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Abstract
Corbicula fluminea is an aggressive invasive species that has successfully colonized aquatic habitats worldwide, producing 
changes in natural environments and impacting endemic populations. As disturbed environments may favor the adaptive suc‑
cess of exotic species over native ones, we studied the fitness response of two freshwater bivalves, invasive C. fluminea and 
native Diplodon delodontus, to the presence of metals in the Parana de la Palmas River. To assess the health status of both 
species, we analyzed morphological and histological alterations in the digestive gland and their relation to metal concentra‑
tions in this organ and in the water. Water and specimens sampling took place in the first section of the delta of the Parana 
River in June and September. Most metal concentrations increased in the river, although in the digestive gland only iron 
in D. delodontus and nickel and zinc in C. fluminea increased seasonally. Digestive gland factor and hepatosomatic index 
indicated higher values in C. fluminea in both periods. Despite histological analysis showing a decrease in atrophic tubules 
frequency in both species, which was followed by histomorphometric parameters of the epithelium and lumen of the diges‑
tive tubules, C. fluminea exhibited a greater physiological capacity for metal metabolism and recovery. These results suggest 
that the physiological characteristics of the Asian clam C. fluminea, combined with its reproductive efficiency and broad 
dispersal capacities, could explain its invasive dispersal competence over the D. delodontus in the disturbed environmental 
conditions observed in the Parana de las Palmas River.

Keywords Corbicula fluminea · Diplodon delodontus · Morphometric index · Histological assessment · 
Histomorphometry · Digestive gland

Introduction

Species invasions are a major conservation threat and associ‑
ated with human activities, one of the main drivers of biodi‑
versity loss, particularly in aquatic environments (Thomaz 
et al. 2015). Among the invaders in freshwater ecosystems, 
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Corbicula fluminea (Müller 1774) is a highly successful 
invasive bivalve mollusk that has spread rapidly through 
aquatic ecosystems worldwide (Pernecker et al. 2021). The 
first records of this Asian clam in the Neotropical region 
were made in the Río de la Plata estuary in the late 1970s 
(Ituarte 1981) and subsequently in other regions of South 
America (Cao et al. 2017). The success of exotic species in 
adapting to a new environment may be greater if that envi‑
ronment is disturbed compared with a pristine habitat. Such 
an adaptive process is mainly explained by native species 
using their energy resources to cope with changes in phys‑
icochemical variables, rather than using them to compete 
with invasive species for the ecological niche (Darrigran 
and Arcaria 2009).

The Paraná de la Palmas River is the second largest river 
basin in South America and is the main tributary of the Rio 
de la Plata basin in Argentina (Cataldo 2001). Along its 
course, it receives, directly and through its effluents and trib‑
utaries, discharges from agricultural, livestock, and forestry 
areas, as well as the impact generated by the continuous 
transit of commercial vessels (Cataldo 2001). The presence 
of industrial, agricultural, and domestic waste in aquatic 
ecosystems is widely recognized as a potential threat to the 
natural environment (Sabatini et al. 2011). Although metals 
occur naturally in the environment, human activities often 
increase their concentration, disrupt their natural cycles, or 
even introduce additional metals into aquatic ecosystems 
(Tulonen et al. 2006).

Aquatic invertebrates accumulate different metals, essen‑
tial or non‑essential, in variable concentrations (Ruiz et al. 
2018), depending on their physiological condition, rate of 
absorption, accumulation, excretion, exposure time, and 
also environmental variables. However, essential metals 
become toxic to the organism above a certain concentration 
threshold, up to those required to support their life cycle 
(Rizzo et al. 2010). These potentially toxic metals include 
cobalt, chromium, copper, molybdenum, manganese, nickel, 
selenium, and zinc. However, metals that are not associated 
with biological functions and are therefore harmful to life 
include mercury, silver, cadmium, and lead. In addition, as a 
consequence of their non‑biodegradable nature, which leads 
to their bioaccumulation, all metals can be highly toxic and 
freely cross the cell membrane of an organism from its sur‑
rounding (Fichet et al. 1999; Rizzo et al. 2010).

In bivalves, absorption, accumulation, and detoxification 
of metals in the digestive gland have been demonstrated. Not 
only those ingested through the diet but also those originat‑
ing from other tissues to be later excreted are strategic from a 
toxicological point of view (Zaldibar et al. 2007). Therefore, 
their morphological and histological analysis may indicate 
metabolic imbalances due to an increased deposition of gly‑
cogen or lipids (vacuoles in their hepatocytes) and structural 
alterations or pathologies resulting from chronic exposure, 

among other things (Rodríguez de la Rua et al. 2005). His‑
tology provides information on the toxic effects of contami‑
nation on organ anatomy and function. It has been observed 
that epithelial cells can show changes in their composition 
and morphology in the presence of contaminants (Soto and 
Mena 1999). Morphological changes and histopathological 
lesions have become necessary and widely used tools as 
suitable biomarkers, given the increasing development of 
monitoring and assessment of the toxic effects of different 
contaminants in aquatic ecosystems (Oropesa et al. 2017).

