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Elasmobranch fishes (i.e., sharks, skates, and rays) exhibit remarkable wound-healing

out their lives. This high capacity for wound healing may be particularly important for
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KeystoneGrant290 of environmental variables or life history. In this study, we explore (1) the impact of

is known about the costs associated with wound healing and the potential influence

minor, external injuries on the growth and body condition of neonatal blacktip reef
(Carcharhinus melanopterus) and sicklefin lemon (Negaprion acutidens) sharks using a
long-term fisheries-independent dataset from Moorea, French Polynesia, (2) the influ-
ence of ambient temperature on healing rates in neonatal blacktip reef sharks at two
experimental temperatures (25°C and 29°C), and (3) variations in umbilical wound-
healing rates between blacktip reef and sicklefin lemon sharks using an additional
long-term dataset from St. Joseph Atoll, Seychelles. We found no impact of minor,

external injuries on growth and body condition in neonatal blacktip reef and sicklefin
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conditions.
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1 | INTRODUCTION

Neonatal reef sharks face significant survival challenges. After parturi-
tion (in viviparous species) or hatching (in oviparous species), these
neonatal sharks receive no parental care (Hussey et al., 2010) and
must learn how to navigate the shallow tropical waters to meet the
demands of survival. Learning how to forage effectively is one of the
primary challenges neonatal reef sharks encounter after birth. In their
rush to find food, they will spend much time foraging and trying to
capture prey, a vital skill acquired through trial and error (Guttridge
et al., 2009). While moving throughout the reef system, small-bodied
neonates will also likely encounter larger-bodied predators skilled in
hunting, exposing them to high predation pressures early in life
(Guttridge et al., 2012; Heupel et al., 2007; Hussey et al., 2017;
Truijillo et al., n.d. under review). Those unable to evade a predator but
fortunate enough to survive the predation attempt may be left with
bite wounds.

The close proximity of coastal reefs to human settlements may
also expose neonatal reef sharks to high anthropogenic pressures
(Knip et al., 2010; Sherman et al., 2023). Coastal ecosystems often
harbour a rich diversity and abundance of marine life (Roberts
et al., 2002). As such, these highly productive waters can offer consid-
erable economic value to recreational and commercial fisheries
(Barbier et al., 2011; Grafeld et al., 2017; Martinez et al., 2007) and
provide an important source of income for artisanal fisheries (Kronen
et al., 2010). Although neonatal reef sharks are rarely the primary tar-
get of these fisheries (but see Barker & Schluessel, 2005; Worm
et al.,, 2013), they can still interact with fishing gear. Sharks that are
not taken for consumption or trade on capture but are released back
to the reef will often be left with fishing-gear-induced injuries
(e.g., hook, spear, or gaff wounds; Bansemer & Bennett, 2010;
Danylchuk et al., 2014).

Additionally, in viviparous species (i.e., those that bear live young),
which make up 58% of all elasmobranchs (Compagno, 1990; Dulvy &
Reynolds, 1997), the most prominent non-inflicted wounds are at the
umbilicus of neonates. Umbilical wounds remain open (i.e., underlying
muscle tissue remains visible) throughout the first weeks to months
post-parturition, depending on the species' life history (Castro, 1993;
Chin et al,, 2015; Debaere et al., 2023; Ulrich et al., 2007). As such,

lemon sharks, accelerated umbilical wound healing in neonatal blacktip reef sharks
exposed to elevated ambient temperatures, and distinct umbilical wound-healing
rates between neonatal blacktip reef and sicklefin lemon sharks. Enhancing our
understanding of sharks' healing capabilities and the influence of environmental fac-
tors on this process is crucial for informing handling practices aimed at improving

post-release survival rates of captured sharks under current and future oceanic

fisheries, predation, recovery, safe-handling practices, wound healing

these wounds make for a well-suited and non-invasive way of investi-
gating wound-healing dynamics in elasmobranch fishes of conserva-
tion concern.

