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Abstract: In recent years, much attention has been focused on the impact of climate change, particu-
larly via ocean acidification (OA), on marine organisms. Studying the impact of OA on long-living
organisms, such as sharks, is especially challenging. When the ocean waters absorb anthropogenic
carbon dioxide (CO2), slow-growing shark species with long generation times may be subjected to
stress, leading to a decrease in functionality. Our goal was to examine the behavioral and physiologi-
cal responses of sharks to OA and the possible impacts on their fitness and resilience. We conducted
a systematic review in line with PRISMA-Analyses, of previously reported scientific experiments. We
found that most studies used CO2 partial pressures (pCO2) that reflect representative concentration
pathways for the year 2100 (e.g., pH ~7.8, pCO2 ~1000 µatm). Since there is a considerable knowledge
gap on the effect of OA on sharks, we utilized existing data on bony fish to synthesize the available
knowledge. Given the similarities between the behaviors and physiology of these two superclasses’
to changes in CO2 and pH levels, there is merit in including the available information on bony fish
as well. Several studies indicated a decrease in shark fitness in relation to increased OA and CO2

levels. However, the decrease was species-specific and influenced by the intensity of the change in
atmospheric CO2 concentration and other anthropogenic and environmental factors (e.g., fishing,
temperature). Most studies involved only limited exposure to future environmental conditions and
were conducted on benthic shark species studied in the laboratory rather than on apex predator
species. While knowledge gaps exist, and more research is required, we conclude that anthropogenic
factors are likely contributing to shark species’ vulnerability worldwide. However, the impact of OA
on the long-term stability of shark populations is not unequivocal.

Keywords: shark; ocean acidification; shark behavior; shark physiology; future climate change;
shark fitness

1. Introduction

Despite the shark’s long evolutionary history and being cosmopolitan in nature [1,2],
they face substantial new threats, namely climate change and its resulting environmental
impacts [1]. For long-living animals that evolve very slowly over thousands of years, these
rapid global climate changes may be the cause of both acute and chronic stress. Changes in
water temperature and other abiotic factors may affect the rates of physiological processes
of these marine ectotherms [3] and their ability to adapt quickly to anthropogenic carbon
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dioxide (CO2) absorbed by the oceans to be limited [2] Sharks, like most elasmobranchs,
generally have a highly K-selected life-history strategy (slow growth rate, late maturity,
low fecundity, very few offspring, long gestation periods, and long to very long lifespans),
making them extremely susceptible to population decline [2,4], particularly during their
most vulnerable life stages [5].

Sharks belong to the class of elasmobranchs (subclass elasmobranchii) that are con-
sidered the most vulnerable class of marine vertebrates, second only to the amphibians
in the degree of threat of all vertebrate classes assessed to date [6]. Elasmobranchs are
in a state of decline globally, with more than one-third (37.5%) of all species threatened
by extinction [6,7]. New global reassessment reveals that 167 out of 536 (31.2%) sharks
are threatened by extinction, and up to 75.7% of the coastal sharks [6].Shark biodiversity,
abundance, and distribution have already been altered, with dramatic declines through
direct mortality (overexploitation and bycatch, habitat loss, and more), but also via the
sub-lethal effects of environmental stressors [2,4,8,9]. These not fully understood sub-lethal
stressors may have fitness consequences [10], leading to a continuing decline in vitality and
adaptability to the new environments. The recovery of shark populations from stress and
disturbances is generally slower than that of groups at lower trophic levels [11]. Possible
acclimation through phenotypic plasticity may allow marine organisms to persist in the
face of environmental change and provide time for populations to genetically adapt over
the longer term. With the rapid increase in the rate of global change, phenotypic plasticity
is likely to be especially important in responding to the climate changes as a result of sharks’
long-life span [12].

Atmospheric CO2 concentration has risen above 415 ppm for the first time in human
history [13] and is predicted to reach ~800 ppm [14] or even ~900 ppm by the end of the
21st century [9,14]. According to the business-as-usual emissions scenario, it could reach
1000 ppm [10,13,15] and even higher in some coastal areas [16]. Projections suggest that
by 2100, pH will fall by a further 0.3–0.4 units [2,17,18], with a continuous accumulation of
CO2. That accumulation will increase the concentration of hydrogen (H+) and bicarbonate
(HCO3

−) ions and decrease the concentration of carbonate ions (CO3
2−) [17], a process that

leads to the phenomenon called ocean acidification (OA). Approximately 30–34% [14,19,20]
of the CO2 is absorbed by the oceans, which has already led to a 0.1 unit drop in seawater
pH from the pre-industrial period to the present day [19] with a current acidification rate
of 0.0020 units per year [21]. Under the business-as-usual scenario, the drop will be even
greater (up to 0.5 units by 2100), which would be the fastest change in at least a million
years [22,23]. Carbon dioxide levels are projected to increase even above 2200 ppm (global
pH of about 7.3) by the year 2300 [24,25].

Until recently, OA was not considered a direct threat to sharks, but recent empirical
evidence is worrying [2]. Acute hypercapnia (excessive carbon dioxide levels in shark’s
bloodstream) already occurs with increasing frequency along the western and southern
South African coasts due to upwelling and low-oxygen events [25]. These changes in
seawater chemistry are underpinned by a clear increase in the concentrations of hydrogen
(H+) and bicarbonate (HCO3

−) ions and a decrease in the concentration of carbonate ions
(CO3

2−) [26]. From the CO2 perspective, there are two major impacts on marine creatures:
reduced calcium carbonate mineral saturation [17], which is what most research has focused
on (see [27]), and hypercapnia [25]. Numerous laboratory experiments suggest that CO2
enrichment, and the resultant changes in seawater chemistry, will directly harm some
marine species [20] including sharks [2]. How marine animals respond to CO2 enrichment
depends on how these changes directly and indirectly affect the particular species.

