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Abstract
A whole-sediment test with the infaunal amphipod Monocorophium insidiosum has been developed to assess the long-term
effects exerted by sediment contamination on survival, growth rates and attainment of sexual maturity. Juvenile amphipods
were exposed for 28 days to a control sediment (native sediment) and three sediment samples collected in sites of the Venice
Lagoon, characterized by contamination levels ranging from low to moderate, and absence of acute toxicity toward
amphipods. Growth rate was estimated as daily length (μm d−1) and weight increments (μg d−1). The long-term exposure to
the test sediments affected significantly both growth rate and attainment of sexual maturity of the females of M. insidiosum.
In contrast, survival was high and uniform among all the samples, despite the contamination gradient. The results suggest
growth to be the more reliable and statistically relevant endpoint. Attainment of sexual maturity, although allowed the
identification of detrimental effects, was affected by a higher among-replicates variance as compared with growth rates, and
thus less reliable than growth for the identification of impairments. The significant impairments observed both on growth and
attainment of maturity evidenced the need to address the monitoring, also in the Lagoon of Venice, towards the assessment
of the long-term effects on benthic species.
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Introduction

In the framework of the sediment quality assessment, the
whole-sediment laboratory tests are demanded to provide
information concerning the possible toxic effects exerted by
sediment bound and dissolved contaminants on biological
communities; as stated by Grapentine et al. (2002), whole-
sediment test should support “evidence that responses
observed in the resident community are associated with
sediment rather than other potential stressors”. Therefore,
abnormal mortality, impairments in the growth rate and in

the attainment of sexual maturity, anomalous behaviours,
and effects on the reproduction, are all possible outcomes of
sediment contamination that should be investigated using
suitable laboratory tools to assess the consistency of the
stressor-effect correlation, in conjunction with benthic
community analysis (Chapman 2007). Nevertheless, in
most monitoring studies on marine and estuarine environ-
ments the whole-sediment tests are used rarely for evalua-
tion of the survival of amphipods and polychaetes and
seldom for the identification of chronic, sub-lethal effects
(Kennedy et al. 2009). Short-term acute test are usually
preferred, although 1) chronic exposure to contaminants is a
more frequent condition in natural environments than acute
exposure, 2) moderately contaminated sediments are more
common than highly contaminated ones, and 3) sub-lethal
effects may have greater ecological relevance than lethality
to identify possible impairments due to the exposure to the
contaminants (Costa et al. 2005).

Even if a standard method is available for polychaetes
(ASTM 2013), most of the experiments concerning chronic
sediment testing have been performed with amphipods,
since these organisms are widely distributed, easy to collect
and maintain in the laboratory, ecologically relevant and
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tolerant to wide ranges of sediment grain-size (Hyne et al.
2005; Peters and Ahlf 2005; Picone et al. 2008). The suit-
ability of the amphipods as indicators led in the past dec-
ades to the development of a number of testing protocol
with Ampelisca abdita and Leptocheirus plumulosus in
North America (Redmond et al. 1994; U.S. EPA 2001;
Ward et al. 2015; Lotufo et al. 2016), Gammarus locusta,
Corophium multisetosum and C. volutator in Europe (Costa
et al. 2005; Castro et al. 2006; Scarlett et al. 2007a, 2007b;
van den Heuvel-Greve et al. 2007; Fox et al. 2014) and
Melita plumulosa in Australia (Hyne et al. 2005). In most
cases, the exploited endpoints were reproduction and
growth rate.

In Italy, studies aimed to evaluate sub-lethal and chronic
endpoints are scarce and have been performed only with
adults specimens of the tube builder Monocorophium insi-
diosum Crawford, using survival and reproduction as end-
points (Bigongiari et al. 2001). Efforts have been focused
on M. insidiosum as test species due to: (a) the availability
of literature data concerning its biology, ecology and life-
history (Casabianca 1967; Sheader 1978; Procaccini and
Scipione 1992; Kevrekidis 2004; Prato and Biandolino
2006); (b) wide distribution along the coastal environments

of the Ionian and Adriatic Sea (Brian 1935; Ceccherelli
et al. 1994; Tagliapietra et al. 1998; Mancinelli et al. 2005);
(c) well documented ability to reach sexual maturity and
even reproduce within few weeks from the release from
brood pouch, under proper temperature conditions (Casa-
bianca 1975; Birklund 1977). These information were
missing, or only partially available, for other eligible spe-
cies occurring in Italian coastal environments such as
Ampelisca diadema, Corophium orientale, Metaphoxus
simplex and Melita palmata.