It is evident that neonatal reef sharks can experience myriad
external injuries from various sources, including parturition, predation
attempts, and human activities (Chin et al., 2015; Hussey et al., 2017),
but how the healing process affects these early life stages is not well
understood. Sharks consistently show a high susceptibility to struc-
tural tissue damage throughout their lives (Chin et al, 2015;
Garner, 2013), but they are reported to have a high capacity for
wound healing (e.g., Bird, 1978; Black, 2023; Borucinska et al., 2020;
Buray et al., 2009; Chin et al., 2015; Marra et al., 2019; Wegner &
Cartamil, 2012; Womersley et al., 2021). Rapid wound healing may be
particularly important for early life stages where open wounds are
potential sources of infection that may cause complications in neona-
tal sharks that are still actively developing their immune systems (Chin
et al., 2015; Rumfelt, 2014). Tissue traumas and subsequent healing
may, however, also lead to energy being diverted away from routine
metabolic activities, such as somatic growth, and toward recovery
processes instead (Romero et al., 2009; Zera & Harshman, 2001). Such
negative effects of wound healing on growth have been reported for
diverse vertebrate taxa (Rennolds & Bely, 2023). However, the impact
of energy allocation to wound healing on the early development and
growth of sharks remains unexplored.

The rate of wound healing is likely context- and species-specific.
Indeed, in ectotherms, which have limited internal heat production
capabilities, physiological processes, such as wound healing, are
directly influenced by environmental temperature regimes
(e.g., Anderson & Roberts, 1975; Pressinotti et al., 2013; Ream
et al., 2003; Smith et al., 1988). Elevated environmental temperatures,
up to the point of thermal stress, may accelerate wound-healing rates
(Debaere et al., 2023), with particular importance for minimising infec-
tion risk, and have been reported across a wide range of teleost fishes
(e.g., Anderson & Roberts, 1975; Ang et al., 2021; Bullock et al., 1978;
Jensen et al., 2015; Ream et al., 2003). However, in elasmobranch
fishes (i.e., sharks and their relatives), the potential effects of tempera-
ture on wound healing remain poorly explored, mainly due to logistic
challenges (e.g., the migratory behaviour of many species and large

body sizes that complicate laboratory-based experiments). In situ
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studies on sharks' wound-healing capabilities under different environ-
mental conditions are further complicated by the opportunistic nature
of data collection. Long-term, fisheries-independent surveys, such as
the ones used in this study, are therefore particularly well-suited to
address the broader implications of sharks' wound-healing
capabilities.

The aim of this study was to address the knowledge gaps in the
wound-healing capabilities of sharks by investigating the costs and
healing dynamics of minor, external wounds in neonatal reef sharks.
We hypothesised that (1) the energetic cost associated with wound
healing after injury will result in reduced growth rates of neonates,
(2) umbilical wounds will heal faster at higher temperatures, and
(3) umbilical wound-healing rates will vary between species. In this
study, we used two long-term fisheries-independent datasets to con-
duct a series of comparative analyses on injured and uninjured neona-
tal blacktip reef (Carcharhinus melanopterus) and sicklefin lemon
(Negaprion acutidens) sharks under a range of field and experimental
laboratory scenarios. Improved understanding of wound healing in
sharks can directly inform and refine fisheries handling practices, as
well as enhancing post-release survival rates under current and future

ocean conditions.

2 | METHODS AND MATERIALS

21 | Ethical approval

Shark capture and research at the Centre de Recherches Insulaires et
Observatoire de I'Environnement (CRIOBE) on Moorea was approved
by the Ministere de la Promotion des Langues, de la Culture, de la
Communication et de I'Environnement of French Polynesian (Arrétés
no. 9524, no. 5129, and no. 11,491) and James Cook University's Ani-
mal Ethics Committee (protocols A2089, A2394, and A2769). Shark
capture, handling, and tagging on St. Joseph Atoll was approved by
and conducted with the knowledge of the Ministry of Agriculture, Cli-
mate Change and Environment of the Republic of Seychelles. Animal
handling and tagging methods were conducted in accordance with the
approved guidelines of S. Planes by the Autorisation de pratiquer des
expériences sur les animaux no. 006725 (1995) from the Ministry of

Agriculture.

2.2 | Study sites, species, and shark capture

The shallow reef flats fringing Moorea, French Polynesia (17°30' S,
149°50’ W), and St. Joseph Atoll, Republic of Seychelles (5°26’S,
53°21' E), serve as nursery systems for neonatal and juvenile blacktip
reef (C. melanopterus) and sicklefin lemon (N. acutidens) sharks
(Bouyoucos et al., 2022; Weideli, Papastamatiou, & Planes, 2019).
Both reef shark species occupy temperature ranges between 25 and
35°C (Bouyoucos, Morrison, et al., 2020) and co-occur in several areas
where they exhibit niche segregation, which does not appear to affect
early life-history traits (Matich et al., 2017).