Higher ambient CO2 levels act to acidify the blood and tissues of water-breathing
marine organisms. In somewhat of a contrast to sharks, bony fishes (which are mostly
osmoregulators) are considered moderately resilient to elevated CO2 [2] because they can
regulate the pH balance through bicarbonate accumulation and ion exchange across their
gills. Sharks and batoids (which are osmoconformers) have blood salt concentrations
similar to those of the bony fishes, and well below the salt concentration of seawater. They
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use similar mechanisms [28],), but their osmotic pressure is slightly higher than that of
seawater (except a few hypoosmotic examples) due to high concentrations of urea and
trimethylamine N-oxide [2]. Green and Jutfelt [29] reported on bicarbonate accumulation in
response to buffered internal acidosis following a four-week experiment under conditions
of 990 µatm pCO2. Another limiting factor that is connected to the acid-base equilibrium is
the ventilation rate. Ventilation is mostly driven by water oxygenation and can be expected
to have a significantly lower rate when sharks are exposed to high CO2 levels. Disruption
of the acid–base equilibrium can influence the ventilation rate and attempts to compensate
can lead even to metabolic depression [30].

Stress is a vital factor in the study of how water chemistry affects fishes. Stress was
first defined by Hans Hugo Bruno Selye as the “perception of threat, with resulting anxiety
discomfort, emotional tension, and difficulty in adjustment” (quoted in [31]). In 1958, Brett
defined stress as “a physiological state produced by an environmental factor that extends
the normal adaptive responses of the animal or disturbs the normal functioning to such an
extent that the chances for survival are significantly reduced” (quoted in [1,32]. A stressor
may not only change the homeostatic equilibrium but also elicit a coordination response
(behaviors and movements that use coordination, such as left/right, swimming straight,
and more). Responses can be behavioral (e.g., fleeing from a predator), physiological (e.g.,
depressed metabolic rate), or both [1].

Studying the effects of the anticipated rise in CO2 on shark behavior and physiology
is important, given their impressive evolutionary load and conquest of virtually all aquatic
environments and the crucial roles they play in the aquatic environment. However, any
examination of sharks in the wild is difficult as sharks seldom swim near the surface, and
they migrate over long distances. Thus, significant knowledge gaps exist, and research
into their physiological responses has only begun in recent years, as described below. The
goal of this study was to offer a comprehensive and systematic review of the knowledge
gained to date on the likely impact of rising CO2 on sharks. Furthermore, we attempted
to highlight key knowledge gaps related to shark survival under the projected increase in
CO2. Underpinning this introduction is the question of whether sharks will be able to adapt
to rapid anthropogenic climate change, particularly under conditions of increasing OA.
Due to the lack of valid information on sharks and elasmobranchs, we also use teleost fish
studies. We, therefore, conducted a comparative analysis of the two groups as explained in
the next section.

2. Methods

We followed a scoping review approach in line with PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses) [33] (see Supplementary Materials File
for Preferred Reporting Items for Systematic reviews and Meta-Analyses extension for
Scoping Reviews (PRISMA-ScR) Checklist). The approach is comprised of three steps:
systematic article selection using a search engine, article screening, and review of relevant
articles and extraction of the information (Figure 1). We performed the bibliographic search
using Elsevier’s Scopus database (www.scopus.com). We sought any article, review, or
book chapter published between 1966 (as the first paper on this subject was published in
1966) and 27 March 2020, with the following search terms in the title, abstract, or keywords:

1. “CO2” OR “carbon” AND “dioxide” OR “ocean” AND “acidification”; and
2. “shark” OR “sharks” OR “elasmobranch” OR “elasmobranches” OR “cartilaginous”; and
3. “behaviour” OR “behavior” OR “physiology” OR “physiological” OR “metabolism”

OR “metabolic” OR “vitality” OR “vital” OR “survive” OR “survival”.

The search was limited to the relevant subject areas (agriculture and biology science,
environmental science, biochemistry, genetic and molecular biology, earth and planetary
sciences, multidisciplinary, immunology and microbiology, economics) and to English-
language publications; this search returned a total of 1001 publications. We then manually
added relevant papers from other sources that were not found in the main search, as has
been done in previous studies [34]. The added papers included bibliographic reviews on

www.scopus.com
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the behavior and physiology of elasmobranch and bony fishes [35,36], papers with more
information on other stress factors reflected in shark behavior [1], papers from the personal
files of the authors (e.g., [8]), relevant papers found in selected articles during the third step
of the systematic review (extraction of the information), and more recent papers published
after the search (e.g., [4]). This brought the total number of papers to 1027.

These 1027 articles were screened in two stages, first considering just the title and
abstract, and then considering the full article. In the first stage, articles were excluded if
they did not mention CO2 levels, and if they did not mention or quantify the behavior,
physiology, or survival of sharks or elasmobranchs (or contain the words cartilaginous or
metabolic). This left 197 articles (28.3% of the original papers). In the second stage, articles
were excluded if they did not include either (1) experiments or reviews on rising global CO2
levels, with a comparison to the current situation, or (2) behavioral or physiological changes
to elasmobranchs or even bony fishes, which, we used due to lack of information on sharks.
This left 93 articles for the analysis, representing 10% of the original collection. We further
excluded the secondary literature—dissertations that their results were published in other
papers (that were included) and all the review papers, leaving only 58 (5.65%) for the
analysis. One of the main challenges of this paper was to review and explore changes to
sharks’ behavior and physiology due to OA based on available scientific data, as there is
a lack of knowledge on sharks and OA, however, we examined possible effects on other
fishes as well. This comparison was justified via the statistical analysis provided below. All
articles are listed in Online Supplement A. In studies that have more than one species, we
separately incorporate the information for each species.