Bivalve mollusks, such as clams and mussels, have long 
been an important food source for humans and have recently 
been used as bioindicators of environmental pollution. Their 
sedentary and filter‑feeding nature, along with their avail‑
ability in large numbers in natural habitats, resistance to 
variable environmental conditions, ability to take up and 
accumulate various substances present in their ecosystem, 
and ease of sampling make them potential candidates for 
environmental biomonitoring programs (Helmholz et al. 
2016). Metal contamination of bivalve mollusks provides 
a time‑integrated measure of the bioavailability of the con‑
taminants (Phillips and Segar 1986).

C. fluminea, similar to other corbiculids, is a short‑lived 
species with a lifespan of 2–3 years and is characterized by 
its rapid growth and early maturation with high fecundity; it 
is a simultaneous, self‑fertilizing hermaphrodite that broods 
its young larvae (glochidia) in their inner demibranch (Horn‑
bach 1992; Darrigran 2002; McMahon 2002; Cao et al. 
2017). The reproductive organs of C. fluminea consist of an 
anterior testis and a posterior ovary, both of which discharge 
into a common gonoduct (Britton and Morton 1979). This 
Asian clam also has a broad dispersal capacity, adapting to 
different types of substrates and habitat conditions, allowing 
it to colonize new environments (Gomes et al. 2016). Yet, 
the genus Corbicula is notably characterized by its morpho‑
logical diversity and wide range of reproductive strategies—
with dioecious and hermaphroditic species—from indirect 
development with free‑swimming larvae to gill incubation of 
larvae until the stage of benthic juveniles, making taxonomic 
description a challenge (Korniushin 2004). In Argentina, this 
invasive species is currently widespread throughout the La 
Plata Basin (provinces of Chaco, Santa Fe, Misiones, Corri‑
entes, Entre Ríos, Buenos Aires, and Córdoba), as well as in 
the Santa Catalina Stream, the Sauce Grande River (Buenos 
Aires Province), the San Roque Dam (Córdoba Province), 
and further south, in the Patagonia region, in the Colorado 
and Negro rivers in Río Negro Province (Hunicken 2020). In 
contrast, species within the genus Diplodon have extended 
life spans, up to 100 years, with slow growth, delayed matu‑
rity, and high effective fecundity, being predominantly gon‑
ochoristic with only few hermaphroditic species (McMa‑
hon 2002; Noya Abad et al. 2022). D. delodontus broods 
its glochidial larvae in its marsupial chambers within inner 
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demibranchs and is found native to the province of Buenos 
Aires in the Paraná and La Plata rivers of the La Plata Basin 
(Cao 2020).

The introduction and following dispersal of the invasive 
bivalve C. fluminea (Müller 1774) in the Paraná de las Pal‑
mas River place the heterogeneity of the aquatic ecosystem 
at risk since its burial behavior in the sediment and conse‑
quential bioturbation of the water column might displace 
or reduce the habitat and/or limit the availability of food 
for native bivalves such as D. delodontus (Cao et al. 2017).
Therefore, to assess the health status of both the invasive C. 
fluminea and the native D. delodontus in the Parana de las 
Palmas River, we analyzed morphological and histological 
alterations in the structure of the digestive gland tubules 
and their relation with the presence of metals in the aquatic 
environment.

Materials and methods

Sampling site and experimental design

In 2017 and 2018, preliminary sampling evidenced the 
presence of C. fluminea and D. delodontus in low‑density 
assemblages in the form of patches in the studied area. 
The sampling site was established at the downstream far 
zone of the Paraná de las Palmas River and beginning of 
the first section of the Buenos Aires Delta (34° 16′ 3.6″S, 
58° 39′ 9.8′W; Fig. 1). In September 2018, at the same site, 
60 adult exemplars of the invasive Asian clam C. fluminea 
(shell length > 1 cm) were set inside 10 cages (6 individual/
cage) along with 10 adults of native D. delodontus (shell 
length > 7 cm) set in a separate 10 cages (1 individual/cage). 
The cages were placed on the silty‑sandy sediment at the 

Fig. 1  Location of the study site (marked with a star) in the Paraná de las Palmas River. A Plata Basin in grey and the beginning (Diamante) and 
final region (Buenos Aires) of the Paraná Delta. B First section of the Buenos Aires Delta. C Paraná de las Palmas River
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bottom of the river, at a depth of about 5 m, in suitable con‑
ditions at the sampling site and tied to the nearest pier. Five 
cages of each species (10 cages) containing 30 C. fluminea 
and 5 D. delodontus were collected in June 2019 (austral 
Winter season), and the remaining cages were collected in 
September 2019 (austral Spring season). Temperature, pH, 
dissolved oxygen, and conductivity were measured in situ 
with a multiparametric electrode (Lutron DO‑5510) in both 
periods. Concurrently, water samples were collected fol‑
lowing Alberro et al. (2011) at the same depth using plas‑
tic containers previously washed with 5%  HNO3 and kept 
cold until reaching the laboratory, where they were stored 
at 4 °C for further metal concentration analysis as described 
in Peluso (2020). Total suspended solids (TSS) were deter‑
mined according to the APHA 2005 protocol, using the 
gravimetric method. Finally, morphometric indices, along 
with metal concentrations and histological determinations 
in the digestive gland were performed individually.