~mer FISHBIOLOGY @ M

On Moorea, neonatal blacktip reef and sicklefin lemon sharks
were caught using a 50 x 1.5-m gillnet with 5-cm mesh size set per-
pendicular to the shore as part of a long-term, fisheries-
independent survey carried out as a collaboration between the
CRIOBE and the Physioshark Research Programme (e.g., Bouyoucos
et al,, 2022). Gillnets were set at dusk from ~17 00 h to 20 00 h at
10 sites (Apaura, Haapiti, Maharepa, Paorea, Papetoai, Pihaena, Tiki,
Vaiane, Vaiare, and Valorie) between September and February
2017-2022 (peak parturition season; Debaere et al., 2023; Mourier,
Mills, & Planes, 2013; Mourier & Planes, 2013). These sites were
evenly distributed around the 60-km coastline of Moorea, with
each site sampled twice per month (e.g., Bouyoucos et al., 2022;
Chin et al, 2015; Mourier, Mills, & Planes, 2013; Mourier &
Planes, 2013). On capture, sharks were immediately removed from
the net and tagged with internal passive integrated transponder
(PIT) tags to allow for unique identification. They also had their
umbilicus photographed and morphometrics recorded. A ruler was
photographed beside each umbilicus for scale (Debaere
etal., 2023).

For sharks that showed signs of external injuries, additional
photographs were taken of the injuries (beside a ruler for scale) and
a note was made describing the wound type (Table 1). A distinction
was made between lateral lacerations (i.e., a collection of superficial
cuts and scrapes, in no particular pattern), deep cuts (i.e., a lacera-
tion of ca. 1 cm deep), serial tooth marks (i.e., a clean bitemark with
clearly distinguishable tooth imprints aligned in sequence), torn fins,
and hooks (still present on capture) and hook wounds (i.e., elliptical,
often rust-coloured wounds around the jaw) (Figure 1). Lateral lac-
erations, deep cuts, serial tooth marks, and torn fins are likely asso-
ciated with predation attempts made by larger-bodied sharks or
teleost fishes. None of the wounds showed visual signs of
infection.

On St. Joseph Atoll, neonatal blacktip reef and sicklefin lemon
sharks were caught using a 20 x 1.5-m gillnet with 5-cm mesh size
during the parturition months September to December and March to
April 2014-2017 as part of a long-term, fisheries-independent survey
caried out by the Save Our Seas Foundation (SOSF) - D'Arros
Research Centre (Weideli, Papastamatiou, & Planes, 2019). Similar to
the sharks from Moorea, sharks were individually tagged with PIT
tags, their umbilicus was photographed, and morphometrics were

taken.

2.3 | The cost of wound healing

Between September 2017 and February 2022, morphometric data of
individually PIT-tagged neonatal blacktip reef and sicklefin lemon
sharks around Moorea were collected to assess potential differences
in body condition and growth rates between injured and uninjured
sharks to elaborate on the cost of wound healing. Morphometric mea-
surements taken during sampling included total body mass (M, in kg)
and precaudal length (PCL, distance from the tip of the snout to the
origin of the caudal fin, in cm).

85UB017 SUOLILLIOD BAIERID 8|eo!jdde aup Aq peusenoh ae S3joe YO ‘8sn Jo S9N 10y Afeiq 1 8UIIUO A8]IM UO (SUORIPUOD-PL-SWISH LD A3 | 1M AReaq 1 U1 |UO//SANY) SUORIPUOD PUe SWis | 84} 835 *[5202/20/20] U0 AriqiT auliuo A8 (1M ‘ASRAIUN %000 ssler Aq 6S09T G4 /TTTT 0T/I0p/u0o A3 Im Azeiq iUl |uo//:sdny Wiy papeojumod ‘0 ‘6v98S60T



N . FISHB|OLOGY &

TABLE 1
encountered and location of the wounds.

DEBAERE ET AL.

