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Carbon primary sources and estuarine habitat use by two congeneric
ariid catfishes in a subtropical coastal lagoon
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ABSTRACT. Although ariid catfishe species are known to use coastal systems during some stages of their life cycles, the

energetic contribution of estuarine resources and habitat use by many species in this family are still unclear. We used stable

isotope analyses to estimate the assimilation of primary carbon sources and to infer the use of estuarine and freshwater

habitats by two ariid catfishes Genidens barbus (Lacepéde, 1803) and Genidens genidens (Cuvier, 1829). An isotopic mixing

model revealed that juveniles of both catfish species consume considerable amounts of estuarine-produced carbon sources

(G. barbus: 54-87% and G. genidens: 36-84%). However, G. genidens adults rely more on freshwater-derived carbon sources

(31-77%) than on estuarine sources (23-69%). These results support the hypothesis that both species occupy the estuary and

assimilate organic carbon produced in this region during their early stages, but G. genidens adults consume carbon sources

associated with the freshwater portion of the lagoon.

KEY WORDS. Genidens barbus, Genidens genidens, isotopic mixing models, Patos Lagoon, stable isotopes.

Estuaries are biologically much more productive than their
adjacent rivers and the sea. The hydrodynamic characteristics
of estuaries favor nutrient retention and high levels of primary
production (Day et al. 1989, MiranDa et al. 2002). In some cases,
estuarine production is exported to the adjacent marine area,
where it is assimilated by coastal organisms (Savact et al. 2012).
Fish moving in and out of estuaries into adjacent areas can
mediate this nutrient flux between ecosystems (NELsoN et al.
2012, JarpINe et al. 2012), generating carbon subsidies among
food webs of marine, estuarine and freshwater regions (McAvoy
et al. 2000, Garcia et al. 2007, KosHivo et al. 2013). Examples
of fish using estuaries during part of their life cycle (e.g., as
juveniles) and then moving into adjacent marine or freshwater
areas are commonly found among catfishes (CHao et al. 1985,
Araujo 1988, Gomrs & Araujo 2004, RocHa et al. 2012). At Patos
Lagoon (32°S), for instance, young-of-the-year Genidens barbus
(Lacepede, 1803) born in summer move from the northern
limit of the estuarine zone (close to the freshwater portion of
the lagoon) to the southern reaches of the estuary (near its con-
nection with the sea) in autumn and winter, and return back
to the freshwater region in the following spring and summer.
Juveniles repeat this movement between fresh and brackish
waters, and when they become sub-adults (older than two years)
they join the adult population and migrate to the sea, where

they remain until it is time to come back to spawn in the upper
freshwater reaches of the lagoon (Araujo 1988). The proportion
of estuarine and freshwater-derived food sources in the diet of
many catfish species during different phases of their life cycle is
still unclear. For instance, prior studies based on the distribution
and abundance of the Ariidae catfish species Genidens genidens
(Cuvier, 1829) and G. barbus, which are commonly found in
southwestern Atlantic estuaries (BarLerta & Braser 2007, JALaL
et al. 2012), described contrasting life cycle models for these
species. Earlier work conducted in the 1980’s at Patos Lagoon
documented that the catfish G. genidens is an estuarine resident
(i.e., completes its entire life cycle within the estuary) and the
marine catfish G. barbus is an anadromous species (i.e., adults
migrate from marine areas to breed in the freshwater reaches of
this lagoon) (CHao et al. 1985, Reis 1986, Aravjo 1988). Previous
studies in other estuaries of the Atlantic Southwest (Mazzonr et
al. 2000, Denapat et al. 2012, RocHa et al. 2012) have also claimed
that ariid catfishes use the estuarine zone for reproduction,
development and/or for feeding. However, we do not know of
any prior studies using natural tracers to investigate how ariid
catfish species use estuarine and freshwater habitats in south-
western Atlantic estuaries.

Stable isotope analysis has been widely employed to in-
vestigate movement patterns and habitat use by aquatic animals
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(RusensteIN & Hosson 2004, GueLinckx et al. 2008, VINAGRE et al.
2011). It investigates the differences in the isotopic composition
at the base of the food web in different habitats (e.g., oceanic vs.
coastal; estuary vs. freshwater) and can be used to track animal
movement between habitats (Fry 2006). For example, Garcia et
al. (2007) showed that the isotopic composition of fish found
in the estuarine and freshwater regions of Patos Lagoon differ
from each other (average 8"*C: -17%o SD: 2.75 and -21%o0 SD:
1.97, respectively) because they reflect differences in the average
isotope values of primary producers of each location (average
SBC: -21%o0 SD: 7.29 and -28%o SD: 1.32, respectively).