The following information was extracted from each selected article:

1. Digital object identifier (DOI).
2. Paper ID (surname and year) as given in the article itself (e.g., [13]).
3. Year of publication.
4. Type of study (e.g., an experiment, a review).
5. Number of individuals included in the study (if available).
6. Information on the species included in the papers: scientific and common names

(e.g., spiny chromis, Acanthochromis polyacanthus), type of species (based on taxonomic
details of the study and the ecology of the organism, e.g., bony fish, elasmobranch),
life stage (e.g., eggs, larvae, adults), life strategy (e.g., tropical, benthic, coastal), and
species total body length.

7. Geographical sources of the individuals (e.g., Lungsod ng Cebu, Philippines; Gullmar
Fjord, Sweden).

8. Climatic parameters (CO2, pH, temperature, salinity) for experiment and control.
9. Acclimation periods (in days), if available.
10. Parameters tested and the climatic effects on them, whether positive (e.g., greater

biomass in all food chain levels—[27]), negative (e.g., lower ability to hunt
effectively—[37]), or neutral (e.g., no change in predation avoidance—[38]).

Just over 50% (n = 93) of the articles were deemed eligible to be used for a qualitative
analysis and quantitative synthesis, after excluding reviews papers, 58 experimental papers
were used for the analysis. We used quantitative information in the papers to test whether
there is a significant effect of increased CO2 concentration on shark fitness, mortality and
behavior avoidance (see Supplementary Materials). To do so, we used logistic regression
(Logit Model’ R version 2.11.1) to model the probability of an impact. For a model with a
dichotomous outcome variable (Delta CO2), fitness = 0 for no impact and 1 for negative
impacts (behavior avoidance, mortality and more).
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Figure 1. The flowchart of stages we followed in the review, based on the PRISMA approach to a
systematic review [39].

Our review highlighted the limited available information on the impact of elevated
CO2 and OA on shark behavior and physiology and therefore utilized available information
on bony fish. In order to determine whether sufficient similarity exists between elasmo-
branch and bony fish, we examined their response to changes in CO2 and pH levels. We did
so by calculating the feature vector (set of properties = F) where F = {Elasmobranch/Bony
fish, pCO2 control, pCO2 treatment, pH control, pH treatment, physiology/behavior,
short/long term effects, Negative/positive impacts} which are the factors considered in
this study.

Afterward, we computed CO2-delta and pH-delta to be the difference between the con-
trol and treatment CO2 and pH values, respectively. Based on the obtained data, we com-
puted the mean and standard deviation of each target variable (e.g., physiology/behavior,
short/long term effects, Negative/positive impacts) as shown in Figure 2, where the x-axis
is the delta in CO2 levels between the control and treatment, the y-axis is the delta in pH
levels between the control and treatment, and the z-axis is each one of the target features.
The boxes indicate the area which is one standard deviation around the mean of each class.
Indeed, a two-tailed T-test shows that for \alpha = 0.05 confidence level, the value 0 is in
the confidence interval. Namely, the two classes are not significantly different.
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Figure 2. Equivalence between elasmobranch (red) and bony fish (blue) on the effect of expected
changes in CO2 and pH concentrations on behavior (short/long effect and negative/positive effect).
Points (blue and red) on the scatter plot are the values from the review summarized table. Specifically,
the CO2 delta and pH delta are the absolute value from the control and modified columns of each
type, respectively. The z-axis represents 0 for the short term, 1 for the long term, and 2 for the short +
long term. The boxes encompass the center around the mean of the data (on all three dimensions) and
the length of each side corresponding to 2 STD. As a result, the boxes represent the area of statistical
significance for alpha = 0.05.

To demonstrate the similarity between bony fish and elasmobranch fish, we used a
pair-plot graph that represents data distribution between any two testing features at a time.
The distributions of the bony fish and elasmobranch fish across all five evaluated features
(short/long effect, short+long effect, and negative/positive effect) are similar (Figure 3).
From the two first plots on the diagonal, it is incontrovertibly that the distribution of the
interventions between these two super classes is similar (p < 0.05 for a two-tailed T-test)
computed using the MATLAB 2017b software) [40]. Therefore, it is possible to examine
the distribution of the target features. In addition to the significant difference of each
target feature by itself, the combined three-dimensional feature vector was not significantly
different between these two super classes fish (p < 0.05).
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3. Results

Since 2001, there has been rapid growth in the number of publications on the impact
of the expected increase in CO2 emissions on cartilaginous fish (Figure 4) and on the direct
impacts of OA on sharks. The number of publications increased from two publications per
year over a period of 30 years up to 2001, to more than 20 per year from 2014 to the present
(n.b., 2020 covers up until 27 March).

Of the included publications, approximately two-thirds described experiments. Most
of the studies were on either juveniles or adults, and only a few papers fall under the
“multi-life-stage” category (Figure 5). Almost 40% of the studies did not identify specific
life stages but considered the animal in general. In recent years, there has been an increasing
trend of examining both short-term (one life span of an individual) and long-term (multi-
generation) effects in the published studies (Figure 6). Almost an equal number of studies
considered behavior (30%), physiology (33%), or both (35%). Almost half of the studies
dealt with changes in temperature and the life strategy of the fish, and 25% of the studies
examined the habitat and climatic region in tropical areas and habitats (Figure 7).
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Figure 4. The cumulative number of scientific publications covered in the review (from 1966 to
27 March 2020). (a) all records identified in the search (n = 1001), and (b) only those used for analysis
(experimental research only, n = 58). Note that the number of papers in 2020 is relatively low due to
the review coverage date (through to 27 March 2020).



Fishes 2022, 7, 56 9 of 22

Figure 5. Publications classified by (a) life stage of the fishes being studied and (b) parameters tested.
NA represents papers in which the information was not provided.

