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Abstract The consequences of human influence can

arise in vertebrates as primary, secondary, or even

tertiary stressors and may be especially detrimental for

slow growing species with long generation times (i.e.,

K-selected species). Here, we review the impacts of

both direct and indirect human interactions on the

reproductive biology of elasmobranchs. Within direct

human influence, capture-induced stress from fisheries

bycatch and poor coastal management practices lead-

ing to habitat destruction and pollution are among the

most impactful on elasmobranch reproduction. Cap-

ture-induced stress has been shown to negatively

influence offspring and reproductive capacity via

capture-induced parturition as well as by disrupting

the reproductive physiology of adults. Habitat degra-

dation impacts essential ecosystems that are necessary

for the development of young elasmobranchs. Pollu-

tants such as heavy metals, legacy pesticides, and

flame retardants have been traced through elasmo-

branch reproduction; however, the long-term effects

of these exogenous chemicals are yet to be deter-

mined. Furthermore, within indirect human impacts,

climate change-mediated influences (e.g., ocean

warming and acidification) can impact development,
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physiological processes, and behavioral patterns nec-

essary for essential tasks such as foraging, growth,

reproduction, and ultimately survival. Here, we also

present a case study, where data regarding temperature

and incubation time from 28 egg-laying elasmobranch

species were examined to show relevance of such data

in predicting how suitable (e.g., via maximum thresh-

old temperatures) habitats will be for skate and shark

development in the coming century. Concomitantly,

this information highlights areas for future research

that will help inform better management as well as

climate change forecasting for this threatened group of

aquatic vertebrates.

Keywords Chondrichthyes � Developmental

biology � Climate change � Reproductive biology

Introduction

Elasmobranchs (subclass elasmobranchii)—sharks,

rays, and skates (Compagno et al. 2005)—are crucial

to aquatic ecosystems, but are currently considered

one of the most vulnerable classes of vertebrates and in

a global state of decline (Ward-Paige et al. 2012), with

nearly a quarter of all species threatened by extinction

(Dulvy et al. 2014). Currently, the main threats to

elasmobranch populations include overfishing, inci-

dental fishing capture (i.e., bycatch) (Mandelman et al.

2013), and habitat destruction (Ellis et al. 2004), with

the latter being increasingly exacerbated by pollution

and climate change (Ward-Paige et al. 2012). Given

that most elasmobranchs are apex or meso predators,

many are critically important to the health of their

respective aquatic ecosystems (White et al. 2012;

Hammerschlag et al. 2019), but also provide signif-

icant ecosystem services to countries, in the form of

revenue and/or sustenance (e.g., eco-tourism and

fisheries) (Hammerschlag and Gallagher 2011;

Ward-Paige et al. 2012).

Elasmobranchs, from an ecological perspective, are

K-strategists, meaning that species are typically long-

lived, slow-growing, have a late age of sexual

maturity, long reproductive cycles, and produce a

low number of large, high-quality offspring (Conrath

and Musick 2012). Elasmobranchs display, perhaps,

one of the most diverse arrays of developmental

modes with at least 10 unique strategies identified; for

a full review of elasmobranch reproductive biology,

which is beyond the scope of this review, see Conrath

and Musick (2012). However, within the context of

this review, it is important to note that elasmobranchs

utilize internal fertilization followed by a range of

oviparous (egg-laying) and viviparous (live-bearing)

reproductive modes that vary in terms of maternal

nutritional input and developmental location (i.e.,

internal vs. external) (Clark and Von Schmidt 1965;

Dulvy and Reynolds 1997; Ebert et al. 2007). Each

mode is associated with different costs and benefits,

either to the developing embryo or to the mother,

which, in turn, influences the susceptibility of certain

life history stages to anthropogenic impacts.

The wide range of elasmobranch reproductive

modes likely contributes to species-specific differ-

ences in their vulnerability to anthropogenic stressors

during early life stages and reproduction in adults.

Generally, the K-selected nature of elasmobranchs

makes them extremely susceptible to population

declines, as many species take 1–2 decades to reach

sexual maturity (Compagno et al. 2005). Sexual

maturity requires up to 150 years in the case of the

Greenland shark (Somniosus microcephalus) (Nielsen

et al. 2016). Thus, elasmobranchs cannot reproduce

quickly enough to counteract fishing pressure or other

detrimental human impacts (Gallucci et al. 2006).

Indeed, understanding life history traits is vital for

evaluating and forecasting population changes and can

result in more effective management and conservation

strategies for imperiled species (Gallucci et al. 2006).

Specifically, understanding female fecundity and

reproduction rates as well as identifiying essential

habitats are all critical for estimating recovery rates

(White et al. 2012). This information allows manage-

ment authorities to account for differences between

species when conducting vulnerability assessments

and managing ecosystems to protect declining popu-

lations (Field et al. 2009; Hare et al. 2016). However,

there remains a paucity of research on general

reproductive biology and life history traits for many

vulnerable elasmobranch species, which makes fun-

damental management difficult (Awruch et al. 2009;

Simpfendorfer et al. 2011).