In this work we investigate the isotopic differences of
two congeneric species of catfish (G. genidens and G. barbus)
that have contrasting life cycles, and which move between the
estuarine and freshwater habitats of the Patos Lagoon, which
have distinct isotopic baselines. We use these tracers to infer their
assimilation of primary carbon sources. Our hypothesis was that
the estuarine environment provides basic food sources for both
species during the initial phase of their life cycles.

MATERIAL AND METHODS

Patos Lagoon is one of the largest subtropical coastal
lagoons in the world (Kjerrve 1986, MOLLER & FERNANDES 2010).
It is connected to the South Atlantic Ocean by a single inlet lo-
cated between two ~5 km-long rocky jetties and 18 m deep. The
precipitation, river discharge, salinity and wind patterns are the
main physical driving forces controlling the hydrological condi-
tions of the estuarine zone of Patos Lagoon (Costa et al. 1988).

Fish and other food web components were sampled from
the research vessel Larus of the Universidade Federal do Rio
Grande (FURG) in September 2011. Samples of fish populations
were obtained in three sampling stations located in a salinity
transition region of Patos Lagoon between the upper limit of the
estuary and its freshwater zone (Fig. 1). The basal food sources
were collected at 8 locations along the longitudinal axis of Patos
Lagoon, distributed between its estuarine and lower freshwater
reaches (Fig. 1). The basal food sources sampled included rep-
resentative species of marsh plants, seagrass and macroalgae,
and also suspended particulate organic matter (SPOM) and
particulate organic matter in the sediment (SOM). Samples of
the primary producers were collected by hand using scissors.
SPOM was obtained through filtration of approximately 0.25
to 1.00 liter of water collected at each sampling location into
glass-fiber filters (0.75 pm). In order to obtain a sample of SOM,
we removed about 2 cm of sediment surface using a plastic core
(10 cm diameter) in shallower water sites (<1.5 m) and a Van
Veen grab in deeper sites (> 2 m).

Catfishes (G. barbus and G. genidens) were caught using
a 9 m wide (mouth) and 7 m long bottom trawl net with a 15
mm mesh in the wings, 12 mm in the central portion and 6
mm in the bag. Each haul lasted five minutes. We collected
both juveniles (N = 9) and adults of G. genidens (N = 9), but

Séao Lourengo

Patos Lagoon

31.6°S

freshwater

Rio Grande

Atlantic Ocean

32.2°S

522 oW 51.8°W

Figure 1. Map showing the sites in the estuarine and freshwater
zones of Patos Lagoon, southern Brazil. Asterisks denote the locations
where individuals of Genidens genidens and Genidens barbus were
collected; closed circles denote the locations where marsh plants,
seagrass, macroalgae and suspended particulate organic matter

(SPOM) and sediment (SOM) samples were collected.

only juveniles of G. barbus (N = 22). We did not collect adults
of this species because we did not sample the adjacent marine
area, where adults migrate to reproduce. Based on prior work
(RocHa & Freire 2009), we considered as juveniles and adults of
G. genidens the individuals with total length (TL) smaller and
larger than 200 mm, respectively. All specimens of G. barbus
measured less than 415 TL mm and were considered juveniles
(Res 1986). Adults are approximately three-folds larger than G.
genidens. All samples were stored on sealed plastic bags and stored
on ice until transferred to the laboratory, where they were kept
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in a freezer until they were processed (JARDINE et al. 2003, GArcia
et al. 2007, HoemngHaus et al. 2011).

After thawing, primary producers and fish were cleaned
with distilled water (to remove any material adhered to the
tissue of interest), placed on a sterile Petri dish and dried in an
oven at 60°C to constant weight (minimum of 48 hours). We
processed and analyzed leaves of marsh plants and seagrass,
and filaments of macroalgae. The tissue of choice to analyze
fish samples was the anterior-dorsal muscle. Dried samples were
ground to a fine powder with a mortar and pestle and stored in
clean Eppendorf tubes. Subsamples were weighed (1-3 mg for
animal tissues, 25-30 mg for SOM and approximately 3 mg for
other basal sources), pressed into Ultra-Pure tin capsules (Cos-
tech Analytical, Valencia, California), and sent to the Analytical
Chemistry Laboratory of the Institute of Ecology, University
of Georgia, for analysis of carbon isotope ratios. Results are
expressed in delta notation (parts per thousand deviation from
a standard material): 5°C = [(Rs_ml[,le/Rmn da) — 11 ¥ 1000, where
R =13C/"C. The standard material for carbon is Pee Dee Belem-
nite (PDB) limestone.