Figure 6. Papers considering short- and long-term effects of ocean acidification on fishes. NA
indicates that the timescale of the effect was not provided.
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Figure 7. Experimental papers describing negative (79%), positive (2%) or no-change (19%) effects in
response to elevated CO2 concentration on fishes.

Ocean acidification is believed to affect marine ecosystems in multiple ways and
at a range of levels. It is likely to affect and modify the behavior of sharks and other
fishes [41–43]. And indeed, modifications to predator−prey interactions, homing ability,
choice and discriminatory behavior, auditory response, learning, foraging, exploratory
behavior, swimming behavior, and lateralization have all been reported (see the review by
Clements and Hunt [42]).

More recently, studies have reported that exposure to elevated CO2 caused significant
negative effects to sharks’ senses, thereby impacting on odor tracking, hunting behavior,
swimming ability, and more [2,5,29]. The reduction in asymmetric behavior, the innate
preference for turning either left or right, has been tested in both bony and cartilage fish.
Sharks exposed to elevated CO2 typically show less lateralization [29] or even complete loss
of lateralization [29,44]. In particular, according to Pinto [30], sharks exposed to high-CO2
conditions spend a smaller percentage of their time swimming. Changes in swimming
behavior have been reported in both adults and juveniles [2,9,29,30,45].

The effectiveness of a shark’s senses is a crucial factor in determining its ability to
survive. A number of senses have been the focus of research. Chemical cues—olfaction—are
essential for shark ecology and survival and are perhaps the sense most identified with
them. Most fish use olfaction to obtain crucial information over long distances, even in
environmental conditions that render other sensory modalities unavailable [46]. In reef
fishes, elevated CO2 reduces the homing ability and habitat selection and increases the risk
of predation by reducing olfactory ability [21], especially in larvae and juveniles [47] and
may interfere with critical migratory behaviors [48]. One example is a preference for the
smell of the predator rather than avoidance, i.e., a prey is expected to flee from the predator
and not be attracted to it. Maybe the most extreme example was seen by Nilsson and
Lefevre [44], who observed that clownfish larvae that had been reared at 1000 atm pCO2
showed an almost 100% preference for the smell of the predator, a behavior that would
obviously reduce their survival in nature. Other olfactory behavioral effects of elevated
CO2 include avoiding food chemical cues [21] and reduced foraging success [45].

The impact of OA on acoustic cue (sound) has been studied only in recent years. The
first evidence that OA affects the hearing of fishes, with potentially detrimental impacts on
early survival, was reported by Simpson et al. [41]. Juveniles from ambient CO2 conditions
significantly avoided reef noise, as expected, but juveniles from CO2-enriched conditions
did not. Recent research by Chapuis et al. [49] suggests that the physiology and behavior
of sharks are sensitive to both elevated CO2 and anthropogenic noise. It even mentioned
that the behavioral response of reef sharks to acoustic cues raises concerns about the
effects of anthropogenic noise on sharks. Elevated CO2 and anthropogenic noise can
affect foraging behavior, space use, activity level, mating success, metabolism, and even
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offspring survival [34]. Sharks have also been shown to exhibit changes in movement
patterns, feeding behavior, social interactions, and antipredator behavior in response to
anthropogenic noise [49].

Several studies, mostly conducted on bony fishes, have indicated a deficient response
to visual cues and altered retinal functioning under OA conditions [50]. In damselfish
(Acanthochromis polyacanthus), critical clicker fusion (the threshold frequency at which an
animal perceives a flickering light as continuous) was significantly reduced after exposure
to OA conditions, as compared to controls. The only study that mentioned testing of
a shark’s visual food cue as a behavioral response under elevated CO2 was conducted
by Pistevos et al. [51]. This study had inconclusive results; moreover, the food cue was
combined with chemical cues, rendering the results inseparable. Impacts on senses such
as magnetic sense and lateral line sense have not been reported to date. It is apparent that
knowledge gaps still remain.

To date, limited work has been conducted on the impact of combined stressors and
major gaps still exist. Results from a number of areas affected by the accumulation of
anthropogenic disturbances have been noted, even including increased anthropogenic
noise that similarly affected the kinetics of the prey response [34]. Schwieterman et al. [43]
examined the multi-stressor responses of two skate species: the clearnose skate (Rostroraja
eglanteria), the thorny skate (Amblyraja radiata), and on the estuarine bony fish, summer
flounder (Paralichthys dentatus). They noted that in experiments at the lowest test tempera-
ture (~5 ◦C) and under low pH levels (~7.4), all three species exhibited significant increases
(44–105%) in standard metabolic rates and decreases (60–84%) in hypoxia tolerance. In
the low-oxygen field, only limited work has been done on elasmobranchs. Gobler and
Baumann [52] noted synergistically negative effects of OA and low-oxygen conditions in
the bony Atlantic silverside (Menidia menidia) when they tested fluctuating pH and low
dissolved oxygen levels on different traits (e.g., survival, growth, metabolism), but in the
same study, the sheepshead minnow (Cyprinodon variegatus) was not affected. Therefore,
they concluded that the true threat of concurrent acidification and hypoxia is still not
fully understood.

Behavior may act as the first indicator for changing environmental conditions [53]
and can influence physiology and even on survival of the individual. Loss or reduction of
learning abilities is among the topics investigated in animal behaviors under laboratory
conditions. Learning ability is crucial to the long-term survival ability of animals with a
long lifespan. Decreased learning-related skills may indicate widespread disruption of the
central nervous system [44] and may, therefore, impair animal competence and fitness in
both the short and long term. One example of a cognitive decline demonstrating a reduction
in learning ability was given by Munday et al. [47], but only for bony fishes. They exposed
young fishes to high CO2, resulting in a loss of their capability for associative learning. As
a consequence, they avoided risk assessment processing and the use of chemical cues to
identify specific predators.

