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A B S T R A C T

Estuarine abiotic characteristics vary with tidal variations and fresh water input, both driven by climatic con-
ditions and often cyclical climatic events. Estuaries are very productive and bivalves often represent a substantial
proportion of the biomass with important ecological role. Salinity fluctuation is often a key environmental factor
affecting bivalves shell growth and individual condition index (CI), parameters that in turn can be used to show
the quality of the environment for one population. The stout razor clam Tagelus plebeius is an euryhaline filter-
feeder species that inhabits sandy-silt tidal flats within a wide salinity range. The objective of this study was to
evaluate, by survey sampling and in situ transplant experiments among sites with different salinity, whether
shell growth and CI of T. plebeius vary with the salinity regime. We hypothesized a higher growth and CI related
to the intermediate salinity. Clams and abiotic parameters were sampled in three estuaries of the northern
Argentinian coast with different salinity regimes (Bahía Samborombón (36°19′S), Mar Chiquita coastal lagoon
(37°32′S) and Bahía Blanca (38° 47′S)) and in three sites along the salinity gradient of the Mar Chiquita coastal
lagoon where the manipulative experiments were also conducted. Shells were more elongated in sites with lower
salinity; but the growth rate (k) and the CI were higher in sites with intermediate salinity. Furthermore, clams
transplanted from intermediate salinity sites to those with higher or lower salinity showed a disadvantage in
shell growth. Considering the scenario of climatic-driven salinity changes in these estuaries and given that T.
plebeius is the only native bivalve species in those intertidal zones, having a relevant ecological role and con-
spicuous fossil presence in Holocene outcrops, our results highlight the relevance of this clam as a valuable target
for future studies on conservation biology and paleobiology.

1. Introduction

In estuarine systems, abiotic characteristics such as water tem-
perature, flow, pH, salinity and oxygen vary periodically with the tidal
water influence and fresh water input, and seasonally (e.g. rainfall and
winds, Molles, 2002) and cyclical climatic conditions (e.g. El Niño
Southern Oscillation - ENSO-, Grimm et al., 2000). In spite of these
stressful conditions, these areas constitute refuge and breeding zones

for fishes, birds and many benthic invertebrates (Molles, 2002). Bi-
valves often account for the larger proportion of the biomass in es-
tuarine soft bottom sediments (Bachelet, 1980; Barnes, 2005; Seitz
et al., 2006). They are the main food source for several vertebrate
species (Leguerrier et al., 2003), playing an important role as habitat
modifiers (e.g., bentho-pelagic coupling, Norkko et al., 2006; water
transport in sediments, Forster and Zettler, 2004; engineering ecosys-
tems, Jones et al., 1994) and being also of great commercial interest in
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many coastal areas (Gosling, 2003). Thus, the knowledge of the effects
of environmental stress on the bivalves' biological characteristics is
important for their management and also to understand the processes
structuring communities where they play a key role.

Estuarine sessile bivalves can tolerate a wide range of environ-
mental fluctuation but affecting some of their life history traits
(Gosling, 2003). In fact, temperature, salinity, food availability, water
flow and sediment characteristics have different effects on growth rate
(Lenihan et al., 1996), mortality (Shriver et al., 2002) and the re-
productive effort (Azouzi et al., 2002). Salinity fluctuation is often the
environmental key factor affecting those features (Shriver et al., 2002;
Bray et al., 1994; Montagna et al., 2008). Bivalves respond immediately
to salinity changes by closing their shells to isolate themselves from the
external environment (Hawkins and Bayne, 1992); however, these
changes affect characteristics such as shell chemistry (mussels, Klein,
1996), mortality rates (scallops, Barnes, 2005), parasite infection
(Volety, 1995), shell growth (oysters, Brown, 1988) and burring ac-
tivity and growth (clams, Nakamura et al., 2005). Shell shape and or-
namentation may also vary with salinity within a species (Barnes,
2005). As a consequence of these salinity effects, variations in the shell
growth parameters and also those related to soft tissue (e.g., condition
index; Saxby, 2002, Marsden, 2004) may indicate the environmental
quality for the species.

Cyclical climatic events often have a large influence in estuaries and
coastal lagoons (e.g. Grimm et al., 2000). For example, the El Niño
Southern Oscillation (ENSO) heavily modifies the rainfall patterns in
coastal areas of South America (Grimm and Tedeschi, 2009; Canepuccia
et al., 2010). The El Niño phase generates a rainfall increment ac-
companied by an accentuation of temperature extremes (Brescia et al.,
1998) increasing the river flows (Amarasekera et al., 1997) with a
consequent salinity decrease in estuaries and coastal marine areas
(Garcia et al., 2004; Piola et al., 2008). The opposite occurs during the
La Niña phase with a rainfall decrease generating drought (Grimm and
Tedeschi, 2009). According the research of the importance of bivalves
in estuarine communities and this scenario of climatic driven abiotic
changes, it is important to understand how bivalves' growth and body
conditions respond to changes in salinity. This information can then be
used to infer future changes under a climate change scenario (change in
rain pattern in this case) and can be applied to conservation biology and
paleobiology studies.

