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Summary: Estuarine organisms are exposed to hypersaline conditions for prolonged periods during drought conditions
and under severely restricted river flow resulting from freshwater abstraction and impoundments. Consequently, marine
estuarine-dependent fish such as Rhabdosargus holubi may be subjected to extreme conditions, such as hypersalinity prevail-
ing for long periods (>2 months). Hypersalinity may impact the energetic demands of fish due to osmoregulation leading to
compromised growth. This study assessed the impact of high salinity on the growth and skeletal development of R. holubi
juveniles. Skeletons of juveniles grown at different salinities in the wild and in aquaria were analysed for anomalies. The
impact of hypersaline conditions on juvenile R. holubi growth was also determined in aquaria. Aquarium experiments indi-
cated that hypersalinity of 50 did not significantly impact growth rates over two months. Overall, anomalies were rare and
vertebral-related anomalies specifically did not differ significantly between salinities. However, fin rays were significantly
impacted in fish growing at higher salinities in the wild. It was concluded that the strong osmoregulatory ability of R. holubi
offers protection against hypersalinity affecting internal structures, but external structures may remain vulnerable. As such,
from a locomotory standpoint, R. holubi may be vulnerable to long periods of exposure to hypersaline conditions.
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Efecto de la hipersalinidad sobre el crecimiento y anomalias esqueléticas en juveniles de sargo del Cabo, Rhabdosar-
gus holubi (Sparidae)

Resumen: Los organismos que habitan en estuarios estidn expuestos a condiciones de hipersalinidad durante perfodos de
sequia y en momentos en los que el aporte de agua fluvial se reduce de forma importante por substraccion de aguas o presen-
cia de embalses. Asi, los peces marinos que dependen de los estuarios, como Rhabdosargus holubi, pueden estar expuestos
a condiciones extremas, tales como una hipersalinidad de larga duracién (>2 meses). La hipersalinidad puede afectar los
requerimientos energéticos de los peces debido al proceso de osmoregulacion y comprometer el correcto crecimiento del
individuo. Este estudio investigo el impacto de altas salinidades sobre el crecimiento y el desarrollo esquelético en juveniles
de Rhabdosargus holubi. Se analizé el esqueleto de juveniles crecidos en diferentes salinidades, tanto en el medio natural
como en acuarios, para detectar la presencia de anomalias esqueléticas. Ademads, se estudié el impacto de condiciones de
hipersalinidad en acuarios, sobre el crecimiento de juveniles de Rhabdosargus holubi. Los experimentos en acuario indicaron
que una exposicion de 2 meses a hipersalinidad de 50 no afectaron significativamente las tasas de crecimiento. La presencia
de anomalias esqueléticas fue escasa y en concreto, las relativas a las vértebras fueron similares entre los grupos expuestos
a las diferentes salinidades. Sin embargo, si se detectd un impacto significativo sobre el desarrollo de los radios de las aletas
en los peces expuestos a altas salinidades en el medio natural. En conclusion, los resultados del estudio sugieren que la fuerte
capacidad osmoreguladora de R. holubi le protege contra los efectos de la hipersalinidad sobre las estructuras internas, pero
no sobre las estructuras externas, que permanecerian vulnerables a estas condiciones. Asi, desde el punto de vista de la loco-
mocion, R. holubi seria vulnerable a una exposicion prolongada a condiciones de hipersalinidad.

Palabras clave: fisiologia de peces; anomalias de crecimiento; hipersalinidad; desarrollo esquelético.
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INTRODUCTION

Estuaries can be areas of rapid environmental
change as physico-chemical variables such as salinity
and temperature may vary within tidal scales, localized
seasonal weather patterns and inter-annual climatic
shifts (Wallace et al. 1984, James et al. 2013, Potts et
al. 2015). This is notwithstanding the further variabil-
ity caused by anthropogenic drivers such as freshwa-
ter abstraction, impoundments, pollution and climate
change (Koehn et al. 2011, James et al. 2013, Adams
et al. 2016). Hypersaline conditions arise when salin-
ity exceeds that of seawater through excess evapora-
tion exceeding freshwater inflow during droughts, or
through physical modifications to the estuary, with the
biogeochemistry of the catchment area also playing a
role (Potter et al. 2010, Gonzalez 2012, Strydom 2015).
For example, the intermittently open Gqutywa Estuary
in the Eastern Cape, South Africa, becomes hypersa-
line at times due to its closed nature and catchment
geochemistry (Teske and Wooldridge 2001, Strydom
et al. 2003).

