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We analyzed fish eggs and larvae in an estuary under severe drought conditions. We detected an inverse salinity
gradient, with values increasing from the mouth to the upper estuary. Egg densities decreased from the estuarine
mouth to the upstream areas following the salinity increase for all three mesh net sizes. This pattern was also
found for the density of larvae, which decreased in estuarine regions with hypersalinity (38 to 62). The low
diversity constituted only nine fish species, which were classified as anadromous (Anchoa hepsetus), estuarine and

marine (Bathygobius soporator, Hippocampus reidi, Eucinostomus sp., and Diapterus auratus), marine estuarine-
opportunist (Caranx latus and Bardiella rochus), and marine stragglers (Echeneis naucrates and Haemulon sp.).
In addition, we observed an oversimplification of the assemblage to include stress-tolerant estuarine and marine
species. Our baseline results suggest that this hypersaline estuarine ecosystem has lower densities and diversity
than a healthy mangrove system.

Estuaries are key coastal ecosystems for many species of fish
worldwide because of their ecological functions as feeding, spawning,
and nursery habitats (Ramos et al., 2012; Potter et al., 2015; Whitfield,
2016, 2017; Kisten and Strydom, 2021; Guerreiro et al., 2021). Fish eggs
and larvae, named ichthyoplankton, drift in the water column of these
estuarine systems and interact with prey, predators, and a range of
environmental variables (Houde, 2001; Arévalo-Frias and Mendoza-
Carranza, 2015; Zhang et al., 2022). In this regard, studies on these
organisms and their dynamics are of great relevance to fisheries man-
agement, especially in low-inflow or freshwater-deprived mangrove
estuarine ecosystems. As the early life stages of fish are more vulnerable
to mortality, the effects of extreme events in estuaries is a determinant of
recruitment (Cabral et al., 2021; Colombano et al., 2022).

Tropical estuaries in arid and semi-arid regions are characterized by
low freshwater inflow and high rates of evaporation, some of which are
intermittently blocked from the sea by sand spits (Potter et al., 2010;
Tweedley et al., 2019). The combination of these factors and human
intervention can result in hypersalinization, which means that the
salinity of the estuary is higher than that of the adjacent ocean (Andutta
et al., 2011). This extreme phenomenon is especially important during
the dry season when salinity increases. Hypersaline conditions expose
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aquatic biota, such as fish eggs and larvae, to osmotic stress and meta-
bolic changes that affect their temporal and spatial distribution as well
as survival rates (Tweedley et al., 2019; Whitfield et al., 2006).
Furthermore, increased salinity is an important factor that can simplify
the estuarine communities, select stress-tolerant species (Barroso et al.,
2018), and reduce the overall abundance and diversity of organisms
(Cyrus et al., 2010; Carrasco and Perissinotto, 2012; Rosa et al., 2016;
Sloterdijk et al., 2017).

. The intensification of climate change effects, such as sea level rise,
reduced precipitation, and high levels of evaporation (Cai et al., 2022)
results in the hypersalinization of estuaries. On the Brazilian semiarid
coast, short estuaries are already experiencing hypersalinity due to local
impacts (e.g., multiple dams) and ongoing climate change, which makes
them useful models for understanding this phenomenon (Schettini et al.,
2017; Soares et al., 2021). However, few studies have analyzed these
extreme mangroves and their ichthyoplankton communities (Badd et al.,
2022). Using a semiarid estuary in an extreme drought year as a model,
we analyzed the intra-annual distribution and density of fish eggs and
larvae.

The Piranji River Estuary is located on the Ceara state coast in the
Equatorial Southwestern Atlantic. The study region is located in a small,
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shallow hydrographic basin, 55 km long and 4.367 km? total area (Silva
and Silva, 2012) (Fig. 1). This low-inflow estuary is located on the
Brazilian semiarid coast, and its morphology is composed of narrow,
shallow channels with extensive sand and mud banks. Moreover, there is
a 3.2 km long sand spit at the mouth (Silva et al., 2012) that decreases
the tidal flow inside the estuary. The rainy period lasts from January to
June, and the dry period from July to December (Lacerda et al., 2007)
(Fig. 2). This mangrove estuarine ecosystem can experience hypersaline
conditions because of several factors, such as a semiarid climate,
drought-prone area, high evaporation rate, high water residence time,
and low levels of surface runoff (Schettini et al., 2017).