From the physiological perspective, CO2 affects a shark’s physiology dramatically
on a regular basis through osmoregulation and respiration. Negative consequences are
predicted for oxygen uptake rates in embryonic, juvenile, and adult sharks and their
relatives [10]. Sharks exhibit primary and secondary responses to stress that manifest in
their blood biochemistry. The primary response is an increase in circulating catecholamines
and corticosteroids, which are important for energy reserves, oxygen supply, and osmotic
balance. Secondary responses include hyperglycemia, in particular acidemia resulting
from metabolic and respiratory acidosis, and disturbances in ionic, osmotic, and fluid
volume homeostasis [4,32]. These secondary effects are species-specific and may be linked
to metabolic and physiological conditions as well as to the type and duration of the
stressor [32]. Green and Jutfelt [29] showed significant increases in plasma ions in the
small-spotted catshark (Scyliorhinus canicula) as a result of elevated CO2 concentration.
Furthermore, Rosa et al. [54] reported reduced survival and development of the embryonic
stage of the bamboo shark (Chiloscyllium punctatum).
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Metabolic performance and the antioxidant defense system are also disturbed by OA.
Ocean acidification interferes with the acid–base balance of sharks and other marine fishes,
and though marine fishes are known to compensate for internal pH disturbances, this
reduces metabolic performance and alters protein activities and functions [25]. Under OA
conditions, the antioxidant defense system of bony fish, as opposed to sharks, sometimes
may fail, increasing skeletal and tissue deformities (damage to lipids in tissues) and re-
ducing metabolism, growth, and survival rates [25,55]. One example of the physiological
tolerance of fishes is the consistent finding in bony fishes that plasma Cl− concentration
decreases at a nearly 1:1 ratio with increasing plasma bicarbonate in both freshwater and
seawater species [56]. Elasmobranch responses of plasma sodium and chloride ion concen-
trations to different levels of hypercapnia differ from those in teleosts. Hayashi et al. [57]
reported in their review either no change in Cl− or a small but significant decrease (see
Figure 5 in [28]).

This provides bony fishes with the ability to tolerate lower Hb–O2 affinity (Bohr
effect) and Hb–O2 carrying capacity (Root effect), but sharks are not known to possess this
mechanism. Sharks, similarly, to other elasmobranch species, are unaffected by high pCO2
levels in terms of aerobic scope (the total aerobic energy, above basic maintenance costs,
available to an organism for life-history processes, such as growth and reproduction) and
metabolic performance, as evidenced by a less than 10% reduction in Hb–O2 saturation
under acidosis, compared with over 40% reduction in bony fishes [58].

Sharks physiologically compensate for acid–base disturbances in similar ways to bony
fishes, but their use of non-enzymatic antioxidants (urea) may give them greater resilience,
i.e., stronger buffering capacity to OA [25,51]. Hayashi et al. [57] found that of three
marine fishes—Japanese flounder, Paralichthys olivaceus, yellowtail, Seriola quinqueradiata;
and starspotted dogfish, Mustelus manazo—the dogfish was the most resilient to lethal
levels of CO2. Their results suggested that these species may be exposed to an acid
environment during embryonic development as a way to reduce the deleterious effects of
acid toxicity [59] and may imply an existing mechanism to cope with OA.

Munday [60] examined the longer-term responses of bony fish to OA and found that
transgenerational and evolutionary responses can partly mitigate the adverse effects of
OA. Similarly, some shark species may have the capacity to acclimate to warmer and more
acidic future environments [61]. Nonetheless, Gattuso et al. [62] showed that most stud-
ies of animal responses to OA were relatively short-term (single-generation experiments,
for animals like sharks) and, therefore, did not consider the potential multi-generational
response and genetic adaptation. Indeed, investigating the impact of OA on shark repro-
duction and life cycles has been carried out mostly in the laboratory due to logistic issues.
Embryonic duration appears to be unaffected by elevated CO2 in all shark species tested to
date, such as the tropical benthic shark and the whitespotted bamboo shark (Chiloscyllium
plagiosum) [9,36]. Results from the articles covered in this review indicate that larvae (a
developmental stage of bony fish) are generally more sensitive than embryos, juveniles,
and adults [36]. Furthermore, they are, in fact, the weak link or critical stage in the de-
velopment of these fish under OA conditions. To date, no study has assessed the effect
of OA on reproductive biology in adult elasmobranchs. There are, however, claims that
elasmobranchs cannot reproduce rapidly enough to compensate for fishing pressure and
other anthropogenic impacts and stressors [4]. Furthermore, sharks have a K-selection life
strategy, and though climate changes are gradual, they may nevertheless be too fast for
these ancient animals to keep up.

The papers reviewed in this study highlight a bias in terms of the general habitat the
studied sharks occupy. All past studies (100%) covered in the review focused on relatively
sedentary benthic sharks, which are capable of buccal ventilation. However, none of them
focused on pelagic sharks, which depend on ram ventilation and therefore must swim
ceaselessly [2].

Based on the papers we reviewed, we compiled the information referring to the effect
of changes in CO2 concentration (Delta CO2 µatm) on fitness, behavior avoidance, and
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mortality (see Tables S1–S3). The results suggested a significant effect of changes in CO2
concentration on fitness indicating a 1% decrease in “Fitness” for every one-unit increase in
delta pCO2 (Table 1). This implies that CO2 does influence shark fitness, at least statistically.
Shark behavior avoidance and shark mortality were, however, not statistically significant.

Table 1. Logistic regression of fitness, behavior avoidance, and mortality in relation to changes in
pCO2 (delta CO2, i.e., the difference between the upper and lower bounds of the CO2 concentrations
presented in the reviewed papers). Data is provided in Tables S1–S3.

