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Abstract.—The environmental transformations that occurred during the Neogene had profound effects
on spatiotemporal biodiversity patterns, yet the modulating role of traits (i.e., physiological, ecological,
and life-history traits) remains little understood. We tested this idea using the Neogene fossil record of
chondrichthyans along the temperate Pacific coast of South America (TPSA). Information for georefer-
enced occurrences and ecological and life-history information of 38 chondrichthyan fossil genera in
42 Neogene sites was collected. Global georeferenced records were used to estimate present-day bio-
geographic distributions of the genera and to characterize the range of oceanographic conditions in
which each genus lives as a proxy of their realized niche. Biogeographic range shifts (Neogene–present)
were evaluated at regional and local scales. The role of traits as drivers of different range dynamics was
evaluated using random forest models. The magnitude and direction of biogeographic range shifts were
different at both spatial scales. At a regional scale, 34% of genera contracted their ranges, disappearing
from the TPSA. At a local scale, a similar proportion of genera expanded and contracted their southern
endpoints of distribution. The models showed a high precision at both spatial scales of analyses, but the
relative importance of predictor variables differed. At a regional scale, disappearing genera tended to
have a higher tolerance to salinity, lower sea surface temperature (SST) range, and smaller body sizes. At
a local scale, genera contracting their ranges tended to live at greater depths, tolerate lower levels of
primary productivity, and show a reduced tolerance to higher and lower SST ranges. Themagnitude and
direction of the changes in the range distribution were scale dependent and variable across the genera.
Hence, multiple environmental exogenous factors interacted with taxon traits during the Neogene,
creating a mosaic of biogeographic dynamics.
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Introduction

TheNeogene is a geologic period characterized
by beingwarmer than the present, with a thermal
peak during the middle Miocene, though the
temperatures gradually decreased from the Plio-
cene onward (Zachos et al. 2001). During the
Neogene, the continents reached their present-
day spatial configuration (Hillis et al. 2008). The
formation of ice sheets in both hemispheres
caused a decrease in humidity and a decrease in
sea levels, accelerated by the late Pliocene glacia-
tion (Raymo et al. 2006; Miller et al. 2012). These
changes had a profound impact on the diversifi-
cation of marine biota, specifically in vertebrates
(Steeman et al. 2009; Marx and Uhen 2010;
Villafaña and Rivadeneira 2014).
The temperate Pacific coast of South America

(4°S to 42°S, TPSA hereafter), which represents a

major biogeographic unit (Camus 2001; Spalding
et al. 2007), experienced profound environmen-
tal transformations during the Neogene. These
changes include the uplift of the Andes Moun-
tains (Blisniuk et al. 2005), the final rise of the
Isthmus of Panama (Coates et al. 2004; Montes
et al. 2015), the beginning of hyperaridity in the
Atacama Desert (Hartley and Chong 2002), and
the onset of the modern conditions of the
Humboldt Current (Ibaraki 1997; Tsuchi 2002;
Dekens et al. 2007). The climatic and oceano-
graphic Neogene events modulated the diversi-
fication trends of marine taxa in the TPSA
(Valenzuela-Toro et al. 2013; Villafaña and
Rivadeneira 2014). In addition, profound
changes were observed in Neogene mollusk
faunas along the TPSA (Rivadeneira and
Marquet 2007; Kiel and Nielsen 2010). Recently,
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Villafaña and Rivadeneira (2014) evaluated the
diversification trends of marine vertebrates in
the TPSA and showed a hump-shaped diversi-
fication trend with a late Miocene maximum
followed by a drop in diversity toward the
Pliocene, whichwas caused by a large extinction.
These analyses focused mainly on the origin and
extinction of taxa, ignoring the impact of
environmental changes on biogeographic pat-
terns of taxa. For instance, Neogene mollusks
show drastic shifts in their distribution ranges
during the Neogene along the TPSA (Kiel and
Nielsen 2010).

