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Abstract The aim of this study was to analyze the
organic matter (OM) origin in the nearshore and the surf
zones adjacent to Mar Chiquita lagoon, in order to
determine the importance of allochthonous estuarine
detritus and in situ marine phytoplankton as carbon
(C) sources for young fishes prior to entering the lagoon.
Water samples from both the nearshore and the surf
zones were collected for estimation of Chlorophyll a
concentration, and §'°C and §'°N values of the particu-
late organic matter (POM). Isotopic composition of the
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zooplankton and fish larvae from both zones and fish
juveniles from the surf zone were also estimated. The
contribution of potential OM sources was quantified by
Bayesian stable isotope mixing models (SIAR). SIAR
models revealed that the POM composition in the coast-
al area close to Mar Chiquita lagoon comprised a mix of
primary producers (terrestrial and marine). The cord-
grass Spartina densiflora that develops in the
saltmarshes bounding the lagoon, contributed most to
the POM of the surf zone, being important as a C source
for zooplankton from the same zone. Towards deeper
waters (10-12 m, ~2.5 km offshore) with higher chlo-
rophyll a concentrations, phytoplankton contributed
most to the POM. Spartina densiflora was not relevant
as a C source for larval and juvenile fishes. However, it
was of importance to the group of primary consumers,
which apparently sustain other zooplankton organisms
that fish fed on. In this sense, the OM derived from
S. densiflora and exported to the coastal area contributes
to sustaining the prey for young fishes outside Mar
Chiquita.

Keywords Young fishes - Organic matter - Estuarine
environment - Stable isotopes - STAR model

Introduction

Identification of the relative importance of different
primary producers supporting marine, coastal and estu-
arine food webs has gained much attention in the last
decades. For instance, food webs in coastal and beach
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ecosystems are mainly based on marine sources, such as
phytoplankton (Defeo and McLachlan 2005;
McLachlan and Brown 2006; Bergamino et al. 2011).
For estuarine ecosystems, on the other hand, several
important carbon sources have been identified, like
Spartina spp. and benthic microalgae (Sullivan and
Moncreiff 1990), or macroalgae and phytoplankton
(Deegan and Garritt 1997), or marsh macrophytes
(Howe and Simenstad 2015), or the combination of
these inputs (Botto et al. 2005). The variability of carbon
sources found in these systems relies on the fact that
estuarine environments are transitional areas that are
subject to a significant supply of nutrients, detritus and
organisms from terrestrial, fluvial and marine environ-
ments (Polis et al. 1997; Kneib 2002). The ecotone
feature (a zone of transition between adjacent
ecological systems; Holland 1988) of estuarine environ-
ments has encouraged researchers to understand the
mechanisms of, and responses to, cross-ecosystem
transport of organic matter (OM), nutrients, and organ-
isms (e.g., Vizzini and Mazzola 2006; Vinagre et al.
2011; Howe and Simenstad 2015).

The exchange of non-living materials and organisms
between estuaries and the sea can be classified into those
that are passively driven by physical forces (Jansson
1988; Polis et al. 1997) and/or those that are the active
result of the behavior of the organisms (Jansson 1988;
Kneib 2002). Both passive and active transport can
result in the movement of materials from the sea to the
estuary (inwelling), and from the estuary to the sea
(outwelling) (Dame and Allen 1996). In estuarine sys-
tems, the transport of suspended particulate material is
frequently governed by the flux of tidal waters (Kjerfve
and Magill 1989). If ebb velocities substantially exceed
flood (‘ebb dominance’), this will result in a seaward
transport of suspended sediments (Dame and Allen
1996). In addition, the opposite has been observed
(i.e., ‘flood dominance’), resulting in a net displacement
of suspended material in a landward direction (Dame
and Allen 1996).

Although the hydrodynamics in most estuaries
worldwide is largely influenced by tidal cycles, in coast-
al lagoons with a long, narrow and shallow inlet channel
(choked lagoons, sensu Kjerfve and Magill 1989) winds
play a major role because the inlet channel acts as a
dynamic filter which significantly reduces tidal fluctua-
tions or tidal currents (Kjerfve and Magill 1989; Kjerfve
1994). Mar Chiquita lagoon (37°32'S, 57°19'W;
Argentina), is a small (46 km?) and very shallow
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(0.80-3 m) choked lagoon affected by semidiurnal low
amplitude (< 1 m) tides (Reta et al. 2001). Strong (>
10 m s ") offshore winds (N, NW) increase the dis-
charge of'this lagoon even during the flood, while strong
onshore winds (SW, S, SE, and E) increase saltwater
intrusion into the lagoon (Reta et al. 2001). Therefore,
the inwelling or outwelling in this estuarine system is
driven by winds and not by a more predictable force,
such as the tidal cycle. In addition, recruitment of young
fishes into the lagoon has been demonstrated to be
mediated by the wind effect, being onshore winds de-
terminant in the success of the recruitment of larval
(Bruno et al. 2014) and juvenile (Bruno et al. 2015)
stages. Given the larger unpredictability of the wind
force and its role on recruitment dynamics of young
fishes into the lagoon, it has been proposed that the
coast adjacent to the inlet acts as an accumulation area
for fish early life history stages until conditions allow
their entrance (Bruno and Acha 2015).