This review assesses the main direct (i.e., fisheries

interactions and habitat degradation) and indirect (i.e.,

climate change) anthropogenic stressors that elasmo-

branch populations face globally through the lens of

potential interactions with reproduction and early
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development while also highlighting areas for future

research. Additionally, this review utilizes a case

study to demonstrate the relationship between tem-

perature and development time in oviparous elasmo-

branchs, thus illustrating the potential to model future

impacts such as ocean warming on early development.

Influence of direct anthropogenic stressors

on reproduction and development

Fisheries interactions

Both direct and indirect catch of elasmobranchs

represent the largest cause for population declines

worldwide (Stevens et al. 2000, 2005; Dulvy et al.

2014). Although there are many fisheries targeting

specific species, bycatch is an enormous problem

contributing to approximately 50% of elasmobranch

global catch (Stevens et al. 2000). Fishing capture and

handling can inflict considerable physiological stress

and mechanical injury (Skomal and Mandelman

2012). However, such interactions affect not only

general survival (Knotek et al. 2018), but also

reproductive output, either directly (i.e., via increased

sensitivity to mortality and capture-induced parturi-

tion), or indirectly (i.e., via post-release stress), which

affects future reproduction (Guida et al. 2017; Adams

et al. 2018; Wosnick et al. 2018).

Depending on the reproductive status of an elas-

mobranch, capture can increase sensitivity to mortal-

ity. Wosnick et al. (2018) reported that, of female

shortnose guitarfish (Zapteryx brevirostris) caught in

an artisanal fishery and transported to the laboratory,

25% mortality occurred in gravid females, but non-

gravid females exhibited zero mortality. Over the

following 48 h, 93% of the remaining gravid females

aborted embryos within 10 h, and an additional 60%

mortality was documented (Wosnick et al. 2018).

Prado et al. (2018) also reported higher mortality rates

(89%) in male shortnose guitarfish that were captured

during the copulation phase of reproduction when

compared to males captured outside of the reproduc-

tive season, where zero mortality was observed. To

date, this is the first study to report vulnerability of the

male reproductive system to capture-induced stress in

an elasmobranch.

Capture-induced parturition is presumed in many

species of sharks and rays, where females abort

embryos during or soon after capture (Rolim et al.

2016; Adams et al. 2018). This phenomenon has only

been documented in viviparous species and most

commonly occurs in aplacental reproductive strategies

such as histotrophy (Adams et al. 2018). Loss of

embryos from fisheries interactions could have major

impacts on recruitment, as viviparous reproduction

occurs over long cycles (1–2 years for many species)

with specific timing of behaviors such as mating and

parturition (Adams et al. 2018). Furthermore, even if

capture-induced parturition does not occur, embryos

can still be affected. Guida et al. (2017) showed that

the body condition and total length of southern fiddler

ray (Trygonorrhina dumerilii) embryos were signifi-

cantly decreased after the mother was caught by a

trawl net, indicating a reduction in neonate fitness.

This finding could indicate long-term impacts on the

survival of the offspring beyond the capture event

(Guida et al. 2017). As evidenced by these findings for

adults and embryos, species-specific spatial (e.g.,

mating grounds/nursery areas) and temporal (e.g.,

reproductive seasonality) data should continue to be

investigated and applied toward bycatch reduction

programs and fisheries management (Gallucci et al.

2006).

Fishing practices can also impact elasmobranchs

indirectly by disturbing substrate and habitat. The

majority of oviparous elasmobranchs rely on the

benthic substratum to deposit their eggs, where

development then ensues (Conrath and Musick

2012). Many species have a preferred substrate that

reduces predation risk and offers ideal developmental

conditions (Pretorius and Griffiths 2013; Trujillo et al.

2019). For example, red-spotted catsharks (Schroed-

erichthys chilensis) select tall, thick, and stable kelp

for egg deposition sites, as this structure provides

temperature and salinity stability throughout the

7-month developmental periods as well as protection

from potential benthic predators (Trujillo et al. 2019).

Fisheries practices that interact directly with the

benthos (e.g., bottom trawling) can disturb biota

necessary for elasmobranch eggs (e.g., sponges,

gorgonians, kelp) (McConnaughey and Syrjala 2014)

and/or potentially disturb eggs that have already been

deposited. Indeed, studies have noted elasmobranch

egg capsules being incidentally caught by bottom

trawl fishing (Hoff 2010; McConnaughey and Syrjala

2014). The impact of these trawling gear interactions,

whether indirect or direct, has not yet been quantified
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for any oviparious species but could be substanital in

areas of localized, heavy fishing pressure.

Poor coastal management

Habitat degradation

Habitat degradation resulting from overuse and devel-

opment of coastal environments is a continuous threat

for many elasmobranch species, as coastal areas are

often used for feeding, mating, pupping, and protec-

tion from predators at early life stages (Speed et al.

2010). The anthropogenic interactions occurring in

coastal environments range from physical reduction of

needed biota and structure (e.g., mangrove reduction;

Jennings et al. 2008) to increased runoff and altered

water quality from onshore point sources (e.g.,

wastewater treatment and power plants; Curtis et al.