PCL M
Species ID (cm) (kg)
Blacktip reef shark (Carcharhinus Cmil 42.0 1.110
melanopterus) cm2 428 1.020
Cm3 416 0.930
Cm4 390 0.780
Cm5 438 0.990
Cmé 404 0.870
Cm7 4238 0.950
Cm8 412 1.075
Cm9 404 0.955
Cm10 41.6 0.840
Cml1l 442 1.260
Sicklefin lemon shark (Negaprion Na1l 49.8 1.230
acutidens) Na2 544  1.640
Na3 53.0 1.750
Na4 51.0 1.570
Na5 525 1.510
Naé 51.0 1.270
Na7 47.0 1.240
Na8 46.4 1.070
Na9 50.0 1.150
Na10  50.0 1.230
Nall 57.0 2.130

TAL
(days) Wound type Location
16 Deep cut Above gills
12 Serial tooth marks Snout
8 Deep cut Second dorsal fin
21 Hook wound/serial tooth Jaw/above pelvic fins
marks
28 Lateral lacerations Caudal fin
14 Hook wound/serial tooth Jaw/ventral between pectoral
marks fins
56 Lateral lacerations and torn Pelvic fins to second dorsal fin
fin
84 Hook wound Jaw
56 Serial tooth marks with deep  Pelvic fins
cut
112 Lateral lacerations Caudal fin
112 Hook Jaw
43 Serial tooth marks Jaw
33 Hook Jaw
18 Hook wound Jaw
37 Lateral lacerations Under first dorsal fin
64 Lateral lacerations Pectoral fins to pelvic fins
4 Torn fin First dorsal fin
23 Lateral lacerations Above pelvic fins
77 Two deep cuts Pectoral and pelvic fins
7 Hook wound Jaw
14 Lateral lacerations First dorsal fin
28 Serial tooth marks Gills

Overview of the injured neonatal blacktip reef and sicklefin lemon sharks used in this study and the various wound types

Note: Wound types include deep cuts (i.e., ca. 1-cm deep lacerations), serial tooth marks (i.e., clean bitemarks), hooks (still present on capture) and hook
wounds (i.e., elliptical, often rust-coloured wounds around the jaw), lateral lacerations (i.e., a collection of superficial cuts and scrapes), and torn fins.
Abbreviations: PCL, precaudal length at initial capture (in cm); M, body mass at initial capture (in kg); TAL, time at liberty (in days) between initial capture

and recapture.

For each individual, Fulton's body condition factor (K, sensu
Ricker, 1975), derived from the length-mass relationship of the

sharks, was calculated as follows:
K=10"M(PCL)™3 (1)

Relative change in body condition (AK, in %) of recaptured sharks

was calculated as:
AK =100 (Ko — K1) Kyt (2)

where K5 is the body condition of the shark at recapture and K; is the
body condition of the shark at first capture, as calculated from
Equation 1.

The specific growth rate (SGR) of recaptured sharks, defined as
the percentage increase in body mass per day (% day %), was calcu-
lated as follows:

SGR= (In(My) — In(M1)) 100t 1, (3)

where M, and M, are the body mass of the shark at recapture and
first capture, respectively, and t is the time (in days) between the two

measurements.

24 |
healing

Temperature dependency of umbilical wound

To assess the effect of ambient temperature on the umbilical wound-
healing rates in blacktip reef sharks, neonatal sharks with an open
umbilical wound (n = 13, precaudal length 37.6-47.4 cm) were col-
lected from five sites around Moorea (Haapiti, Maharepa, Papetoai,
Tiki, and Vaiare). Sharks were caught between October 2021 and
January 2022, uniquely PIT tagged, and isolated in flow-through mesh
bags for no longer than 30 min to allow for the capture of additional
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FIGURE 1

sharks. Only sharks in good condition (e.g., no signs of external
wounds) were considered for this study. Sharks were subsequently
transported to the CRIOBE by car in 200-L insulated coolers with con-
tinuously aerated seawater (one or two sharks per cooler) in less than
30 min. At the CRIOBE, sharks were housed in 1250-L circular poly-
ethylene flow-through tanks (three sharks per tank) fitted with aera-
tion and covered with 60% shade cloth in an open-sided holding
facility to expose the animals to a natural photoperiod. Clean seawa-
ter was continuously supplied from an offshore pump. Sharks were
fed approximately 5% of their body mass in tuna (Thunnus spp.) every
second day to accommodate growth. Water quality (temperature, pH,
dissolved oxygen) was monitored daily.