Morphometric index

Individuals were measured for height, width, and length, 
after which the digestive gland was dissected and then 
weighed. Using these data, the digestive gland mass fac‑
tor (DGF) was calculated considering the relationship 
between [wet weight of the digestive gland (g)/valve length 
(cm)] × 100 and the hepatosomatic index (HSI), [wet weight 
of the digestive gland (g)/wet weight of total soft tissue 
(g)] × 100, to measure the energy reserves of an animal 
(Sabatini et al. 2011).

Metal concentration

Metal concentrations were determined in water and over 
digestive gland homogenates from the two species (in a 
weight–volume ratio of 1:5), using 0.154 M phosphate buffer 
(pH 7) with protease inhibitors [benzamidine 10 mM and 
phenylmethylsulfonyl fluoride (PMSF) 0.5 mM].

Metal presence and concentration was determined using 
the flame atomic absorption spectrophotometer technique 
(FAAS; Shimadzu 6700, Kyoto, Japan) regarding iron (Fe) 
and zinc (Zn). Cadmium (Cd), chromium (Cr), copper (Cu), 
nickel (Ni), and lead (Pb) were determined using graphite 
furnace atomic absorption spectrophotometry (GFAAS; at 
Shimadzu 6800, Kyoto, Japan). Instrumental parameters 
and graphite furnace programs were provided by the manu‑
facturer (Conti et al. 2011). These techniques quantify the 
entire concentration of metal, without discriminating the 
chemical forms (ions, inorganic complexes, and organic 
compounds) or the different species of the same element 
(oxidation number). Result traceability was obtained from 
the analysis of the certified reference material Antarctic Krill 
MURSTISS‑A2 (Italian Research Program in Antarctica). 

The average recovery percentages (five repetitions) were 
101.3 ± 2.3% for iron; 102.1 ± 2.9% for zinc; 93.4 ± 2.7% for 
cadmium; 98.1 ± 1.0% for chrome; 101.1 ± 1.3% for copper; 
98.5 ± 2.5% for nickel; and 96.5 ± 0.6% for lead. Detection 
limits were defined as limit of detection (LOD) = 3Sb/m, 
where Sb is the standard deviation of 10 replicates of the 
blank and m is the slope of the calibration curve (3Sb, 
n = 10), considering the lowest concentration level that 
can be determined, statistically different from blank, with 
99% confidence. Limits of detection (3 Sb, n = 10) were 
0.030 mg/L for iron; 0.010 mg/L for zinc; 0.0001 mg/L for 
cadmium; 0.0002 mg/L for chromium; 0.020 mg/L for cop‑
per; 0.006 mg/L for nickel, and 0.002 mg/L for lead.

Histology of digestive gland

Histological assessment of the digestive glands of C. flu-
minea and D. delodontus was made by observation under 
an optical microscope. Organs were fixed in calcium formal‑
dehyde for 24–48 h and then dehydrated through a progres‑
sive series of ethanol, up to 96%, intermediately infiltrated 
by xylene and embedded in histological paraffin. Tissue 
sections of 6 μm thickness were obtained using a Leica 
RM2125 microtome, subsequently stained with hematoxy‑
lin–eosin solution (H&E). Sections were randomly analyzed 
in an optical microscope (Zeiss Axiostar) and photographi‑
cally recorded with a Canon camera (Canon G10).

To evaluate the digestive gland condition, alterations in 
the epithelium and lumen of the digestive gland tubules were 
compared, and a histomorphometric analysis was made.

Histomorphometry

Histomorphometric analyses were performed by evaluating 
changes in the epithelium and tubular lumen of the diges‑
tive tubules. Images of the digestive gland H&E‑stained 
sections were randomly taken at 400× magnification (30 
images per individual) and examined using Image J software 
1.51j8 (Rasband 2012). Each digestive tubule was described 
individually, and the proportion of each type of diges‑
tive tubule per individual was then determined. Digestive 
tubule status was analyzed in terms of the epithelial layer 
area (S0), digestive tubule lumen area (Si), tubule perimeter 
(P0), lumen perimeter (Pi), mean epithelial thickness (h) 
[h = 2(S0 − Si)/P0 + Pi] (Marigómez et al. 1990), and circu‑
larity (c) [c = 4(S0/P02)] (Carella et al. 2015).