Understanding the origin and pathway of OM in food
webs is significant for comprehension of food webs struc-
tures, and the analysis of stable isotopes [e.g., carbon (C)
and nitrogen (N) stable isotopes; 5'°C and 5'°N] is a useful
methodology to achieve it (Michener and Schell 1994). C
and N stable isotopes are incorporated into an animal’s
body via diet and are passed in natural pathways (DeNiro
and Epstein 1978, 1981). Therefore, isotopic measure-
ments can indicate the natural pathways and energy flow
from the producers to the consumers (Fry and Sherr 1984;
Peterson and Fry 1987). In the case of C isotopes, different
producers may be recognized by their different §'C values
(Lajtha and Michener 1994), for example, benthic algae
are on average ~C—enriched by about 5 %o compared to
sympatric phytoplankton (France 1995). Whilst, 5'"°N
values depend on the external origin of the N and are also
affected by internal biogeochemical transformations, such
as N-fixation, nitrification and/or denitrification process
(Minagawa and Wada 1984; Kendall 1998; Montoya
2007). In addition, the C:N ratio gives valuable informa-
tion for tracing the OM (Kendall et al. 2001; Wissel et al.
2005). For example, particulate OM (POM) derived from
terrestrial plants (either C3 or C4) showed C:N values
between 15 and 50, whereas POM derived from phyto-
plankton showed values between 5 and 8 (Kendall et al.
2001).

For instance, food webs of some SW Atlantic estuar-
ies, including inner areas of Mar Chiquita lagoon are
supported by different sources, such as Spartina
densiflora, benthic microalgae and phytoplankton
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(Botto et al. 2005) in agreement with several studies
conducted on similar estuarine systems (e.g., Sullivan
and Moncreiff 1990; Currin et al. 1995; Garcia et al.
2007). These three sources of organic matter in the Mar
Chiquita lagoon show distinct §'°C values and are
therefore useful for assessing the sources of energy for
this system’s food web. Botto et al. (2005) argued that
there is a strong influence of S. densiflora and benthic
microalgae in intertidal sediments of Mar Chiquita la-
goon according to the 6'°C values recorded (between
—12.6 and —15.5%0). On the other hand, the C isotopic
signature of consumers (zooplankton, razor clams, poly-
chaetes, crabs, and fish) showed that the three sources of
organic matter were important to support the food web.

Therefore, it is expected that larval and early juvenile
fishes entering Mar Chiquita system obtain their food from
the same sources. However, and given that the coast
adjacent to the lagoon’s inlet acts as an accumulation area
for fish early life stages (Bruno and Acha 2015) the
question that arises is whether the sources of OM that
sustain food webs within the lagoon are the same that hold
these fish stages that remain outside Mar Chiquita. We
hypothesize that the main source of OM for the trophic
web at the nearshore and surf zones is the detritus of
S. densiflora originated within the estuarine environment
of the Mar Chiquita lagoon. An alternative hypothesis is
that the OM that sustains the trophic web is the local
phytoplankton production near Mar Chiquita’s inlet.

Given that mortality rates in fish are maximal during
early life stages (Cushing and Horwood 1994; Houde
2002), it is of great importance to understand both the
role of nursery habitats used by fish larvae and juveniles
and the possible sources that sustain them during these
critical stages. Therefore, the aim of this study was to
assess the importance of allochthonous (estuarine detri-
tus) versus autochthonous (phytoplankton) sources for
the trophic web sustaining fish larvae and juveniles in
the nearshore and surf zones adjacent to Mar Chiquita’s
inlet.

Material and methods

Study area

The study area includes a sampling site in the inlet (E1)
and covers the adjacent surf zone (S1, S2) to Mar

Chiquita lagoon, and the marine nearshore zone (M1-
Mo) (Figs. la, b).

Mar Chiquita coastal lagoon, a UNESCO Man and
the Biosphere Reserve (UNESCO 1996), has an elon-
gated shape with a general direction NNW-SSE and
receives the discharges of several freshwater streams
and canals (Reta et al. 2001). Mudflats and surrounding
marshes dominated by the cordgrass S. densiflora (e.g.,
Isacch et al. 2006) and the burrowing crab Neholice
granulata (e.g., Iribarne et al. 1997) characterize this
very shallow lagoon. The latter species is known for
affecting sediments in the area by increasing the OM
content due to its burrowing activity (Botto et al. 2005).

The area where the lagoon discharges to the sea is
characterized by sandy beaches (Merlotto and Bertola
2009) with surf zones of moderate energy for the most
part of the year (Bertola 2006). However, strong south-
easterly storms, which may last from one to six days and
which peak in early spring and mid-summer, enhance
the energy of the surf zones (Merlotto and Bertola
2009).

A sandy substratum of moderate slope characterizes
the seabed from the surf zone to deeper nearshore waters
up to a depth of 6 m (< 1 km from the coast) from where
the slope largely decreases (Reta et al. 2001). Marine
waters in the region are of sub-Antarctic origin, with
salinities in the range of 33.5 to 33.8 PSU, and are
subjected to seasonal variability (Lucas et al. 2005).
Water temperature range from 9 °C to 10 °C in
autumn-winter months and from 12 °C to 21 °C in
spring-summer months showing also a seasonal trend
(Lucas et al. 2005).