Fitness Behavior Avoidance Mortality

N 48 29 14
p value 0.0413 ** 0.133 0.225

Estimated effect on the variables 0.011 0.011 0.007
Akaike information criterion (AIC) 40.141 26.567 17.569

** p < 0.05.

4. Discussion

Global-scale environmental changes such as climate change, OA, and anthropogenic
activities such as overfishing, overexploitation, dumping of waste, pollution, invasive
species, and others, are affecting the oceans and their ecosystems [63]. All of these have
a significant impact on animals, which is expressed in various ways. The first response
of animals to environmental change is expected to be behavioral, impacting species inter-
actions and ecological processes [64] In addition, anthropogenic activities are specifically
responsible for a major decline in the world’s biodiversity, possibly accelerating extinction
rates to 1000–10,000 times the natural rate [63,65]. Anthropogenic activities and stressors
affecting organisms and ecosystems rarely occur in isolation [66] and are also dramatically
increasing shark vulnerability worldwide, mostly through overfishing and habitat degra-
dation [9]. An estimated 100 million sharks are killed by commercial fisheries every year,
and a quarter of all shark species have an elevated risk of extinction [67,68]. Irreversible
disruption of apex marine predators, such as sharks, can exacerbate the pressure on food
webs through top-down control effects [5]. As apex predators, sharks play an important
role in the marine ecosystem and food web and serve as an indicator of ocean health. In
this section, we discuss the different aspects of OA change on sharks’ senses, behavior, and
physiology in order to predict these effects.

Papers on the effects of CO2 on sharks have been published since the early 1960s, but
only in 2009 did they begin to consider the ecological effects of predicted future atmospheric
and oceanic CO2 levels (OA) on sharks [36]. Since then, with the growing awareness of the
climate change problem, at least 190 primary research articles have been published (as of
2019), and over 100 of them have found that in both tropical and temperate species, a range
of behavioral responses can be altered under elevated CO2 levels (Figure 8) [13,36].

The major question we addressed in this review was whether sharks would be able
to adapt to the manifestations of rapid anthropogenic climate change, specifically OA.
Although OA is the most highly investigated stressor [10], it has only recently been consid-
ered a threat to elasmobranchs [2]. We faced four major limitations in our review: (1) The
availability of only limited relevant literature limiting the conclusions that can be drawn
from the review; (2) The available research focuses on benthic shark species (mostly due
to logistical limitations); (3) Studies ignores the large pelagic sharks, which depend on
ram ventilation, (see a review by [2]); and, (4) a lack of multi-life-stage studies on sharks
(see Figure 5a). All four issues constitute large gaps that need to be addressed in future
research. Since scientific data on sharks and other elasmobranchs are limited, we used
scientific data from bony fish studies to fill in the missing gaps. We were able to apply
these conclusions to sharks due to the similarity between the sharks, elasmobranchs, and
bony fishes in their reaction to changes in CO2 and pH levels based on statistical analysis
(Figures 2 and 3). Although we did not search for bony fish using the SCOPUS search
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engine and the keywords, fish from this class appeared in the search results in some of
the articles.

Figure 8. Studies categorized by the habitat and climatic region of the fish being studied. Most studies
were conducted on the temperate and tropical zones, and none on the polar and sub-polar zones.

We followed a systematic review approach with three steps: systematic article selection
using a search engine; article screening; and review of relevant articles and extraction of
the information. The review clearly indicated that although there has been a growing focus
on the impact of climate change and OA on sharks, it has been limited to benthic sharks
and typically has not included complete life cycles. We also found a growing number
of studies dealing with short- and long-term ecological effects of predicted future CO2
levels on sharks, especially since 2009 [36]. Forecasting the responses of particular shark
species and mapping their climate vulnerability according to OA would be a challenging
task; even more challenging would be to forecast the indirect effects at the community
level. Heinrich et al. [19] suggested that behavioral tolerance and adaptation flexibility
of sharks may help to deal with projected future CO2 levels. A recent meta-analysis [53]
found a wide range of ecological dependencies that have the potential to strongly influence
elasmobranch. Whether those catastrophes will happen or not depends on context and
species-specific. Similar to what we found in this study.

Sharks’ senses appear to be negatively affected by OA and it seems to be the first indi-
cation that environmental conditions are changing. Sharks use a range of senses that has
enabled them to evolve as apex predators of the oceans, including hearing, lateral line, elec-
troreception, and chemoreception. All these are important for sharks to be effective hunters
and maintain their position at the top of the food chain, where they are overrepresented at
higher trophic levels as apex predators [11]. Reduced olfactory capacity would leave some
prey items undetected and increase search times, for example, reduced foraging success
in the Port Jackson shark (Heterodontus portusjacksoni) [45]. No study has directly tested
whether acidification would limit vision in a way that could influence a shark’s orientation
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and reduce hunting success [69]. Furthermore, the reception of magnetic-field cues might
not be affected, but their interpretation might be, thus hindering navigation [50,69]. Sharks
have a unique ability to detect bioelectric stimuli using ampullary electrosense, which they
use during foraging, social interactions, reproduction, and anti-predatory behaviors [50].
The perception of external cues (pressure, current direction) through the lateral line system
may be influenced by the neural component of sensory perception (the ampullae of Loren-
zini). However, no studies have been conducted to date regarding the effects of increased
CO2 on the efficacy of this sensory system. Despite these knowledge gaps, and with respect
to the possible impact on the senses alone, sharks will hopefully succeed in adapting to
these global changes or may have to improve behavioral strategies in order to keep pace
with the rate of rising CO2 levels.