Hypersaline conditions may result in several physi-
ological challenges to fish species (Brauner et al. 2012).
The difference in osmotic pressure between the inter-
nal structures and the external environment of teleost
fish, such as the common bream Rhabdosargus holubi
(family Sparidae), results in a loss of water, which
must be mitigated by drinking (Brauner et al. 2012).
This results in salt absorption across the gut, which
must be excreted to prevent elevated internal levels and
osmotic disturbances (Boeuf and Payan 2001, Brauner
et al. 2012). A generalized trend for the impact of os-
moregulation on fish respiration and growth is unclear
(Beeuf and Payan 2001, Gonzalez 2012). Previous
studies have shown that the impact of osmoregulation
on the energy expenditure of fish may be higher than
50% or lower than 10%, varying considerably between
species (Beeuf and Payan 2001, Gonzalez 2012, Ern
et al. 2014). Thus, it is possible that changing salinity
may have species-specific effects on the physiology of
fish (Beeuf and Payan 2001). This may be especially
true for euryhaline species such as R. holubi, which is
an estuarine-dependent marine species that is endemic
and common in South African estuaries, where salini-
ties may vary considerably (Blaber 1973a, Whitfield
1998, Whitfield et al. 2006).

Hypersalinity can cause osmotic stress in organ-
isms living in estuaries, resulting in potentially lower
growth rates, skeletal deformities and mortality at
extreme levels (Beceuf and Payan 2001, Gonzalez
2012, Boglione et al. 2013b). These kinds of skeletal
deformities are prevalent in aquaculture conditions,
where even small changes to salinity may impact on
the survival and growth of larvae and juvenile fish
(Boglione et al. 2013a, b). Skeletal anomalies usually
occur during skeletogenesis, which persists into the
juvenile phase, but skeletal and fin anomalies can also
occur in smaller-sized juveniles (Boglione et al. 2009,
2013b, 2014).

Larvae and small juveniles of R. holubi migrate
into estuaries at a size of less than 30 mm and grow

for about a year and a half to over 140 mm before mi-
grating back to the ocean to spawn (Whitfield 1998,
Gotz and Cowley 2013). Juvenile R. holubi are usually
highly resident, preferring to stay within habitats such
as Zostera capensis seagrass beds within the estuary
(Edworthy and Strydom 2016, Grant et al. 2017, Mul-
ler and Strydom 2017). R. holubi is a strong osmoregu-
lator able to maintain its internal osmotic environment
up to 65 (Blaber 1973a, 1974b). Previous investiga-
tions of R. holubi tolerance to high salinity carried out
in the laboratory have indicated a maximum threshold
of 70 after a 16-hour exposure (Blaber 1973b). How-
ever, R. holubi individuals have been recorded alive in
the wild at salinity levels up to 90, and it is one of the
few species capable of surviving under intense drought
conditions (Whitfield 1998, Whitfield et al. 2006). This
makes it a euryhaline species able to tolerate a large
variation in salinity, as opposed to stenohaline species
that can tolerate only minor changes (Whitfield et al.
1981, Brauner et al. 2012, Kiiltz 2015). Spinal and fin
deformities can still be observed in euryhaline fishes
such as Atherina lagunae due to the potential com-
bined effects of temperature, pollution, and oxygen de-
ficiency (Ayed et al. 2008). Despite the high tolerances
reported in the literature, the physiological effects of
R. holubi living under high salinities for long periods
are unknown and there are still potential effects to
external structures, such as fin abrasions or swimblad-
der anomalies due to buoyancy changes and bacterial
infections (Latremouille 2003, Boglione et al. 2013a,
b). This study aims to assess the impact of natural in
situ and laboratory-manipulated hypersaline conditions
on the growth and frequency of skeletal anomalies of
juvenile R. holubi.