The stout razor clam Tagelus plebeius is an euryhaline filter-feeder
species that inhabits tidal flats with cohesive sandy-silt sediments
(Holland and Dean, 1977) within a salinity range from marine (34.4) to
brackish (3.6) conditions (Abrahão et al., 2010); but it may be found
also in hypersaline (41) conditions (Addino, 2014). It is present along
the American Atlantic coast from Cape Cod, Massachusetts (42° N, USA,
Leal, 2002) to the Northern Argentinean Patagonia (41° S, Olivier et al.,
1972). In the northern coast of Argentina T. plebeius inhabits at least
four estuaries with very different salinity patterns, mainly related to the
continental freshwater input: Bahía Samborombón (36°19′S), Mar
Chiquita coastal lagoon (37°32′S), Quequén Grande (38°34′S) and Bahía
Blanca (38° 47′S). Tagelus plebeius is the only native bivalve species
inhabiting the intertidal areas of these estuaries. Through siphon holes
and surrounding depressions this clam enhances habitat complexity
increasing sediment organic matter content, microphytobenthic and
meiofaunal community abundance (Alvarez et al., 2015) and also
modifying juvenile crab (Neohelice granulata) distribution (Gutierrez
and Iribarne, 2004). At the same time, crabs have different effects on
clams' performance (Lomovasky et al., 2006) and feeding activity
(Addino et al., 2016). This clam is the main prey item for the oys-
tercatcher (Haematopus palliatus; Banchmann and Martínez, 1999),
which would be the final host of gymnophallid parasites that use these
clams as intermediate hosts (Vázquez et al., 2006) modifying their
predation rate (Addino et al., 2010). Actually, predation by oys-
tercatchers would explain the extended accumulations of living position
fossil shells (Iribarne et al., 1998) which also enhance diversity and

abundance of the benthic community inside them (Gutierrez and
Iribarne, 1999). These shell accumulations make this clam one of the
most common fossil bivalve species in the Holocene outcrops; being
often used as indicator of paleoenvironmental conditions (e.g., Schnack
et al., 1982; Martínez and Del Río, 2005). Also, in SW Atlantic coastal
areas this clam supports small scale artisanal and commercial fisheries
with consequences in surrounding habitats (Menafra et al., 2006).
These interactions in numerous ecological processes show that this
species is a valuable object of study since population modifications may
impact diverse community components.

Thus, the objective of this study is to evaluate, by means of sampling
and in situ transplant experiments, whether shell growth and condition
index of T. plebeius vary in the different salinity regimes. Given that
estuarine clams have an optimum and a critical salinity for growth
(Newell, 1991) and that they are restricted to estuaries (Holland and
Dean, 1977); we hypothesized that, within the salinity range of the
studied sites, the shell growth and the condition index of T. plebeius are
higher in intermediate salinities than in more extreme salinity condi-
tions.

2. Material and methods

2.1. Study site

Sampling and experiments with T. plebeius were carried out between
December 2008 and May 2011, in unvegetated mudflats in three es-
tuaries of the northern coast of Argentina (Fig. 1A). These are from
north to south: Bahía Samborombón, in its southern extreme close to
San Clemente del Tuyú town (hereafter SC), Mar Chiquita coastal la-
goon, along its entrance channel (hereafter MC) and Bahía Blanca, in
the middle outer reach of the principal channel (hereafter BB). The
three estuaries show a semidiurnal tidal regime, although tidal ampli-
tude increases to the south, being microtidal in SC and MC and meso-
tidal in BB (mean amplitude 0.80m, Bértola et al., 1998; 0.81m, Isla
and Gaido, 2001 and 3.18m, Perillo and Piccolo, 1999; respectively).
Annual precipitation regime decreases also to the south, indeed es-
tuarine freshwater inflow is lower in BB (Isacch et al., 2006). In addi-
tion, the SC drainage watershed is affected by three small rivers
(Salado, Samborombón and Ajó) and several interconnected lagoons
and creeks which generate a much higher freshwater input to the es-
tuary when compared with both MC and BB (Bértola, 1994; Piccolo and
Perillo, 1997).

Inside MC estuary, weather conditions (precipitation, wind direc-
tion and intensity and storm occurrence) have a short-term, strong in-
fluence on water dynamics which in addition to tides results in highly
variable salinity but with a marked gradient from marine water near the
lagoon mouth to mixed freshwater in the lagoon header (Reta et al.,
2001). Moreover, given the shallow depth of the water body (1.5 m,
Lanfredi et al., 1981) and the winds in the area, there is not vertical
stratification of the water column in any time through the year
(Marcovecchio et al., 2006). Thus, three sites along this salinity gra-
dient inside MC lagoon were chosen (see Fig. 1B), in ascendant order of
salinity: lagoon body (named San Gabriel, located approximately 6 km
from the mouth, SG), inlet channel (named CELPA, located approxi-
mately 2.5 km from the mouth, C) and mouth (M).