2013). Juveniles of oviparous and viviparous species

alike have been documented using the benthos of

specific coastal areas as nursery habitats (Ward-Paige

et al. 2012; Pretorius and Griffiths 2013). For example,

seagrass (Thalassia testudinum) habitat was found to

be vitally important for juvenile lemon sharks (Ne-

gaprion brevirostris), such that survival decreased by

23.1% after structural complexity was compromised

(Jennings et al. 2008). Contrastingly, human-altered

habitats (i.e., outfall from a power plant, a boat marina,

and a causeway/bridge area) appear to attract and

support juvenile bull shark populations, where sharks

could be opportunistically using non-natural sites that

have high prey abundance (Curtis et al. 2013). In

addition to nursery sites, many coastal species exhibit

high philopatry, routinely using specific sites for

reproduction and oviposition (e.g., Heupel 2007; Bass

et al. 2017), which necessitates the preservation of

intact benthos. Therefore, future research addressing

the effects of habitat degradation across coastal

environments should assess critical nursery areas on

a species-specific level (Kinney and Simpfendorfer

2009).

Coastal pollution and nutrient run-off

To date, several studies have addressed the effects of

coastal pollution and nutrient run-off from agricultural

development, finding high concentrations of released

pollutants in various tissues of multiple elasmobranch

species (i.e., Grosell et al. 2003; Gelsleichter et al.

2005; Nakata 2005; Núñez-Nogueira 2005; Mathews

and Fisher 2009; De Boeck et al. 2001, 2010; Lyons

et al. 2013; Mull et al. 2013; Olin et al. 2014; Lyons

and Adams 2014; Frı́as-Espericueta et al. 2014, 2015;

Weijs et al. 2015a, b; Marler et al. 2018). Not only

have contaminants been shown to accumulate in adult

tissues, but contaminants have also been found in

embryos and neonates, demonstrating maternal trans-

ference (Marler et al. 2018). The exact physiological

impact of these exogenous materials within elasmo-

branch reproductive pathways is not well understood

but remains a growing area of research (Lyons et al.

2013; Mull et al. 2013; Frı́as-Espericueta et al. 2014).

Maternal transference has been documented in

several viviparous elasmobranchs, including species

exhibiting placental and oophagy (where unfertilized

ova are ovulated and consumed by the embryo

throughout gestation) strategies (Lyons et al. 2013;

Frı́as-Espericueta et al. 2014; Marler et al. 2018).

Lyons et al. (2013) demonstrated that an adult thresher

shark (Alopias vulpinus) transferred accumulated

mercury and organic contaminants (PCBs, DDTs,

pesticides) to its near-term embryos. From the one

shark assessed in the study, Lyons et al. (2013)

estimated that 29–54% of the maternal load could be

transferred to embryos, likely through the initial yolk-

sac and/or via ova consumption thereafter for the

remainder of gestation. Similarly, modeled dietary

accumulations in young of the year (YOY) white

sharks (Carchardon carcharias) indicate that elevated

hepatic organochlorine levels likely come from ges-

tational maternal inputs rather than prey consumed

during the short period between parturition and

capture (Mull et al. 2013).

In a placental species, the Pacific sharpnose shark

(Rhizoprionodon longurio), Frı́as-Espericueta et al.

(2014) reported higher levels of copper and zinc in

embryonic tissues and high levels of lead and

cadmium in maternal muscle and liver tissue (Frı́as-

Espericueta et al. 2014). Interestingly, this study also

reported an inverse relationship between metal con-

centration of embryonic tissue and size, meaning that,

as gestation progressed, metal transference seemingly

decreased (Frı́as-Espericueta et al. 2014). Further-

more, Marler et al. (2018) determined maternal

transfer of 20 polybrominated diphenyl ethers

(PBDEs) and 35 non-PBDE type flame retardants in

five viviparous placental shark species. They hypoth-

esized that maternal transfer likely occurs through

123

376 Rev Fish Biol Fisheries (2020) 30:373–386



both the initial yolk-sac stage as well as from the

bloodstream once the placenta forms (Marler et al.

2018). An unintended outcome of this study was the

observed variations in maternal transfer between

species, which could indicate that transfer rates differ

by maternal factors such as body size, growth rates,

and diet (Marler et al. 2018); however, a more directed

study is needed to solidify these findings.

The majority of reproductive toxicity research in

elasmobranchs focuses on viviparous species, where

embryos have long periods of maternal contact. In

comparison, single oviparous elasmobranch species

only retain an egg capsule for a few days to a week;

however, the yolk-sac deposited within the egg

capsule could still contain transferred contaminants,

as yolk has been shown to contain high toxin loads in

viviparous species (Weijs et al. 2015a, b). Addition-

ally, water conditions external to the egg could serve

as a second pathway for exposure to pollutants. For

example, spotted dogfish (Scyliorhinus canicula)

embryos cutaneously absorbed a host of radio-isotopes

(241Am, 109Cd, 57Co, 134Cs, 54Mn, and 65Zn) through

the egg case and apertures after short-term exposure to

irradiated seawater (Jeffree et al. 2006).