MATERIALS AND METHODS
Field collections

To assess the skeletal descriptors to identify
anomalies in R. holubi juveniles growing at different
salinities, wild specimens were collected from the
lower reaches of the naturally hypersaline Gqutywa
(33°21'45"S; 27°21'31"E) and the marine-dominated
Swartkops (33°51'54"S, 25°38'00"E) estuaries during
March 2015. At least 50 specimens were collected
from each site using a 30x1.5-m seine net of 10 mm bar
mesh size. Specimens were fixed in 10% formalin and
transported to Nelson Mandela University for skeletal
descriptor analysis. A YSI 6600 multiparameter probe
was used to measure the environmental variables pre-
sent at the time of sampling.

The Swartkops Estuary is categorized as perma-
nently open while the Gqutywa Estuary is categorized
as temporarily open/closed (Whitfield and Baliwe
2013). The Swartkops has been shown to be marine-
dominated at the lower reaches with comparatively low
freshwater inflow (Baird et al. 1986, Pattrick and Stry-
dom 2014, Strydom 2015), with salinities ranging from
24.61 to 33.44 in the autumn sampling season. At the
time of sampling, the following values for the key en-
vironmental variables were recorded at the Swartkops
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Estuary: temperature, 23.42°C; salinity, 31.32; pH,
7.51; turbidity, 13.2 NTU; oxygen saturation, 100%;
conductivity, 48.46 uS cm™!; and total dissolved solids,
31.51 mg I-!. The Gqutywa Estuary is categorized as
hypersaline, with salinities previously ranging from
35.66 to 43.19 during the period 1998-1999 (Strydom et
al. 2003). At the time of sampling, the following values
were recorded for the environmental variables at the
Gqutywa: temperature, 24.54°C; salinity, 39.55; pH,
7.76; turbidity, 2.4 NTU; oxygen, 100%; conductivity,
58.77 uS cm!; and total dissolved solids, 38.77 mg I-'.
The climate in the sampling region is categorized as
warm temperate, with rainfall peaking bimodally in
winter and spring (Strydom et al. 2003, Pattrick and
Strydom 2014).

Aquarium rearing and fish growth

To assess the skeletal descriptors of R. holubi
juveniles grown at different salinities in the labora-
tory, specimens (n=589 total) were collected at the
Swartkops Estuary between April and May 2017 us-
ing a 30x1.5-m seine net of 10 mm bar mesh size and
transported to the aquarium laboratory at Nelson Man-
dela University. The specimens were then distributed
among 12 glass 200-L capacity tanks for laboratory
acclimatization. Each tank contained mechanical floss
outflow filters, a Bubble Magus protein skimmer and
a Matrix Biofilter treated with Seachem Stability. For
at least two weeks prior to experiments, the specimens
were acclimatized to standard laboratory conditions of
19°C to 21°C (measured with aquarium thermometers)
and 29 to 31 salinity (measured with an ATC refrac-
tometer) obtained using reverse osmosis water with
Blue Treasure Marine Salt. Fish were fed daily to satia-
tion with Omega One marine flakes (43% protein, 11%
fat and 2% fibre). A RED SEA Marine Lab aquarium
kit was used to test pH (maintained at 8.0-8.4) and
concentrations of ammonia (maintained at <0.2 ppm),
nitrite (maintained at <0.05 ppm), nitrate (maintained
at <20 ppm) and phosphate (maintained at <0.2 ppm)
on a weekly basis. Mechanical filters and 10% water
were also changed weekly.

For the salinity experiments, six aquaria were used
with 20 fish of 46.48+7.2 mm (mean+SD) length (120
total). Three tanks served as controls maintained at
standard laboratory conditions which mimicked those
of the sampling site (salinity=29.15+0.55, mean+SD)
while three tanks were maintained at a higher salinity
of 49.9+1.16 (mean+SD) for the hypersaline treatment,
which was higher than levels recorded in the Gqutywa.
The hypersaline exposure salinity level (~50) was cho-
sen based on a combination of pilot observations in the
laboratory and to closer reflect salinities seen in the
Gqutywa Estuary, which is generally considered a hy-
persaline sampling station for ecological studies. Salin-
ity in hypersaline treatment tanks was gradually raised
from standard conditions over three weeks via daily
~5% water changes of 50-60 salinity, and was then
left at ~50 for the remainder of the study. Fish were
measured for total length weekly for nine consecutive
weeks using measuring boards, while environmental
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variables were measured with a YSI 6600 multiparam-
eter probe. After 9 weeks, the fish began exhibiting
signs of fin erosion, at which point the growth experi-
ment was stopped. At the end of the exposure, the fish
were removed and fixed in 10% formalin and kept until
processing for skeletal descriptor analysis.