Sharks also rely on their swimming performance to search for food and refuge and,
especially as juveniles, to escape predators [70]; thus, it is a major contributor to shark
fitness. Changes in swimming behavior and a reduction in the proportion of time spent
swimming due to elevated CO2 concentration have been reported recently [2,9,29,30,45].
High CO2 also affects the kinematics of predator–prey interactions, especially among juve-
nile prey. Exposed juvenile reef-fishes allowed predators to get closer before responding,
swam away at reduced speed, and over shorter distances [47]. It is possible that these
sharks, detecting higher CO2 levels, altered their swimming behavior to search for their
accustomed water quality. Such CO2 avoidance has also been reported for Atlantic cod by
Jutfelt and Hedgärde [38].

Physiologically, OA interferes with the acid–base balance of marine fishes, reduces
metabolic performance, and alters protein activity and functions [25]. Although higher CO2
appears to have direct effects on cardio-ventilatory reflexes in elasmobranchs, these effects
are weaker than the response to O2 [71], and they may have some resilience to the acid–
base disturbances caused by OA [9] as they developed under high acidity conditions
in utero [59]. Recent studies observed impairment of juvenile sharks’ condition and
survival [72], peroxidative damage in the brain, significant changes in Fulton’s condition
factor, aerobic potential (citrate synthase activity), cholinergic neurotransmission, digestive
enzyme activities [2,73], and resting metabolic rate [2,30], among other physiological
variables, when facing OA. An elevated metabolic rate usually reduces hypoxia tolerance
(e.g., in the sandbar shark, Carcarhinus plumbeus) and can drive changes in behavior, energy
requirements, and both somatic and gonadal growth [11]. Different studies have produced
contradictory results, for example, a reduction in metabolic rate in juveniles of the tropical
benthic brownbanded bamboo shark, Chiloscyllium punctatum, but no change in juveniles
of the tropical benthic epaulette shark, Hemiscyllium ocellatum, or juveniles of the temperate
benthic small-spotted catshark, Scyliorhinus canicula [2]. Despite similar life niches, models
revealed differences in metabolic response to changing environmental parameters [11],
suggesting a variety of species-specific adaptations.

Most of the marine elasmobranchs maintain plasma osmolality (~20 mOsm) slightly
above ambient levels [74]. Sharks, like bony fishes, counter acidosis by H+/Na+ and
Cl−/HCO3

− counter-exchange in their gills, as shown in sharks after short-term exposure
to very high pCO2. The significant increases in plasma Na+ and HCO3

− concentrations
observed by Green and Jutfelt [29] show that the same mechanism is responsible for pH
regulation under near-future CO2 levels and that the ion concentrations remain altered
after long-term exposure. Their conclusion was that during long-term exposure to OA con-
ditions, plasma pH is maintained via chronic elevation of HCO3

− concentrations, with an
associated decrease in Na+. Plasma Na+ and Cl− concentrations of marine elasmobranchs
are maintained below the environmental concentration but are higher than those in bony
fishes, with the main osmolyte being urea, at concentrations of 300–400 mOsm [74].This
leads us to assume that in terms of plasma osmolality effects, sharks will be able to tolerate
a moderate increase in OA in the long term.

Dissolved oxygen levels may play an important role in the spatial ecology of some
sharks. Several studies have documented movement in response to changes in dissolved
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oxygen concentrations in different species, for example, the bull shark (Carcharhinus
leucas) [75]; these studies have shown that some species display some degree of toler-
ance to fluctuations in dissolved oxygen levels. Wise et al. [76] found that epaulette sharks
exhibited tolerance to both mild hypoxia (20% of normoxia) and cyclic exposure to ex-
treme hypoxia (5% of normoxia). Acidification and low-oxygen conditions are strongly
linked via the process of respiration and therefore display similar dynamics in marine
ecosystems. It seems that low-oxygen conditions are more stressful to marine organisms
than high CO2 levels, but in combination, the two stressors appear to have mostly addi-
tive negative effects [77]. Lefevre [78], in his analysis on the influence of global climate
change on marine ectotherms, noted that for some species, it is not surprising that elevated
CO2 does not have an effect since they are used to hypercapnic events. For example, the
epaulette shark (H. ocellatum), a shallow-reef species, is diurnally exposed to severe hypoxia
and hypercapnia.

When reproducing, sharks all use internal fertilization; they can be divided into
oviparous (egg-laying) and viviparous (live-bearing) species [4]. Oviparous species retain
the fertilized eggs for short periods, after which the eggs are attached to benthic structures
until hatching [2]. Due to basic logistical issues, most of the research on viviparous species
cannot be conducted in the laboratory, and studies of the effects of climate change on
reproduction and development have been limited to oviparous species [4]. Elevated CO2
appears to have diverse and variable effects on the reproductive traits of marine fishes.
Neither Rosa et al. [2] nor Wheeler et al. [4] found a change in the body condition of adults
that might indicate that the observed changes in reproduction were associated with changes
in energy allocation. It is possible that elevated CO2 reduces the motivation to reproduce,
but this has not been tested [36]. No studies have been conducted on the effects of OA
on sperm motility in sharks or elasmobranchs. Munday et al. [36] noted that except in
flatfishes (Pleuronectiformes), the sperm of marine bony fishes appears to tolerate moderate
OA, but sperm can be highly sensitive to water pH in some freshwater fishes.