In the present work, we explored the suitability of sub-
lethal endpoints measured on juvenile M. insidiosum for
assessing chronic toxicity in sediments of the Venice
Lagoon. In particular, the study focused on the evaluation of
the possible occurrence of long term effects in some sites
where acute toxicity toward amphipods (i.e. lethality after
10 days of exposure) was not observed during previous
surveys (Picone et al. 2008, 2016). With this purpose,
juvenile M. insidiosum were exposed for 28-days (as in the
standard method available for L. plumulosus; U.S. EPA
2001) to test chronic sediment toxicity. The endpoints used
for assessing the possible long-term impairments caused by
sediment contamination were mortality, growth rate and

Fig. 1 Location of the sampling
sites in the Lagoon of Venice
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attainment of sexual maturity of the females. Reproduction,
even though it was recorded at the end of the test, was not
considered as a candidate endpoint at this stage, because the
early work of Bigongiari et al. (2001) evidenced a low
reproducibility and a high among-replicates variation of the
offspring production forM. insidiosum in the control (native
sediment), suggesting that exposures significantly longer
than 28-d could be needed to M. insidiosum population to
reach maturity and release the first brood. The aims of this
study were as follows: (1) to assess the discriminating
ability and sensitivity of the long-term, sub-lethal endpoints,
as compared with mortality, in moderately contaminated
sediments, and (2) to evaluate possible correlation of the
measured impairments with sediment chemistry.

Materials and methods

Sediment sampling and handling

Sediments were collected in April 2008 in three previously
investigated sites of the Venice Lagoon (Fig. 1), affected by
low to moderate contamination, and characterized by absent
to negligible acute effects towards amphipods (Picone et al.
2008, 2016).

Site San Francesco del Deserto (SFR) is located in a
sandy-silt mudflat far from point sources of contamination
and not affected by fishing or boating activities. Also site
Valle Millecampi (VMI) is located in a sandy-silt mudflat
and far from industrial plants and urban centres, but in this
case the area is characterized by patchy occurrence of peaty
substrate and is potentially affected by contamination from
agricultural runoff. In contrast, site Canale delle Tresse
(TRC) is a canal in nearness of the industrial area of Porto
Marghera, characterized by silty-sand sediments and mod-
erate contamination, due both to industrial activities and
intense boat traffic.

Surface sediments (0–15 cm) were sampled using a
10 cm diameter Plexiglas® corer following the integrated
design and QA/QC procedures reported in detail by Volpi
Ghirardini et al. (2005). In the field, collected samples were
immediately stored in a 2 L glass jar filled without leaving
headspace, to minimize oxidation. In laboratory, the sam-
ples were thoroughly homogenized and press-sieved
through a 250 µm mesh-size stainless steel screen to
remove native amphipods or other organisms whose
occurrence could interfere with amphipod survival (i.e.
polychaetes and isopods).

Sediment chemistry

Sediment grain-size was determined following a gravi-
metric procedure (ICRAM 2001) and subsequently

classified according to Shepard (1954). Total organic car-
bon (TOC) analyses were performed using a CHNS-O
analyzer (mod. EA1110, CE Instruments, ThermoElectron,
Milan, Italy), on aliquots of 10–20 mg of dry sediment
acidified with 20-µL of 1 N HCl solution and dried at
105 °C for 15 min.

Dry-weight total-metal concentrations were measured
using inductively coupled plasma—atomic emission spec-
trometry (ICP-AES) for Cu, Cr, Ni, Pb, V and Zn (EPA
method 6010B), atomic absorption—furnace technique for
As and Cd, (EPA methods 7060 and 7131 respectively) and
atomic absorption spectrophotometry for Hg (EPA method
7473). Prior to analyses, samples were digested through
microwave assisted acid digestion with aqua regia (EPA
method 3051 A mod.). Simultaneously extracted metals
(SEM) and acid-volatile sulphides (AVS) were determined
following the procedure by Allen et al. (1993). Polynuclear
aromatic hydrocarbons (PAHs) were analyzed using a
reverse phase HPLC (EPA method 8310 mod.) after
extraction through sonication (EPA method 3550 mod.).
Polychlorobiphenyls (PCBs) and organochlorine pesticides
were measured by gas chromatography (EPA method 8082
and 8081, respectively), after pressurized fluid extraction
(PFE, EPA method 3545), cleanup for sulphur removal
(EPA method 3660) and sulphuric acid/potassium perman-
ganate cleanup (EPA method 3665).

Amphipods sampling and holding

Specimens of M. insidiosum were sampled in May 2008 in
a brackish pond located inside a sandy-silt salt marsh of the
northern Lagoon (N 45°28’436.1, E 12°25’315.7). The top
5 cm of sediment were hand-collected using a shovel and
in situ wet-sieved through a stack of sieves with mesh-size
of 1000, 500 and 250 µm, respectively. Only juvenile
amphipods (<2.3 mm length from telson to tip of the ros-
trum) passing through the 500 μm mesh sieve and kept by
the 250 μm sieve were selected for the 28-d chronic test.
Young-adults (2.3–5.0 mm length) passed through
1000 μm mesh sieve and retained by 500 μm screen, were
separately collected and brought to laboratory for per-
forming the 96-h reference toxicant test (Cd), according
with standard procedures (ISO 2005). Aliquots of native
sediment were also collected, to be used both as substrate
for acclimation/holding and as negative control in sediment
test. Control sediment was handled and stored as test
sediments.