Natural drought cycles are characteristic of this semiarid region and
have increased between 2000 and 2020, correlated with El Nino con-
ditions and the positive phase of the Atlantic Meridional Mode (Marengo
et al., 2017). The combination of both mechanisms from 2010 to 2016
led to the most severe drought (Fig. 2) ever recorded in this region
(Marengo et al., 2017).

Intra-annual sampling occurred in 2015 during the diurnal period in
the rainy (February, April, and June) and dry seasons (August, October,
and December). Data were collected at three different points, P1 (up-
stream river station), P2 (intermediate station), and P3 (downstream
river station, near the river mouth), along the Piranji Estuary (Fig. 1)
during the ebb tide. The depth, water temperature, salinity, and dis-
solved oxygen levels were measured at each station using a YSI 6600
multiparameter meter.

Horizontal surface hauls for ichthyoplankton samples were collected
by boat at all three stations using conical nets of 200, 300, and 500 pm
mesh (mouth diameter: 50 cm) equipped with a flowmeter (General
Oceanics, Miami, FL, USA). The nets were towed at approximately 2
knots for 3 min at each station. All samples were immediately fixed in 4
% formalin buffered with borax.

Ichthyoplankton density is expressed as the number of individuals/
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Fig. 2. Mean historical precipitation (1990-2011), precipitation during a his-
toric drought (2012-2014), and precipitation during the study period (2015).

100m® (Omori and Tkeda, 1984). Only the eggs of the Engraulidae family
were identified and all others were classified as morphotypes A, B, C, D,
and E, according to their morphometric (egg size) and morphological
characteristics. Fish larvae were identified to the lowest taxonomic level
(according to, (Ré, 1999; Richards, 2005) and classified into different
stages of development, according to the flexion of the notochord, as pre-
flexion, flexion, and post-flexion, based on Ré (1999). Ecological guild
classification considers the habits of breeding adults and their migration
patterns. The following characteristics were used: location of spawning,
feeding, and/or refuge, which in some cases involve migratory move-
ments between estuaries and other ecosystems (Andrade-Turbino et al.,
2008; Potter et al., 2015).

The estuary depth was typical of shallow, low-inflow, short estuaries,
deeper at P3, the downstream station, near the river mouth, during the
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Fig. 1. Sampling points in the Piranji River Estuary, Ceard, Brazil, Equatorial SW Atlantic. P1, upstream; P2, intermediate; and P3, downstream, near the estuarine

mouth and sand spit.
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rainy (4.95 + 0.67 m) and dry seasons (3.65 + 0.28 m), and shallower at
P2, the intermediate station (2.46 + 0.18 m), and at P1, the upstream
station (2.3 + 0.37 m), during the rainy season and the dry season,
respectively (Table 1). The water temperature was nearly constant
during the study, as expected for low-latitude estuarine systems, at 28.4
+ 0.36 (P1), 28.2 + 0.16 (P2) and 27.66 + 0.32 (P3), during the rainy
season, and 27.55 + 0.43 (P1), 26.82 £ 0.68 (P2) and 26.12 + 0.44
(P3), during the dry season (Table 1).

High levels of dissolved oxygen were found at P3 during the rainy (6
+ 0.43 mg/L) and dry seasons (6.01 + 0.01 mg/L), but these decreased
at P1 and P2 during the rainy (5.33 + 0.36 and 5.43 + 0.32 mg/L) and
dry seasons (5.59 + 0.21 and 5.41 + 0.5 mg/L) (Table 1).