The fossil record of marine vertebrates
during the Neogene in the TPSA has been
extensively studied (Walsh 2001; Chavez 2008;
Canto et al. 2010; Villafaña 2010; Carrillo-
Briceño et al. 2013). In particular, chondrichth-
yans (sharks, rays, and chimaeras) stand out as
one of the most studied groups among marine
vertebrates along the TPSA (Long 1993; De la
Cruz 2012; Carrillo-Briceño et al. 2013;
Villafaña and Rivadeneira 2014; Staig et al.
2015). In Chile, the largest number of Neogene
records are from the Bahia Inglesa Formation
(Walsh 2001; Suarez et al. 2004), the Coquimbo
Formation (Staig et al. 2015), the Navidad
Formation (Suarez et al. 2006; Nielsen and
Glodny 2009), and the Horcon Formation
(Carrillo-Briceño et al. 2013). These formations
are of early Miocene to late Pliocene age. Thus,
the rich fossil record of chondrichthyans lends
itself for use as a study model to understand
diversification patterns within the region dur-
ing the Neogene. Interestingly, Villafaña and
Rivadeneira (2014) showed that chondrichth-
yans suffered a comparatively low regional
extirpation of genera during the Neogene (i.e.,
up to 17% of genera went extinct) and that
ecological and life-history traits were impor-
tant for understanding extinction selectivity.
Despite the low regional extirpation, it is
possible that environmental transformation
had an important imprint on biogeographic
ranges of taxa.

Considering the warm conditions during the
Neogene in Chile and Peru (Dekens et al. 2007;
Nielsen and Glodny 2009; Dowsett et al. 2013),
a cooling of ocean temperature would have
produced a contraction in the poleward (i.e.,
southern) limit of distribution of marine taxa

along the TPSA due to ecophysiological con-
straints (i.e., thermal tolerance). Cione et al.
(2007a) attribute the local extinction of the sand
tiger shark Carcharias to an abrupt drop in
temperature during the Pliocene/Pleistocene
transition. Intense climatic, tectonic, and ocea-
nographic events during the Neogene were
hypothesized as possible causes of chon-
drichthyan distributional changes (Long 1993;
Carrillo-Briceño et al. 2013).

Ecological and life-history traits modulate
changes in the geographic ranges of species
(e.g., Roy et al. 2001; Sexton et al. 2009;
Davidson et al. 2012). Body size is the trait
most considered in studies of biogeographic
dynamics (Roy et al. 2001; Olabarria and
Thurston 2003; Linse et al. 2006). Other
ecological traits—such as the type of feeding,
breeding, and larval development—have been
considered in marine invertebrates (Gordillo
et al. 2008; Crampton et al. 2010). Yet biogeo-
graphic studies in marine vertebrates and their
relationship to ecological and life-history traits
are scarce (Cione et al. 2007b).

This study takes advantage of the rich fossil
record of chondrichthyans along the TPSA to
analyze their biogeographic dynamics on
geological timescales (i.e., from the Neogene
to the present). We aim at (1) describing the
magnitude and significance of shifts in the
southern limits of distributions and (2) evalu-
ating the modulatory role of ecological and
life-history traits in biogeographic dynamics.

Materials and Methods

Database.—We obtained information of
georeferenced occurrences of fossil sharks, rays,
and chimaeras at genus level from Neogene
outcrops along the TPSA from a compreh-
ensive literature review (including journal
articles, theses, and conference abstracts)
and complemented this with data from the
Paleobiology Database (PBDB; paleobiodb.org).
In addition, the following collections deposited
in museums of Chile were analyzed: Museo
Paleontológico de Caldera, Museo Arqueológico
de La Serena, and Museo de Historia Natural e
Histórico de San Antonio.