Analysis of variance (ANOVA) was used to test statistical
differences in 8*C mean values between the two catfish species,
and the student t-test was used to evaluate differences in §*C
values between juvenile and adult individuals of G. genidens. A
biplot of 8'3C and average total length (TL, mm) of each individ-
ual was employed to distinguish patterns in isotopic composition
between both catfish species and their correlation was evaluated
using a linear regression. In order to infer habitat use for each
species, intraspecific variations in carbon isotope ratios were
compared to carbon isotopic baselines representative of the
estuarine and lower freshwater reaches of the Patos lagoon. As
isotope baseline we considered representative species of marsh
plants, seagrass and macroalgae, SOM and SPOM collected at
the estuarine and freshwater reaches of the lagoon in this study
(n=62). SOM and SPOM consist of pools of microalgae, organic
matter and detritus of pelagic and benthic origin (Day et al.
1989), which, in case of the SOM, can reflect the dominant local
vegetation (Kennepy et al. 2010). We used the SIAR (Stable Isotope
Analysis in R) Bayesian approach for isotopic mixtures (PARNELL
et al. 2010) to estimate the relative association of each catfish
species with the estuarine and freshwater isotopic baselines. The
variability in isotopic composition of basal food sources was
incorporated into the mixing models as standard deviations of
carbon isotope ratios of each basal food source at the estuarine
and freshwater zones. A key parameter used in isotopic mixing
models is the trophic enrichment factor (TEF) that is the isoto-
pic difference between the tissues of consumers and the tissues
of their food sources after they reached equilibrium (Fry 2006,
ParneLL et al. 2010). In most cases, these differences arose from
preferential accumulation of heavier isotopes (e.g., *C in det-
riment of ?C) in animal tissues when compared to their food
(MartiNez DEL Rio et al. 2009). In the absence of species-specific
TEF values obtained in controlled diet experiments, it is usual

to employ TEF values obtained in meta-analyses for species
phylogenetically or trophically related (Post 2002, NEwsoME et
al. 2007). We used a TEF of 0.47 with a standard deviation of
1.23 per trophic level, which was obtained in the meta-analysis
carried out by VANDER ZANDEN & Rasmussen (2001). We considered
two trophic levels for both species in our mixing models, there-
fore, we multiplied our TEF value by 2.

In order to evaluate the potential influence of interanual
isotopic variability in the basal food sources comprising our
isotope baseline, we also modeled fish assimilation of estuarine
and freshwater-derived food sources considering an extensive
dataset (n = 95 samples) of §'*C values of marsh plants, seagrass
and macroalgae, SOM and SPOM collected at the estuarine and
freshwater reaches of the lagoon in this study (n = 62), by Garcia
etal. (2007) (n = 13) in November 2004 and also by CraupiNo et
al. (2013) (n = 20) in September 2010 (Table 1).

RESULTS

The mean values and standard deviations of the primary
producers, SPOM and SOM, used to build the isotopic baseline,
are shown in Table 1. A total of 95 samples were collected,
48 at freshwater sites in the northern reaches of the lagoon
(SPOM = 6, SOM = 11, Marsh plants = 4, Macrophytes = 15,
Floating macrophytes = 12) and 47 at the estuarine region of the
lagoon (SPOM = 6, SOM = 14, Marsh plants = 15, Macroalgae =
8, Seagrass = 4). Total average values and standard deviations
of carbon isotope ratios (5!*C) of basal food sources at freshwa-
ter and estuary regions were -26.93 (2.55) and -20.17 (7.86),
respectively (Table 1).

In general, comparisons between the average values of car-
bon isotopic ratios (§'*C) revealed significant differences between
the two catfish species, with lower §'*C values for G. genidens
(-19.23%o0 + 1.41) when compared to G. barbus (-17.18%o0 £ 0.78)
(F(1,37) =32.7504, p < 0.00). The comparison between juvenile
and adult individuals of G. genidens also revealed significant
differences in carbon isotope ratios (t-test = 2.699, p < 0.016),
with juveniles showing enriched average §'3C (-18.45%0 £ 1.50)
compared to adults (-19.99%o * 0.81). Intraspecific variations
in 813C values in relation to individual body size revealed con-
trasting patterns (Fig. 2). Genidens barbus individuals showed
lower variation in §'*C values (-19.05%o to -16.03%0) and no
correlation with body size (r = -0.329, p > 0.145). In contrast,
G. genidens had a much larger variation in §'*C values (-21.25%o0
to -16.20%o0) and a marked negative correlation with body sizes
(r=-0.843, p < 0.000) (Fig. 2).