For environmental variables and clam population characteristics
(see next sections), comparisons were made at two different scales: 1)
regional scale, represented by the comparison among estuaries and 2)
local scale, represented by the comparison among sites within the Mar
Chiquita coastal lagoon (MC).

2.2. Physical variables

Sampling of abiotic variables were carried out in the medium in-
tertidal level (following Lomovasky et al., 2016), where along the
semidiurnal tide cycle the water covers when flooding and uncover
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when ebbing in every tidal cycle. To describe salinity and to verify the
patterns reported in the literature (Piccolo and Perillo, 1997; Reta et al.,
2001; Isacch et al., 2006), water samples were taken monthly or bi-
monthly depending on logistical constrains and salinity was measured
with a handheld refractometer. Samples were taken during flooding
tide and at 15 cm below the water surface, with 3ml plastic tubes in
each estuary (spring-summer seasons from 2008 to 2011, between 12
and 15 samples in total per estuary) and in each site within the salinity
gradient of MC (in spring–summer seasons from 2009 to 2011, 14
samples per site). For all comparisons among estuaries, MC was re-
presented by samples from C because it is located approximately in the
centre of the salinity gradient (see Section 2.1 and Fig. 1B for details).
Hereafter, all comparisons regarding environmental variables and clam
population characteristics, for both regional and local scales, were
made by one-way ANOVAs. The Factor was “Estuary” or “Site”, re-
spectively; and individual clams were the replicates into each estuary or
site.

To distinguish the effect of salinity from other environmental vari-
ables, temperature, sediment grain size distribution, chlorophyll a
(Chla), total particulate matter (TPM) and particulate organic matter
(POM) were measured. Temperature data loggers (iButton, Maxim
Integrated Products, CA, USA) were set up in each estuary and each site
within MC gradient in the mudflat. Temperature data (± 0.5 °C) was
recorded at intervals of 120min, from March to October 2010 ac-
cording to the data storage capacity of the iButton. Temperature data
were averaged for each day and the null hypothesis of no differences in
mean daily sediment surface temperature among estuaries was eval-
uated by ANOVA. Before this analysis (and hereafter) the validity of the
assumptions was evaluated and if necessary monotonic transformations
were applied (Zar, 1999). Within MC salinity gradient, mean daily se-
diment surface temperature was compared only between SG and C by t-
test (Zar, 1999) given that the data loggers in M were lost by tides.

To analyse grain size distribution, five sediment cores (5 cm dia-
meter and 20 cm depth) were randomly taken in each estuary. Sediment
samples were wet-sieved through six steel sieves of 2, 1, 0.5, 0.25,

0.125, 0.063mm; the fraction< 0.063mm was also preserved. The
material retained in each sieve was dried at 80 °C to constant weight
(precision ± 0.01 g). Weight percentages of sand (< 1 and> 0.063
mm) and silt-clay (< 0.063mm) were calculated for each sample. The
null hypothesis of lack of differences in mean percentage of sand and
silt-clay among estuaries was evaluated by ANOVA (Zar, 1999).

To test the effect of salinity on clams' growth, we performed a
transplant experiment among sites within MC (see Section 2.4 for de-
tails). Phytoplankton (Botto et al., 2005) and particulate organic matter
(Abrahão et al., 2010) are the main food sources for this clam. Thus,
although previous studies found that Chla remains high throughout the
year along the MC coastal lagoon (De Marco et al., 2005; Marcovecchio
et al., 2006), parallel to the experiment the in vivo Chla (μ l−1), total
particulate material (TPM, g l−1) and particulate organic matter (POM,
g l−1) in the water column were measured at each site. Samples were
taken weekly during the last 2 months of the experimental period.
Water samples of tree ml were taken and immediately after, Chla was
measured with an Aquafluor handheld Fluorometer (Turner Design,
Model 8000–01, detection range: Chla= 0.05–300 μg l−1; following
Bruschetti et al., 2008). To measure TPM and POM water samples were
taken with 500ml plastic bottles. Samples were filtered onto pre-
weighed, 4.7 cm diameter and 1.2 μm mesh size, glass-fiber filters GF/C
Whatman. Each filter with the retained material was dried at 80 °C to
constant weight (precision ± 0.01 g) and then burned in a muffle
furnace at 450 °C for 8 h to calculate total POM. The null hypotheses of
no difference in mean Chla, TPM and POM among sites within MC were
evaluated in each case by ANOVA (Zar, 1999).