We analyzed 3375 fossil specimens, including
teeth, dental plates, and dorsal and caudal
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spines. We collected information for a total of
506 georeferenced occurrences of 38 genera (see
Supplementary Tables 1, 2) from 42 sites along
the TPSA (~4–42°S; Fig. 1), and we reviewed
fossil records from 7 geological formations cor-
responding to different Neogene ages along the
coasts of Peru and Chile. For the same genera
gathered in the fossil database (excluding glob-
ally extinct genera), we obtained information
about their current global distributions from the
Ocean Biogeographic Information System
(2015). This Recent data set contained 338,527
georeferenced occurrences of 256 species.
Analysis.—We evaluated range contractions/

expansions from the Neogene to the present. In
addition, analysis was also redone by dividing
theNeogene in two time intervals: earlyMiocene
and middle Miocene–Pliocene. We were unable
to assign our records to finer stratigraphic

intervals, because detailed biostratigraphic data
are scant or missing for many of the fossiliferous
outcrops along the TPSA. Analyses were carried
out at two spatial scales: regional and local. The
regional scale considers biogeographic changes
at the level of biogeographic provinces. For the
regional level, we identified those genera that
disappeared from the TPSA (i.e., regional
extirpation). In contrast, analyses on the local
scale focused on subtle changes in distribution
(i.e., within the TPSA). For the local level,
we quantified the number of genera that
contracted/expanded their southern range
from the Neogene to the present in the TPSA. A
range shift was concluded when the difference
between the southern endpoints of distribution
of the Neogene and the present distribution was
larger than 1° of latitude. We repeated the
analysis using different cutoffs to define a range
shift (5° and 10°), but results remained
consistent. Both scales are complementary and
represent a trade-off between precision and
resolution. The regional level offers less bias
in the estimates, but it offers lower resolution.
The local level is more precise, but it may
contain a greater bias (see below). Thus, their
combined use may help obtain more robust
interpretations.

Our approach to estimating range shifts
assumes no bias in the geographic information
(i.e., insufficient sampling). To evaluate this
assumption, we performed a simulation in
which we subsampled the original data set,
selecting five occurrences for four latitudinal
ranges (4– 12.9°S, 13–22.9°S, 23–32.9°S, and
33–42.9°S). For reach run, we estimated the
southern endpoint of distribution for each
genus and compared it with the limit obtained
from the original data set using Spearman rank
correlation, and this was repeated 10,000 times.
If spatial biases were severe, then the 95%
confidence interval (CI) of the frequency dis-
tribution of rho values should include both
negative and positive values. However, rho
values varied between 0.49 and 0.97 (95% CI),
strongly suggesting that a possible sampling
bias was not masking overall biogeographic
trends along the region. However, we
acknowledge that possible taphonomic effects
might be important, but such types of analyses
are largely missing.

FIGURE 1. Map of the study region along the temperate
Pacific coast of South America (TPSA), indicating the
fossiliferous Neogene locations analyzed.
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We compiled information for several traits
of genera, including ecological and life-history
traits and proxy variables of physiological tol-
erances/requirements obtained from extant
species (Table 1, Supplementary Table 2). Data
concerning weight, maximum bathymetric
depth, type of reproduction (ovoviviparous,
oviparous, and viviparous), and migration
type (amphidromous and oceanodromous)
were obtained from Fishbase (Froese and
Pauly 2017). Minimum and maximum strati-
graphic ranges were obtained directly for each
genus from the PBDB. In addition, we obtained
information about different proxies of realized
physiological tolerances/requirements to
oceanographic conditions for each genus (e.g.,
Stuart-Smith et al. 2017). We superimposed the
present-day georeferenced occurrences with
rasters of three oceanographic variables
(sea surface temperature [SST], salinity, and
primary productivity) obtained from the

Aquamaps database at 0.5° resolution
(Kaschner et al. 2016).We extracted SST, salinity,
and primary productivity for each geographic
point, and then we estimated the median,
5th, and 95th quantiles (referred to as minimum
and maximum hereafter), and range (the
difference between 95th and 5th quantiles, simply
referred to as “range” hereafter) across all
species belonging to the same genus. Extra-
polating traits information from present-day
forms to fossil forms assumes that these traits
are phylogenetically conservative (Jablonski
2005). We estimated the physiological toler-
ances/requirements of the fossil records using
information for modern species within each
genus, assuming that the oceanographic niche of
genera reflects their physiological require-
ments and that the niche was conserved
from the Neogene to the Recent (see below). To
test the validity of the assumption of niche
conservatism, we carried out a principal

TABLE 1. Intrinsic traits of genera used for the random forest analyses, including ecological and life-history traits
and tolerance to oceanographic variables. The type of variable, the prediction of biogeographic dynamics, and previous
studies are indicated.