Sampling design

Sampling was conducted fortnightly in the surf zone
between February and March 2012 (late austral sum-
mer) since previous studies showed a high abundance of
larval and juvenile fishes during this season (e.g., Bruno
et al. 2014, 2015). Only one survey in February 2012 at
the nearshore zone was possible to achieve due to bad
weather.

In each sampling site, (i.e., E1, S1, S2, M1-M6;
Fig. 1b) water samples were collected in duplicate with
plastic bottles (previously washed with distilled water)
for chlorophyll a (500 ml) and particulate organic matter
(POM) (5 L) analysis. Mesozooplankton (hereafter zoo-
plankton) and fish larvae were collected in duplicate by
a conical net with 0.15 m? mouth area and 300 um mesh
span net towed with a 60 HP boat against the prevailing
current at 2 knots for 10 min at the nearshore sampling
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Fig.1 Study area. a Mar Chiquita coastal lagoon (Argentina), b location of sampling sites in the surf zone (S1, S2) including the inlet (E1)

and in the nearshore zone (M1 — M6)

sites. In this zone, depth ranged from 5 to 6 m (~0.6 km
offshore; M1-M3) to 10-12 m (~2.5 km offshore; M4-
Mo6) (Fig. 1b). The same net was employed to collect
zooplankton and fish larvae in the sampling sites of the
surf zone, but in this case, the net was pulled (five
replicates) against the prevailing current for 50 m paral-
lel to the shoreline at ~1 m depth. Also, in the sampling
sites of the surf zone, a 4 m long and 1 m height nylon
beach seine-net with a 5 mm stretch mesh size and a2 m
cod-end was pulled (five replicates) against the current
for 50 m parallel to shoreline at ~1 m depth in order to
collect juvenile fishes.

Once in the laboratory, the water samples collected
for chlorophyll a detection were filtered until clogged
onto pre-combusted (400 °C for 4 h) filters (Microclar,
grade GF/F fiberglass nominal pore size 0.5 um), which
required an average volume of 302.5 ml (+ 96.1) per
sample. Filters were stored at —40 °C and then treated
with 100% methanol and sonicated (30 s). From the
resulting extract, previously centrifuged to remove par-
ticles and filter debris, Chlorophyll ¢ determinations
were made with a spectrum fluorometer FR-10AXL
by fluorescence excitation (at 440 nm) and emission
(at 650 nm) following Holm-Hansen et al. (1965) at
the National Institute for Fisheries Research and
Development (INIDEP, Argentina).

POM was obtained by filtering 5 L water samples until
clogged onto pre-combusted (400 °C for 4 h) filters
(Microclar, grade GF/F fiberglass nominal pore size
0.5 pm), first discarding material >100 pm. From plankton
samples, fish larvae were sorted and identified under a
stereoscopic microscope to the lowest possible taxon, guts
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were removed and yolk-sac larvae were excluded accord-
ing to Leite et al. (2002). Composites, whenever possible,
of at least three individuals of each species, were made to
decrease variability in isotopic values of the samples. Once
fish larvae were removed, zooplankton present in plankton
samples were extracted under a stereoscopic microscope,
discarding large organisms (e.g., euphausiids, large amphi-
pods). The feeding process in marine food webs can be
considered as opportunistic and less dependent on prey
taxonomy rather than on prey size (Cury et al. 2003).
Therefore, analyses of isotopic values from zooplankton
correspond to a composite of several species of the same
sample aiming to make interpretations on the C flux from
the available zooplankton in the area to the fish rather than
on specific isotopic values of zooplankton organisms.
Juvenile fishes were sorted and identified to species level.
To prevent that unassimilated food affects the measure-
ment of §'°N and §'3C estimations, only the white muscle
of fishes was used. Similarly to fish larvae, composites of
at least three individuals, whenever possible, of each spe-
cies were made.

All samples (POM, zooplankton, fish larvae and fish
juveniles) were dried at 60 °C for 72 h, ground to fine
powder, and weighed and loaded into tin capsules. As
all samples were used for both 5'°C and 5'°N isotopes
analysis, acid was not used to remove inorganic carbon-
ate (Bunn et al. 1995) because acidification may have
detrimental effects on nitrogen values (Pinnegar and
Polunin 1999). Indeed, several authors suggested that
the use of acidification for samples of organisms with
low content of calcareous structures is not necessary, for
example in the case of fish (Carabel et al. 2006) or
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zooplankton (Grey et al. 2001), if the dominant compo-
nent lack of calcareous structures like in our case (see
Results). In addition, we also measured the C:N ratio for
all samples.

Isotope analysis was performed by a PDZ Europa
20-20 isotope ratio mass spectrometer in the stable
isotope facility of the University of California Davis.
The stable isotope ratios are expressed as & values as
parts per thousand (%o): 8X = [(Rsample/Rstandard) —
1] x 1000; where X = BCcor P N, and R is the
corresponding ratio '*C:'*C or '*N:'*N. Standards used
were Vienna Pee Dee Belemnite for C, and N, air for N.
Analytical precision was quantified via repeated analy-
sis of internal reference standards. The analytical error
was of 0.2%o for "*C and 0.3%o for '°N.