The SIAR mixing models revealed that most of the carbon
content in juvenile G. barbus was derived from the estuarine
region (95% credibility interval — CI = 54-87%) when compared
with the freshwater region (95% CI = 13-46%). Juveniles of G.
genidens also derived most of their carbon from the estuary (95%
CI = 36-84%) when compared with freshwater basal source (95%
CI = 16-64%). However, upon reaching the adult stage, their
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Table 1. Means and standard deviations (SD) of carbon isotope
ratios (8'*C of primary producers, SPOM and SOM used to build
the isotopic baseline of freshwater and estuarine reaches of Patos
Lagoon. Data source: (1) This study, (2) Garcia et al. 2007, (3)
Craupino et al. 2013.

Species N Mean SD Data source
Freshwater
Marsh plants
Schoenoplectus californicus 4 -25.90 0.31 1-2
Macrophytes
Bacopa spp. 6 -26.14 0.79 1
Echinodorus spp. 1 -26.96 2
Enydra spp. 1 -30.44 2
Ludwigia peploides 3 -27.79 0.64 1
Polygonum spp. 1 -28.95 2
Pontederia subovata 3 -24.38 0.30 1
Floating macrophytes
Eichhornia azurea 4 -27.63 0.69 1-2
Eichhornia crassipes 1 -27.96 2
Eichhornia spp. 3 -28.46 0.32 1
Pistia stratiotes 1 -27.82 2
Salvinia diminuta 2 -29.89 0.75 1
Salvinia spp. 1 -27.80 2
SPOM 6 -22.83 0.72 1
SOM 1 -21.03 1.65 1
Total 48 -26.93
SD 2.55
Estuary
Marsh plants
Cladium jamaicensis 1 -27.52 2
Cyperus giganteus 1 -27.97 2
Juncus acutus 2 -27.95 0.52 3
Juncus effusus 1 -26.33 2
Scirpus maritimus 5 -27.00 0.42 2-3
Spartina densiflora 5 -12.15 0.43 2-3
Macroalgae
Rhizoclonium spp. 2 -10.11 0.21 3
Ulva spp. 6 -10.28 0.73 1
Seagrass
Ruppia maritima 4 -10.94 0.85 3
SPOM 6 -22.81 212 1
SOM 14 -18.81 2.32 1-3
Total mean 47 -20.17
sD 7.86

isotopic signatures tended to reflect consumption of freshwater
food sources (95% CI = 31-77%) and comparatively less from
estuarine food ones (95% CI = 23-69%) (Fig. 3). These findings
remained similar when mixing models were run with a more
extensive isotope baseline (n = 95 samples) including interanual
variability in basal food sources at estuarine and freshwater zones
of the lagoon (Fig. 4).
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Figure 2. Carbon isotope ratios (3'>C) and total length (TL, mm) of

individuals of Genidens genidens (closed circles) and Genidens barbus

(open circles) collected in the interface between the estuarine and

freshwater zones of Patos Lagoon in present study.

DISCUSSION

According to the model of the life cycle suggested by
Aravjo (1988), G. barbus move between freshwater to the estuary
during their first year of life. After reaching sexual maturity,
adults migrate to the ocean, returning to freshwater to spawn.
Our work with stable isotopes corroborates the general move-
ment pattern proposed in this model by providing evidence that
the primary producers at the estuary are an important source
of carbon for juveniles of G. barbus during the initial phase of
their development. There is no current model describing the life
cycle of G. genidens at the Patos Lagoon. Araujo (1988) mentioned
that this species remains in the upper limit of the estuarine zone
or in the limnetic portion of the lagoon and that its juveniles
are occasionally found in the estuary. Based on fish sampling
restricted to the mixohaline zone of the Patos Lagoon, some
authors classified this species as estuarine resident (CHao et al.
1985, Aravjo 1988). However, Viera et al. (2010) demonstrated
that G. genidens occurs from the estuary to the uppermost north-
ern portion of the lagoon, which is located ~180 km from the
lagoon’s connection with the sea, and can remain year round
at freshwater. Our work provides new evidence that this catfish
species derives energy from the estuarine and freshwater zones of
this lagoon in different phases of its development. Intraspecific
trends in carbon isotope ratios suggest that juveniles depend
mostly on estuarine-derived carbon sources, but when they
become adults, they shift to carbon sources associated with the
freshwater reaches of the lagoon. This carbon shift probably
occurs as a function of isotopic differences between freshwater
and estuarine habitats of the Patos lagoon (Garcia et al. 2007).
At its estuarine zone, *C-enriched plants with C,-photsyntetic
pathway are commonly found (e.g., Spartina densiflora, S. alterni-
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Figures 3-4. Relative contribution of estuarine and freshwater basal
sources to Genidens barbus and G. genidens estimated by the mixing
model SIAR and their respective credibility intervals of 95% (light
gray), 75% (intermediate gray) and 50% (dark gray). (3) Results
obtained with the static isotope baseline (n = 62 samples collected at
September 2011). (4) Results obtained with the isotopic baseline (n =
95 samples), encompassing interanual variability in basal food sources.