Statistical analysis

Analysis of the water physicochemical variables was carried 
out using Student’s t‑test comparison of two means (Stu‑
dent 1908) and a posteriori Tuckey tests, using the InfoStat 
program. Comparisons between species and both sampling 
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periods for each of the variables analyzed were carried out 
using two‑factor analysis of variance (ANOVA) followed 
by Tuckey tests (Sokal and Rohlf 1995) using the GraphPad 
Prism 6 program. Concentrations of chromium, nickel, and 
lead were compared between species and periods using Stu‑
dent’s means comparison tests (Student 1908) with Tuckey 
tests a posteriori where results were lower than the measure‑
ment blank.

Results were compared using parametric two‑way 
ANOVA test (season and types of digestive tubule as fac‑
tors) for each species separately after normality (Kolmogo‑
rov–Smirnov test) and homogeneity of variances (Levene 
test) were tested, and transformations were applied when 
required. Significant differences were compared using Tuk‑
ey’s test (Sokal and Rohlf 1995), and significant interactions 
were analyzed by simple effects analysis. When assumptions 
were not verified, non‑parametric Mann–Whitney (M‑W) 
and Kruskal–Wallis (K‑W) analyses were performed. All the 

statistical analyses were carried out with the Statistica 7.1 
software. p = 0.05 was taken as the threshold of significance.

Results

Metals in water and digestive gland

Temperature, conductivity, hardness, and total suspended 
solids increased significantly from June to September 
(p < 0.05), while oxygen and pH did not (Table 1). For met‑
als measurements, all metals except for lead and copper 
increased significantly in September (p < 0.05).

In the digestive gland, chromium showed higher concen‑
tration values in D. delodontus compared with C. fluminea 
in both June and September, with significant differences 
between months (p > 0.05; Table 2). Similarly, D. delodontus 
presented higher values for nickel in both periods, although 
only significantly in September (p < 0.05). Nevertheless, 
nickel increased in both species from June to September, 
with significantly higher values for C. fluminea in Septem‑
ber. However, cadmium concentration in organs showed the 
opposite tendencies between the species regarding months, a 
significant decrease from June to September for C. fluminea 
while an increase for D. delodontus in the same period. 
However, no significant differences were found for D. delo-
dontus (p > 0.05). Meanwhile, lead decreased in both species 
from June to September, with statistical variation found in C. 
fluminea (p < 0.05) and in September between species. Iron 
increased from June to September in both species, but only 
significantly in D. delodontus (p < 0.05). Significant values 
were also observed between species in September. Zinc 
also showed increasing values between June and September 
in both species, yet only significantly in C. fluminea, and 
between species in September (p < 0.05). Copper concentra‑
tions decreased from June to September, showing signifi‑
cant differences between species in both periods (p < 0.05). 
In conclusion, bioaccumulation in D. delodontus reached 
higher concentrations of cadmium, chromium, iron, lead, 
and nickel in both periods and zinc in June, while C.fluminea 

Table 1  Average ± standard deviation (n = 3) obtained from the meas‑
urement of temperature, oxygen, pH, conductivity, hardness, total 
suspended solids (TSS), and metals in surface water of the Paraná of 
the Palmas River in June and September 2019

*Asterisks indicate significant difference

Parameters/sampling periods June (winter) September (spring)

Temperature (°C) 16.30 ± 1.63 20.50 ± 2.05*
O2 (%) 21.70 ± 2.17 22.40 ± 2.24
pH 6 ± 0.6 6.50 ± 0.65
Conductivity (µs/cm) 160 ± 16 941 ± 94.1*
Hardness (mg/L  CaCO3) 4 ± 0.4 26 ± 2.6*
TSS (mg/L) 17.60 ± 1.76 43.33 ± 4.33*
Cadmium (mg/L) 0.62 ± 0.01 2.52 ± 0.03*
Chrome (mg/L) 15.15 ± 0.75 28.95 ± 1.50*
Copper (mg/L) 0.01 ± 0.0003 0.01 ± 0.0003
Iron (mg/L) 2.93 ± 0.06 3.56 ± 0.08*
Lead (mg/L) 37.20 ± 1.05 40.05 ± 2.25
Nickel (mg/L) 37.70 ± 2.70 66 ± 1.20*
Zinc (mg/L) 1.97 ± 0.09 2.40 ± 0.09*

Table 2  Average ± standard 
deviation (n = 3) obtained 
from the measurement of 
metals in digestive gland 
the Corbicula fluminea and 
Diplodon delodontus in June 
and September 2019

Different letters (A, B and C) and asterisk (*) indicate significant differences (p < 0.05)

Sampling periods June (winter) September (spring)