Statistical analysis

The null hypothesis of no differences in chlorophyll a
concentrations and in 5"*C and 5'°N values of POM and
zooplankton between zones (nearshore zone, surf zone)
was evaluated by a #-Student test. If necessary, correction
for differences in variances (t., Welch’s approximation t-
test; Zar 2010) was done. In a first attempt, differences in
8"°C and 5"°N values of fishes in both developmental
stages (larvae and juveniles) were assessed considering
their size. As there is scarce information about ontogenetic
shifts in foraging activity for fishes inhabiting the study
area (e.g., Martinetto et al. 2005; with only two species in
common but with different size range), two size classes
were considered as follows: for larvae, preflexion (pref.)
and postflexion (post.) stages (Table 1) were considered as
a potential shift in foraging due to a more active locomo-
tion related to the caudal fin development (Fuiman 2002);
in the case of juveniles, the total range collected for each
species was split in order to obtain two classes, early
juveniles (EJ) and juveniles (J) [or juveniles (J) and late
juveniles (LJ) in the case of Odontesthes argentinensis and
Ramnogaster arcuata) (Table 1). These preliminary anal-
yses showed no differences in 6'°C and §'°N values
between sizes (pref. and post. for larvae, EJ and J or J
and LJ for juveniles) within each of the zones (Wilcox test,
p > 0.05; see Results). Therefore, differences in 5'°C and
"N values from fish larvae between zones were evaluat-
ed as described for POM and zooplankton.

Botto et al. (2005) stated that phytoplankton, benthic
microalgae and S. densiflora are the three main sources
of organic matter that support the food web within Mar
Chiquita lagoon and each of them have distinct isotopic

values. Therefore, the contribution of these inputs
(isotopic values were taken from Botto et al. 2005) to
the POM of both zones (nearshore and surf zone) was
quantified by the Bayesian stable isotope mixing model
in the Stable Isotope Analysis in R (SIAR) package
(Parnell et al. 2010). The appropriate number of inter-
actions (up to 1 10”) was chosen according to SIAR’s
convergence (Package SIAR in R) for running the
mixing models. Although C ratios of primary producers
in coastal and estuarine environments may vary both in
space and time (Michener and Schell 1994), values
recorded by Botto et al. (2005) were similar to those
recorded at similar estuarine systems nearby (e.g., Botto
et al. 2011; Derisio et al. 2014). Therefore, we consid-
ered that the data from Botto et al. (2005) were repre-
sentative of the primary producers, which may contrib-
ute to the POM collected by us. Consumers (zooplank-
ton, fish larvae, and fish juveniles) were grouped ac-
cording to significant differences in 5'C and in §6'°N
between zones (see Results). In this sense, we obtained
four groups of consumers, zooplankton from the near-
shore zone, zooplankton from the surf zone, fish larvae
and fish juveniles. Thus, SIAR models for each group of
consumers were performed considering different poten-
tial inputs. Trophic discrimination factors (TDFs) and
associated variances were incorporated into the models
(except for POMs). Since the specific discrimination
factor for all the species analyzed is unknown, we
applied a general TDF estimated for marine organisms
of 1.0 %o (0.5 %0 SD) and 3.4 %o (0.5 %o SD) for §"°C
and in 5"°N, respectively (Minagawa and Wada 1984;
Post 2002). Trophic level (TL) was also estimated con-
sidering the general TDF (5'°N = 3.4). We used the
mean (£SD) 5'5N value of the filter feeder razor clam
Tagelus plebeius (12.1 %o + 0.1; data from Botto et al.
2005) as a baseline & '°N value for the food web given
that large primary consumer have stable tissue isotopic
signatures because of their slower nitrogen turnover
compared to plankton organisms (Cabana and
Rasmussen 1996). We assumed that this species occu-
pied a TL of 2 and then, estimation of TLs for each
consumer to determine a mean TL and variance was
performed. To do that, we use the equation proposed by
Vander Zanden et al. (1997): TL, = [(8'°N; —
8" Npaseline) / TEF] + TLpaseline; Where the TL; is the
TL of each species considered, §'°N; is the nitrogen
isotope composition of the species 7, 8" Niasetine and
TLpaseline are the mean nitrogen isotope composition
and the trophic level, respectively, of the baseline
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Table 1 Mean (SD) §°C and 5"°N for the potential sources of

OM and consumers, number of individuals and total body length
(TBL, mm) range for fish species in larval and juvenile stages

collected in the surf zone and at the nearshore zone adjacent to Mar
Chiquita lagoon. Mean (SD) C:N ratios and Trophic Levels (TL)
are also given without considering class sizes for fishes