Selected sharks were periodically retrieved from their holding
tanks (on days 1, 10, and 14) to track umbilical wound healing.
Although the umbilical wound may take up to a month to fully heal in
neonatal blacktip reef sharks (Debaere et al., 2023), umbilicus healing
was only followed over this 2-week period due to logistical limitations.
To assess the size of the umbilicus of the neonatal sharks,

Representative photographs of the various wound types encountered among the neonatal blacktip reef and sicklefin lemon sharks
(indicated by arrows and circles), including (a) a hook wound (individual Cm8), (b) a deep cut (individual Cm9), (c) lateral lacerations (individual
Cm11), and (d) serial tooth marks (individual Na1).

photographs were imported in the open-source image processing
package Fiji by ImageJ) (version 2.0.0-rc-69/1.53c; Schindelin
et al., 2012). The scale was set to 1 cm using the ruler in the photo-
graphs, and the circumference of the umbilical wound was carefully
traced using the polygon selection tool from ImageJ to calculate umbi-
licus area and perimeter. For a more thorough description of method-
ology, refer to Debaere et al. (2023).

After 5 days at ambient temperatures (ca. 27°C at the time of
experimentation), temperatures were increased or decreased by 0.5°C
per day using commercial bar heaters (Tetra Aquarium High-
Performance Heater HT100) and chillers (TK-1000/2000, TECO)
(Bouyoucos, Shipley, et al.,, 2020; Rummer et al., 2014). The two
experimental temperature treatments were 25°C (i.e.,, —2°C, n=7)
and 29°C (i.e., +2°C, n = 6) (Schoen et al., 2021). Target temperatures
were reached after 4 days (day 9) and maintained over the following
48 h. On day 11, temperatures were brought back to ambient condi-
tions by 1°C per day. On day 10, sharks were subjected to a parallel
study in which a 560-g iron weight was dropped in close proximity to
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the sharks to elicit a quick escape response (Trujillo et al., n.d. under
review; see methodology in Trujillo et al., 2022). Neonatal sharks
often experience high predation pressures in their natural habitat, and
these antipredator behaviours therefore merely simulate those exhib-
ited in the wild. We therefore do not expect this parallel experiment
to have influenced our findings.

2.5 | Umbilical wound-healing rates across species
Due to the lack of neonatal sicklefin lemon sharks with remnants of
the umbilical cord (i.e., days-old neonates, hereafter time-0 neonates;
Debaere et al., 2023) around Moorea, we used the umbilicus size of
time-0 sicklefin lemon shark neonates (e.g., Figure S1) caught at
St. Joseph Atoll as an intercept for the Moorea population. Umbilicus
sizes of time-0 neonatal blacktip reef sharks, for which neonates with
remnants of the umbilical cord were caught at both Moorea and
St. Joseph Atoll, were first compared between both populations to
justify this approach, which did not differ significantly (Figure S2).
Considering a linear decline in umbilicus perimeter (Debaere
et al., 2023), the slope of the temporal closing of the umbilical wound
of sicklefin lemon shark neonates was then estimated based on the
umbilicus photographs taken at first capture and recapture. Data were
subsequently compared to the slope estimated in Debaere et al.
(2023) for neonatal blacktip reef sharks to shed light on potential vari-

ations in healing rates between these two species.

2.6 | Statistical analyses

Before statistical analyses, where applicable, data were checked for
normality and equal variance using Shapiro-Wilk tests and Levine's
tests, respectively. The critical value of statistical significance was set
to a = 0.05, and all statistical analyses were carried out in RStudio
(version 2023.06.0 + 421; RStudio Team, 2020; R Core Team, 2020)
using core R packages unless stated otherwise.

Body condition and growth rate were compared between unin-
jured and injured sharks using two-sample Student's t-tests or non-
parametric Wilcoxon signed-rank tests. Umbilical wound-healing rates
of neonatal blacktip reef sharks exposed to 25 or 29°C temperature
treatments were fit using the linear mixed-effects Imer function from
the ImerTest package (Bates et al., 2015), with shark identity as a ran-
dom factor, and compared between treatments (umbilicus area mea-
surements were first square-root-transformed). Similarly, the umbilical
wound-healing rate of sicklefin lemon shark neonates around Moorea
was estimated using the Imer function with shark identity as a random
factor. These estimated slopes were subsequently compared to those
reported for blacktip reef shark neonates by Debaere et al. (2023)
using a Wilcoxon signed-rank test. Unless stated otherwise, reported
values are mean * standard deviation.