As with metal contaminants, other toxins such as

those from algal blooms could pose similar threats to

elasmobranch reproduction. In 2000, for example, a

red algae (Karenia brevis) bloom caused massive die-

offs of blacktip (Carcharhinus limbatus) and Atlantic

sharpnose (Rhizoprionodon terraenovae) sharks in

northwest Florida (Flewelling et al. 2010). From

samples collected, it was demonstrated that these

species transferred brevotoxins from the algal bloom

to embryos via the placenta (Flewelling et al. 2010).

Although observations of these mass die-offs are

anomalous in sharks, these events demonstrate the

maternal transference of not only heavy metals, but

also other naturally occurring environmental toxins.

Although maternal transference is occurring for a

host of environmental contaminants, there is no

definitive understanding as to the effects on adults or

offspring. For example, Merly et al. (2019) docu-

mented extremely high levels of circulating mercury,

arsenic, and cadmium in adult white sharks, but no

impact on the body condition was observed. Further-

more, high circulating concentrations of copper were

positively associated with body condition, and the

authors referenced copper as a co-factor for enzymatic

activity with potential to protect against oxidative

stress, thereby increasing body condition (Merly et al.

2019). So, while there is evidence that metals and

other toxins are present in adults and transferred via

maternal inputs, the effects of such contaminants,

particularly on developing elasmobranch embryos, is

not yet understood. It is still unknown for example

how exposure may affect development, survivorship,

and fitness after birth or hatching; however, the

abundant presence of these contaminants in elasmo-

branch embryonic tissues illustrates the need to

continue research within this area.

Indirect anthropogenic reproductive stressors

Over the past century, climate change driven by

greenhouse gas emissions has begun to change the

marine environment by causing large-scale changes in

ocean temperatures and acidity (Pörtner et al. 2014).

Due to the inherent logistical issues around studying

most viviparous species in a laboratory setting (i.e.,

size and life history), studies assessing climate change

on reproduction and development are currently limited

to oviparous species (Rosa et al. 2014; Di Santo 2015;

Pistevos et al. 2015; Gervais et al. 2016, 2018; Johnson

et al. 2016; Pegado et al. 2019a, b). As most oviparous

species deposit their early stage embryos directly into

the environment, developing embryos must therefore

possess the necessary mechanisms to tolerate local

environmental conditions until they hatch, which

could be anywhere from a few months to years (Hoff

2008).

Climate change-mediated acidification

With atmospheric CO2 expected to rise to 900 ppm by

the end of the century, the ocean is an increasingly

large sink, absorbing up to 30% of the atmospheric

carbon (Bindoff et al. 2019). Changes of this magni-

tude represent a 0.30–0.32 unit change in pH, which,

in combination with changes in speciation of dissolved

inorganic carbon (DIC), is collectively termed ocean

acidification—OA (Bindoff et al. 2019). OA is an

unprecedented and unknown change for modern times

with large predicted consequences on marine ecosys-

tems (Gattuso et al. 2015).

With respect to elasmobranch development, OA is

an increasing area of interest; thus far, a handful of

laboratory studies have demonstrated varying effects
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of exposure to elevated pCO2 (Green and Jutfelt 2014;

Rosa et al. 2014; 2016a, b, 2017; Di Santo 2015;

Dixson et al. 2015; Pistevos et al. 2015; Johnson et al.

2016; Lopes et al. 2018; Pegado et al. 2019a, b).

During embryonic development, ocean acidification in

isolation does not pose measurable, negative effects on

development time, hatching success, or hatching

condition/size in any elasmobranch species studied

thus far (Rosa et al. 2014; Di Santo 2015; Pistevos

et al. 2015; Johnson et al. 2016). Studies have found

mixed impacts on neonate and juveniles, where both

DiSanto (2015) and Johnson et al. (2016) reported no

significant change in neonate survival after exposure

to simulated OA throughout embryonic development

for little skates (Leucoraja erinacea) and epaulette

sharks (Hemiscyllium ocellatum), respectively. How-

ever, Rosa et al. (2014) found OA conditions to

decrease survival, metabolic rates, ventilation rates,

and body condition of 30-day post-hatch bamboo

sharks (Chiloscyllium punctatum). Pegado et al.

(2019a) reported decreases in somatic growth for

juvenile whitespotted bamboo sharks (Chiloscyllium

plagiosum); although, body condition and specific

growth rates were not significantly impacted.

Other studies have explored the underlying phys-

iological effects of elevated pCO2 on neonate (i.e.,

B 45 days post hatch), juvenile, and adult elasmo-

branchs. OA conditions did not cause oxidative

damage in neonate whitespotted bamboo sharks

(Lopes et al. 2018); however, a study that exposed

this same species to higher levels of pCO2 in the

embryonic stages did observe neuro-oxidative damage

(Rosa et al. 2016a). Furthermore, Pegado et al. (2019a)

found that some juvenile whitespotted bamboo sharks

exposed to high pCO2 had a decrease of acetyl-

cholinesterase activity in their brains, an enzyme vital

to nervous system regulation. In the temperate spotted

catshark (Scyliorhinus canicula), hematological

parameters (e.g., blood cell counts) were not impacted

in juveniles reared under OA conditions during

embryogenesis (i.e., approximately 4 months) or for

an additional 5 months after hatching (Pegado et al.