Juvenile and young adults amphipods were held sepa-
rately in 10 litres glass aquaria, filled with about 5 cm of
press-sieved native sediment and 8 litres of natural seawater
collected in nearness of the sampling site, to avoid sudden
changes in environmental conditions (salinity and ionic
strength) at the beginning of holding period. Holding

Assessment of whole-sediment chronic toxicity using sub-lethal endpoints with Monocorophium insidiosum 1239



aquaria were placed in a climatic room under a 16:8 light:
dark cycle and continuous aeration, where amphipods were
acclimated at testing conditions (T= 15 °C, S= 35 ppt) for
8 days, by changing salinity and temperature at a rate not
exceeding 1 ppt and 1 °C per day. Acclimatization to testing
conditions was accomplished by renewing at 48-h intervals
about 2/3 of overlying water in the holding aquaria using
artificial, filtered seawater at salinity of 35 ppt prepared by
dissolving an artificial sea salt mixture (Ocean Fish®,
PRODAC International, Cittadella, Italy) in Milli-Q® pur-
ified water.

Testing conditions were selected on the basis of previous
works concerning sensitivity of M. insidiosum to non-
contaminant factors (Prato and Biandolino 2006); more-
over, these conditions resembled environmental temperature
and salinity at time of sampling (T= 14 °C, S= 32 ppt).
Amphipods were not fed during holding.

Toxicity testing

The 96-h reference toxicant tests (Cd) were performed for
QA/QC purposes, to evaluate sensitivity of the auto-
chthonous population of M. insidiosum. These tests were
carried out according to ISO (2005), using young adult
amphipods.

The 28-d whole-sediment test was performed in tripli-
cate, using 1000 ml glass beaker as experimental unit, each
with 30 juvenile amphipods. In each of the experimental
units juvenile amphipods were exposed to 200 ml of sedi-
ment and 600 ml of artificial seawater prepared as descri-
bed above. One litre glass beakers were used as test
chambers. The exposure was performed under 16:8 light:
dark cycle, continuous aeration and semi-static conditions,
with water renewal on days 7, 14 and 21. Overlying water
temperature, salinity and pH were measured at the begin-
ning of test (day-0), prior to each water renewal and at the
end of exposure. Amphipods were fed ad libitum with the
cryptophycean Rhodomonas salina (Wislouch), Hill &
Wetherbee, on day-0 and after each water renewal, in order
to maintain a thin layer of algae on sediment surface. A
mono-diet with R. salina was chosen since it has a very
high nutritional quality, due to elevated content of poly-
unsaturated fatty acids (PUFAs) and highly unsaturated
fatty acids (HUFAs) that have been shown to be essential
for crustacean survival and growth (Gonzalez-Félix et al.
2003; Dahl et al. 2009).

On day-0, 50 randomly selected juvenile amphipods
were individually measured under a dissecting microscope
at ×10 magnification and weighed (in groupings of 10 spe-
cimens) to establish starting conditions (t= 0) for length
and dry weight.

On day-28, the content of each beaker was sieved
through a 250 μm mesh sieve and then poured into a sorting

tray. Surviving amphipods isolated from each replicate were
then counted, individually measured at the nearest 0.1 mm
(from tip of the rostrum to end of the telson) and sexed. All
the amphipods from each experimental unit were then
pooled, blotted on adsorbent paper to remove excess of
water, divided into groupings of 10 randomly selected
specimens, weighted at the nearest 0.01 mg, dried overnight
in oven at 80 °C and then weighed again for evaluation of
dry weight (Scarlett et al. 2007a, 2007b). Females with fully
developed oostegites, ovigerous females and females car-
rying embryos in brood pouch were all regarded as mature
(Kevrekidis 2004).

Length measurements were performed on living amphi-
pods anesthetized with a MgCl2 solution, to avoid possible
impairments caused by dehydration or hydration due to
preservation in alcohol, formaldehyde or other fixing
agents.

Newborn amphipods eventually produced in each repli-
cate were separately collected (clearly discernible from
adults by their smaller size).

Statistical analysis

Survival of juvenile amphipods after 28-d was reported as
mean of 3 replicates per sample. Growth rate of juvenile
amphipods was expressed both as daily length increment
(µm individual−1 d−1) and daily weight increment (µg
individual−1 d−1).

Daily length increment within each experimental unit
was calculated for the pooled population (males and females
together) as well as separately for males and females. Daily
weight increment was estimated only for the pooled popu-
lation (males plus females), on dry weight (dw) basis. Daily
increments were expressed as difference between length/
weight at t= 28 and length/weight at t= 0, divided by the
total exposure time (28 days).

Attainment of female maturity after 28-d of exposure to
test sediments was calculated as percentage of mature
females on surviving females in each replicate.

Analysis of the variance (ANOVA) and Fisher post-hoc
test were used to check for differences among treatments;
ANOVA was performed on arcsine square root trans-
formed data for survival and log-transformed data for all
the other parameters. Normality and homogeneity of
variance were verified using Kolmogorov-Smirnov’s and
Levene’s test respectively (α= 0.05). When normality
and homogeneity of variance conditions were not met,
Kruskal–Wallis test was performed to check for sig-
nificant differences. Median lethal Concentration (LC50)
with 95% confidence limits for the reference toxicant were
calculated using the Trimmed Spearman–Karber method
v1.5. All statistical analyses were performed using Stat-
Soft® Statistica v7.0.
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Results