Intrinsic trait Type of variable Prediction Examples

Body size Continuous (kg) Larger body sizes should have
higher chances of contracting
their ranges

McKinney 1997

Migration Binary
amphidromous: Can live in
oceanic/estuarine environments

Oceanodromous:
Can live only in oceanic environments

Oceanodromous forms should
have higher chances of con-
tracting their ranges

Hogan et al. 2014

Maximum bathymetric
depth

Continous (m) Genera that live at greater depth
should have higher chances of
contracting their ranges

Dulvy et al. 2014;
Priede et al. 2006;
Dulvy et al. 2014

Reproduction Categorical
Ovoviviparous:
Species that produce young by means
of eggs inside their body

Viviparous:
Species that gives birth to live
offspring

Oviparous: species that lay eggs

Viviparous should have higher
chances of contracting their
ranges

García et al. 2008

Sea surface tempera-
ture niche

Continuous (°C) Genera that live at warm tem-
peratures should have higher
chances of contracting their
ranges

Cione et al. 2007a

Salinity niche Continuous (practical salinity unit) Genera that live at higher salinity
levels should have higher chan-
ces of contracting their ranges

Sirot et al. 2015

Primary productivity
niche

Continuous (mg/m3) Genera that live at low primary
productivity levels should have
higher chances of contracting
their ranges

Dulvy et al. 2014;
García et al. 2008
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component analysis on the three oceano-
graphic variables over the entire data set of
occurrences. Then we ran a Moran’s auto-
correlation analysis on the median values of
the first two axes of the principal component
analysis (accounting for 59% and 22% of
variance, respectively) using species nested
within genera, whereMoran’s I can take ranges
from −1 (i.e., niche evolution) to 1 (i.e., niche
conservatism). Analyses were carried out
using the package ‘ape’ in R (Paradis et al.
2004). Moran’s I was significantly higher than
zero for both axes (PCA 1, I= 0.11, p= 0.001;
PCA 2, I= 0.10, p= 0.006), suggesting that
niches are conserved at the genus level, hence
validating our approach. We also tested the
existence of a taxonomic signal in the type
of range dynamics for regional (−1: extinct;
0: surviving) and local scales (−1: contraction;
0: stable; 1: expansion), using a Moran’s auto-
correlation analysis and genera nested within
families (Lockwood et al. 2002).

A random forest model was used to analyze
the role of ecological and life-history traits
on biogeographic dynamics (Breiman 2001;
Liaw and Wiener 2002). The random forest
approach is a powerful machine-learning
classification and regression method (Liaw
and Wiener 2002) that circumvents assump-
tions of traditional ordinary least squares and
general linear model regressions and is
increasingly being used in ecological and evo-
lutionary analyses (Cutler et al. 2007; Fenberg
et al. 2015). This analysis considers the change
in the distribution of taxa to be a binomial
variable (e.g., for the regional scale, 1=pre-
sently extinct from the TPSA, 0= still present at
the TPSA; for the local scale, 1= contraction of
the southern endpoint, 0= expansion of the
southern endpoint). We included only vari-
ables showing a variance inflation factor <2.5
in order to account for the possible effects of
variable multicollinearity, which could yield
spurious estimates regarding the variable
importance (Strobl et al. 2009). We selected the
optimal set of predictive variables based on the
criteria of the area under the receiver operating
characteristic curve, using “backward” elimina-
tion based on the initial ranking of variables
(Calle et al. 2011). This analysis was carried
out using the packages ‘Random Forest’ and

‘AUCRF’ (Calle et al. 2011) in R (R Core
Team 2015).