Stage N  TBL (mm) 513C 31N Zone CN TL
POM —14.7 (1.8) 8.1 (2.1) surf zone 109 (1.5) -
—17.4 (1.3) 9.9 (0.5) nearshore zone 8.7 (0.7) -
Zooplankton -19.2 (3.5) 124 (2.1)  surfzone 9.7(34) 2.1(04)
-17.5(1.2) 15.7 (1.1)  nearshore zone 6.8 (0.4) 3.1(0.3)
Fish larvae
Brevoortia aurea pref 4 7.99-8.18 -17.2 (1.1) 152 (0.4) surf zone 3.9 (0.1) 2.9 (0.1)
post 7 18-20.7 —18.6 (0.2) 15.1 (0.4) surf zone
Cynoscion guatucupa post 6 10.06-23.44 -16.9 (0.3) 15.6 (1.0) nearshore zone 4.5 (0.1) 3.1(0.3)
Gobiosoma parri pref 6 2.6-33 -17.4 (0.7) 154 (0.9)  nearshore zone 6.0 (0.9) 2.6 (0.1)
post 3 5.33-10.92 —18.7 (0.5) 142 (0.2)  nearshore zone
pref 6 2.6-3.3 -16.5 (0.1) 16.4 (0.1)  surfzone 4.3(0.1) 33(0.1)
Engraulidae post 1 10.92 -17.7 13.8 surf zone 3.7 (0) 2.5(0)
Micropogonias furnieri post 6 6.86-17.32 —18.2 (0.4) 14.5(0.1) nearshore zone 5.5(0.2) 2.7(0.1)
Odontesthes argentinensis ~ post 4 24-25 —17.6 (0.1) 16.2 (0.1) surf zone 4.0 (0.1) 3.0 (0.3)
Fish juveniles
Brevoortia aurea EJ 4 25-37 -16.2 (1.4) 14.2 (0.3) surf zone 3.7(0.2) 2.6 (0.1)
J 7 42-53 -17.7(23) 142(0.2)  surfzone
Lycengraulis grossidens J 2 63 —18.1 (0.1) 14.3 (0.1) surf zone 3.8 (0.1) 2.6 (0.1)
Micropogonias furnieri EJ 9 27-38 —17.5(0.1) 14.2 (0.1) surf zone 3.8(0.1) 2.8(0.1)
J 9 41-65 -17.3(0.1) 14.2(0.2)  surfzone
Odontesthes argentinensis ] 3 50-68 -16.4 (1.2) 15.3 (0.5) surf zone 4.0 (0.2) 2.8(0.2)
LJ 4 90-124 —17.6 (1.6) 14.4 (0.8) surf zone
Ramnogaster arcuata J 9 2941 -17.4 (0.1) 16.3 (0.1) surf zone 3.8(0.1) 3.2(0.1)
LJ 7 45-53 -17.5(0.3) 16.2 (0.3)  surf zone

Abbreviations: pref preflexion; post postflexion; EJ early juvenile; J juvenile; LJ late juvenile

considered 7. plebeius. A Kruskal-Wallis rank sum (ho-
moscedasticity of variances was not met - Cochran test;
Underwood 1997) and the Steel-Dwass—Critchlow—
Fligner (SDCF) post hoc comparison tests were used
to analyze differences in TLs estimated among groups
of consumers.

All statistical analyses were performed using R soft-
ware (R version 3.2.2; R Development Core Team
2015) and Addin-soft XLSTAT.

Results
Chlorophyll @ concentration

Chlorophyll a concentration differed significantly be-
tween zones (t-test; £ = —2.54, df = 22, p < 0.05). Values
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recorded in the surf zone (3.60 mg m > + 2.84:;
range = 1.04-9.41) were lower than those recorded in
the nearshore zone (7.21 mg m > + 3.01; range = 2.23—
10.57).

Isotopes signatures

5'°C values from POMs collected at the surf zone
ranged between —16.7 and —11.8 %o and were signifi-
cantly higher to those collected nearshore (—19.2 to
—15.7 %o) (¢t = 3.03, df = 10, p < 0.05) (Table 1,
Fig. 2). Conversely, no significant differences were ob-
served in mean 5'°N values between zones (t, = —2.01,
df =5.54, p = 0.09) (Fig. 2). C:N average values were
higher in the surf zone (9.3 + 1.4) than those in the
nearshore zone (7.4 £0.7) (Table 1).
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Gammaridean amphipods dominated the zooplank-
ton samples from the surf zone. Copepods and crab
zoeas likely of N. granulata and/or Cyrtograpsus
angulatus were present but in low proportions. From
these samples, 6'°C and 6'°N values ranged between
—23.68 and —15.1 %o, and between 10.9 and 15.56 %o,
respectively (Table 1, Fig. 2). On the other hand, chae-
tognaths and copepods dominated the zooplankton sam-
ples collected nearshore in which amphipods and crab
zoeas were less abundant. 5'>C and 5'°N estimated from
these samples ranged between —18.3 and —15.7 %o, and
between 15.16 and 17.3 %o, respectively (Table 1,
Fig. 2). No significant differences in mean 5'°C
values were observed between zones (¢ = —0.92, df = 6,
p =0.39), but zooplankton collected at the nearshore zone
were significantly enriched in §'°N than those collected
at the surf zone (¢ = —2.80, df = 6, p < 0.05).

Larval stages of four fish taxa were collected in the
surf zone while three fish taxa were collected nearshore
(Table 1). Gobiosoma parri was the only species present
as larvae in both zones. Mean values of 6'°C and §'°N
were not significantly different between sizes
(preflexion and postflexion) neither for fish larvae col-
lected in the surf zone (Wilcox test, p > 0.05; Table 2)
nor for those collected at the nearshore zone (Wilcox
test, p > 0.05; Table 2). Therefore, comparisons of 53¢
and 5"°N values of fish larvae between zones were made
without considering sizes. This analysis showed no

significant differences neither in mean 53¢ (t=0.83,
df =16, p = 0.42) nor in mean 5'°N (¢ = 1.89, df = 16,
p = 0.76) values between zones. 5'°C and 5'°N values
of fish larvae collected at the whole study area ranged
between —19.2 %o and —16.5 %o and between 13.8 %o
and 16.6 %o, respectively (Fig. 2).