Skeletal descriptor analysis

To assess skeletal descriptors and identify anoma-
lies, the fish tissues were cleared, and bone and carti-
lage were stained using methods described by Taylor
and Van Dyke (1985). In summary, the fish specimens
were descaled and deskinned with a scalpel before
transfer to 95% ethanol for dehydration for 24 hours.
They were then transferred to Alcian Blue cartilage
stain for 8 hours and transferred to saturated sodium
borate solution for a six-hour neutralization. The car-
tilage stain solution consisted of 70% of 95% ethanol,
30% acetic acid and ~2 mg Alcian Blue per litre of
medium. The bones were also stained using Alizarin
Red (mixed until dark purple) in 1% potassium hy-
droxide solution. Specimens were then transferred to a
digestion solution containing diluted saturated sodium
borate solution and porcine trypsin powder of roughly
five teaspoons per two litres of medium. The fish were
left to digest until the tissues were clear enough for
analysis. Digestion solutions were changed every week
until complete, and digestion times varied between fish
sizes. The fish skeletons were observed on both sides
under a stereomicroscope (BestScope, ~40-50x magni-
fication depending on size) and analysed for the pres-
ence of anomalies considered in Table 1 and adapted
from Boglione et al. (2001). The anomalies considered
in this analysis were described in a review by Boglione
et al. (2013b), and included severe deformities such
as shorter-than-usual fin rays, supernumerary fin rays,
lordosis (downward concave curvature), kyphosis
(upward concave curvature) and vertebral fusions.
The most abundant types of anomalies were reduced
fin rays and slight malformations in neural or haemal
spines of vertebrae.

Statistical analyses

One-way ANOVA indicated that R. holubi speci-
men length (mean 46.48 mm +7.23 SD) did not differ
between tanks at the start of the growth experiment
(n=20, F=0.204, p=0.96). A repeated-measures ANO-
VA was used to determine the difference in length be-
tween control (salinity ~30) and hypersaline (salinity
~50) treatments over time. Mauchly’s test of sphericity
was violated (W=0.03, p<0.05), so the Greenhouse
Geisser value was applied (e=0.52).

The average number of vertebra-related anomalies
per fish and the average number of fin ray-related
anomalies per fish were compared between salinity
treatments for the wild-caught and aquarium-grown
fish using a Mann-Whitney U test since parametric
test assumptions were violated. Mann-Whitney U tests
were also used to compare skeletal anomaly frequen-
cies i.e. the number fish per anomaly type between fish
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Table 1. — List of skeletal anomalies considered for analysis of Rhabdosargus holubi juveniles grown in different conditions, adapted from
Boglione et al. (2001).

Category of anomaly Region of skeleton

Type of anomaly

Vertebral Cephalic vertebrae
Pre-haemal vertebrae
Haemal vertebrae

Caudal vertebrae

Lordosis (upward concave curvature of the spine; Fig 2B)
Kyphosis (downward convex curvature of the spine)
Partial vertebrae fusion

Total vertebrae fusion

Vertebral anomaly (shape, ossification, ridges, reduction/elongation)
Anomalous neural arch/spine

Anomalous haemal arch/spine

Anomalous rib

Anomalous hypural

Anomalous parahypural

Anomalous epural

Fin Pectoral fin
Pelvic fin
Anal fin
Caudal Fin

Dorsal Fin

Miscellaneous

Anomalous rays
Anomalous pterygophores

Cephalic anomalies (dental/maxillary/premaxillary/opercular plates)

Swim bladder anomaly

Treatment

—— Control
—- Hypersaline
© Control
O Hypersaline

50

Total Length (mm)
i

45

424

Week

Fig. 1. — Mean total length (mm=SD) of Rhabdosargus holubi ju-
veniles grown under control (~30) and hypersaline (~50) treatments
for 9 weeks.

collected in the Swartkops and Gqutywa estuaries, as
well as between control and hypersaline treatments.
Data were analysed and compared in total and accord-
ing to two size classes for the field data (38-60 mm
and 61-104 mm). Statistics were performed in SPSS
V 21.0.