Results

We obtained information for a total of 38
Neogene chondrichthyan genera (31 sharks, 6
rays, and 1 chimaera; Supplementary Table 2).
In terms of regional dynamics, 34% of the
genera (13 out of 38) disappeared from the
TPSA during the Neogene (e.g., Carcharias)
and 66% (25 out of 38) remained in the region
(e.g., Carcharodon) (Supplementary Table 2).
The fraction of genera that disappeared from
the TPSA was lower than expected by chance
(chi-square test, χ2= 7.58, df= 1, p= 0.006).
Of those genera disappearing from the TPSA,
four went extinct on global scale (11%),
and nine (24%) went extinct from the eastern
Pacific (Supplementary Table 2). Exclusion
of globally extinct genera did not alter the
trends (26% went extinct from the TPSA,
χ2= 15.06, df= 1, p< 0.0001). We also excluded
the genus Ginglymostoma due its uncertain
distribution in Peru. At a local scale, for the 24
genera that remained in the TPSA, 13 (54%)
expanded their southern endpoint and 11
(46%) contracted it (Supplementary Table 2).
The percentage of genera increasing or
decreasing their southern latitudinal range
was not different than expected by chance
(χ2= 0.08, df= 1, p= 0.78). These trends were in
general not taxonomically selective, except on
local scale, where autocorrelation of orders
within superorders was positive and statisti-
cally significant (Table 2).

Considering the stratigraphic distribution,
17 genera were present in the early Miocene,
and 34 genera occurred from the middle

TABLE 2. Results of the Moran’s autocorrelation used to
evaluate the existence of taxonomic selectivity of range
dynamics at regional and local scale.

Variance source Moran’s I p value

Regional scale
Orders within suborders − 0.07 0.48
Families within orders −0.10 0.51
Genera within families 0.08 0.66

Local scale
Orders within suborders 0.26 <0.01
Families within orders 0.15 0.39
Genera within families 0.32 0.28
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Miocene–Pliocene on the Pacific coast of South
America (Table 3). On regional scale, 12% of
genera (2 out of 17) disappeared from the early
Miocene to middle Miocene–Pliocene and 88%
(15 out of 17) remained in the region (Table 3).
The fraction of genera that disappeared from
the TPSA was lower than expected by chance
(χ2= 9.94, df= 1, p= 0.002, after excluding
Lamna and Squalus). On local scale, for the
13 genera that remained in the TPSA during
the early Miocene to middleMiocene–Pliocene,
6 (46%) expanded their southern endpoint and
7 (54%) contracted it (Table 3). For the middle
Miocene–Pliocene to the Recent, 32% of genera
(11 out of 34) disappeared and 68% (23 out of 34)

remained in the eastern Pacific. For the genera
that disappeared from the TPSA, two went
globally extinct (6%) and nine (26%) went
extinct from the eastern Pacific (Table 3). On
local scale, for the 22 genera that remained in
the PTSA, 12 (55%) contracted their southern
endpoint and 10 (45%) expanded it (Table 3).

The random forest model showed high preci-
sion for analyses on regional (pseudo-r2=0.74)
and local scales (pseudo-r2=0.75) (Fig. 2). On a
regional scale, the only significant variables were
(sorted in descending order of importance):
minimum salinity, SST range, and body weight
(Fig. 2A). The disappearance of genera from the
TPSA was positively correlated with minimum

TABLE 3. Biogeographic dynamic of Neogene chondrichthyans from the PTSA at two stratigraphic intervals: early
Miocene to middle Miocene–Pliocene and middle Miocene–Pliocene to the present. A, record absent in the TPSA; E,
genus extinct; numbers, degree of latitude.