Metals/species C. fluminea D. delodontus C. fluminea D. delodontus

Cd (mg/g wet weight) 0.40 ± 0.03 A 0.36 ± 0.30A  < b 0.59 ± 0.25A

Cr (mg/g wet weight)  < b 2.07 ± 0.72  < b 0.23 ± 0.03*
Cu (mg/g wet weight) 7.92 ± 0.76 A 1.19 ± 0.60B 5.26 ± 2.29 A 1.03 ± 0.14B

Fe (mg/g wet weight) 35.55 ± 10.89 A 51.44 ± 2.01A 44.24 ± 26.38 A 169.90 ± 37.46B

Pb (mg/g wet weight) 1.20 ± 0.67 A 0.97 ± 0.83A  < b 0.48 ± 0.13A

Ni (mg/g wet weight)  < b 2.15 ± 1.90 BC 0.40 ± 0.14 A,C 6.23 ± 2.79B

Zn (mg/g wet weight) 4.97 ± 2.00 A 19.89 ± 10.42A 142.90 ± 47.51B 37.90 ± 17.74A
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had the highest concentrations of copper in both periods and 
zinc in September.

The concentration of bioaccumulated metals observed in 
the digestive gland was not proportional to that in the water 
for any of the species. Concentrations of copper, iron, and 
zinc were found to be significantly higher in the animals than 
in the water. (Table 3).

Morphometric index

The digestive gland factor (DGF) varied in June between 
species, when C. fluminea was 62.51% higher than D. delo-
dontus (p < 0.05). In September no significant differences 
between species were observed (p > 0.05); still results indi‑
cated higher values in C. fluminea. Also, no significant dif‑
ferences were found upon comparing June and September for 
each species; nevertheless, there was a small decrease in the 
invasive species C. fluminea, while a limited increase was 
observed in the native D. delodontus. The hepatosomatic 
index (HIS) presented no differences between sampling 
periods regarding species; however, C. fluminea exhibited 
higher values (p < 0.05) both in June (53.24%) and Septem‑
ber (39.85%) compared with D. delodontus (Fig. 2).

Histological assessment

The digestive gland in both C. fluminea and D. Delodontus 
comprises a multiple blind‑ending alveolo‑tubule structure 
surrounding the stomach and connected to it through main 
ciliated and secondary non‑ciliated ducts. Each duct or 
digestive tubule (DT) is formed by a single‑layer epithelium 
supported by a well‑defined basal membrane (Fig. 3). The 
digestive tubule epithelium is formed mainly of two different 
cell types: digestive cells and basophilic cells. The propor‑
tion of cell types varied according to the digestive tubule 
status phase. On the basis of observations, three phases were 
defined to describe the condition of each digestive tubules: 
the holding or retention phase (type I), showing high epi‑
thelium and a broad‑flat lumen; the absorption phase (type 
II), with high and folded epithelium with angular lumen and 
presence of space vacuolar cells; and the disintegration or 
atresic phase (type III), which exhibited reduced thin epithe‑
lium, large lumen, and abundant presence of debris. The dif‑
ferent heights of the cell cause the epithelium to fold in some 
sections, producing “Y” and “star” lumen shapes particu‑
larly in the absorptive phase of the digestive tubule (Fig. 3C, 
D). Also, epithelium folds produce chambers in the profile 

Table 3  Relationship between concentration of metals in water and their bioaccumulation in the digestive gland of Corbicula fluminea and Delo-
dontus delodontus 

Sampling periods June (winter) September (spring)

METALS IN Water C. fluminea D. delodontus Water C. fluminea D. delodontus

Cd (mg/L) 0.62 ± 0.01 0.96 ± 0.09 1.11 ± 0.02 2.52 ± 0.03  < b 0.99 ± 0.35
Cr (mg/L) 15.15 ± 0.75  < b 3.23 ± 0.98 28.95 ± 1.50  < b 0.44 ± 0.02
Cu (mg/L) 0.01 ± 0.0003 19.01 ± 1.84 3.68 ± 0.68 0.01 ± 0.0003 17.77 ± 4.75 1.79 ± 0.3
Fe (mg/L) 2.93 ± 0.06 89 ± 42.86 636 ± 164.3 3.56 ± 0.08 145.3 ± 67.25 326.9 ± 103.4
Pb (mg/L) 37.20 ± 1.05 2.82 ± 1.33 3.45 ± 2.18 40.05 ± 2.25  < b 0.93 ± 0.33
Ni (mg/L) 37.70 ± 2.70  < b 3.83 ± 2.78 66 ± 1.20 1.25 ± 0.45 6.33 ± 5.67
Zn (mg/L) 1.97 ± 0.09 10.80 ± 4.15 34.83 ± 17.62 2.40 ± 0.09 438.9 ± 145.9 61.65 ± 19.83