2019b). In adults of the same species, individuals were

similarly unaffected for metrics such as growth rate,

resting metabolic rate, and aerobic scope; however,

plasma HCO3
- and Na? were elevated after a long

acclimation period, providing evidence of buffering in

response to internal acidosis (Green and Jutfelt 2014).

A similar buffering response was elicited in sub-adult

epaulette sharks exposed to simulated OA conditions

(Heinrich et al. 2014). Indeed, there is much room for

further investigation, as some physiological pathways

are altered under ocean acidification conditions, while

survival is, by and large, unaffected.

Changes in physiological processes associated with

simulated OA conditions may impact elasmobranch

reproduction via altered behaviors. Spotted catsharks

changed their nocturnal swimming patterns and

increased lateralization upon exposure to elevated

pCO2 conditions (Green and Jutfelt 2014). Similar

effects have been observed in juvenile whitespotted

bamboo sharks, where exposure to elevated pCO2

conditions related to less time spent swimming

(Pegado et al. 2019a). Additionally, increased acidity

has been found to profoundly affect some sensory

modalities. Both the Port Jackson shark (Heterodontus

portusjacksoni) (Pistevos et al. 2015) and smooth

dogfish (Mustelus canis) (Dixson et al. 2015) were

negatively affected by elevated pCO2 exposure at the

level of olfaction, which could impact hunting behav-

iors. For Port Jackson sharks, the inability to find food

under elevated pCO2 conditions may have contributed

to the 70% reduction in growth rates reported

(Pistevos et al. 2015).

Indeed, ocean acidification, in isolation, may have

some effects on elasmobranch reproduction indirectly,

where changes in blood chemistry and behavior

indicate that individuals are at least partially physio-

logically compromised and likely stressed from these

conditions. Surviving these conditions long-term

could be metabolically taxing to adults, where energy

required for reproductive processes (e.g., creating a

nutrient-rich yolk) could be greatly reduced. Addi-

tionally, changes in sensory modalities could affect

reproduction in terms of locating and selecting mates

(Tricas et al. 1995). To date, there are no studies

directly assessing OA on reproductive biology in an

adult elasmobranch, which provides an interesting

area of research for the future.

Climate change-mediated ocean warming

Increasing ocean temperatures from climate change

are already having massive impacts on marine

ecosystems worldwide (e.g., Hughes et al. 2018).

Temperature affects the rate of nearly all physiological

and biochemical reactions in ectothermic organisms

and as such, temperature will likely have some of the

123

378 Rev Fish Biol Fisheries (2020) 30:373–386



most profound effects on elasmobranchs as climate

change continues. In the context of reproduction and

development, the reproductive mode that may be most

susceptible to changes in environmental temperatures

is oviparity, as embryos are confined to one location

on the benthos throughout early development (Chen

and Liu 2006; Pretorius and Griffiths 2013). A clear

relationship (exponential decay) exists between water

temperature and incubation time in oviparous species,

as reported by Hoff (2008) (Fig. 1). After updating and

thereby doubling the sample size of Hoff’s 2008

analysis from 13 to 28 species (Table S1), the model

fits are remarkably similar (Fig. 1; Table S2). The

similarity in the exponential models and the strong

relationship between the log transformation of these

variables (Fig. 2; Table S3) indicates that a small

subsample of species could predict important biolog-

ical relationships applicable to the whole of oviparous

elasmobranchs (* 400 species; Ebert et al. 2013; Last

et al. 2016). Models such as those included here could

be extrapolated to predict effects of ocean warming

with species-specific maximum thermal limits for

development.

Given that temperature acts as a master factor for

oviparous development in ectotherms, ocean warming

stands to shift elasmobranch development drastically.

Both tropical and temperate species exhibit decreased

survival 4–5 �C above ambient (Rosa et al. 2014; Di

Santo 2015). On the contrary, in the temperate Port

Jackson shark, ? 3 �C above ambient conditions

increased embryonic development rates but did not

decrease survival (Pistevos et al. 2015). With only a

handful of studies, it is difficult to determine if there is

a difference in tolerance to ocean warming scenarios

between tropical and temperate embryonic elasmo-

branchs. Based on the climate variability hypothesis,

however, temperate species should tolerate a wider

range of temperature (Stevens 1989); yet, more

targeted studies that test wider thermal ranges are

needed to elucidate whether this hypothesis holds true

for embryonic elasmobranch development.

Beyond embryonic impacts, increased temperature

decreases survival (Rosa et al. 2014; Di Santo 2015)

and growth rates in neonate and juvenile lifestages

(Gervais et al. 2018). Of course, in juvenile life stages,

unlike embryonic stages, individuals can thermoreg-

ulate by moving to cooler areas, which may prove to

be physiologically advantageous (Gervais et al. 2018).