Early
Miocene

Middle Miocene–
Pliocene Present

Early Miocene–middle
Miocene–Pliocene dynamic

Pliocene–present
dynamic

Genera
Aetobatus — −30 −3 — Decreased
Aetomylaeus — −27 A — Regionally extinct
Brachaelurus — −27 A — Regionally extinct
Callorhinchus −33 −32 −55 Decreased Increased
Carcharhinus −27 −33 −27 Increased Decreased
Carcharias −34 −27 A Decreased Regionally extinct
Carcharocles — −34 E — Globally extinct
Carcharodon −34 −42 −36 Increased Decreased
Carcharoides −34 — E Regionally extinct —
Cetorhinus — −30 −55 — Increased
Dalatias — −27 A — Regionally extinct
Dasyatis — −27 −23 — Decreased
Echinorhinus — −27 −33 — Increased
Galeocerdo −15 −27 −2 Increased Decreased
Galeorhinus −33 −32 −39 Decreased Increased
Ginglymostoma — −4 −4 — Equal
Hemipristis −15 −33 A Increased Regionally extinct
Heterodontus −33 −32 −9 Decreased Decreased
Hexanchus — −33 −42 — Increased
Isogomphodon — −27 A — Regionally extinct
Isurus −33 −34 −39 Increased Increased
Lamna −33 — −53 — —
Megachasma — −27 18 — Decreased
Megascyliorhinus −33 — E Regionally extinct —
Myliobatis −33 −42 −39 Increased Decreased
Negaprion — −4 0 — Decreased
Notorynchus — −29 −39 — Increased
Odontaspis −33 −29 3 Decreased Decreased
Paragaleus — −27 A — Regionally extinct
Paratodus — −27 E — Globally extinct
Pliotrema — −27 A — Regionally extinct
Prionace — −27 −41 — Increased
Pristiophorus −33 −32 A Decreased Regionally extinct
Raja — −27 −5 — Decreased
Rhinoptera — −27 4 — Decreased
Sphyrna — −27 −33 — Increased
Squalus −33 — −53 — —
Squatina −33 −32 −41 Decreased Increased
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salinity and negatively correlated with SST range
and body weight (Fig. 3A). On a local scale,
the only significant variables in the model were
(in descending order of importance): maximum
depth, minimum primary productivity, maxi-
mum SST, and SST range (Fig. 2B). Relationships
between these variables and the chance of
contracting the southern endpoint of distribution
were negative in all cases (Fig. 3B).

Discussion

Our results show that despite the fact that
most of the chondrichthyans genera survived
the late Neogene extinction along the TPSA
(Villafaña and Rivadeneira 2014), the strong
environmental changes experienced along
the coast had a marked effect on their bio-
geographic distribution. Moreover, range
dynamics across evolutionary timescales were
scale dependent and quite variable among
genera (i.e., responses were not coordinated),
but such variability in generic responses could
be largely explained by taxon traits.
On a regional scale, 34% of genera went

extinct from the TPSA and from the entire

eastern Pacific. This strongly suggests that an
important fraction of genera was affected by
intense oceanographic, climatic, and biotic
changes that occurred during the Neogene–
Quaternary in this region (Ibaraki 1997; Tsuchi
2002; Dekens et al. 2007; Rivadeneira and
Marquet 2007; Garreaud et al. 2010; Villafaña
and Rivadeneira 2014). On a local scale, how-
ever, the biogeographic dynamic was character-
ized by the absence of a directional pattern
of change (i.e., contraction/expansion of south-
ern endpoints was equally likely among genera).
Thus, on a local scale, and unlike previous
paleobiogeographic studies showing highly
coordinated parallel biogeographic responses
among species (Kaplan et al. 2003; Koch and
Barnosky 2006), the biogeographic responses to
climatic changes were seemingly idiosyncratic
(but see below), as seen in Quaternarymammals
(Lyons 2003), which show a mosaic of trends.
Mismatched biogeographic responses were
reported for Quaternary mammals in North
America, where species show different biogeo-
graphic dynamics against the same type of
environmental forcing (Graham et al. 1996;
Barnosky et al. 2003).

FIGURE 2. Random forest analyses, showing the relative importance (mean decreased accuracy) of ecological and life-
history traits as predictors of biogeographic dynamics at (A) regional and (B) local scales. Significant variables (p< 0.05)
are indicated in bold. Max age, maximum age; Max depth, maximum depth; Max SST, maximum sea surface
temperature; Min age; minimum age; Min Pp, minimum primary productivity; Min salinity, minimum salinity;
Pp range, primary productivity range; SST range, sea surface temperature range.
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Our results point to a complementary role of
traits to explain the marked differences in
biogeographic responses among genera, as
seen in other taxa (Roy et al. 2001; Sexton et al.
2009). Interestingly, the relative importance of
predictors of biogeographic dynamics was
markedly variable on the two spatial scales
analyzed (regional dynamic vs. local dynamic,
Spearman’s rho= 0.12, p=0.73). This suggests a
shifting control of the traits governing biogeo-
graphic dynamics across spatial scales of analy-
sis. To the best of our knowledge, this aspect has
not been considered in previous studies, though
it could be relevant to understand the wide
variation of biogeographic dynamics observed
in different groups.