2.3. Shell morphometric relationships, shell growth rates and condition
index of Tagelus plebeius

Random sampling of clams was carried out at the medium intertidal
level between October 2007 and January 2008. For regional sampling,
255 clams were extracted in the three estuaries: 62 from SC, 74 from
MC and 119 from BB. Along the MC salinity gradient 192 clams were

Fig. 1. Legend is embedded into the fig. (2 columns).
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extracted: 57 from SG, 74 from C and 61 from M. Shell length (hereafter
L, anterior-posterior axis) and shell height (hereafter H, umbo-ventral
edge axis) of all individuals were measured with an electronic calliper
(precision ± 0.01mm). The relationship between L and H was eval-
uated by simple regression models and then compared among estuaries
(H range: 13.06–23.15mm) and sites along the MC gradient (H range:
13.08–23.15mm) by ANCOVA using H as covariate. For this analysis
and hereafter Type III sum of squares for unbalanced data was applied
and the assumption of parallelisms between slopes was evaluated (Zar,
1999).

Tagelus plebeius forms annual internal shell growth bands
(Lomovasky et al., 2005; Lomovasky et al., 2016) represented by
opaque growth bands (fast growth) and translucent growth lines (slow
growth; see Lomovasky et al., 2016 for details) allowing the determi-
nation of clam age and development of the corresponding growth
models as size-age curves (following Richardson, 2001). Each left shell
was embedded in polyester resin, sectioned along the maximum H
growth axis using a saw with a diamond blade and the cross-sections
were polished on lapidary wheels using sandpaper of 400, 600, 1200,
2500 and 4000 grade (following Lomovasky et al., 2016). The number
of translucent internal growth lines (Jones et al., 1990) was counted to
assess the age (years) of each individual using a stereo microscope
(following age validation made by Lomovasky et al., 2016). From the
growth models commonly used for bivalves (e.g., Cruz-Vásquez et al.,
2012), only Von Bertalanffy (1938) and Logistic (Ricker, 1975) could be
statistically compared. According to Akaike information criterion
(Akaike, 1973) and Akaike weight (WAIC, Franklin et al., 2001), the
Logistic model was the model that best fit the data except in C (WAIC

Von Bertalanffy/Logistic= SC: 48/51, MC: 46/54, BB: 31/69, SG: 26/
74, C: 55/45, M: 12/88). Nevertheless, to allow further comparisons,
the Logistic model was chosen due to the WAIC differences were very
small. Hence, the growth parameters k, L∞ and t0 of the Logistic model
were compared pair wise among estuaries (SC vs. MC, SC vs. BB, MC vs.
BB) and among sites within MC (SG vs. C, SG vs. M and C vs. M) using
maximum likelihood ratio tests (Cerrato, 1990).

To evaluate differences in soft tissue condition of clams among
different sites, the condition index (hereafter CI) of each clam was
calculated using the dry weight of soft tissue (DW, dried at 80° to
constant weight) and the total length (L) by means of the following
equation (following Clausen and Riisgård, 1996):

=CI DWL. –b

where “b” is the slope of the regression curve between L and DW. There
were two estimates of “b”, one for the calculation of CI for clams to be
compared among estuaries and one for clams to be compared among
sites from MC; thus, the scales of the respective comparisons are dif-
ferent. The null hypotheses of no difference in mean clams' CI among
the 3 estuaries and the 3 sites within MC were tested using ANOVA,
followed by Tukey HSD for a-posteriori comparisons (Zar, 1999).

2.4. Shell growth of Tagelus plebeius in transplant experiments along the
MC salinity gradient

To evaluate the effect of salinity on shell growth, a transplant ex-
periment was performed during one growth season, from November
2010 (late spring) to May 2011 (early autumn). Due to logistical con-
strains transplant experiments were carried out only at the three sites
within MC. One hundred and twenty clams were extracted at each site
along the MC gradient (i.e., SG, C and M). Shells were measured in
length (initial length, Li) and marked with a plastic number adhered to
the periostracum surface with super glue (cyanoacrylate) to be identi-
fied at the end of the experiment. Forty clams were transplanted from
each site to the others as follows: from SG to C and M (SG-C, SG-M),
from C to SG and M (C-SG, C-M) and from M to SG and C (M-SG, M-C);
with the correspondent transplant control (SG-SG, C-C, M-M). At the
end of the experiment 216 live clams were recovered and measured

again (final length, Lf). Due to logistical constrains not all the clams
were transplanted at the same date thus, an absolute growth rate was
calculated (AGR, growth per time unit (mm day−1)) following Gardner
and Thompson (2001):

=
−AGR (L –L ) tf i

. 1

where “t” is the number of days elapsed during the experiment. Given
that the growth slows down as the clams are larger, we looked for the
relationship between AGR and Li by means of simple regression models
for each set of transplanted clams. These regression models were then
compared among destination sites, for each origin site. For clams from
SG and M ANCOVA could be done using Li as covariate (2 ANCOVA in
total). For clams from C, given that the assumption of parallelisms was
not fulfilled, we analyzed the slopes differences. For each comparison Li
ranges were adjusted accordingly to: 37.28–48.55mm for clams from
SG, 26.12–50.41 for clams from C and 24.65–46.03 for clams from M.