Note that no discrimination was made between the sexes of the
neonates because blacktip reef and sicklefin lemon sharks do not sex-
ually mature until they reach total body lengths of 110 and 220 cm,
respectively (Chin et al., 2013; Mourier, Mills, & Planes, 2013; Mourier

et al., 2024; Stevens, 1984). Furthermore, previous studies found no
significant difference in PCL and first-year growth between male and
female neonatal blacktip reef and sicklefin lemon sharks (Hodgkiss
et al., 2017; Papastamatiou et al., 2009; Stevens, 1984).

3 | RESULTS

3.1 | The cost of wound healing

From a total of 105 blacktip reef and 84 sicklefin lemon shark neonates
caught around Moorea between September 2017 and February 2022
that were subsequently recaptured during the following weeks, 11 black-
tip reef and 11 sicklefin lemon sharks had external injuries (e.g., hook
wounds, bite marks). On average, SGRs (Figure 2a,c) increased in both
species regardless of injury. However, the neonatal blacktip reef sharks
consistently experienced a decrease in body condition (mean AK;
Figure 2b,d) over time (uninjured —5.5 + 10.7%, injured —11.1 + 8.1%).
Specific growth rates and relative changes in body condition were not
significantly different between uninjured and injured neonatal blacktip
reef (SGR, W = 634, p = 0.22; AK, t4 = 2.1, p =0.053) or sicklefin
lemon sharks (SGR, W = 294, p = 0.16; AK, W = 457, p = 0.47).

32 |
healing

Temperature dependency of umbilical wound

Temporal closing of the umbilicus was faster in sharks maintained in
the 29°C treatment, relative to those maintained in the 25°C treat-
ment. The slope of the temporal umbilicus perimeter decline was sig-
nificantly steeper at 29°C, as compared to the 25°C treatment
(tas = —3.28, p = 0.002; Figure 3a), although the slope of the tempo-
ral umbilicus area decline (after square root transformation) appeared

unaffected by temperature (t45 = —1.30, p = 0.20; Figure 3b).

3.3 | Umbilical wound-healing rates across species

The umbilical wound of time-0 sicklefin lemon shark neonates caught
around St. Joseph Atoll (n = 7) measured 0.054 + 0.020 cm? in area
and 1.41 + 0.15 cm in perimeter, which was subsequently used as the
intercept for the Moorea population. A total of 12 neonates around
Moorea had an open umbilical wound at first capture and recapture,
allowing for an estimation of the healing rate of the umbilicus
(Figure 4a). The linear mixed-effects model calculated a slope for tem-
poral umbilicus perimeter decline of 0.020 * 0.004 cm day ™. From
the obtained slope and intercept, the final equation for umbilicus
perimeter closing rate in sicklefin lemon shark neonates around
Moorea was then estimated as y = 1.41-0.020x, where y is the umbi-
licus perimeter (in cm) and x is the elapsed time since birth (in days)
(Figure 4b). Umbilicus perimeter closing rates (i.e., the estimated
slopes) were significantly slower in the neonatal sicklefin lemon sharks
relative to those reported for neonatal blacktip reef sharks by
Debaere et al. (2023) (W = 37, p = 0.007).
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FIGURE 3 Temperature-dependency of umbilical wound-healing rates in neonatal blacktip reef sharks. (a) Temporal change in umbilicus
perimeter and (b) temporal change in square root transformed umbilicus area for sharks exposed to 29°C (red, triangles) and 25°C (blue, circles)
temperature treatments. The solid line represents the best fit from a linear mixed-effect model with 95% confidence intervals (shaded bands) and
the dashed line is modelled from Debaere et al. (2023). Sample sizes: 25°C, n = 7 unique individuals; 29°C, n = 6 unique individuals.

4 | DISCUSSION

We used two long-term fisheries-independent datasets, one from
Moorea, French Polynesia, and one from St. Joseph Atoll, Seychelles,

to conduct a comparative analysis of the healing dynamics of minor

wounds in neonatal reef sharks. Using these data, we explored the

hypotheses that (1) the energetic cost associated with wound healing

after injury will result in reduced growth rates of neonates,
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FIGURE 4 Umbilical wound-healing rate of individual neonatal sicklefin lemon sharks. (a) Umbilicus perimeter closing rate of sicklefin lemon
shark neonates around Moorea (n = 12 unique individuals) with a slope for temporal umbilicus perimeter decline of 0.020 + 0.004 cm day ..
(b) The obtained slope and intercept for umbilicus perimeter closing rate of sicklefin lemon shark neonates (solid line, red) (y = 1.41-0.020x,
where y is the umbilicus perimeter [in cm] and x is the elapsed time since birth [in days]). *The umbilicus perimeter closing rate of blacktip reef
shark neonates (dashed line, grey; Debaere et al., 2023) is plotted alongside that of the sicklefin lemon sharks.