Five fish species in juvenile stage were collected in
the surf zone (Table 1) of which four are the most
frequent and abundant according to previous results
(Bruno et al., 2015). Brevoortia aurea were more
enriched in §'3C (Table 1, Fig. 2) and more depleted
in §"°N (Table 1, Fig. 2). Conversely, Lycengraulis
grossidens were more depleted in §'°C values while
R. arcuata were more enriched in 5'°N (Table 1, Fig.
2). Mean values of 5'C and §'°N were not significantly
different between sizes (Wilcox test, p > 0.05; Table 2).

Stable isotope mixing models and trophic level
estimation

From all possible sources analyzed that could contribute
to the POM, the isotopic mixing models showed that
S. densiflora contributed most to the POM of the surf
zone (Fig. 3a, Table 3) while phytoplankton contributed
most to the POM of the nearshore zone (Fig. 3b,
Table 3). The POM from both zones contributed evenly
as a C source for zooplankton organisms of the surf zone

25,
e 1-POM surf. e 2-POM nsh.
20 o 3-Phyt. o 4-BMA
] —é— o 5-S.densiflora ¢ Zoop. surf.
o Zoop. nsh. a Ba,
154 A CgL A GpL
% i 5 a Eng., A Mf,
10/ 3 1 a Oa, o Ba,
2@ 8 Lg, s Mf,
m Oa, 8 Ra,
5/
0 . . . . .
-25 -20 -15 -10 -5 0

Fig. 2 5"°N versus 5'C (mean + SD) values of the potential
sources of OM (enumerated white circles) and consumers (dia-
monds, triangles, and squares) collected at the coast adjacent to
Mar Chiquita lagoon. Abbreviations: surf, surf zone; nsh, near-
shore zone; Phyt., phytoplankton, BMA, benthic micro-algae;
Zoop., zooplankton. Abbreviations for fish species: Ba, Brevoortia
aurea; Cg, Cynoscion guatucupa; Gp, Gobiosoma parri; Eng.,

Engraulidae; Lg, Lycengraulis grossidens; Mf, Micropogonias
furnieri; Oa, Odontesthes argentinensis; Ra, Ramnogaster
arcuata. Subscripts: J: juvenile; L: larva. §'°C and §"°N values
for OM sources 3, 4 and 5 were taken from Botto et al. (2005).
Mean isotope values of OM sources and zooplankton have been
corrected for trophic discrimination by adding +1% in §'*C and
+3.4% to 5'°N values
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Table 2 Wilcox test comparisons between size classes considered for fish larvae and juveniles for each of the zones sampled in the coast

close to Mar Chiquita lagoon

Source Zone 513C 5N
w P w P
Fish larvae pref vs. post surf zone 24 0.0719 ns 19 0.4121 ns
pref vs. post nearshore zone 7.5 0.7374 ns 12.5 0.4347 ns
Fish juveniles
Brevoortia aurea EJvs.J surf zone 5 0.5000 ns 4 0.7500 ns
Micropogonias furnieri EJvs.J surf zone 0 0.2500 ns 3 1 ns
Odontesthes argentinensis Jvs. LI surf zone 5 0.400 ns 5 0.400 ns
Ramnogaster arcuata Jvs. LJ surf zone 7 0.6250 ns 6 0.8750 ns
ns not significant
Abbreviations: pref preflexion; post postflexion; EJ early juvenile; J juvenile; LJ late juvenile
Fig. 3 SIAR boxplots showing 100+ 1
the contribution of organic matter a b
sources to the composition of (a) e 804 1
POM of the surf zone, (b) POM =
of the nearshore zone, (c) S 60+
zooplankton of the surf zone, (d) 3
zooplankton of the nearshore i= 40
zone, (e) fish larvae, (f) fish S
juveniles. In each case, the three O 204
superimposed gray boxes
represent Bayesian credibility 01 T T T - - -
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107 iterations. See Fig. 2 for 100
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Table 3 Relative contribution of organic matter sources to the composition of POM, zooplankton, larval fish and juvenile fishes in the

adjacent coast of Mar Chiquita lagoon

POM surf. POM nsh. Zoop. surf Zoop. nsh. Fish larvae Fish juveniles
Phyt. 22.1(13.27) 48.95 (11.35) - - - -
BMA 29.12 (17.06) 25.13 (16.29) - - -
S. densiflora 48.78 (15.99) 25.92 (11.94) - - -
POM surf. - - 47.42 (19.76) 15.33 (12.26) 5.66 (5.28) 4.37(10.3)
POM nsh. - - 52.57 (19.76) 34.41 (18.06) 40.69 (10.82) 51.23 (12.78)
Zoop. surf - - 50.27 (17.68) 28.62 (13.03) 25.48 (6.33)
Zoop. nsh. - - - - 25.02 (6.95) 18.92 (21.92)

Stable isotope mixing model results (SIAR) are shown as mean contribution (%, +SD). See Fig. 2 for abbreviations

(Fig. 3¢, Table 3) while POM of the surf zone was of less
importance for zooplankton organisms of the nearshore
zone (dominated by chaetognaths) (Fig. 3d, Table 3).
For this latter group, and according to the SIAR model,
zooplankton of the surf zone (dominated by amphipods)
contributed most as a C source followed by POM of the
nearshore zone (Fig. 3d, Table 3). The isotopic mixing
model also revealed that POM of the nearshore zone and
zooplankton of the surf zone contributed most as
C sources for fishes in both developmental stages
(Fig. 3e, f; Table 3).

