (at least two locations) for 232 shark species (range 
2-1,468 locations per species). There was a significant 
positive trend between total latitudinal extent (range 
size) and the number of locations (both log10-
transformed) (linear regression, n = 232, R2 = 0.250,      
F (1, 230) = 76.75, p < 0.0001). The FishBase (see  
Methods) database included 391 shark species with at 
least two locations (range 2-24,515). Of these, 13  
species (2-4 locations per species) had zero latitude 
range (all point locations at same latitude) and were  
excluded from further analyses, for a total of 378 species 
initially retained. There was again a significant  
relationship between the number of point locations and 
the total latitudinal extent (n = 378, R2 = 0.349,              
F (1, 376) = 201.23, p < 0.0001).  
 
Only two species with AquaMaps data have less than 10 
point locations, compared to 80 from the FishBase data 
set. When these species are removed, the relationship 
between the number of locations and overall extent was 
not as strong but was still significant (n = 298, R2 = 
0.192, F(1, 296) = 70.363, p < 0.0001). To reduce biases 
in shark distribution knowledge we excluded all these 
species with < 10 locations. FishBase generally had 
more points per species (more points for 219 species, 
versus 13 for AquaMaps, in addition to another 146  

species with location data in the FishBase set only).  
Latitudinal extents were also larger for the FishBase set. 
Both datasets provide locations from the same sources 
(GBIF, OBIS), and both latitudinal extent and the total 
number of location points (n = 230 species) were  
correlated in the two data sets (r = 0.85, p < 0.01 and      
r = 0.78, p < 0.01, respectively).  

 
Appendix 2 Comparison of subgroup distributions 
To compare subgroup patterns, we provide figures of the 
two major pinniped subgroups (phocids versus otariids 
together with walrus) (Top) and the distribution of    
lamnid sharks compared to other sharks (Bottom).  
Lamniformes is the order with the highest proportion of 
predators; 11 or 12 of 15 species, depending on  
classification; followed by Hexanchiformes, with 3 of 5 
species classed as predators (both classifications). Three 
orders have no species classed as predators:  
Heterodontidae, Pristiophoriformes and Squatiniformes, 
and the remaining three orders have few species classed 
as predators (< 20%). Using ANOVAs, shark families 
differed in maximum length (F(7, 286) = 11.527,           
P < 0.001), trophic position (F (7, 286) = 8.595, P < 
0.001) and global range (F(7, 286) = 8.177, P < 0.001). 
On average, Lamniformes (n = 15) are the largest 
(longest) of the eight shark families (mean length = 
482.7 cm, standard deviation (SD) = 223.3 cm), fol-
lowed by Hexanchiformes (n = 5, mean length = 260.4 
cm, SD = 137.2 cm). Lamnids had the second highest 
average trophic position (mean = 4.26, SD = 0.42), 
slightly lower than Hexanchiformes (mean = 4.30,       
SD = 0.17). Lamnids also had the second greatest global 
range (n = 15, mean = 17.9 5 - degree latitude bands,   
SD = 5.2), again with Hexanchiformes having the    
greatest range (n = 5, mean = 20.2, SD = 5.2). 
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Appendix 3. Shark summary data (see Methods) 

Order (n) Family No. with data 

  Length (cm)   Trophic position 

  Minimum Maximum   Minimum Maximum 

Hexanchiformes (6) Hexanchidae (4) 4   140 482   4.16 4.6 

  Chlamydoselachidae (2) 1   200     4.21   

Heterodontiformes (9) Heterodontidae (9) 7   70 165   3.2 4.15 

Orectolobiformes (41) Rhincodontidae (1) 1   2000     3.55   

  Parascylliidae (8) 3   80 91   3.76 3.79 

  Brachaeluridae (2) 2   76 122   3.5 3.85 

  Orectolobidae (11) 4   63 320   3.91 4.23 

  Hemiscylliidae (15) 8   46 121   3.36 4.06 

  Stegostomatidae (1) 1   235     3.1   

  Ginglymostomatidae (3) 2   320 430   3.83 4.1 

Lamniformes (16) Odontaspididae (4) 3   320 410   4.16 4.5 

  Mitsukurinidae (1) 1   617     4.14   

  Pseudocarchariidae (1) 1   110     4.21   

  Lamnidae (5) 5   305 792   4.5 4.53 

  Megachasmidae (1) 1   549     3.38   

  Cetorhinidae (1) 1   980     3.2   

  Alopiidae (3) 3   383 760   4.5   

Carcharhiniformes (270) Scyliorhinidae (146) 69   28 170   3.5 4.5 

  Proscylliidae (7) 4   24 200   3.83 4.2 

  Pseudotriakidae (2) 2   109 295   4.22 4.34 

  Leptochariidae (1) 1   82     3.79   

  Triakidae (45) 26   58 220   3.5 4.5 

  Hemigaleidae (8) 4   114 240   4.16 4.32 

  Carcharhinidae (52) 44   69 750   3.8 4.54 

  Sphyrnidae (9) 8   148 610   3.64 4.5 

Squaliformes (124) Dalatiidae (76) 51   20 730   3.06 4.5 

  Centrophoridae (18) 11   79 164   4.06 4.5 

  Squalidae (28) 9   71 160   3.97 4.5 

  Echinorhinidae (2) 2   310 400   4.38 4.39 

Pristiophoriformes (6) Pristiophoridae (6) 4   80 170   3.88 4.17 

Squatiniformes (22) Squatinidae (22) 11   108 244   3.97 4.49 

Total (494)   294             
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