(2) umbilical wounds will heal faster at higher temperatures, and
(3) umbilical wound-healing rates will vary between species. We found
no impact of minor, external wounds on growth and body condition in
neonatal blacktip reef and sicklefin lemon sharks (refuting hypothesis
1), accelerated umbilical wound healing in neonatal blacktip reef
sharks under elevated ambient temperatures (supporting hypothesis
2), and distinct umbilical wound-healing rates between neonatal black-
tip reef and sicklefin lemon sharks (supporting hypothesis 3). This
study examines how the environment (particularly ambient water
temperatures) influences wound-healing rates and the life-history
trade-offs associated with injury, and may offer valuable insights into
how future ocean conditions (i.e., global ocean warming) could affect
the healing capabilities of sharks.

The energy required to recover from skin traumas and repair
damaged tissues often leads to a reduced investment in routine meta-
bolic activities (Rennolds & Bely, 2023). As such, the energetic
demands of wound healing may impact growth and body condition
(e.g., Rennolds & Bely, 2023), which can in turn affect higher levels of
biological complexity (e.g., population dynamics). However, although a
negative relationship between growth or body condition was
expected with injury, specific growth rates and relative changes in
body condition did not differ significantly between uninjured and
injured neonatal blacktip reef and sicklefin lemon sharks in our study.
Note, however, that our study mainly focussed on relatively minor
external wounds, whereas larger injuries will likely require a higher
energetic cost and may be associated with resource limitations of
growth following injury. Additionally, the noteworthy decrease in
body condition over time observed here in neonatal blacktip reef
sharks (regardless of injury) has been reported previously (Debaere
et al., 2023; Weideli, Bouyoucos, et al., 2019) and may be a result of
limited prey availability or quality, variable foraging strategies, and/or
the negative allometric growth reported for the species (i.e., faster

increase in length than in mass).

Given that aquatic ectotherms are governed by environmental
water temperatures, the rate of wound healing is expected to be
directly influenced by the surrounding water. Our data demonstrated
faster healing rates of the umbilical wound of neonatal blacktip reef
sharks at ambient temperatures of 29°C, relative to 25°C. Indeed,
water temperatures around 29°C have been proposed as the optimal
regime to carry out routine metabolic activities for these reef shark
neonates (Bouyoucos, Shipley, et al., 2020; Truijillo et al., n.d. under
review). In ectothermic animals, metabolic rates increase exponentially
with ambient temperature (C. melanopterus and N. acutidens have a
Q40 temperature coefficient around 2; Bouyoucos et al., 2022), and
higher water temperatures—up to the point of thermal stress—may
therefore accelerate wound healing. Similar to our findings, faster
healing rates at higher environmental temperatures have been
reported across a wide range of fishes (e.g., Anderson &
Roberts, 1975; Ang et al, 2021; Bullock et al, 1978; Jensen
et al., 2015; Ream et al., 2003). Accelerated wound healing at elevated
environmental temperatures across fishes appears to be dictated by
increased metabolic rates (Clarke & Johnston, 1999) and may in turn
lead to a decreased risk of infection in warmer waters.

It is, however, worthwhile to note that these native umbilical
wounds may contain properties that benefit the progression of tissue
repair (e.g., Roy et al., 2022) and potentially show different healing
dynamics as compared to non-native mechanical wounds (e.g., bite or
hook injuries). It is also important to note that the observed acceler-
ated umbilical wound healing at higher ambient temperatures may be
specific to our laboratory conditions. In the laboratory, blacktip reef
shark neonates were offered 5% of their body mass in food every sec-
ond day (similar to what the neonates would eat ad libitum), which is
likely more food than they would be able to catch and consume in the
wild (Bush & Holland, 2002; Duncan & Holland, 2006; Lowe, 2002;
Weideli, Bouyoucos, et al., 2019). As metabolic rates increase with

ambient temperatures, and the laboratory-maintained sharks can
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maintain an adequate consumption rate, the neonates may be able to
accelerate metabolic activities, such as wound healing (i.e., metabolic
activities become cheaper at higher temperatures). In the wild, how-
ever, reef shark neonates may not be able to keep up with the ener-
getic demands required to fuel the higher metabolic rates, making
them more prone to starvation (i.e., metabolic activities become more
expensive at higher temperatures). A subsequent question arising
from this issue is whether sharks can use behaviour to select for
favourable environmental temperatures in order to optimise wound
healing while also maximising survival (e.g., Warwick, 1991), similar to
the reported behavioural thermoregulation linked to foraging and
digestion (Speed et al., 2012; Watanabe et al., 2021).