3. Results

3.1. Physical variables

There was a salinity gradient from lower values in SC to higher
values in BB and intermediate values with wider spread in MC gen-
erating some overlapping with SC and BB (Fig. 2 A, Table 1). The same
was found for the three sites along MC gradient, from lower values in
SG to higher values in M although with a higher overlap of values
(Fig. 2B, Table 1). This data distribution supports the gradient reported
in the literature. The sediment surface temperature was lower in MC

Fig. 2. Salinity data distribution: (A) the three estuaries and (B) the three sites
along Mar Chiquita coastal lagoon salinity gradient. (1 column).
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than in the other two estuaries (H(2, 507) = 48.09, p < .001), but it did
not differ among sites along the MC lagoon (t(1, 338)= 0.36, p= .72;
Table 2). The percentage of sand was smaller in BB than in the other
two estuaries (F(2, 12)= 6, p= .016) and accordingly the percentage of
silt-clay was higher in BB (F(2, 12)= 5.44, p= .021; Table 2). Mean Chla
as well as TPM and POM did not differ among sites along the MC
gradient (F(2, 18)= 0.37, 0.95 and 0.48, p= .68, .40, .63, respectively;
Table 2).

3.2. Shell morphometric relationships, shell growth rates and condition
index of Tagelus plebeius

The length and height of clams were linearly related in the three
estuaries (SC: F= 507, r2= 0.86; MC: F=588, r2= 0.89; BB: F=903,
r2= 0.89; all p < .001) as well as in the three sites along the MC
gradient (SG: F=316, r2= 0.92; C: F= 588, r2= 0.94; M: F=337,
r2= 0.92; all p < .001). The slopes were different among estuaries
(F(2, 227)= 4.75, p= .009) being higher in SC than in the other estu-
aries. It indicates that shells were more elongated there; so for a given
shell height the length was higher (Fig. 3A). The intercepts were dif-
ferent among sites along the MC gradient (F(2, 160)= 5.22, p= .006),
being higher in SG and C than in M, indicating that clams were more
elongated in SG and C (Fig. 3B).

The age of clams ranged between 3 and 17 years old. The parameter
k was higher and L∞ was lower in MC than in the other two estuaries
(Table 3) indicating that these clams had a faster growth in the first
years, reaching a smaller but earlier asymptotic length than clams from
SC and BB (Table 4). T0 was smaller in BB than in the other two estu-
aries. The same growth pattern was observed among sites along the MC
gradient, since k was higher and L∞ was lower in C than in SG and M,
while t0 was lower in C than in SG (Tables 3 and 4, Fig. 4A and B).

Mean CI differed among estuaries (F(2, 225) = 152, p < .0001)
showing that MC > SC > BB (Tukey HSD, p < .05, Fig. 5A). Also, CI
differed among sites along the MC gradient (F(2, 159) = 148,
p < .0001) being C > M > SG (Tukey HSD, p < .05, Fig. 5B).

3.3. Shell growth of Tagelus plebeius in transplant experiments along the
MC salinity gradient

The AGR showed negative linear relationships with the Li for all
transplants (Table 5, Fig. 6). For clams from SG the ANCOVA showed

that the intercepts were higher in M than in C, indicating an advantage
of high salinity (F(2, 49)= 5.12, p= .009). For clams from M the AN-
COVA showed that the intercepts were higher in M than in C and SG
indicating a disadvantage of low salinity (F(2, 48) = 5.64, p= .006). For
clams from C the slope was lower in C than in SG and M (F(2, 69)= 3.54,
p= .03) indicating smaller diminution of AGR as Li increased in the
origin site. This means a negative effect of both low and high salinity for

Table 1
Descriptive statistic for salinity in the three estuaries (SC= San Clemente,
MC=Mar Chiquita, BB=Bahía Blanca) and each site along the Mar Chiquita
salinity gradient (SG=San Gabriel, C=Celpa, M=Mouth). SD: Standard
deviation. Confidence Interval: 95% Mean Confidence Interval.

Estuary Site Mean SD Confidence
interval

Median Minimum Maximum

SC 18.8 5.1 15.5–22.0 17.90 11.00 30.80
SG 21.9 8.9 16.7–27.1 22.90 5.60 36.00

MC C 26.0 8.7 21.0–31.1 29.13 12.00 36.00
M 29.1 6.9 25.1–33.1 31.80 17.00 35.25

BB 41.6 3.3 39.8–43.4 41.60 34.40 47.20

Table 2
Abiotic variables measured in the estuaries (SC= San Clemente, MC=Mar Chiquita, BB=Bahía Blanca) and the sites along the Mar Chiquita salinity gradient
(SG=San Gabriel, C=Celpa, M=Mouth). Mean values with the correspondent standard deviation (SD) are shown.