Futhermore, recent work has reported that, although

Port Jackson shark embryonic survival was reduced by

41.7% with a 3 �C increase in temperature above

ambient, hatchlings from elevated temperatures were

able to learn a task more quickly, which could aid in

survival under non-ideal thermal conditions (Vila

Pouca et al. 2019).

Finally, reproduction in adult elasmobranchs will

also be affected by warming ocean temperatures, but

the impacts may be hard to quantify. Elasmobranchs

are suspected to use temperature as a cue during the

reproductive season (e.g., Heupel et al. 1999; Elisio

et al. 2019). Some studies have suggested that adult

elasmobranchs may use behavioral thermoregulation

to reduce gestation times (Hight and Lowe 2007;

Speed et al. 2012; Sulikowski et al. 2016). For

example, in a laboratory experiment, gravid Atlantic

stingrays (Hypanus sabina) preferred temperatures

that were 1 �C higher than those of their non-gravid

conspecifics; this slight increase in temperature was

enough to reduce gestation times of gravid females by

approximately 2 weeks (Wallman and Bennett 2006).

Similarly, it has been hypothesized that the oviparous

Pacific white skate (Bathyraja spinosissima) deposits

their eggs in close proximity to black smoker

hydrothermal vents, presumably using the elevated

temperatures to reduce embryo development times

(Salinas-de-León et al. 2018). To date, no studies have

investigated the thermal limits of reproduction in

elasmobranchs, which could be particularly important

data for oviparous species that are not likely to

undertake range shifts due to ocean warming.

Climate change-mediated interacting effects

When OA has been studied in combination with ocean

warming scenarios in embryonic elasmobranchs,

mixed effects on growth and development have been

observed (e.g., Rosa et al. 2014, 2016a, b; Di Santo

2015; Pistevos et al. 2015). In the brownbanded

bamboo shark, elevated pCO2 and temperatures in

combination did not significantly change survival or

development time when compared to the effects of

elevated temperatures alone (Rosa et al. 2014).

However, the resting metabolic rate of embryos

throughout development and after hatching was

affected by elevated pCO2 under the increased tem-

perature treatment, illustrating that OA conditions

may negatively impact the energetic needs of the

embryos beyond the expected changes elicited by
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elevated temperatures alone (Rosa et al. 2014). At

hatching, neonates were heavily impacted by the

combination of elevated pCO2 and temperatures with

low survival and physiological fitness (Rosa et al.

2014). In a similar study with the temperate little

skate, results showed that two functionally separate

populations had varying developmental and energetic

responses to OA and warming scenarios, where OA

conditions exacerbated the effects of elevated tem-

peratures (Di Santo 2015). These findings provide

evidence that local adaptation may be occurring within

this species, with results indicating that the more

poleward population had an increased tolerance to OA

conditions, likely because it experiences more variable

conditions (Di Santo 2015).

Through a physiological lens, Rosa et al. (2016b)

assessed pancreatic trypsin and intestinal alkaline

phosphatase across simulated warming and OA con-

ditions in 30-days post-hatch brownbanded bamboo

sharks. These enzymes are common metrics used to

assess metabolic processes and the overall physiolog-

ical state of fish during development (Rosa et al.

2016b). Interestingly, under ocean warming scenarios,

these enzyme activity levels increased, and under

ocean acidification scenarios, these enzymes

decreased. However, in the concomitant treatment,

these enzymes did not differ from the control group,

suggesting antagonistic effects of elevated tempera-

ture and pCO2 levels on the physiological response

(Rosa et al. 2016b).

Overall, the effects of human-induced climate

change on elasmobranch reproduction and develop-

ment may be extensive and cause knock-down effects.

As temperature, in particular, regulates most bio-

chemical and physiological processes, including ges-

tation and development time, species may redistribute,

following conditions that are more preferred in

response to elevated temperatures. However, species

that display philopatry and/or those with limited

mobility, such as many neonates and/or species that

develop in external eggs for extended periods of time,

may be severely impacted. Ocean acidification has

been shown to exacerbate the effects of ocean

warming on growth and development of some

Fig. 1 The relationship between rearing temperature and

incubation time (in days) of 28 oviparous chondrichthyan

species. A nonlinear least squares (nls) regression was fit and

compared to the exponential relationship reported in Hoff

(2008) (see Table S2). See the Supplemental Material for the full

model fit and associated data
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oviparous embryos and post-hatch neonates studied in

captivity thus far (Rosa et al. 2014, 2016a, b; Di Santo

2015; Pistevos et al. 2015; Gervais et al. 2016, 2018).

More research is needed to elucidate whether these

trends also apply to viviparous species.