During the rainy season, salinity levels were high at all three sam-
pling stations, but only P3 exceeded the salinity of the adjacent sea.
During this period, the salinity was highest downstream at P3 (38 +
0,71), followed by P2 (36 + 7.83), and lowest at P1 (30.1 + 15.1). In the
dry season, the salinity changed drastically; it was lowest at P3 near the
ocean (38.4 + 1.08), followed by P2 (45.76 + 5.12), and highest at P1 in
the uppermost estuarine area (53.2 + 8.38) (Table 1). Although the
station closest to the sea had the highest salinity during the rainy season,
in the dry period, this pattern was reversed and the estuary as a whole
became hypersaline, with salinity levels increasing upstream (Fig. 3,
green rectangle).

The total numbers of fish eggs were 189, 100, and 174 in the 200,
300, and 500 pm nets, respectively. Only Engraulidae and five mor-
photypes (A, B, C, D, and E) comprised the estuarine egg assemblage.
There was a decrease in egg density for all three mesh net sizes from the
mouth to the upper estuary, i.e., downstream to upstream (Table 2). The
highest egg densities were observed at P3, near the ocean (Table 2),
where the total density was 124.9, 73, and 40.7 eggs/100m? in the 200,
300, and 500 pm net, respectively. The lowest densities were observed at
P1 (Table 2) with 2.8, 0.8, and 0.5 eggs/lOOm3 in the 200, 300, and 500
pm nets, respectively.

The total numbers of fish larvae were 183, 96, and 69 in the 200,
300, and 500 pm nets, respectively. The lower fish larval diversity was
composed of nine taxa distributed across eight families, nine genera, and
nine species (Table 3). Considering each mesh size, the total density of
fish larvae increased towards the river mouth, with the exception of the
200 pm net when the density was higher at P1 than P2 (Table 3).

The highest total densities of fish larvae were observed at P3 with
90.9, 36.1, and 9.9 larvae/100m? collected in the 200, 300, and 500 pm
nets, respectively. Conversely, the lowest total densities of fish larvae
were observed at P2 (15.3 larvae/100m>) with the 200 pm net, and at P1
(19.6, and 3.1 larvae/100m?) in the 300, and 500 pm nets, respectively
(Table 3).

Table 1
Physical-chemical variables measured in the Piranji Estuary, Equatorial SW
Atlantic, Brazil, during the rainy and dry seasons.

Rainy season

Depth (m) Temperature (°C)  Salinity Dissolved oxygen (mg/L)
P1  319+0.65 284 +0.36 30.1 +15.1 5.43 £0.32
P2 2.46 £ 0.18 28.2 £0.16 36 +£7.83 5.33 £0.36
P3  495+0.67 27.66 + 0.32 38 +£0.71 6 + 0.43
Dry season
Depth (m) Temperature Salinity Dissolved oxygen (mg/
(9] L)
P1  23+0.37 27.55 + 0.43 53.2 + 8.38 5.41 + 0.5
P2 3.03% 26.82 + 0.69 45.76 + 5.59 + 0.21
0.91 5.12
P3 365+ 26.12 + 0.44 38.4 + 1.08 6.01 + 0.01
0.28

P1, upstream; P2, intermediate; P3, downstream.
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Anchoa hepsetus was found at the highest density (mean = 16.78
larvae/100 m®) among all of the organisms collected with the 200, 300,
and 500 pm nets at the three sampling stations. Bathygobius soporator
(mean = 4.0 larvae/ 100 m3), Eucinostomus sp. (mean = 1.74 larvae/
100 m3), and Haemulon sp. (mean = 1.0 larvae/100 m?) were the other
most representative taxa in the samples.

The assemblage of fish larvae was composed almost entirely of taxa
belonging to estuarine and marine guilds (Table 3). We recorded all
three developmental stages at each sampling station, with a predomi-
nance of larvae in the pre-flexion stage (18.39, 17.53, and 59.48 larvae/
100m? at P1, P2, and P3, respectively) (Fig. 4). The flexion stage was
only recorded at P3 (Fig. 4).