Estuary Site Temperature (°C) Sand (%) Silt-clay (%) Chla (μg l−1) TPM (g l−1) POM (g l−1)

SC – 15.1 (4.5) 82.6 (11.7) 15.0 (11.6) – – –
SG 11.5 (3.9) – – 18.6 (17.1) 0.10 (0.04) 0.02 (0.009)

MC C 11.7 (3.8) 76.7 (4.4) 22.5 (4.4) 15.8 (15.2) 0.13 (0.08) 0.02 (0.018)
M – – – 11.8 (10.1) 0.10 (0.02) 0.02 (0.007)

BB – 14.3 (5.3) 66.3 (3.9) 30.9 (4.4) – – –

Fig. 3. Relationships between length and height of clams: (A) the three estu-
aries and (B) the three sites along the Mar Chiquita coastal lagoon salinity
gradient. Regression equation for each location is given. (1 column).

Table 3
Comparison of Logistic model parameters (Lt= L∞ / (1+ e–k⁎(t–t0))) by pairs
between estuaries (SC=San Clemente, MC=Mar Chiquita, BB=Bahía
Blanca) and sites along the Mar Chiquita salinity gradient (SG= San Gabriel,
C=Celpa, M=mouth); by means of Maximum likelihood ratio analysis.
Bolded values indicate significant differences.

Comparison between: Parameters compared

L∞ k t0
X2 p-value X2 p-value X2 p-value

SC-MC 20.11 < .001 10.18 < .01 3.24 .07
Estuaries SC-BB 0.24 .62 1.02 .31 10.15 <.01

MC-BB 3.92 .047 11.68 < .001 14.73 <.001
Sites SG-C 21.18 < .001 12.69 < .001 3.84 .049
along MC SG-M 0.16 .68 1.17 .28 0.78 .38

C-M 11.36 < .001 17.06 < .001 1.89 .17
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C′ clams.

4. Discussion

The population characteristics of Tagelus plebeius analyzed here in-
dicate that the sites with intermediate salinity are more favourable for
their growth and condition index (CI). Clams showed higher growth
rate (k), smaller asymptotic length (L∞) and higher CI in the sites with
intermediate salinity, that is in the Mar Chiquita coastal lagoon when
compared with the other two estuaries and in C when compared with
the other two sites along the MC salinity gradient. Meanwhile, the
transplant experiments showed a positive effect of high salinity or a
negative effect of low salinity, depending on the origin of the trans-
planted clams; but clams from the site with intermediate salinity were
negatively affected by both the highest and the lowest salinity.

Salinity data found in this study support the patterns reported in the
literature for both, the different estuaries (Piccolo and Perillo, 1997)
and the gradient along the Mar Chiquita coastal lagoon (Reta et al.,

2001). At regional scale the annual precipitation regime and con-
sequent freshwater inflow to estuaries decrease from SC to MC and BB
(Isacch et al., 2006). Moreover, the SC drainage watershed contributes
a much higher freshwater input to the estuary when compared with
both MC and BB. This is due to the rivers and several interconnected
lagoons and creeks related to it (Bértola, 1994; Piccolo and Perillo,
1997). Thus, salinity values become higher from SC to MC and BB (from
north to south) as data distribution showed (Fig. 2A). Inside the Mar
Chiquita coastal lagoon, the strong influence of winds can enhance the
sea intrusion and shift the conditions from brackish to marine in the
upstream locations (e.g. SG). Conversely, a great freshwater discharge

Table 4
Maximum ages (Max. Age) and sizes (Lmax) in population sampling and Logistic model ((Lt= L∞ / (1+ e–k⁎(t–t0))) growth parameters in each estuary (SC=San
Clemente, MC=Mar Chiquita, BB=Bahía Blanca) and each site along the Mar Chiquita salinity gradient (SG= San Gabriel, C=Celpa, M=Mouth). Mean values
of each parameter (L∞, k, t0) with the correspondent 95% confidence interval (CI) are shown.

Estuary Site Max. age Mean L∞ (CI) Mean k (CI) Mean t0 (CI) Lmax.