Sediment chemistry

Results of sediment chemistry are summarized in Table 1. In
general, sample SFR exhibited the lowest concentrations of
chemicals, with only As (12.9 mg kg−1 dw) and Hg
(0.75 mg kg−1 dw) concentrations exceeding effect range
low (ERL) and effect range median (ERM), respectively
(Long et al. 1995). With exception of Hg, sample VMI was
characterized by metal and organic concentrations slightly
higher than SFR; nevertheless in sample VMI only As
(19.7 mg kg−1 dw), Hg (0.31 mg kg−1 dw), and Ni (31.1 mg
kg−1 dw) concentrations exceeded ERL. As expected, site
TRC showed high contamination regarding both metals and
organics; concentrations above ERL were found for As
(22.1 mg kg−1 dw), Cd (2.55 mg kg−1 dw), Cu (47.4 mg
kg−1 dw), Ni (22.6 mg kg−1 dw), Pb (46.9 mg kg−1 dw), Zn

(328 mg kg−1 dw), PAHs (6622 µg kg−1 dw) and DDTs
(2110 ng kg−1 dw), while Hg (1.51 mg kg−1 dw) exceeded
ERM too. The chemical analyses for the control sediment
are reported in Table 1, all the metals and organics were
below the ERL, except for mercury (0.37 mg kg−1 dw).

All samples were characterized by a mean ERM quotient
(mERMq), a normalized chemical summary calculated by
normalizing each chemical concentration to its respective
effect range median (Long et al. 2006), less than 0.5, con-
firming that contamination levels are low to moderate (Long
and Macdonald 1997). The index ΣSEM-AVS fOC

−1 was
negative in all samples, highlighting a surplus of AVS and
hence a limited bioavailability of metals for uptake from
water phase.

Amphipod sensitivity

Two distinct 96-h reference toxicant (Cd) tests were per-
formed during the experimental period. The LC50 values
were very similar, 2.0 and 2.1 mg l−1 respectively. Survival
in water-only control was high in all the replicates (>90%).

Long term survival

Survival was high and homogeneous in all the tested sam-
ples (F3,8=0.6, p= 0.632, Fig. 2), with values ranging from
83% (SFR) and 91% (VMI).

Growth rate

Daily length increment for pooled population was sig-
nificantly higher in native sediment (62 µm individual−1

d−1) than in test sediments (31–46 µm individual−1 d−1)

Table 1 Summary of the physico-chemical analyses performed on the
test sediments

Parameter Control SFR VMI TRC

Metals (mg kg−1) As 4.3 12.9* 19.7* 22.1*

Cd 0.16 0.07 0.11 2.55*

Cr 11.5 34.4 61.7 48.3

Cu 12.3 13.9 27.9 47.4*

Hg 0.37* 0.75** 0.31* 1.51**

Ni 9.3 13.9 31.1* 22.6*

Pb 10.8 13.5 34.3 46.9*

Zn 43.7 51 122 328*

SEM and AVS (μM kg
−1)

As n/a 1.2 1.4 1.4

Cd n/a 0.22 1.45 2.9

Cr n/a 43 26 29

Cu n/a <0.8 <0.8 <0.8

Hg n/a <0.02 <0.02 <0.02

Ni n/a 23 17 10

Pb n/a 7 17 37

Zn n/a 43 280 942

AVS n/a 1,198 1,300 11,843

Organics (µg kg−1) PAHs <5 137 375 6222*

PCBs 0.6 0.7 2 12.7

DDTs <0.05 0.36 0.99 2.11*

Organics (ng kg−1

TOC)
PAHs <40 2,635 11,029 206,938

PCBs 10 13 59 397

DDTs <0.5 7 29 66

mERMq 0.1 0.17 0.19 0.43

TOC (%) 5.9 5.2 3.4 3.2

Sand (%) 13 23 25 74

ΣSEM-AVS fOC
−1 n/a −22 −29 −339

*Concentration above Effect Range Low (ERL); **concentration
above Effect Range Median (ERM) (Long et al. 1995)

Fig. 2 Survival (%) of juveniles of M. insidiosum after 28 days of
exposure to the test sediments. Whiskers indicated standard error.
Uppercase letters indicate homogeneous groups according to one-way
ANOVA and Fisher post-hoc test; samples marked with the same letter
are not statistically different at α= 0.05
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(F3,8= 101.5, p < 0.001, Fig. 3); the trend highlighted by
ANOVA (α= 0.05) was the following: Control > SFR >
VMI > TRC (Table 2).

A slightly different trend was highlighted by daily
length increment of males (F3,8= 45.6, p < 0.001, Fig. 3):
control sediment (70 µm individual−1 d−1) was char-
acterized by a significantly higher growth rate than the
other samples (p < 0.001), but minor differences among
samples were also evidenced (Table 2): sample TRC
(34 µm individual−1 d−1) showed a weaker growth as
compared with sample SFR (p < 0.001), but no significant
difference with VMI was evidenced (p= 0.502). The
trend of length increment in females was similar to that
found for the pooled population (F3,8= 65.1, p < 0.001,
Fig. 3). In all samples there were more females than males
(Table 2).

In all samples the individual weight increment (µg indi-
vidual−1 d−1) was significantly lower than in control sedi-
ment (F3,8= 43.44, p < 0.001, Fig. 4).