Our baseline research evaluated the intra-annual spatial variation in
fish larvae and eggs in mangroves under extreme salinity conditions.
Environmental variables, such as temperature and dissolved oxygen, in
the study area (Barroso et al., 2018) were similar to those of other
tropical estuaries near the equator (Macedo Silva et al., 2015; Andrade
et al., 2016; Bastos et al., 2016). However, there were remarkable sea-
sonal differences in salinity in two opposing manners (Barroso et al.,
2018): hyposaline and hypersaline regimes. In years of extreme drought,
the combined effect of reduced annual rainfall, low water depth, and
high evaporation rates promoted hypersalinity in this semiarid estuary
(Schettini et al., 2017), even in the rainy season (e.g., February). The El
Nino event in 2015 and 2016 was one of the most severe since 1950
(Rossi and Soares, 2017), and this phenomenon can result in prolonged
periods of drought and hypersalinity in mangroves.

Our baseline assessment of ichthyoplankton density and diversity in
this hypersaline estuary was unusually low compared to other estuaries
without extreme salinity conditions (Balakrishnan et al., 2015; Zacardi,
2015; Correa-Herrera et al., 2017; Da Silva et al., 2020; Rousseau et al.,
2017). Fish eggs and larvae are even more susceptible to variations in
salinity because they cannot osmoregulate like adults, which affects the
life history of the early life stages of fish (Pérez-Robles et al., 2012; Rosa
et al., 2016; Santos et al., 2017).

Salinity is one of the most important factors in ichthyoplankton
assemblage distribution and diversity (Jagadeesan et al., 2013; Marina
et al.,, 2021). Extreme salinities require high energy rates for osmotic
regulation; therefore, the energy that would otherwise be used for the
growth and development of eggs and larvae is reduced (Kurbel, 2008).
Hypersaline mangroves can impact the life cycle of fishes, including
reproduction and alterations in the food web (e.g., ichthyoplankton
prey), as well as causing the direct mortality of fish (Whitifield, 2021),
which may be among the causes of the low density and diversity
recorded in this study and the predominance of larvae in the first stage of
development.

The density of fish eggs and larvae are directly influenced by the
presence of favorable environmental conditions for adult spawning
(Schreck et al., 2001; Servili et al., 2020). One peculiar characteristic
that may have increased the salinity is the presence of a sand spit at the
mouth of the estuarine-laguna system. The presence of spits in mangrove
estuarine systems reduces their connectivity with the adjacent sea,
blocks the entry of breeding adults, fish eggs, and larvae from coastal
waters into the estuary, and negatively influences the density and di-
versity of ichthyoplankton (Strydom et al., 2003; Whitfield et al., 2006;
James et al., 2007; Korsman et al., 2017). Other estuarine systems are
influenced by the presence of sand spits at their mouths; however,
because of the intensifying effects of climate change (e.g., prolonged
droughts and river silting), this condition has become more frequent,
which prevents the renewal of estuarine water and results in widespread
hypersalinity (Whitfield, 1992; Morais and Pinheiro, 2011; Descroix
et al., 2020).

Although the fish assemblage from this low-inflow estuary is
composed of taxa commonly found in tropical estuarine systems
(Bonecker et al., 2009; Marcolin et al., 2010; Lima et al., 2015), the
number of species recorded here is considerably low, which is expected
in hypersaline coastal environments (Rosa et al., 2016; Chermahini
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Fig. 3. Salinity levels measured at three sampling
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Table 2

Morphotypes of fish eggs found in the Piranji Estuary, Ceara State, Equatorial SW Atlantic, Brazil, and their respective densities at each sampling station and net mesh

size.