RESULTS
Fish growth versus salinity in the aquarium

Repeated-measures ANOVA indicated that R. hol-
ubi length increased weekly (F=223.48, p<0.005, Fig.
1) and that the interaction between time and treatment
was significant for the within-subject effects (F=2.93,
p=0.02). However, overall length did not differ be-
tween control and hypersaline treatments (F=0.003,
p=0.96).

Skeletal anomalies in wild-caught fish

Standard lengths of wild-caught individuals ranged
from 40 to 104 mm. Of the 44 anomalies considered, 12
types were present in wild-caught individuals. Twenty-
one of a hundred individuals were malformed, the ma-
jority of them from the naturally hypersaline Gqutywa
Estuary samples. No severe anomalies such as verte-
bral kyphosis, lordosis or fusions were detected. The
average number of anomalies found was higher in the
Gqutywa Estuary samples, especially for fin-related
samples, as these were mostly absent in Swartkops Es-
tuary samples (Table 2, Fig. 2). Fin-related anomalies
in Gqutywa and Swartkops estuary samples included
mostly dorsal and caudal fin breaks and erosions (Fig.
2). Vertebra-related anomalies consisted mainly of mi-
nor neural spine anomalies. Total frequency (number of
individuals) with each of the 44 anomalies also differed
between the Gqutywa and the Swartkops estuaries,
with higher incidences of fin-related anomalies in the
Gqutywa Estuary (Mann-Whitney U=336, Z=-12.42,
p<0.005). Anomalies were only present in the smaller
size class in the Swartkops Estuary, while there was no
difference between size classes in the Gqutywa Estuary
(Mann-Whitney U=906.5, Z =-0.21, p=0.83).

Skeletal anomalies in fish reared at different
salinities

Most individuals in both the 30 and 50 salin-
ity treatments grown in aquaria exhibited no skeletal
anomalies. Of the 120 individuals surveyed, 18 were

Table 2. — Comparison of the mean (+SD) number of total, vertebral-related and fin-related anomalies found in juvenile Rhabdosargus holubi

from the Swartkops and Gqutywa estuaries (n=50 total each) and grown in aquaria at a control 30 and hypersaline 50 salinity treatment (n =

60 total each). For wild-caught fish, size class | included individuals of 38 to 60 mm total length, while size class 2 included individuals of 61

to 104 mm total length. The samples from the Swartkops Estuary did not contain enough fin anomalies for specific size class comparisons. An
asterisk (*) shows statistical differences (p<0.05) between treatments of a Mann-Whitney U test.

. Total Class 1 Class 2
Anomalies Total Vertebral Fin Total Vertebral Fin Total Vertebral Fin
Swartkops (wild) 0.06+0.2*%  0.04+0.20 0.02+0.14* 0.08+0.27* 0.05+0.23* 0.03+0.16 (-)* (-)* (-)
Gqutywa (wild) 0.4+0.24* 0.06+0.24 0.22+0.51* 0.43+0.79* 0.24+0.53* 0.19+£0.5 0.66+0.47* 0.14+0.34* 0.4+0.55
Control (30 salinity) 0.13+034 0.12+032  0.011.3 ) o) 8 o) ) )
Hypersaline (50 salinity) ~ 0.1740.38  0.1#0.3  0.07£0.25 (=) o o) o o) o)
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Fig. 2. — Cleared and stained skeletons of juvenile Rhabdosargus holubi indicating examples of caudal fin ray anomalies (A), and caudal
vertebrae lordosis (B) in specimens from the Swartkops Estuary living in hypersaline conditions of 50 in aquaria for 10 weeks.

anomalous, the majority exhibiting lordosis in the
haemal or caudal regions or an eroded caudal fin ray
(Fig. 2). There was no significant difference between
the number of vertebra-related or fin-related anoma-
lies between the control and hypersaline groups in the
laboratory (Table 2). Total frequency of each anomaly
tested (n=44) differed between control and hypersa-
line treatments, with higher incidences of fin-related
anomalies being found in the hypersaline treatment
(Mann-Whitney U=1294.5, Z=-9.98, p<0.005).