Attainment of sexual maturity in the females

The higher percentage of mature females was observed in
sample SFR (60%), followed by control sediment (Table 2).
Significant reduction of mature females as compared with
control was recorded only for sample TRC (F3,8= 43.44,
p < 0.01, Table 2). No significant differences were observed
for the size of the mature females (H3,11= 4.55, p= 0.208,
Table 2).

Offspring production was observed in control and all
tested samples, but was very low; offsprings per female
ranged from 0.1 (control) to 0.5 (VMI) neonates per female.

Fig. 3 Daily length increments (μm d−1) measured for the pooled
population (males plus female), males and females of M. insidiosum.
Whiskers indicated standard error. Uppercase letters indicate homo-
geneous groups according to one-way ANOVA and Fisher post-hoc
test; samples marked with the same letter are not statistically different
at α= 0.05. Legend: A >B >C >D

Table 2 Summary of test
conditions and results for the 28-
d exposure test

Parameter Control SFR VMI TRC

T (°C) 15.5 ± 0.2 15.6 ± 0.1 15.7 ± 0.2 15.8 ± 0.1

S (ppt) 32.7 ± 0.3 32.4 ± 0.2 33.0 ± 0.3 31.8 ± 0.1

pH 8.09 ± 0.2 7.99 ± 0.3 7.94 ± 0.3 7.89 ± 0.2

Mean amphipod size (mm) 3.20 ± 0.05 2.77 ± 0.05 2.54 ± 0.04 2.33 ± 0.01

Mean male size (mm) 3.42 ± 0.14 2.82 ± 0.03 2.76 ± 0.05 2.41 ± 0.02

Mean female size (mm) 3.04 ± 0.03 2.71 ± 0.08 2.46 ± 0.03 2.29 ± 0.02

Sex ratio (% females) 54 ± 3 54 ± 3 71 ± 3 64 ± 2

Mature females (%)* 50 ± 7A 60 ± 15A 27 ± 4A,B 6 ± 3B

Size of mature females (mm)** 3.0 ± 0.1A 2.9 ± 0.1A 2.7 ± 0.2A 2.8 ± 0.1A

Offspring production per female 0.10 0.23 0.54 0.06

All data are reported as mean ± standard error measured in the 3 replicates. Uppercase letters indicate
homogeneous groups according to one-way ANOVA and Fisher post-hoc test (*) or Kruskal–Wallis test
(**). Samples marked with the same letter are not statistically different at α= 0.05. Legend: A > B > C > D

Fig. 4 Daily weight increments (μg d−1) measured for the pooled
population of M. insidiosum. Whiskers indicated standard error.
Uppercase letters indicate homogeneous groups according to one-way
ANOVA and Fisher post-hoc test; samples marked with the same letter
are not statistically different at α= 0.05. Legend: A >B >C >D
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Correlation between chemicals and effects

Spearman’s correlation showed that both male and female
daily length increment were negatively correlated with
all chemicals measured in sediments, except Hg and Cd
(Table 3).

Daily weight increment showed a significant, negative
Spearman correlation with all the measured organic con-
taminants and metals, except Cd, Cr and Ni (Table 3).

Positive correlation was found between all the growth
parameters and TOC (Spearman’s R > 0.78; p < 0.001),
whilst growth rates were negatively correlated with sand
content (Spearman’s R <−0.78; p < 0.001). TOC content
and grain size were negatively correlated (Spearman’s R=
−1; p < 0.001).

Data concerning attainment of maturity were too few for
the calculation of the Spearman’s correlation with an
acceptable number of degrees of freedom.

Discussion

Amphipod sensitivity

The LC50 data showed that sensitivity to Cd in water-only
exposure test of the autochthonous population of M. insi-
diosum could be compared to that reported for wild popu-
lations of Ionian Sea (0.70–2.11 mg l−1 at temperatures in
the range 10–25 °C; Prato et al. 2008), Pacific Ocean
(0.68–1.27 mg l−1 at 19 °C; Hong and Reish 1987; Reish
1993) and for laboratory cultured specimens (0.96 mg l−1 at
20 °C; Boese et al. 1997).

Furthermore, M. insidiosum was clearly more sensitive
than autochthonous population of C. orientale; LC50 values
found for C. orientale specimens collected in Spring (April-
June) over a period of five years ranged in the interval
10.3–17.6 mg l−1 (Picone et al. 2008). All data concerning
C. orientale refer to amphipods collected in two different
sites of the Lagoon, far from point sources of contamina-
tion, including M. insidiosum collection site. However, the
lack of comparative tests on contaminated or spiked sedi-
ments makes any sensitivity comparison between the two
species not conclusive concerning sensitivity to con-
taminated sediments.

Long term survival

Survival in control sediments was very high and in agree-
ment with the value suggested by U.S. EPA (2001) for L.
plumulosus (mean survival of 80%; minimum survival in
single replicate of 60%) and those reported for C. volutator
(Scarlett et al. 2007a, 2007b; van den Heuvel-Greve et al.
2007); moreover, survival of M. insidiosum was sig-
nificantly higher than the values reported by Costa et al.
(2005) for G. locusta. Despite high survival, it was clearly
the less sensitive endpoint, since there was no significant
differences among the investigated sediments. The com-
parison with sub-lethal effects (Table 2) clearly shows that
28-d mortality is not sensitive enough for assessing and
predicting the hazard caused by exposure to low and
moderately contaminated sediments. A lower discriminating
power of lethality as compared to sub-lethal endpoints was
also observed by Scarlett et al. (2007a, 2007b) for juvenile
C. volutator exposed to sediments spiked with crude oil.