SC – 13 71.20 (55.40–86.99) 0.46 (−0.15–1.07) 2.97 (0.85–5.08) 79.12
SG 17 73.76 (52.26–95.26) 0.36 (−0.34–1.05) 5.19 (1.66–8.72) 78.40

MC C 14 59.65 (52.22–67.08) 1.51 (−3.59–6.60) 3.74 (2.52–4.96) 69.71
M 14 71.17 (18.78–123.56) 0.25 (−0.13–0.63) 4.41 (−1.63–10.45) 68.41

BB – 11 67.31 (16.48–118.13) 0.29 (−0.53–1.11) 0.41 (−5.08–5.90) 70.22

Fig. 4. Shell growth curves: (A) the three estuaries and (B) the three sites along
the Mar Chiquita coastal lagoon salinity gradient. The line is the predicted by
the Logistic model: Lt= L∞ / (1+ e–k⁎(t–t0). Points are the observed data;
model equation for each location is given. (1 column).

Fig. 5. Condition Index of clams: (A) the three estuaries and (B) the three sites
along the Mar Chiquita coastal lagoon salinity gradient. Middle point represents
the median, box limits are 25 and 75 percentiles and bars limits indicate
minimum and maximum values. Letters indicate differences in ascendant order.
(1 column).
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related to a strong episodic rainfall, which is common in the area (e.g.
due to the El Niño, Brescia et al., 1998), can shift marine conditions to
brackish conditions at the lagoon entrance (Marcovecchio et al., 2006).
These events explain the wide range of salinity values found in each site
along the MC lagoon and the consequent overlapping of salinity dis-
tribution.

Particulate organic matter and Chla comprise the main food sources
for T. plebeius (Botto et al., 2005; Abrahão et al., 2010). Previous studies
showed that Chla remains high throughout the year along the MC
coastal lagoon salinity gradient. Only a sharp decrease can be seen in
winter (De Marco et al., 2005; Marcovecchio et al., 2006) and some
sharp pulses may be detected in all seasons but only in the most inner
areas (areas not sampled in this study; see De Marco et al., 2005). The
results presented here corroborate this food availability for T. plebeius
along the salinity gradient of MC coastal lagoon considered in this
study. Regarding the other estuaries, SC falls into the reach of the
turbidity front of the La Plata River (Acha et al., 2008). This implies
that a great amount of food resources for suspension feeders, mostly as
particulate organic matter but also phytoplankton (Acha et al., 2008),
sustain a very productive trophic web in the area (Ieno and Bastida,
1998, Acha et al., 2008, Pájaro et al., 2008). Concerning BB estuary, a
previous study showed high values of POM (Addino et al., 2015) when
compared with those in MC (this study) and it is known that POM is
correlated with the phytoplankton biomass in this area (Guinder et al.,
2009). Thus, food availability would be neither a limiting factor nor the
cause of smaller growth of clams in both the high salinity estuary (BB)
and the low salinity estuary (SC) when compared with intermediate
salinity estuary (MC).

As well as food availability, the results concerning temperature and
sediment grain size did not show patterns that explain the differences
found in clams' growth, morphology and condition index among study
sites. These results suggest that, from the environmental variables
measured in this study, only the salinity presents a gradient that could
potentially distinguish study sites and could be related to changes in
clams' shell characteristics. This is in accordance with previous studies
with estuarine bivalves (e.g., Mytilus edulis, M. trossolus, Gardner and
Thompson, 2001; Argopecten irradians, Shriver et al., 2002; Austrovenus
stutchburyi, Marsden, 2004) showing that in a typical estuarine en-
vironmental gradient, salinity is the key factor that distinguishes among
sites and is correlated with organisms' responses.

Morphology of infaunal bivalves may be related to sediment grain
size and salinity. More elongated shells are typical of habitats with finer
sediments (Eagar, 1978) given that it makes burrowing easier (Stanley,
1970); however, in this case there was not such a relationship since
clams showed morphology differences among sites with the same se-
diment grain size. Instead, shells are more elongated in the sites with
lower salinity in both scales of comparison (i.e., among estuaries and
among sites within MC) and they become shorter as the salinity be-
comes higher. This is in accordance with that reported for the clams
Rangia cuneata and Polymesoda caroliniana in the Río Caloosahatchee

estuary (26°30′N, 82°10′O, Florida, USA, Barnes, 2005) where shell
morphology and ornamentation are affected by the salinity changes.

The comparison of growth parameters at both regional and local
scales are coincident showing higher growth rate (k) and smaller
asymptotic length (L∞) in the areas with intermediate salinity. This
higher growth rate was not related to temperature since sites with in-
termediate salinity showed lower or the same temperature when com-
pared with other sites. Moreover, annual temperature ranges reported

Table 5
Statistics of the linear regressions for clams' initial length (Lini) and Absolute
Rate of Growth (ARG= a+b.Lini) in the transplant experiment among sites
along the Mar Chiquita salinity gradient, for all transplanted groups of clams.
SG: San Gabriel, C: Celpa, M: Mouth.