DISCUSSION

Hypersaline conditions may potentially place a sig-
nificant impact on the physiology of estuarine fish dur-
ing drought conditions or freshwater impoundments,
thus affecting their ecology (Beeuf and Payan 2001,
Harrison and Whitfield 2006, Gonzalez 2012). This
study was aimed at assessing the growth and skeletal
anomalies of R. holubi juveniles growing at different
salinities in situ and in the laboratory using clearing
and staining techniques (Taylor and Van Dyke 1985)
to determine the impact of hypersaline conditions over
the long term. It was found that hypersaline conditions

with a salinity of 50 for two months did not signifi-
cantly impact the growth of R. holubi for most of the
duration of the experiment, compared with control
samples kept at salinity levels around 30, similar to
those in their natural habitat. It was found that skeletal
anomalies were rare, occurring in less than 20% of all
skeletal samples surveyed. The highest incidences of
anomalies were found in R. holubi juveniles from the
naturally hypersaline Gqutywa Estuary, particularly
affecting their fin rays. Conversely, vertebra-related
anomalies, i.e. those in vertebra, spines, arches and
crania, did not differ significantly between treatments.

The degree of metabolic activity due to osmoregu-
lation varies widely in the literature, ranging from
less than 10% to more than 50% of the total energy
cost (Beeuf and Payan 2001, Gonzalez 2012, Ern et al.
2014). Generally, when fish are gradually acclimated,
tolerance to hypersaline conditions increases and may
also lead to lower metabolic costs (Gonzalez et al.
2005, Whitfield et al. 2006, Gonzalez 2012). Fish may
respond to increased solute concentrations by increas-
ing salt excretion rates and reducing gill epithelial
permeability (Gonzalez et al. 2005, Gonzalez 2012).
Growth rates in many fish species, such as the marine
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estuarine-opportunist Mugil cephalus, are shown to
decrease at high salinities due to the compromise of
reducing oxygen intake while decreasing gill perme-
ability to prevent the absorption of solutes (Beeuf and
Payan 2001). Additionally, many other metabolic path-
ways are impacted during changing salinity, including
changing gill ventilation, acid-base regulation and
hormonal regulation (Claireaux and Lagardére 1999,
Deane and Woo 2009, Ern et al. 2014). In some spe-
cies, growth may even increase at high salinities. In
the euryhaline milkfish Chanos chanos for example,
swimming activity declines at a salinity of 55 com-
pared with 35, leading to a higher growth rate over a
period of four weeks (Swanson 1998). Thus, the lack of
effect of salinity on growth may be due to the offset of
osmoregulatory metabolic demands by a reduction in
movement. This was seen anecdotally in the laboratory
and also evidenced by a decrease in respiration rates at
high salinities found in pilot studies (Kisten 2018). In
an ecological context, these results show why R. holubi
is able to tolerate and proliferate under high-salinity
conditions (Whitfield et al. 2006) and can be the most
populous marine estuarine-dependant species in inter-
mittently open estuaries during the closed mouth state
(James et al. 2007, Whitfield et al. 2017).