Table 3 Spearman’s correlations
between growth rates and
physical and chemical
parameters

Parameter Daily length increment ♂ Daily length increment ♀ Daily weight increment (dw)

n Spearman R p-value n Spearman R p-value n Spearman R p-value

As 12 −0.93 <0.001 12 −0.97 <0.001 12 −0.78 <0.001

Cd 12 −0.35 0.271 12 −0.39 0.211 12 −0.17 0.591

Cr 12 −0.69 0.013 12 −0.77 0.003 12 −0.45 0.139

Cu 12 −0.93 <0.001 12 −0.97 <0.001 12 −0.78 <0.001

Hg 12 −0.48 0.112 12 −0.39 0.211 12 −0.67 0.017

Ni 12 −0.69 0.013 12 −0.77 0.003 12 −0.45 0.139

Pb 12 −0.93 <0.001 12 −0.97 <0.001 12 −0.78 <0.001

Zn 12 −0.93 <0.001 12 −0.97 <0.001 12 −0.78 <0.001

PAHs 12 −0.93 <0.001 12 −0.97 <0.001 12 −0.78 <0.001

PCBs 12 −0.93 <0.001 12 −0.97 <0.001 12 −0.78 <0.001

DDTs 12 −0.93 <0.001 12 −0.97 <0.001 12 −0.78 <0.001

TOC 12 0.93 <0.001 12 0.97 <0.001 12 0.78 <0.001

Sand (%) 12 −0.93 <0.001 12 −0.97 <0.001 12 −0.78 <0.001

In bold are reported the significant correlations
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Growth rate

Growth of juvenile amphipods was decreased in all the test
sediments as compared with the control sediment. In par-
ticular, effects on length and weight increments, were more
marked in the sample characterized by the highest level of
contamination (TRC).

The data then corroborate the hypothesis that growth of
M. insidiosum can be used as a reliable endpoint for
assessing toxic effects when contamination levels are low
and survival is not a sensitive endpoint for acute (i.e.
10 days) or long-term exposure (i.e. 28 or more days). This
finding was expected, but not obvious. Exposure to con-
taminants may increase metabolic costs to maintain home-
ostasis, by triggering energetically expensive mechanisms
of elimination, biomineralization, and metabolism of che-
micals. Nevertheless, previous studies on L. plumulosus
raised doubts about the enhanced sensitivity of the sub-
lethal endpoints with respect to mortality, since significant
reduction of growth (weight increment) was observed only
in sediments that affected significantly survival (McGee
et al. 2004). The data concerning M. insidiosum agree also
with results obtained for C. volutator exposed to sediment
contaminated by Unresolved Complex Mixtures (UCM) of
hydrocarbons (Scarlett et al. 2007a, 2007b), suggesting that
at least for these 2 species growth rate represents a sensitive
and affordable endpoint.

Focusing on length increment, males of M. insidiosum
exhibited in all samples a generally higher growth rate than
females. These data are partially in contrast with the results
reported by Nair and Anger (1979), who observed at 15 °C
a generally higher growth rate for females of M. insidiosum
(49–74 µm individual−1 d−1) than for males (37–71 µm
individual−1 d−1). In any case, growth rates measured for
amphipods kept in the control sediment (55 µm individual−1

d−1 and 70 µm individual−1 d−1 for females and males,
respectively) are clearly within the ranges reported by Nair
and Anger (1979). Growth rates of about 70 µm individual−1

d−1 were reported also for juveniles C. volutator (Peters and
Ahlf 2005; Scarlett et al. 2007a, 2007b).

The measure of individual length, although it takes much
more time than estimation of weight, can be performed on a
large number of individuals per experimental unit (from 23
up to 30 individuals in the present work), allowing for
minimization of variance and an accurate estimation of
growth rate. The accurate determination of growth rate in
terms of length increment in M. insidiosum, as well as in
other species of family Corophiidae, is also facilitated by
the straight body shape of these amphipods. In curve-
shaped species the determination of total length is often
difficult and less accurate; Gale et al. (2006), for instance,
reported that growth measured as body length in curve-
shaped M. plumulosa is not a sensitive endpoint, due to the

high variability observed among specimens and low dif-
ferences among treatments (sediments spiked with metals).