Fig. 2  Average ± standard deviation (n = 5) obtained from the diges‑
tive gland mass factor (DGF) and hepatosomatic index (HSI), com‑
paring between Corbicula fluminea (Cf), Diplodon delodontus (Dd) 

and sampling periods [June: (winter) and September:(spring)]. Differ‑
ent letters (A, B and C) indicate significant differences (p < 0.05)
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of the lumen. Another important feature was noticed toward 
the dense accumulation of the luminal material, which also 
contain leucocytes. Furthermore, plenty of connective tissue 
lays among the tubules in which hemolymphatic cell types 
can be distinguished, such as small, rounded hemocytes with 
conspicuous nucleus, as well as granular and semi‑granular 
hemocytes. These hemocytes were observed more abun‑
dantly in the disintegrating or atrophic phase (Fig. 3E, F).

Histological assessment of the digestive gland normal 
phasic activity indicated a predominance of type II (absorp‑
tive) in C. fluminea and D. delodontus in both June (70% 
and 73.33%, respectively) and September 2019 (74.44% and 
80%, respectively). In comparison, holding phase type I and 

disintegrating or atrophic phase type III showed lower values 
and significant differences (p < 0.05) between species and 
between months for C. fluminea (Fig. 4).

Histomorphometric analysis

Individuals of C. fluminea and D. delodontus were exam‑
ined (360 digestive tubules images), in June and Septem‑
ber 2019. Digestive gland condition was analyzed in both 
species independently by comparing morphometric param‑
eters between digestive tubule phases and sampling months 
(Table 3). The area of the DT epithelium showed signifi‑
cant differences between months for C. fluminea (two‑way 

Fig. 3  Photomicrographs of 
the digestive gland of clams 
C. fluminea (A, C, E) and D. 
delodondus (B, D, F). A, B 
Digestive tubule types classified 
as type I holding, C, D type 
II absorptive, and E, F type 
III disintegrating or atrophic. 
Digestive and basophilic cells in 
the digestive tubule epithelium 
(asterisk and black arrow, 
respectively). Hemocytes are 
indicated with a white arrow. 
Sections of the digestive gland 
are stained with hematoxy‑
lin–eosin solution. Scale bars: 
20 µm (A, C, E) and 50 µm (B, 
D, F). vc, vacuolate cells; tl, 
tubule lumen
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ANOVA, F(2,46) = 13.624, p = 0.000287), in particular for 
the absorption phase (type II), which decreased between 
June (1. 22 ± 0.35  mm2) and September [0.98 ± 0.33mm2; 
Kruskal–Wallis H test (K‑W H)(0.02) = 2.295, p = 0.043], 
while no differences were verified for D. delodontus 
(p > 0.05). Regarding tubule circumference (P0), differences 
between months were observed in C. fluminea [ANOVA 
F(0.645) = 15.159, p < 0.05], with a reduction in measure‑
ments for the three DT phases from June to September and 
a marked difference in the absorption phase, although not 
significant (K‑W H (2.198) = 2.788, p = 0.055). In con‑
trast, no significant differences were found in D. delodon-
tus [Mann−Whitney−Wilcoxon test (M‑W, W) = 2993, 
p = 0.865].

Regarding the lumen area (Si) of the digestive tubule, a 
cyclical succession of decreasing area between types I and 
II was observed, followed by a marked increase from type 
II to III, and finally a slight decrease between III and I in 
both species for the 2 months. Furthermore, differences in 
lumen area values were found in relation to phases (ANOVA 
F(88.662) = 125.38, p < 0.05); Tukey’s test, p < 0.05), as well 
as differences between months (M‑W, W = 5893.5, p < 0.05) 
in C. fluminea and in D. delodontus (M‑W, W = 2452, 
p < 0.05). In C. fluminea, the absorption phase showed the 
greatest difference between months (K‑W H (1.129) = 0.302, 
p < 0.05), where a reduction was observed from June 
(0.10 ± 0.05 mm) to September (0.06 ± 0.03 mm). The lumen 
perimeter showed significant differences in C. fluminea in 
relation to the phases [two‑way ANOVA F(2.136) = 18.054, 
p < 0.05], mostly between types II and III and types III and 
I (Tukey’s test, p < 0.05).

The mean epithelial thickness (h) of the DT showed dif‑
ferences in C. fluminea for both phases [two‑way ANOVA 
F(3.717) = 74.510, p < 0.05] and months [two‑way ANOVA 

F(0.472) = 9.46, p < 0.05]. The greatest difference between 
phases was between absorption and disintegration or atresia 
(Tukey’s test, p < 0.05), while in D. delodontus only differ‑
ences in epithelial height were observed in relation to phases 
[ANOVA F(403.28) = 13.184, p < 0.05]. Regarding circular‑
ity (c), differences were observed in C. fluminea between 
sampling months [two‑way ANOVA F(0.440) = 10.044, 
p < 0.05; Tukey’s test, p < 0.05] and between phases and 
months [two‑way ANOVA F(0.135) = 3.096, p < 0.05], where 
significant differences were observed in the absorption phase 
between months (Tukey’s test, p < 0.05). However, no dif‑
ferences were found in that species for DT phase [two‑way 
ANOVA F(0.013) = 0.297, p = 0.743]. No significant differ‑
ences were found for D. delodontus (W = 2288, p = 0.4026).