If fish are able to manage the solute levels in their
internal environment, it follows that damage to, or mal-
formations of, internal structures such as the skeleton
may be minimized (Gonzalez 2012, Boglione et al.
2013b). The ability of the euryhaline R. holubi to main-
tain its internal osmotic environment near isosmotic
levels at salinities up to 65 (Blaber 1974b) may explain
the lack of incidence and difference between treatments
of vertebral anomalies obtained in this study. Further,
skeletal anomalies tend to be more pronounced if they
develop during earlier stages in the life cycle (Boglione
et al. 2001, 2013b, Alarape et al. 2015). This may ex-
plain the low incidence of skeletal anomalies in juve-
niles, especially in the aquarium samples, as the early
preflexion larval stages occur in the relatively stable
marine environment. This may also explain why wild
hypersaline juveniles exhibited anomalies while aquar-
iums samples did not, as individuals in the Gqutywa
Estuary may have been exposed to high salinities and
other factors at a younger age and for a longer period.
However, due to a combination of pollution and other
environmental variables, skeletal anomalies such as
those observed in Atherina lagunae (Ayed et al. 2008)
can also occur in early juvenile euryhaline fish spe-
cies. Lordosis (abnormal upward concave curvature)
and vertebral spine/arch malformations were some of
the most common vertebral-related anomalies present
in anomalous samples. Lordosis of the haemal and
caudal regions can be attributed to high water current,
forced swimming and high temperatures (Divanach
et al. 1996, 1997, Boglione et al. 2013b), which may
explain why smaller individuals in aquaria exhibited
this in both salinity treatments used in this study, as the
other variables were kept constant. Anomalies affect-
ing neural and haemal spines and arches are considered
less severe and less likely to impact the performance
of fish (Boglione et al. 2013b), especially at the low

levels observed in this study. These anomalies may
also be linked to other environmental variables, and
particularly a nutrient-deficient diet rather than envi-
ronmental salinity (Divanach et al. 1996, Izquierdo et
al. 2010, Boglione et al. 2013b). As such it is diffi-
cult to conclude that a hypersaline environment may
have any effect on the internal structures of R. holubi
at the salinity levels and exposure durations tested in
this study, particularly since other factors such as tem-
perature were kept constant in the laboratory but would
vary considerably in the wild.

Fin rays were the most significantly affected struc-
tures found in hypersaline conditions both in situ in the
Gqutywa Estuary and in the laboratory at a salinity of
50 (Fig. 2). Fin ray anomalies are common in many
species in both the wild and in aquaculture conditions
(Divanach et al. 1996, Boglione et al. 2013b). How-
ever, the impact on fin rays, especially the erosions
exhibited in this study, may not be related to physi-
ology, skeletal growth and developmental anomalies
(Boglione et al. 2013b). Rather, fin erosions may be
caused by factors such as abrasions, intraspecific ag-
gression, nutritional deficiencies and bacterial infec-
tions (Latremouille 2003). Overall, the stress of unfa-
vourable environments may also lead to fin erosion, as
in the case of juvenile cobia Rachycentron canadum
reared at suboptimal low salinities of 5 (Denson et al.
2003). The presence of eroded fins does affect mobil-
ity and results in changes to swimming patterns that
may result in skeletal deformities over the long term
(Divanach et al. 1996, Latremouille 2003, Boglione et
al. 2013b). Ecologically, fin damage and pathological
infections may make fish more vulnerable to predators
potentially impacting on population size (Latremouille
2003, Hostetter et al. 2012).

In an ecological context, the results of this study in-
dicate that R. holubi juveniles are resilient to hypersaline
conditions, enabling them to persist in a saline-tolerant
food web. Juvenile R. holubi depend on vegetated refu-
gia for food and protection from piscivores (Blaber
1974a, Edworthy and Strydom 2016, Nel et al. 2017).
This refuge is particularly important if mobility is re-
duced, due to the potential reduction in activity and fin
erosion seen in this study. Conversely, the persistence
of R. holubi populations together with other halotolerant
species ensures the availability of food for halotolerant
piscivores if planktivorous fish prey items decline dur-
ing hypersaline conditions (Whitfield et al. 2006, Du-
rand 2015). Thus, both the resilience to, and potential
impacts of, hypersaline conditions seen in this study
enable R. holubi to buffer food webs during hypersaline
conditions. Droughts and hypersaline conditions may
become more frequent and intense, especially during the
dry phase of ENSO in the future (Gillanders et al. 2011,
Koehn et al. 2011, James et al. 2013). This is further
exacerbated by freshwater reduction practices in rivers
and estuaries (Turpie et al. 2002, Adams et al. 2016).
The potential synergistic effect of other factors such as
increased temperature, ocean acidification, heavy metal
pollution and salinity on the skeletal development of
larvae and juveniles is yet unknown and may be an im-
portant aspect for study in the future.
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