The results highlight that the inhibition of the growth can
be ascribed to metals and organics. Marsden (2002)
explored successfully the relations between sediment con-
centration of Cu and amphipod’s growth. The author
observed a significant decrease of length of male and
immature Paracorophium excavatum with increasing Cu
concentration from 5 to 46 mg kg−1 dw, a range very close
to that observed in the tested sediments (from 13.9 mg kg−1

dw in SFR to 47.4 mg kg−1 dw in TRC). These data show
that low concentrations of chemicals can alter physiology of
amphipods and impair their growth. Nevertheless, other
authors observed effects on growth only at high con-
centrations of metals in sediments. Gale et al. (2006)
investigated the effects of Cd, Cu and Zn on growth of M.
plumulosa after a 42-d exposure to spiked sediments and
observed significant effects at concentrations of 440mg kg−1

for Cu and 1540 mg kg−1 dw for Zn. Ward et al. (2015)
reported significant effects on growth of L. plumulosus at
418 mg kg−1 dw of Cu, while no effects have been observed
for Cd up to concentrations of 600 mg kg−1 dw (Gale et al.
2006) and 1.627 mg kg−1 dw (Dewitt et al. 1996). No
observed effect concentrations (NOECs) calculated for
freshwater amphipods Hyalella azteca and Gammarus
pseudolimneaus (139 and 228 mg kg−1 dw) were about one
order of magnitude higher than the sediment concentrations
measured in the test sediment (Vangheluwe et al. 2013).

Even if available data do not allow definite identification
of possible detrimental effects due to metals, they allow for
some speculation about the possible route of exposure;
since AVS are in surplus with respect to SEM, metals are
expected to be unavailable for uptake through the water
phase, and it is more likely that toxic effects could be
related to the ingestion of sediment-bound or particulate-
bound metals, as noted by Gale et al. (2006) as well.

Concerning the organic contaminants measured in the
present study, benchmark data for growth reduction are
available for hydrocarbons and DDTs. Scarlett et al. (2007a,
2007b) reported growth reduction in C. volutator exposed
to UCM, crude oil and water-accomodated fractions
(WAF), whilst Lotufo et al. (2016) explored toxicity of total
PAHs towards L. plumulosus. In particular, Lotufo et al.
(2016) observed a consistent decrement of amphipod
growth at total PAHs concentration of 2.6 mg kg−1, and
provided an EC20 of 1.05 mg kg−1 PAHs; these data suggest
that PAHs may be a key contributor to the toxicity observed
in sample TRC, where a total PAHs concentration of
6.6 mg kg−1 was measured. DDTs effects on amphipod
growth were studied by Lotufo et al. (2001a, b) both
on estuarine (L. plumulosus) and freshwater amphipods
(Hyalella azteca). Growth rate of L. plumulosus was not
affected by DDT up to a concentration of 9.9 nmol g−1 dw
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(3.5 μg g−1 dw) (Lotufo et al. 2001a). In contrast, tests with
H. azteca showed that growth may be inhibited at 5.3 nmol
DDT g−1 dw (1.9 μg g−1 dw) (Lotufo et al. 2001b). In any
case, both for L. plumulosus and H. Azteca, exposure to
DDTs was performed at concentrations about 1000 times
higher than that measured in the sample TRC in the present
study; based on these data, contribution of DDTs to overall
sediment toxicity might be considered negligible for the
tested sediments. Concerning PCBs, in literature are avail-
able data on mortality and bioaccumulation after long term
exposures to water-only solutions and/or spiked sediment
(Landrum et al. 1989; Borgmann et al. 1990).

Besides action of toxicants, effects on growth may also
be influenced by factors not related with sediment con-
tamination; in particular, availability of food showed the
potential to ameliorate toxic effects also in acute amphipod
tests, and in chronic exposure amount of food can influence
toxicological endpoints (Bridges et al. 1997; McGee et al.
2004). In the test with M. insidiosum, the food has been
added at the same rate in all test chambers, so it is unlikely
that the observed differences on growth rate could be related
to a different feeding regime. On the other hand, the dif-
ferent TOC content observed in the samples indicates that
endogenous food availability (i.e. availability of fungi,
bacteria and labile organic matter) may differ among sedi-
ments. The higher concentration of TOC observed in con-
trol and SFR suggest a possible larger availability of food
than in VMI and TRC, so that it cannot be excluded that
differences in growth rates may be partially due to differ-
ences in food abundance in the sediment, not completely
compensated by the feeding regime.

In the case of sample TRC, it should be noted that
combination of low availability of endogenous food (less
TOC) and high concentration of organic contaminants may
also result in a higher exposure (and uptake) via ingestion
than in other samples; the quantity of organic contaminants
ingested per unit of organic carbon is, indeed, from about 2
times up to several orders of magnitude higher than in
control and less contaminated samples (Table 1).

As observed by many authors, the quality of organic
matter may influence both growth and uptake of con-
taminants in benthic invertebrates. Specifically, labile
organic matter derived from phytoplankton turned out to be
the substrate more efficiently converted into somatic growth
and enhancing bioaccumulation, while organic matter
derived from eelgrasses degradation and lignin provided
both less growth and less bioaccumulation (Gunnarsson
et al. 1999; Granberg and Forbes 2006; Granberg and Selck
2007; Thorsson et al. 2008). In any case, it seems necessary
to dedicate further research on the study of possible influ-
ence of organic matter on amphipods growth; in particular,
the characterization of the carbon sources in terms of lipid
class composition, amino acid composition, total nitrogen

and ratio C/N may provide valuable information for inter-
preting chronic test data.