The TLs estimated for the group of consumers con-
sidered revealed that zooplankton of the surf zone was
composed of primary consumers (TL = 2, Table 1) while
zooplankton of the nearshore zone and larval and juve-
nile fish have a TL = 3 (Table 1). The TLs estimated
were significantly different among groups (x> = 18.81,
df =3, p <0.01) and the TL of the zooplankton of the
surf zone was lower than TLs of the rest of the groups
(SDCEF test, p < 0.05) (Table 4).

Discussion

Potential sources of OM in the coast nearby to mar
Chiquita lagoon

Our study revealed that the POM composition in the
coastal area close to Mar Chiquita lagoon is comprised
by a mix of primary producers, though the proportions
varied between the surf zone and the nearshore zone.
The detritus of S. densiflora contributed most (~49%;
SIAR results) to the POM of the surf zone while phyto-
plankton contributed most (~49%; SIAR results) to the
POM of the nearshore zone, showing that the influence

of the lagoon on the coastal trophic web reaches some
hundreds of meters at the most. In addition, the higher
contribution of phytoplankton to the POM of the near-
shore zone was in accordance with chlorophyll a results.
Considering the C:N ratio, the POM of the surf zone had
a mean value of 10.86, which is close to those reported
for the POM derived from terrestrial plants (C:N = 15—
50; Kendall et al. 2001; Wissel et al. 2005). On the other
hand, POM of the nearshore zone had a mean C:N ratio
of 8.66, a value mainly related to marine phytoplankton
(C:N = 5-8; Kendall et al. 2001) though with some
detritus influence. Moreover, the large confidence inter-
vals around our estimations of OM sources contribu-
tions with SIAR (Fig. 3) in both zones may be related to
the variability of water exchange between the lagoon
and the sea which seems to be ruled mainly by wind
direction and intensity (Reta et al. 2001). The large
confidence intervals may be also related to the mixing
effect of the wave action in the surf zone, which results
in a resuspension of material available in the water

Table 4 Steel-Dwass-Critchlow-Fligner (SDCF) pair-wise com-
parisons among TLs estimated for the group of consumers collect-
ed in the surf zone and at the nearshore zone adjacent to Mar
Chiquita lagoon

Wi p-value
Zoop. surf. vs. Zoop. nsh. 3.770 0.047 *
Zoop. surf. vs. Fish larvae 5.091 0.002 *ok
Zoop. surf. vs. Fish juveniles 5.280 0.001 Hok
Zoop. nsh. vs. Fish larvae 1.080 0.870 ns
Zoop. nsh. vs. Fish juveniles 2.000 0.490 ns
Fish larvae vs. Fish juveniles 2.360 0.341 ns

*p<0.05; %% p<0.01
ns not significant. See Fig. 2 for abbreviations

@ Springer



Environ Biol Fish

column, even kilometers off the coast due to reflux
currents.

The relative importance of Spartina spp. detritus as a
food source relies on its high productivity (Mann 1988).
Furthermore, a high proportion of Spartina spp. produc-
tion is transported and accumulated in sediment and can
be used as a food source for deposit feeders (Mann
1988; Créach et al. 1997). Within Mar Chiquita lagoon,
S. densiflora supports one of the dominant species in
SW Atlantic estuaries, the burrowing crab N. granulata
(Botto et al. 2005). The importance of the activity of
N. granulata for this micro-tidal estuarine system is
significant due to its effects on sediment dynamics
(Botto and Iribarne 2000), benthic communities (Botto
and Iribarne 1999), shorebirds (Botto et al. 1998;
Palomo et al. 2003) and juvenile fishes (Martinetto
et al. 2005, 2007). Burrowing areas of N. granulata
can occupy up to 80% of intertidal zones in estuaries
of the SW Atlantic (Botto et al. 2005) and are, therefore,
large macro-detritus retention areas that work as sinks
for OM (mostly derived from S. densiflora detritus) that
otherwise would be exported to the adjacent coastal
system (Iribarne et al. 1997; Botto and Iribarne 2000;
Botto et al. 2006). Recently, Fanjul et al. (2015) stated
that N. granulata burrowing activity modifies the OM
processing at intertidal soft bottoms and the ways in
which carbon is exported to coastal waters. The authors
suggested that S. densiflora detritus are efficiently re-
mineralized at this bioturbated sediment, and then
quickly exported to the water column as CO, and dis-
solved organic carbon (DOC) with an important contri-
bution to sustaining coastal food webs. Despite the
effective OM retention by N. granulata’s caves
(Iribarne et al. 1997, Botto and Iribarne 2000; Botto
et al. 2006), the results obtained during this study agree
to Fanjul et al. (2015) proposal, suggesting that if the
proportion exported is substantially lower compared to
what is retained, it is enough to constitute an important
component to the POM available on the surf zone close
to the lagoon’s inlet.