Density (eggs/100m>)

Net mesh size (pm) 200 300 500

Station P1 P2 P3 P1 P2 P3 P1 P2 P3
Engraulidae 2.8 1.4 56.2 0 0 30.1 0 0 11.1
Morphotype A 0 0 18.7 0.8 0 0 0 0 5.3
Morphotype B 0 0 29.1 0 0 25.6 0 0 12.5
Morphotype C 0 2.1 20.8 0 1.5 14.3 0 0 1.2
Morphotype D 0 0 0 0 3.0 0 0 0.7
Morphotype E 0 0 0 0 0 0 0 9.9
Total 2.8 3.5 124.9 0.8 1.5 73.0 0.5 0.7 40.7

P1, upstream; P2, intermediate; P3, downstream.

Table 3

Taxa of fish larvae found in the Piranji estuary, Ceara State, Equatorial SW Atlantic, Brazil, and their respective densities at each sampling station and with each net

size, and their classification according to ecological guild.

Family Species Mesh size (200 pm) Mesh size (300 pm) Mesh size (500 pm) Ecological guild
P1 P2 P3 P1 P2 P3 P1 P2 P3
Gobiidae Bathygobius soporator (Fillfrin Goby) 0 1.39 9.02 0 9.79 8.28 1.68 0 2.89 Estuarine and Marine
Engraulidae Anchoa hepsetus (Broad-striped Anchovy) 15.27 12.49 71.48 16.57 9.79 20.33 1.20 1.20 2.65 Anadromous
Gerreidae Eucinostomus sp. (Mojarra) 5.55 1.39 0 0 0 7.53 0 0.72 0.48 Estuarine and Marine
Diapterus auratus (Irish Mojarra) 0 0 0 0 0 0 0 0 1.20 Estuarine and Marine
Haemulidae Haemulon sp. (Scaled-fin Grunts) 0 0 10.41 0 0 0 0 0 0.72 Marine stragglers
Carangidae Caranx latus (Horse-eye Jack) 0 0 0 0 0 0 0.24 0.48 0.24 Marine estuarine - opportunist
Echeneidae Echeneis naucrates (Live Shark-sucker) 0 0 0 0 0 0 0 0 0.48 Marine stragglers
Sciaenidae Bairdiella sp. (Ground Croaker) 0 0 0 0 0 0 0 0 0.72 Marine estuarine - opportunist
Syngnathidae  Hippocampus reidi (Longsnout seahorse) 0 0 0 0 0 0 0 1.20 0.48 Estuarine and Marine
Total density 20.8 15.3 90.9 16.6 19.6 36.1 3.1 3.6 9.9
(larvae/100m®) P1 >P2 <P3 P1 <P2 <P3 P1 <P2<P3

P1, upstream; P2, intermediate; P3, downstream.

et al.,, 2021). According to Potter et al. (2015), these fish species are
classified as anadromous (Anchoa hepsetus), estuarine and marine
(Bathygobius soporator, Hippocampus reidi, Eucinostomus sp., and Dia-
pterus auratus), marine estuarine-opportunists (Caranx latus and Bar-
diella rochus), and marine stragglers (Echeneis naucrates and Haemulon
sp.). The lack of freshwater species due to high salinity levels and the

occurrence of only marine and estuarine species is a pattern found in
other hypersaline aquatic environments (Rosa et al., 2016; Badu et al.,
2022), and points to an oversimplification of the fish assemblage under
the influence of hypersalinity and severe drought. In addition, the
mangrove fish community was composed of salinity-tolerant species.
Bathygobius soporator (Gobiidae) and Anchoa hepsetus (Engraulidae)
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Fig. 4. Larval developmental stages found at the sampling stations along
Piranji estuary, Ceara State, Equatorial SW Atlantic, Brazil. PF, pre-flexion; F,
Flexion; POF, post-flexion. P1, upstream; P2, intermediate; P3, downstream.