On a regional scale, the chances of extinction
in the TPSA were governed by a combination

of tolerance to oceanographic conditions (i.e.,
salinity and thermal range) and life-history
traits (i.e., body size). Extinction probability
was positively related tominimum salinity and
negatively related to SST range and body-size
weight. The role of salinity and SST in control-
ling the marine biogeographic structure at
large geographic scales has been well estab-
lished (Belanger et al. 2012; Fenberg et al. 2015).
Assuming that the oceanographic niche esti-
mated for each genus is directly driven by its
ecophysiological limits, our results suggest
that those genera with higher salinity tolerance
and lower thermal tolerance tended to show a
strong range contraction, ultimately disappear-
ing from the TPSA. For example, the genus
Brachaelerus inhabited the eastern Pacific dur-
ing the Neogene, but currently its distribution
is restricted to Australia (Compagno 2005). We
believe that the oceanographic conditions of
eastern Australia (higher salinity; >36 practical
salinity unit [PSU]) were more favorable for
this genus than those in the north of Chile
(lower salinity; ~ 34 PSU) (Reul et al. 2014).

Thermal stress is often hypothesized as the
primary cause of regional and global extinction
of chondrichthyans on geological timescales
(Cione et al. 2007a; Pimiento et al. 2016).
However, the tolerance to salinity and tem-
perature of chondrichthyans varies depending
on the study group (Goldman 1997). For
instance, Carcharodon carcharias, like other
species of Lamnidae (Isurus oxyrinchus and

FIGURE 3. Relative importance (indicated by the width of
arrows) of ecological and life-history traits in the
biogeographic dynamics of chondrichthyan genera at A)
regional (e.g., Carcharias taurus) and B) local scale
(e.g., Carcharodon carcharias). Only significant variables are
included. The numbers and signs correspond to the
log-odds of logistic regressions between binary responses
(regional scale: 1= extinct, 0= surviving; local scale:
1= contraction of the southern endpoint, 0= expansion of
the southern endpoint) in range shift and predictor
variables.

FIGURE 4. Frequency distribution of the body size of
chondrichthyan genera according to their range
dynamics.
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Lamna nasus), has the ability to thermoregulate
its body temperature through a countercurrent
system, the rete mirabile (Goldman 1997). This
idea is supported by the expansion of the
southern latitudinal range of these three genera
(Carcharodon, Isurus, and Lamna) during the
Neogene to the Recent. This trait distinguishes
Lamnidae from other chondrichthyan groups,
which fully depend on the temperature of the
environment (i.e., poikilotherms). Hence, chan-
ging the environmental conditions could
directly affect the range expansion. Therefore,
the same changes in SST and salinity likely had
different effects on the distribution of genera
across different families. On the other hand, the
range shifts at a regional scale were also related
to body size, as observed in marine inverte-
brates (Roy et al. 2001; Olabarria and Thurston
2003; Linse et al. 2006). However, the relation-
ship between regional extirpation and body
size was negative (i.e., the surviving genera
tended to be larger sized), implying that the
risk of extinction was more pronounced in
smaller-sized forms, contrary to the observa-
tions in rays (Dulvy and Reynolds 2002) and
sea mammals (Davidson et al. 2012). Interest-
ingly, when we included those genera that are
globally extinct, a different picture emerged
(Fig. 4). The regional extirpation of genera from
the TPSA selectively affected extreme body
sizes (i.e., both smaller- and larger-sized
forms). Globally extinct genera tended to be
the largest forms, whereas regionally extinct
genera (i.e., currently living outside the TPSA)
were the smallest forms. Along with these
results, ecological studies have stressed that
larger-sized rays and sharks are at a higher
risk of global extinction (Dulvy et al. 2014).
However, our results also highlight that
smaller taxa may be more prone to experience
strong range contractions related to environ-
mental changes.
At local scales, depth and primary produc-