Sources of OM that sustain fish early life stages
and trophic relationships

The importance of the coast adjacent to Mar Chiquita
lagoon as an accumulation area for fish early life stages
awaiting optimal conditions to move into the lagoon has
previously been stated (Bruno and Acha 2015). The
present study adds a trophic dimension to the role

@ Springer

proposed in two senses: OM inputs and trophic level
of fish developmental stages (Fig. 4). For fish, stable
isotope analysis is a complementary approach to tradi-
tional diet studies (e.g., stomach contents) because it
represents an integrative record of the food that has
really been assimilated by the fish during a period prior
to the sampling (e.g., Winemiller et al. 2007; Pasquaud
et al. 2010). Larval fish tend to exhibit isotopic values
most similar to plankton while larger juveniles and
adults tend to reflect values associated with the benthic
environment (Wells et al. 2008).

Our results revealed that in this accumulation area for
young fishes, POM of the nearshore zone, with a high
contribution of phytoplankton, constituted a major C
source for all consumers considered, thus rejecting our
first hypothesis. Nevertheless, these results allowed us
to develop a conceptual model of the C flux dynamics in
the marine-estuarine interface of Mar Chiquita lagoon
(Fig. 4) that could be extrapolated to other similar estu-
arine environments used as nursery ground for fish.
POM of the surf zone, composed of almost 50% of
S. densiflora detritus (Fig. 4), constituted an important
C source for zooplankton of the surf zone, which ac-
cording to SIAR models, contributed to the diet of
zooplankton of the nearshore zone and of young fishes
in both developmental stages (Fig. 4). The different
trophic position of zooplankton between both zones
was also reflected in the markedly higher §'°N values
of the zooplankton of the nearshore zone compared to
those of the surf zone, reaching the same position as
larval and juvenile fishes (Fig. 4). Such differences may
be due to forage habits of the dominant species for each
zone. For instance, amphipods of the Suborder
Gammaridea, which are grinding detritus and
mesoherbivores (Duffy and Hay 2000; Mancinelli
2012) dominated the surf zone, while chaetognaths,
which are organisms with more predatory habits com-
pared to amphipods (Canino and Grant 1985; Sato et al.,
2011), dominated the nearshore zone.

Despite that the source of OM with more contribution
of S. densiflora was not relevant as a C source neither
for larvae (~4%; SIAR results) nor for juveniles (~6%;
SIAR results) stages, it was of importance to the group
of primary consumers which apparently sustain other
zooplankton organisms that fish fed on (Fig. 4). In this
sense, the OM derived from S. densiflora detritus and
exported to the coastal area (Fanjul et al. 2015) in this
micro-tidal estuarine system contributes, indirectly, to
the growth of young fishes. The similar isotopic values
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Fig. 4 Conceptual model of the OM flow from potential sources
to larval and juvenile fishes in the adjacent coast of Mar Chiquita
lagoon according to the SIAR models. Solid arrows represent main
fluxes between functional groups and dashed arrows represent

of 8'°N between larval and juvenile fishes indicate that
both developmental stages are at the same level in this
estuarine environment’s food web (Fig. 4) sharing the
same resource.

In proportion, zooplankton of the nearshore zone
contributed more as a C source for fish larvae than for
juveniles, conversely to the contribution of zooplankton
of the surf zone (Fig. 4). The higher relative proportion
of contribution of “marine” sources to larvae than to
juveniles may be related to the fact that most fish
inhabiting Mar Chiquita lagoon are of marine origin
(Bruno et al. 2014). As fish move towards the coast
and spend more time in there, where continental inputs
are more abundant, the contribution of OM sources vary
and fish begin to reflect the typical estuarine iso-
topic values. Also, the development of jaw mus-
culature and the increases in size and in mouth
gap during growth allow juvenile stages to con-
sume bigger prey with harder exoskeletons (Russo
et al. 2007), like amphipods (dominant in the surf
zone of the study area) which mainly fed on
detritus (Duffy and Hay 2000).

In conclusion, this work shows that the POM com-
position in the coastal area close to Mar Chiquita lagoon
is comprised of a mix of primary producers including

d s b4
~25<%'~.~_.26¥A)."'.~~.;'.~22% *~29%

~49% .- ¥

minor flows. The mean proportional contribution (%) of each
source estimated by SIAR and the estimated trophic level for each
trophic group are also given

S. densiflora detritus originated within the lagoon and
marine phytoplankton. The exchange of water between
Mar Chiquita lagoon and the sea and fish recruitment is
ruled by the wind effect (Bruno and Acha 2015). That is,
strong onshore winds allow the entrance of young fishes
into Mar Chiquita by pushing seawater into inner areas
of the lagoon while strong offshore winds restrict the
entry of sea water and, consequently, the entry of young
fishes which remain outside Mar Chiquita (Bruno and
Acha 2015). These offshore winds may also favor the
water discharge from the lagoon to the sea, inducing the
export of small stages, with low motility, which have
been entered in Mar Chiquita’s inlet and also part of the
OM derived from S. densiflora detritus originated with-
in the lagoon. In this sense, Mar Chiquita lagoon seems
to act as an outwelling estuary with a net OM flux
towards the sea (sensu Dame and Allen 1996), as far
as a few kilometers at least. This exported OM could be
beneficial in two ways. Firstly, it will sustain zooplank-
ton organisms and, subsequently, young fishes waiting
to enter and/or exported from Mar Chiquita; and sec-
ondly, it possibly may act as olfactory cues, which are
critical for the orientation of fish early life stages (e.g.,
Whitfield 1994) with marine origin in the recruitment
process to this micro-tidal estuarine system.
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