Discussion

Concentrations of chromium, copper, nickel, zinc, iron, 
cadmium, and lead in the Paraná de las Palmas River were 
found to be two times or more above the levels reported by 
Cataldo et al. (2001) in 1996. These significant increments 
reached the highest values in September 2019. Páez‑Osuna 
(2005) suggests that, although chromium, nickel, zinc, and 
copper are naturally present in aquatic environment, their 
over‑limited concentrations might be directly linked to waste 
produced by the intensification of industrial, agricultural, 
livestock, and urban activities previously developed in the 
area (Cataldo et al. 2001). In addition, research has shown 
that most of industrial effluents and domestic waste are dis‑
charged into the river with little or no prior treatment (Peluso 
2020). And although the high flow rate of the Paraná de las 
Palmas River (about 18,000 cubic meters per second) would 
probably have a very important “cleansing” effect, (Cataldo 
2001), the tidal regime and the sudestadas phenomenon 
(southeast storms), depending on the water level and the 
direction of the current, directly influence the hydrological 
behavior of the river (Pizarro et al. 2007). Therefore, the 
hydrological regime of the Paraná de las Palmas River is the 
main cause of the variation in metal concentrations observed 
in June and September (winter and spring seasons), together 
with the shift in the intensity of anthropic activities through‑
out the year in the surrounding area.

The increase in the river water levels due to flooding 
could cause dilution and thus a decrease in the concentra‑
tion of pollutants, while periods of low water levels could 
cause an increase in the concentration of suspended solids, 
re‑suspending in the water column the chemical elements 
that are bioavailable in the sediment, as previously reported 
by Cataldo (2001). However, during high hydrometric level 
events associated with ocean tides, the upper section of 
the Paraná de las Palmas River contributes pollutants to 
the lower section, thereby reaching higher concentrations 

Fig. 4  Digestive tubule types (%) classified as type I (holding), type 
II (adsorbing), and type III (disintegrating or atrophic) in non‑native 
Corbicula fluminea and native Diplodon delodontus clams stained 
with H&E, sampled in June 2019 and September 2019 from Paraná 
de las Palmas River
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of pollutants than those observed during low hydrometric 
events, as occurred in our study, since the high levels events 
were recorded in September, while the low ones occurred 
in June.

Several species of bivalve mollusks accumulate met‑
als in concentrations proportional to those present in their 
environment, which may also fluctuate over time (Sabatini 
et al. 2011). In bivalves the digestive gland is the main site 
for metal bioaccumulation and detoxification, concentrating 
more metals than other organs (Sabatini et al. 2011). Vari‑
ation between sampling periods indicated the highest metal 
concentrations in C. fluminea digestive gland occurred in 
September, which is associated with all the metals meas‑
ured in water in the Paraná de las Palmas River, except 
for lead and copper, which increased significantly in that 
period (p < 0.05). Nevertheless, the divergent results of 
metal concentrations found in water and in the digestive 
gland could be related to the presence of metals in the diet 
of both species or even in the sediment that they inhabit 
since bioaccumulation depends on the metal concentration, 
its environmental bioavailability (water, diet, and particles), 
and its mechanisms of absorption, accumulation, and excre‑
tion (Wang et al. 1995). Such mechanisms differ according 
to the metal nature and whether they are essential for the 
metabolism and growth of the organism (Wang et al. 1995; 
Chapman et al. 1996). Furthermore, metals persistence in 
the environment is directly associated with its chemical 
speciation, incorporation, and sediment accumulation, thus 
playing a key role in its bioavailability in and toxicity to 
aquatic organisms (Van Ginneken et al. 1999; Rizzo et al. 
2010). Once incorporated to the sediment, metals can be 
mobilized and released back into the water column through 
changes in solubility and transfer through the trophic web 
as a result of physical and chemical changes (Altindag and 
Yigit 2005; Harikumar et al. 2009).

Regarding the morphometric index of C. fluminea and 
D. delodontus in the Paraná de las Palmas River, differ‑
ences were observed between sampling periods. The limited 
increase of the digestive gland factor in the native species 
could be related to the fact that D. delodontus is in the period 
of preparation of the marsupium and accumulation of energy 
reserves for the gamete maturation, a period that is com‑
pleted by the end of summer in different species of the same 
genus (Semenas and Brugni 2002). Díaz and García (2001) 
indicated that copper and lead inhibit the activity of enzymes 
responsible for glycogen synthesis and mobilization, which 
could induce a negative effect in the reproductive process. 
For its part, the invasive species displays several reproduc‑
tive events throughout the year, the most relevant being dur‑
ing springtime, and apparently does not exhibit periods of 
reproductive inactivity; therefore, glycogen reserves remain 
constant all year round (Cao et al. 2017). The constancy of 
the hepatosomatic index between sampling periods for each 

of the species, although with higher concentration in C. flu-
minea, would indicate that food availability did not change 
during the period of these samplings in the Paraná River.