are euryhaline species, which means they can tolerate a wide range of
salinities and occupy a great diversity of habitats (Nizinski and Munroe,
2002; Sarpedonti et al., 2013; Mangas et al., 2014; Sanchez-Ramiréz and
Ocana-Luna, 2015; Merigot et al., 2017), including mangroves experi-
encing extreme salinity. B. soporator eggs are demersal, and their pelagic
larvae use estuarine systems to complete their development (Joyeux
et al., 2004). A. hepsetus spawns continuously (iteroparity), which ex-
plains the high catch of eggs and larvae during ichthyoplankton surveys
in estuaries (Nizinski and Munroe, 2002; Favero et al., 2015). Another
estuarine and marine larva is the near-threatened Hippocampus reidi
(Syngnathidae) (Rosa et al., 2007) that was found at the low densities of
1.2 and 0.48 larvae/100 m®> at P2 and P3, respectively, during our study.
This species occurs in habitats such as macroalgal beds and mangrove
roots (Mai and Rosa, 2009). Salinity experiments with the seahorse
H. reidi indicates that they better survive and grow at intermediate
salinity levels (10-25); thus the stress caused by hypersalinity should be
considered another factor that threatens their population (Hora et al.,
2016) in mangroves during extreme droughts, as recorded here.

Despite inhabiting marine regions, the family Gerreidae, commonly
known as mojarras or silverbiddies, seeks tropical estuaries and man-
groves for feeding and reproduction (De La Cruz-Agiiero et al., 2012;
Ramos et al., 2016). Many species of gerreids are found from the upper
to the lower zones of estuarine systems because of their broad salinity
tolerance (0-35) (Franco et al., 2012); moreover, they constitute an
important resource for the fishing community (Ramos et al., 2016). In
this study, the Gerreidae family was represented by the estuarine and
marine species, Eucinostomus sp. and Diapterus auratus.

Caranx latus (Carangidae) and Bardiella rochus (Sciaenidae) are ma-
rine estuarine-opportunistic species that enter estuaries to complete
their life cycle and then return to the sea (Vendel and Chaves, 1998;
Guazzelli et al., 2021). In contrast, Echeneis naucrates (Echeneidae) and
Haemulon sp. (Haemulidae) larvae are classified as marine stragglers,
meaning they enter estuaries sporadically, most commonly where
salinity typically does not decline far below 35 (Potter et al., 2015).

The fish assemblage was dominated by larvae in the pre-flexion
stage, with a low density of flexion and post-flexion stages. This can
be indicative of spawning activity in the mangrove area, as well as the
retention of these organisms in the estuary (Katsuragawa and Matsuura,
1992). Larvae in the pre-flexion stage have little or no swimming ability
because their natatory structures are not yet formed, so they are
threatened by hypersaline conditions, which cause increased stress
(Fisher et al., 2000). In addition, larvae do not yet have osmoregulatory
organs, such as gills or kidneys; therefore, they are more vulnerable to
extreme salinity as more energy is required to maintain osmoregulation
(Sampaio and Bianchini, 2002; Oliveira and Pessanha, 2014).

Thus, even though the semiarid mangrove in this study is an
important nursery for marine fish, the lack of freshwater species and the
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low densities of larvae in more advanced stages may be indicative of an
ongoing loss of its nursery function. This topic requires further long-term
study, as previously reported upon in other regions, for example, the loss
of nursery function for fish in the Lake St. Lucia Estuary in South Africa.
This lake is affected by drought and extended periods of river mouth
closure, preventing the entrance of post-larvae into the estuary and the
recruitment of juveniles into marine fish stocks (Cyrus and Vivier, 2006;
James et al., 2007; Cyrus et al., 2011).

We found a low density and diversity of fish eggs and larvae in this
mangrove system during extreme salinity. We also recorded a low
number of species adapted to these extreme environmental conditions in
the drought-prone mangrove ecosystem. A long time series is needed to
better understand the effect of hypersalinity on ichthyoplankton as-
semblages in extreme estuarine environments. In this context, our re-
sults provide an important baseline for long-term ecological analyses on
the loss of ecosystem functions, such as mangrove nurseries. Considering
the ecological role of ichthyoplankton in mangroves and their vulnera-
bility to global change, our study can help to better understand how this
assemblage will respond to future extreme salinity due to drought and
warming, with implications for fisheries and mangrove conservation.
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