The effects of OA on sharks in their early life stages (eggs, embryos, neonates, and
juveniles) are highly variable and species-specific. Most studies on the effects of elevated
CO2 on larval survival (of bony species) have reported either negative or no effects; juvenile
survival indicate they are more resistant, with most studies seeing no significant effect [36].
However, Rosa et al. [2] refer to some evidence that sharks may be more sensitive to OA than
bony fishes, especially during their early life stages, with examples from Heinrich et al. [79]
on the epaulette shark (H. ocellatum) and Rosa et al. [54] on the brownbanded bamboo shark
(C. punctatum). Pegado et al. [9] found that exposure to elevated CO2 concentration did
not significantly alter hematological parameters in juveniles of the small-spotted catshark,
S. canicula. Indeed, Green and Jutfelt [29] showed that pH was balanced in this shark
through elevation of HCO3

− concentration in the blood plasma, with no other physiological
changes. Furthermore, because their hemoglobin has a higher buffering capacity than that
of most known bony fishes, they may have some resilience to the acid–base disturbances
that may result from expected future OA [9]. Rosa et al. [2] hypothesized that oviparous
shark species, such as the small-spotted catshark, have developed successful mechanisms to
cope with higher CO2 levels inside their egg capsules. In a recent review, Wheeler et al. [4]
noted that “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”, and also included studies
that have found mixed impacts on neonates and juveniles. Sharks lack a larval stage,
which is particularly vulnerable to predation, settlement difficulties, etc. Rummer and
Munday [12] noted that while there is limited evidence for transgenerational behavioral
acclimation to elevated CO2, physiological and life-history traits are restored when both
parents and offspring experience the same elevated CO2 environment. Even negative
effects, such as reduced metabolic rate, growth, and survival, may be entirely absent in
juveniles when they and their parents are exposed to the same elevated CO2 concentration.
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One discovery that emphasizes the resilience of sharks is their ability to recover from
injury or distress. Abnormal anatomical changes were first observed by Dziergwa et al. [24],
who saw denticle corrosion with chronic exposure to OA. They speculated that denticle
corrosion could increase denticle turnover and compromise hydrodynamics and skin
protection. Nevertheless, when Bouyoucos et al. [10] examined the effects of exposure to
very high CO2 concentration (pH 6.8, pCO2 ~13,000 µatm) on wound healing in the yellow
ray, Urobatis jamaicensis, they found that invasive procedures have only short-term effects
(if any) in elasmobranchs. Furthermore, wound healing is not impaired by exposure to
a chronic environmental stressor, even at ~13,000 µatm, although they found variation
between species. In addition, experiments conducted already in the early 1960s and 1970s
suggested that there might be extensive acclimation to high CO2 concentration within a
comparatively short time, such as 20 h [80].

5. Conclusions

Ocean acidification is a complex process that requires several levels of considerations,
including chemical–biological interaction, species-specific influences, and global ocean
hypoxia events. We have reviewed various effects of near-future OA, on the behavior and
physiology of sharks supplemented by studies on bony fish. We present in the analysis
the experimental papers describing mostly negative effects in response to elevated CO2
concentration on fishes (Figure 8), but almost half of them (48.3%) describing “mostly
negative” (32.8%) or “slightly negative” (15.5%). A finding that does not allow for an
unequivocal answer for the major question we posed. Ocean acidification and other
human-related pressures are well-documented stressors that can harm marine ecosystems.
Anthropogenic factors are dramatically increasing shark vulnerability worldwide, mostly
through overfishing, habitat degradation, and global climate change, but still, much more
work is needed to understand the mechanisms behind the potential effects of OA on
shark physiology. If the change is gradual, organisms may be able to acclimate and/or
adapt. However, when changes are much faster (or greater) than the rate of evolutionary
adaptation, mass extinction can occur. For a migrating shark, OA may increase energy
requirements; however, sharks might be able to relocate to more suitable and stable habitats.
Within each location, better-adapted species will replace those that cannot cope with the
new conditions. Increasing OA effects will affect shark physiology and behavior, but the
effects vary widely across species. Though there will probably be some impairment of
eligibility at the species level, we cannot elucidate the broader impacts on populations
and marine ecosystems. More research is required, and if the impact of OA is tested
in experiments as a continuous disturbance rather than a single short disturbance, as is
currently the main practice, it is possible that acclimation abilities not previously observed
will be found. We do note, however, that in one pioneering study [45] sharks exposed
to elevated CO2 levels for more than seven months showed no clear sign of acclimation
(physiological or behavioral) over this critical period for growth and survival. In our
analysis of published results, we found a negative effect of the change in pCO2 on fitness
but not on mortality or avoidance behavior parameters. Indeed, to date, the latest available
literature reports only uncertain or negligible effects of OA on sharks. Therefore, we
conclude that, despite the temporal reduction in fitness, sharks may manage to adapt
to the new future OA with minor to moderate differences between species and at the
population level. Possible future directions for study may include research on more pelagic,
ram-ventilated sharks, rather than benthic shark species, multi-life-stage studies, and a
long term in high pH conditions research.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/fishes7020056/s1, Table S1. Fitness. Experimental results of the change in pCO2 (delta
CO2: second CO2 minus first CO2) and its impact on fitness during life stages 1 = embryo, 2 = larva,
3 = juvenile, and 4 = adult. In elasmobranch/bony fish, 1 = elasmobranch and 0= bony fish. A
value of 1 for fitness represents a negative impact on fish fitness. Table S2. Mortality. Experimental
results of the change in pCO2 (delta CO2) and its impact on mortality during life stages 1 = embryo,
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2 = larva, 3 = juvenile, or 4 = adult. In elasmobranch/bony fish, 1 = elasmobranch and 0= bony fish.
A value of 1 for fitness represents a negative impact on fish fitness. Table S3. Behavior avoidance.
Experimental results of the change in pCO2 (delta CO2) and its impact on behavior avoidance,
during life stages 1=embryo, 2 = larva, 3 = juvenile, and 4 = adult. In elasmobranch/bony fish,
1= elasmobranch and 0= bony fish. A value of 1 for fitness represents a negative impact on fish fitness.
File: Preferred Reporting Items for Systematic reviews and Meta-Analyses extension for Scoping
Reviews (PRISMA-ScR) Checklist. References [81–117] are cited in the supplementary materials.
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