Synthesis and future research

Both indirect and direct anthropogenic stressors can

cause shifts in reproduction and development in

elasmobranchs; although this is an immensely under-

studied area. Targeted research outlined in this review

will give a better understanding as to the holistic

changes in reproductive output and consequent pop-

ulation shifts in elasmobranchs now and into the

future. However, many logistical issues complicate

this area of research (e.g., K-selected life history,

migratory behavior of some species, large size,

relative lack of basic biological information for many

species), which will ultimately require innovative

experimental design. In the case of direct anthro-

pogenic stressors (e.g., incidental fisheries interac-

tions, habitat degradation, algal blooms, and

pollution), quantitative research will greatly

strengthen management decisions. For example,

Adams et al. (2018) outlines the reproductive modes

that are most affected by incidental catch; however,

the exact long-term quantitative impacts of capture

stress on an individual’s reproductive output are

unknown. Laboratory studies assessing changes in

female egg production based on simulated catch as

well as climate change relevant stressors (e.g., ocean

warming and acidification) could be a good starting

point.

In the case of studies on indirect anthropogenic

stressors on growth and development of oviparous

elasmobranchs (Rosa et al. 2014, 2016a, b; Di Santo

2015; Pistevos et al. 2015, 2017; Gervais et al.

2016, 2018; Johnson et al. 2016), the results can only

forecast biological changes on a short time scale.

There is a growing body of literature discussing

Fig. 2 The best fit linear mixed-effects model of the relation-

ship between the log(rearing temperature) and log(incubation

days) for 28 oviparous chondrichthyan species (df = 21.44,

cAIC- 2.03; Table S3). The blue shaded area indicates the 95%

prediction interval of the fixed and random effects. The data and

full model fit can be found in the supplemental section
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transgenerational acclimation and phenotypic plastic-

ity with respect to century-long climate change for

many teleost fish species, which has been possible due

to their relatively fast generation times and growth

rates (e.g., Donelson et al. 2018); however, the slow

nature of the elasmobranch life history does not lend to

this type of research. Indeed, an innovative approach

would be needed to obtain these types of data without

relying on multi-decadal studies. Perhaps a more

thorough comprehension as to the interaction between

reproduction, stress physiology, and endocrinology in

elasmobranchs would allow predictions as to how

long-term stress affects reproductive output.

Beyond oviparity, most viviparous elasmobranchs

do not lend well to a laboratory setting and cannot

realistically be studied in a controlled environment.

There is no current methodology for studying changes

in reproductive output in mobile, wild elasmobranchs,

which represents a massive limitation moving forward

with research in this field. There is potential for a

scaling model from small to large elasmobranchs (i.e.,

oviparity to viviparity); however, it would need to

account for variables such as size, reproduction,

movement patterns, and metabolic differences

between species. Given that these types of life history

data are limited for a plethora of species (Dulvy et al.

2014), the likelihood of an accurate scaling model,

with our current understanding, is low.

Of all the stressors outlined, overfishing is undoubt-

edly the most imminent threat to elasmobranchs

globally, where, for example, many pelagic sharks

have extensive overlaps spatially and temporally with

industrial fisheries (Queiroz et al. 2019). As a case

study, Indonesia has the largest elasmobranch fishery

worldwide, with many shark and ray species consid-

ered overfished, mainly driven by shark fin exportation

(Blaber et al. 2009). In this case, assessing current

stocks and implementing informed management is a

top priority, as stocks could be decimated long before

climate change effects completely unfold. However,

these climate change effects many have a different

relative importance in well managed systems. As a

comparison, the United States shark fisheries are

considered some of the most sustainable globally

(Shiffman and Hueter 2017), and therefore other

anthropogenic stressors should now gain more scien-

tific attention. Moving forward, it is important in the

context of understudied areas like reproduction and

development that we prioritize research needs based

on the system.

It is clear that anthropogenic stressors not only

affect elasmobranchs directly, but also the broader

ecosystem. Short and long-term changes to habitat and

food web structure can critically affect apex and meso

predators like elasmobranchs (Hempson et al. 2017).

For example, trophic cascades could decrease prey

availability, thereby negatively impacting elasmo-

branch reproduction and development because meta-

bolic needs are not met (Field et al. 2009; Hempson

et al. 2017). The stressors discussed in this review will

not be experienced by elasmobranchs in isolation, thus

highlighting the importance of future study design that

includes synergistic effects of direct and indirect

human interactions with elasmobranchs. Species-

specific data, such as sensitivity to OA conditions

and elevated temperatures, as well as reproductive

complexity and early life history survival will be

instrumental moving forward, as these data inform

climate vulnerability assessments that are used as a

fisheries management tool (Hare et al. 2016). Overall,

environmental shifts from anthropogenic interactions

hold major implications for marine ecosystem health,

resilience, and global biodiversity. For maximum

effectiveness, policy and conservation measures must

account for shifting baselines that define marine

environments as well as the effects of acute and

chronic climate-related changes. Given that the slow

reproductive and growth rates of elasmobranchs

underpin the group’s ability to recover from overex-

ploitation, further research within the context of

anthropogenic stressors will be paramount to man-

agement and conservation both now and into the

future.
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Pörtner HO, Roberts DC, Masson-Delmotte V et al (eds)