Origin site Destination site F p-value R2

SG SG 74 < .001 0.75
C 16 < .001 0.44
M 9 < .01 0.37

C SG 119 < .001 0.80
C 74 < .001 0.50
M 21 < .001 0.54

M SG 65 < .001 0.59
C 157 < .001 0.70
M 12 .03 0.46

Fig. 6. Linear regression for initial length (Li) and Absolute Rate of Growth of
transplanted clams. (A) Clams originally from San Gabriel (SG), (B) Clams
originally from Celpa (C) and (C) Clams originally from Mouth (M). Capital
letters in the top-right corner denote the origin-destination site, respectively,
for each group of transplanted clams. (1 column).
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in the literature overlap among estuaries (SC: 8.2–23.3 °C, MC: 9–25 °C,
BB: 8.5–21.6; see Piccolo and Perillo, 1997). Thus, differences in
growth parameters are not related to temperature.

A previous study in MC showed somewhat different values for
Tagelus plebeius k and L∞ (k= 0.181, L∞=67.60, Lomovasky et al.,
2016) when compared with the present study. Nevertheless, these dif-
ferences may be due to the use of clams pooled from different locations
along the salinity gradient and with ages ranging from 0 to 27 years old,
while the range of ages in this study was from 3 to 17. Even though the
k and L∞ data indicate that the clams in sites with intermediate salinity
reach smaller maximum sizes, it also may indicate an earlier and
sudden transition between growing and reproduction (Thompson,
1979). That is, an earlier growing stop would result in higher energy
availability for reproduction at an earlier age. Thus, a better re-
productive performance would be related to the intermediate salinity.

The somatic tissue of organisms carries out all the physiological
activity from basal metabolic maintenance to reproduction and growth
(Dame, 1996). Thus, it is important to consider the condition index (CI)
as representative of the physiological state for better data interpreta-
tion. As well as the shell growth, the CI pattern indicates a better in-
dividual state at intermediate salinity. Similar results were reported for
the clam Austrovenus stutchburyi in the Avon-Heathcote estuary (New
Zealand; Marsden, 2004) where environmental conditions (e.g., water
depth, salinity range, sediment grain size, temperature) are similar to
those reported here. Thus, both shell growth and individual somatic
state indicate that the more favourable environments for Tagelus ple-
beius are those with intermediate salinity, as hypothesized.

Studies evaluating salinity effects on filtration rate (Nakamura et al.,
2005), ingestion rate, absorption efficiency, faeces production (Gardner
and Thompson, 2001) and, growth rate (Almada-Villela, 1984; Gardner
and Thompson, 2001; Nakamura et al., 2005) agree that the organisms'
response to changes in abiotic conditions are different depending on the
origin of manipulated bivalves. Many other studies agree that a de-
crease in salinity is worse for bivalves' development than an increase
(e.g., Choromytilus chorus, Navarro, 1988; Argopecten irradians, Shriver
et al., 2002; Mactra veneriformis, Ruditapes philippinarum and Meretrix
lusoria, Nakamura et al., 2005). For example, the scallop A. irradians
showed lower shell growth with lower salinity (Cape Cod and Buzzards
Bay, Massachusetts; Shriver et al., 2002) and those variables related to
food did not explain the shell growth variability found (Shriver et al.,
2002). The results of our transplant experiments agree with these evi-
dences given that not all the sets of clams in a destination site (after
transplant) responded in the same way; rather, it was different for clams
from different origin. Moreover, high salinity was in general less
harmful than low salinity; however, clams from the intermediate sali-
nity site were negatively affected by both salinity extremes. Therefore,
Tagelus plebeius in different estuaries will respond differently to salinity
variations, but the sites that maintain or turn to intermediate salinity
(e.g., after climatic events like the ENSO) would be more favourable for
shell growth and condition state of these clams.

The findings of the present study show that salinity actually affects
life-history traits of Tagelus plebeius, such as shell growth (and mor-
phology) and individuals' condition, resulting in a better performance
in intermediate salinity waters. The study area is affected by the ENSO
cycle, which changes the rainfall pattern (Canepuccia et al., 2010) and
freshwater inflow into these estuaries (Canepuccia et al., 2007) and
thus, the salinity patterns (Piola et al., 2008). In this sense, and in the
context of our findings, this clam may be affected by climatic events
through changes in salinity. Future studies relating climatic events with
changes in abiotic conditions and shell growth patterns of this species
will be very useful for these vulnerable areas. Also, the study of other
source of temporal fluctuation in salinity and other abiotic factors, in
short as well as longer timescale, would be relevant in this context.
Tagelus plebeius is the only native bivalve species inhabiting these in-
tertidal zones, having an important role in different ecological pro-
cesses and presenting great fossil abundance in Holocene outcrops.

Thus, the present findings highlight the effect that the changes in
salinity may have in an important community component and in-
directly in the entire community. Also, this study encourages the con-
sideration of this clam as a valuable target for future studies on the field
of conservation biology and paleobiology.
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