The digestive gland tubules of C. fluminea and D. delo-
dontus were morphologically analyzed to assess the environ‑
mental quality of the water in the Paraná de las Palmas River 
and its effects on both species. In general, the structure of 
the digestive gland in both species corresponds to the basic 
model of microphagous feeders in mollusks and previous 
descriptions in other bivalve anatomy (Diniz et al. 2008; 
Costa et al. 2013). The characterization of the rhythms of the 
intracellular digestion based on morphological differences of 
the digestive tubules is the result of the variation within the 
digestive cells that constitute it, depending on food inges‑
tion and its subsequent intracellular digestion. In this way, 
an arbitrary division into phases that represent the sequence 
of events in this dynamic process can be made. The descrip‑
tion of types of digestive tubules model used in the present 
study coincides with the one applied to describe the mussels 
Mytilus galloprovincialis (Rocha et al. 2016). The propor‑
tion pattern of digestive tubules found in both species with 
prevalence of absorbing type but most importantly the sea‑
sonal decrease in atrophic tubule may be strongly linked to 
reproductive cycle in C. fluminea, as mentioned above. It is 
also important to highlight that all the individuals observed 
presented two or more types of tubule phases in the digestive 
gland. Despite widely used in bivalve species as a biomarker 
of general stress induced by various contaminant, including 
metals, the frequency of digestive tubule atrophy observed in 
C. fluminea and D. delodontus in Paraná de las Palmas River 
could be associated with degenerative processes within their 
life cycle (Sabatini et al. 2011; Carella et al. 2015).

Histomorphometric studies have long been applied to 
establish a correlation response between the presence of 
contaminants and tissue alteration caused by the organ‑
ism’s stress response (Marigómez et al. 1990). Considering 
that the epithelial cells lining the tubules of the digestive 
gland respond negatively to the effects of various contami‑
nants, causing tubule lumen enlargement and/or epithelial 
thinning, morphometric variations in epithelial layer and 
lumen constitute a reliable index of digestive gland activ‑
ity (Rocha et al. 2016). In such way, the morphometric 
parameters used to differentiate digestive tubule (DT) con‑
ditions demonstrated that epithelial layer area (S0), diges‑
tive tubule lumen area (Si), mean epithelial thickness (h), 
and circularity (c) offered a reliable criterion to characterize 
DT phases in both species, particularly in C. fluminea, and 
therefore evaluate their health status in the Paraná de las 
Palmas River (Marigómez et al. 1990; Carella et al. 2015; 
Rocha et al. 2016). Foremost, it is necessary to take in con‑
sideration that the digestive gland of bivalves is an organ 
that undergoes a series of daily and annual cyclical changes 
related to digestive and reproductive cycles, also shaped by 
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tidal rhythms and hydrological regimes, that may directly 
affect its morphological condition and its assessment (Ush‑
eva et al. 2006). Although alterations in the morphology of 
the digestive tubules represent a non‑specific response to 
stressful environmental conditions, atrophy condition and 
hence the thinning of the tubule epithelium combined with 
lumen enlargement is broadly used and well documented as 
a morphological measurement of the cellular and tissue level 
alteration (Garmendia et al. 2011). In this way, quantitative 
morphological analysis in terms of mean epithelial thickness 
and lumen area represents a reliable tool in analyzing the 
health status of the digestive gland in bivalves (Marigómez 
et al. 2006).

In summary, the present work evaluated the health condi‑
tion of two bivalve species inhabiting the Paraná de las Pal‑
mas River through in situ experiment in which morphologi‑
cal and histological alterations in the digestive gland were 
analyzed seasonally in relation to the presence of metal in 
the aquatic environment. The two competitor clams, a native 
species and an invasive species, showed different responses 
to the presence of metals both in water and digestive gland 
accumulate, suggesting that, despite its higher susceptibility 
to environmental disturbance, particularly observed in the 
greater tissue alteration in the digestive tubule, C. fluminea 
displays an efficiency in metabolizing metals that is superior 
to D. delodontus. These results combined with C. fluminea 
biological traits, such as its ability to inhabit different sub‑
strate types and its reproductive efficiency, might explain its 
invasive dispersal competence when it comes to colonizing 
a great diversity of freshwater ecosystems and ecologically 
overcome the presence and endurance of the native D. delo-
dontus in the Paraná de las Palmas River.
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