flora, Ruppia maritima), but they are absent in the freshwater
reaches of the lagoon, where C-depleted C, plants dominate
(e.g., Salvinia sp., Eichhornia azurea, Pistia striolates, Eichhornia
crassipes, Scirpus californicus) (Garcia et al. 2007).

The trophic importance of estuarine resources for Ariid
catfishes has been proposed earlier based on stomach contents
analysis (AraUjo 1984, CHaves & VENDEL 1996, MENDOZA-CARRANZA &
Viera 2009, Denapar et al. 2012). For example, trophic ecological
studies on G. genidens and G. barbus in southwestern Atlantic
estuaries highlighted the importance of estuarine invertebrates
in their diet (Araujo 1984, MenpOzA-CARRANZA & ViEIRA 2009), for
instance polychaets, mollusks, zooplankton and, especially, the
tanaid Kalliapseudes schubartii Mané-Garzén, 1949, which can
reach high densities (~ 12.808 ind. m?) in estuarine mudflats
(Bemvenutr 1987, Rosa-FiLno & Bemvenutr 1998). Our stable iso-

topes revealed a habitat-related shift in primary carbon sources
sustaining G. genidens. Juveniles of this species rely mainly on
estuarine resources. Later on, when they become adults and
move to the freshwater reaches of the lagoon, they switch to
freshwater-derived resources. Future studies combining stable
isotopes and stomach content analyses need to be carried out
to unravel changes that might occur in the diet and trophic
links of the preys of G. genidens when it moves from estuarine
to freshwater.

Finally, it is worth noting that the basic assumption be-
hind stable isotope mixing models (i.e., consumers reflect the
isotopic composition of their food sources) is dependent of the
complex dynamics of food-consumer isotope discrimination
factor and tissue-specific turnover rates of carbon and nitrogen
(Fry 2006). Unfortunately, these parameters have not been
estimated for many ecosystems, food webs, species and tissues
that have been subjected to stable isotope analyses (GANNEs et al.
1997, MartiNEz DEL Rio et al. 2009) and our studied lagoon and
species are not exceptions. We attempted to minimize this pro-
blem by also evaluating our results against an isotopic baseline
comprised of a larger dataset (n = 95 samples) covering potential
isotopic variation occurring across several seasons and years. A
prior analysis in this estuary revealed that monthly variation in
carbon isotope ratios of the most representative marsh plants of
the Patos Lagoon estuary are less than three per mil during the
year (CraubpiNo et al. 2013). Apparently, our extensive isotope
baseline integrating isotope variations in space and throughout
different years were robust enough to infer the use of estuarine
and freshwater habitats for both catfishes, despite the inherent
noise included in these mixing models. Laboratory studies on
species-specific trophic discrimination factors and tissue turn-
over rates (e.g., MoNT’ALverNE et al. 2016) are needed to allow
more accurate interpretation of catfish movement and habitat
use in this subtropical lagoon.

In summary, our findings revealed that both G. barbus and
G. genidens derived important amounts of estuarine-produced
carbon sources in their juvenile stages, and that G. genidens
adults relied more on freshwater-derived carbon sources. In
order to advance our current understanding of the life cycles
and habitat use of these catfish species, we need more studies
on the isotopic composition of their food sources, along with
an investigation of the salinity gradients (from sea to estuary to
freshwater). Laboratory studies on trophic discrimination factors
and tissue turnover rates, integrated with other natural tracers
as otolith microchemistry, might also be helpful.
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