IPCC Special Report on the ocean and cryosphere in a

changing climate. https://www.ipcc.ch/srocc/chapter/

chapter-5/. Accessed 30 Jan 2020

Blaber SJM, Dichmont CM,WhiteW, Buckworth R, Sadiyah L,

Iskandar B, Nurhakim S, Pillans R, Andamari R, Dharmadi

Fahmi (2009) Elasmobranchs in southern Indonesian

fisheries: the fisheries, the status of the stocks and man-

agement options. Rev Fish Biol Fisher 19:367–391. https://

doi.org/10.1007/s11160-009-9110-9

Chen WK, Liu KM (2006) Reproductive biology of

whitespotted bamboo shark Chiloscyllium plagiosum in

northern waters off Taiwan. Fish Sci 72:1215–1224.

https://doi.org/10.1111/j.1444-2906.2006.01279.x

Clark E, Von Schmidt K (1965) Sharks of the central gulf coast

of Florida. Bull Mar Sci 15:13–83

Compagno LJV, Dando M, Fowler S (2005) A field guide to the

sharks of the world. Harper Collins Publishers Ltd, London

Conrath CL, Musick JA (2012) Reproductive biology of elas-

mobranchs. In: Carrier JC, Musick JA, Heithaus MR (eds)

Biology of sharks and their relatives. CRC Press, Boca

Raton, pp 291–311

Curtis TH, Parkyn DC, Burgess GH (2013) Use of human-al-

tered habitats by bull sharks in a Florida nursery area. Mar

Coast Fish 5:28–38. https://doi.org/10.1080/19425120.

2012.756438

De Boeck G, Grosell M, Wood C (2001) Sensitivity of the spiny

dogfish (Squalus acanthias) to waterborne silver exposure.

Aquat Toxicol 54:261–275. https://doi.org/10.1016/

S0166-445X(00)00180-6

De Boeck G, Eyckmans M, Lardon I, Bobbaers R, Sinha AK,

Blust R (2010) Metal accumulation and metallothionein

induction in the spotted dogfish Scyliorhinus canicula.

Comp Biochem Physiol Part A Mol Integr Physiol

155:503–508. https://doi.org/10.1016/j.cbpa.2009.12.014

Di Santo V (2015) Ocean acidification exacerbates the impacts

of global warming on embryonic little skate, Leucoraja

erinacea (Mitchill). J Exp Mar Biol Ecol 463:72–78.

https://doi.org/10.1016/j.jembe.2014.11.006

Dixson DL, Jennings AR, Atema J, Munday PL (2015) Odor

tracking in sharks is reduced under future ocean acidifi-

cation conditions. Glob Change Biol 21:1454–1462.

https://doi.org/10.1111/gcb.12678

Donelson JM, Salinas S, Munday PL, Shama LNS (2018)

Transgenerational plasticity and climate change experi-

ments: where do we go from here? Glob Change Biol

24:13–34. https://doi.org/10.1111/gcb.13903

Dulvy NK, Reynolds JD (1997) Evolutionary transition among

egg-laying, live-bearing and maternal inputs in sharks and

rays. Proc R Soc B Biol Sci 264:1309–1315. https://doi.

org/10.1098/rspb.1997.0181

Dulvy NK, Fowler SL, Musick JA et al (2014) Extinction risk

and conservation of the world’s sharks and rays. Elife

3:1–35. https://doi.org/10.7554/eLife.00590

Ebert DA, Compagno LJV, Cowley PD (2007) Aspects of the

reproductive biology of skates (Chondrichthyes: Raji-

formes: Rajoidei) from southern Africa. ICES J Mar Sci

65:81–102. https://doi.org/10.1093/icesjms/fsm169

Ebert DA, Fowler S, Compagno L (2013) Sharks of the world.

Wild Nature Press, Plymouth

Elisio M, Awruch CA, Massa AM, Macchi GJ, Somoza GM

(2019) Effects of temperature on the reproductive physi-

ology of female elasmobranchs: the case of the narrownose

smooth-hound shark (Mustelus schmitti). Gen Comp

Endocr 284:113242. https://doi.org/10.1016/j.ygcen.2019.

113242

Ellis JR, Cruz-Martı́nez A, Rackham BD, Rogers SI (2004) The

distribution of chondrichthyan fishes around the British

Isles and implications for conservation. J Northw Atl Fish

Sci 35:195–213. https://doi.org/10.2960/J.v35.m485
Field IC, Meekan MG, Buckworth RC, Bradshaw CJ (2009)

Chapter 4. Susceptibility of sharks, rays and chimaeras to

global extinction. Adv Mar Biol 56:275–363. https://doi.

org/10.1016/S0065-2881(09)56004-X

Flewelling LJ, Adams DH, Naar JP, Atwood KE, GranholmAA,

O’Dea SN, Landsberg JH (2010) Brevetoxins in sharks and

rays (Chondrichthyes, Elasmobranchii) from Florida

coastal waters. Mar Biol 157:1937–1953. https://doi.org/

10.1007/s00227-010-1463-z

Frı́as-Espericueta MG, Cardenas-Nava NG, Márquez-Farı́as JF,
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