The high capacity for wound healing observed in reef shark neo-
nates may represent a resilient trait that can help them accommo-
date human-induced elevated environmental temperatures
(i.e., ocean warming). Neonatal reef sharks inhabiting thermally
dynamic habitats, such as shallow, coastal nursery areas, often
exhibit thermally insensitive physiological performance (Bouyoucos
et al,, 2022). In the context of ocean warming, a high healing capabil-
ity may therefore be a resilient physiological trait, only minimally
affected by minor increases in water temperature. Nevertheless, it is
possible that reef sharks occupying such shallow, coastal habitats
may already be living close to their thermal tolerance limits
(Bouyoucos et al., 2021; Gervais et al.,, 2018; Rummer et al., 2014).
Additionally, whether the response of wound healing remains the
same across (interacting) environmental stressors remains uncertain.
Although experimental studies on wound healing in sharks are lack-
ing, wound healing in the yellow stingray (Urobatis jamaicensis)
appears to be unaffected by high CO, exposure, associated with
ocean acidification (Bouyoucos, Morrison, et al., 2020). Future stud-
ies should investigate the resilience of wound healing across envi-
ronmental conditions, regions, and species.

Indeed, the capacity for and resilience of wound healing may dif-
fer considerably across shark species, reflecting their diverse life-
history strategies. Our data demonstrate a slower closing rate of the
umbilical wound of sicklefin lemon shark neonates as compared to
blacktip reef shark neonates (Debaere et al., 2023), albeit with wide
confidence intervals calculated for the sicklefin lemon sharks. A more
detailed investigation into the closing rate of the umbilical wound for
this species, based on time-0 recaptures (i.e., neonates with remnants
of the umbilical cord that are subsequently recaptured during the fol-
lowing weeks; similar to Debaere et al., 2023), would likely provide
for a more precise estimate and narrower confidence interval. It is
likely that the Moorea dataset did not capture the early weeks/
months of sicklefin lemon shark parturition due to its earlier season
than blacktip reef sharks (Mourier, Buray, et al., 2013), resulting in the
absence of time-O sicklefin lemon sharks. Also note that, although
the underlying muscle tissue remains visible throughout the first
2 months, the umbilical vein opening—remnant of the connection to
the yolk-sac placenta (see Figure S1)—closes within the first few days
post-parturition (personal observation). Rapid closing of the umbilical
vein opening is likely an important process in these neonatal carchar-

hinid sharks as it may be an important source of potential infection.

- FISHBIOLOGY @ Mk

To conclude, our data revealed minimal consequences of minor
wounds on growth and body condition in neonatal reef sharks, accel-
erated wound healing at higher ambient temperatures in blacktip reef
shark neonates, and species-specific differences in wound-healing
rates. As such, this study provides key data on the wound-healing-
dynamics of neonatal reef sharks and the various factors that can
impact recovery from external traumas. These data are vital for under-
standing sharks' wound-healing tolerance and offer essential insights
for improving fisheries handling practices, with the goal of enhancing
sharks' survival after release. For example, education programmes
could inform recreational anglers, who may accidentally capture neo-
natal reef sharks occupying coastal nursery areas, about the physio-
logical and mechanical recovery potential of sharks, and subsequently
encourage minimal-handling practices on capture (e.g., by cutting the
fishing line near the hook instead of repetitive attempts at removing
hooks and by releasing injured sharks; Chin et al., 2015). Furthermore,
although our main study site in French Polynesia lays within the
world's largest shark sanctuary, such reserves do not affect the cross-
border impacts of global climate change. However, sharks' healing
capabilities from minor wounds appear to be a resilient physiological
trait to elevated water temperatures. As such, minimal-handling prac-
tices will likely remain equally important under future oceanic condi-
tions, although other facets of climate change (e.g., ocean
deoxygenation and acidification) remain to be explored. In view of the
current threats that coastal shark populations face worldwide under
the footprint of human activities, a profound knowledge of their
recovery potential from human-inflicted injuries will prove valuable

data to inform and refine future management efforts.
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