tivity had a significant effect on range shifts.
The probability of contraction in southern
endpoints was negatively related to maximum
depth and primary productivity. Particularly,
contractions of the southern endpoints were
observed in genera tending to inhabit deeper
waters and tolerating lower levels of primary
productivity. This is consistent with the

development of a very shallow oxygen mini-
mum zone (OMZ) along the southern Pacific
margin during the late Neogene as a conse-
quence of the onset of modern upwelling
conditions (Martinez-Pardo 1990). The upper
boundary of the OMZ (<20 μmol O2 kg

−1) can
reach depths lower than 100 m (Fuenzalida
et al. 2009), restricting the distribution of
benthic and demersal species (Levin et al.
2002). For example, the Chilean and Peruvian
eagle rays (Myliobatis chilensis andM. peruvianus)
are benthopelagic species that are vertically
distributed between 1 and 100 m (Last et al.
2016). Therefore, the OMZ represents one of
the most important oceanographic boundaries
for micro- and macrofauna and could affect
chondrichthyans in the TPSA according to
their physiology (Levin 2003; Thiel et al.
2007). In addition, it is well established that
endemic species are more vulnerable to extinc-
tion due to habitat limitations (Dulvy et al.
2014). In our case, the genera that experienced
a contraction of the southern latitudinal range
had endemic representatives in the eastern
Pacific (e.g., Myliobatis chilensis and Aetobatus
laticeps). Clades inhabiting mesopelagic and
deep-water environments (of lower productiv-
ity than shallower habitats) (e.g., Etmopterti-
dae and Arhynchobatidae) are at lower risk of
extinction than clades inhabiting shallower
areas due to the lower accessibility of fisheries
to deep-water stocks (Dulvy et al. 2014). Hence,
these families, seemingly at lesser risk from
human activities, may still be facing higher
chances of range contraction due to the
projected intensification of the OMZ as a
consequence of global change (Gilly et al.
2013).

Our analysis did not show taxonomic selec-
tivity at regional scale, affirming the role of
intrinsic factors more than a simple taxonomic
signal. On the contrary, at the local scale we
found a correlation at the order level. This
could be explained by the observation that
most of the Myliobatiformes (4 out of 5 genera)
contracted their ranges. Dulvy et al. (2014),
using global chondrichthyan data, found that
five out of the seven most threatened families
are rays. Whether the extinction risk/range
contraction is higher in rays than in sharks has
yet to be studied in detail.
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Conclusions

Our study shows that a large fraction of
chondrichthyans experienced range contrac-
tions from the Neogene to the present, and this
dynamic was largely selective with respect to
ecological and life-history traits. Other ecolo-
gical traits such as habitat and feeding type
need to be considered by future studies.
Recently, Pimiento et al. (2017) found that the
loss of productive coastal habitats was a key
extinction driver of the Pliocene marine mega-
fauna (including sharks). This idea was pre-
viously discussed as one of the possible causes
of the local extinction of Carcharias taurus
during the Neogene in the eastern Pacific
(Cione et al. 2007a). Additionally, the global
extinction of Carcharocles megalodon could be
related to the low availability of filter-feeding
whales, its preferred prey (Pimiento et al. 2016).
Therefore, the loss of potential prey for sharks
and rays during the Neogene in the TPSA,
implied by the extinction of mollusks (Herm
1969: Rivadeneira and Marquet 2007; Kiel and
Nielsen 2010) and sea mammals (Valenzuela-
Toro et al. 2013; Villafaña and Rivadeneira 2014),
might also have triggered local and regional
extinctions of chondrichthyans.

Understanding the processes that control
range dynamics is fundamental to anticipating
the current global changes on the distribution
of global biota. Our results highlight the
importance of explicitly considering differ-
ences in traits across taxa to improve the
predictions of shifts in the biogeographic
distribution of biotas.
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