Amphipods are usually tolerant to variations in grain size
when studying sub-lethal endpoints (Marsden et al. 2000;
U.S. EPA 2001); nevertheless, impairments in growth rates
observed in coarse sediments supports the hypothesis that
some substrate requirements are needed to allow optimal
growth (Surtikanti and Hyne 2000; U.S. EPA 2001).
However, since grain size and organic carbon are usually
significantly correlated (as in the present study), it cannot be
excluded that substrate requirements are linked to food
availability/quality rather than to the proportion of sand-,
silt- or clay-sized particles.

Attainment of sexual maturity

The determination of sexual maturity evidenced a clear
decrease of mature females with increasing levels of con-
tamination. However, the high among-replicate variance
that was measured in most of the samples (Table 2) restricts
the ability of this endpoint to provide statistically significant
results; most probably a higher statistical power could be
obtained by using a larger number of replicates, that should
lead to a reduction of variance. In any case, effects on
attainment of maturity seems to be not completely dis-
cernible from effects on growth; published data suggest that
females of M. insidiosum need to achieve a critical size
before attaining maturity and that this size is mainly
dependent on temperature. Nair and Anger (1979) recov-
ered mature females only at sizes larger than 3.2–3.7 mm at
15 °C and 3.0–3.3 mm at 20 °C, while Kevrekidis (2004)
observed that mature females were rarely found at sizes
below 2.1 mm in Monolimni Lagoon (Aegean Sea, Greece).
Our data, even if obtained in the laboratory, are in full
agreement with this latter observation, since no mature
females were found at sizes lower than 2.2 mm in all the
investigated samples. The sizes of the mature females show
minor difference between control and testing samples: mean
size in the control was 3.1 mm while it ranged from 2.9 mm
(SFR and TRC) and 2.7 mm (VMI) in the samples. This
close connection between growth and female maturity
implies that the observation of morphological parameters
does not allow to establish whether the “observed” effects
on attainment of maturity are a direct consequence of the
actions exerted by contaminants on sexual development of
amphipods, or an indirect outcome on growth, or a co-
occurrence of both these effects. Some authors pointed out
that in crustaceans (including amphipods) lipid content and
composition vary substantially between juvenile and mature
stages (Clarke 1980; Quigley et al. 1989); characterization
of lipids, coupled with determination of morphological
parameters, may enhance the ability to provide information
on the effects of contaminants on sexual development. Its
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application should be explored if attainment of sexual
maturity is intended to be used as endpoint.

At the end of the 28-d of exposure, most of the mature
females in control and samples SFR and VMI were still
carrying embryos on their brood pouch. Even if first ovi-
position of M. insidiosum generally occurs within
20–25 days of age (Casabianca 1975, Birklund 1977),
incubation time (i.e. period lasting from oviposition to the
release of the neonates) reported by Sheader (1978) and
Nair and Anger (1979) at 15 °C is about 9–11 days, so it is
clearly possible that in this conditions of temperature the
release of first brood could occur after the 28th day. Recent
experiences with C. volutator confirmed that also for this
species the time required to reach maturity and produce
offspring can be significantly longer than 28-d (up to 72-d)
(Peters and Ahlf 2005; Scarlett et al. 2007a, 2007b; van den
Heuvel-Greve et al. 2007). Maturation times can be sig-
nificantly shortened by increasing test temperature, as
observed by Nair and Anger (1979) for their North Sea
population (from 52 days at 15 °C to 29 days at 20 °C);
however with an increase of 5 °C of temperature, the time
needed to attain maturity and release first brood may exceed
28-d.

Conclusions

Impairments in growth rates and attainment of sexual
maturity of juvenile M. insidiosum were observed in low
contaminated sites where acute and long-term survival of
the organism was not affected. This outcome underlines the
need to address whole sediment monitoring towards
assessment of long-term effects on benthic species rather
than acute effects on survival. Effects on growth and
attainment of maturation are first symptoms of pollution at
population level and they can hardly be assessed using acute
or short-term tests.

The sub-lethal endpoints measured after a 28-d exposure
on M. insidiosum seem to be valuable tools for detecting
these early signs of chemical stress. Although both end-
points provided a very good among-site discriminating
ability, growth appears to be a more reliable and statistically
relevant endpoint.

In contrast, attainment of sexual maturity was affected by
a higher among-replicates variance and results were less
reliable than growth for the identification of impairments;
moreover, effects on growth and attainment of maturity
were not completely discernible. The introduction of com-
plementary measures (i.e. lipid characterization) as part of
the testing procedure may enhance discriminating ability
and reliability of this endpoint.

Time needed for maturation and incubation of embryos
does not allow for implementation of offspring production

within the framework of a 28-d chronic test with M. insi-
diosum; probably, effects on the reproduction of this species
can be reliably assessed only by extending the exposure
period over 28-d, in a life-cycle test, with consequent
increase of costs in terms of personnel and materials.

The shortness of data concerning chronic toxicity of
metals underline the need to address future research towards
identification of sediment concentrations that can exert
detrimental effects on growth, maturation and reproduction
of benthic species (not only amphipods). The few available
laboratory data indicate that low concentrations of chemi-
cals in field (i.e. metals or organics) can affect and alter
specific traits of the life-history of the amphipods, with
possible detrimental consequences on population structure.
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