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Amphipods are considered a sensitive group to pollution but here different levels of sensitivity were
detected among species, by analysing the impact of five sewage outfalls, with different flow and treat-
ment levels, on amphipod assemblages from the Castellon coast (NE Spain). Sewage pollution produced
a decrease in the abundance and richness of amphipods close to the outfalls. Most of the species showed
high sensitivity, particularly species such as Bathyporeia borgi, Perioculodes longimanus and Autonoe
spiniventris, whereas other species appeared to be more tolerant to the sewage input, such as Ampelisca
brevicornis. These different responses could be related to burrowing behaviour, with fossorial species
being more sensitive and domicolous species being less affected. Benthic amphipods, which live in direct
contact with sediment, are widely used for bioassay and numerous species are usually employed in
ecotoxicology tests for diverse contaminants. In order to consider amphipods for monitoring and
biodiversity programmes, it is important to establish the degree of sensitivity of each species to different
sources of pollution.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The Order Amphipoda is an abundant and ecologically impor-
tant component of soft-bottom marine benthic communities
(Thomas, 1993). This high abundance and wide distribution suggest
that amphipods could often play major roles in the ecology of these
habitats (Conlan, 1994). Benthic amphipods meet several criteria
that render them highly recommendable for inclusion in marine
monitoring programmes and in sediment ecotoxicology tests. They
are ecologically and trophically important, numerically dominant,
exhibit a high degree of niche specificity, are tolerant to varying
physico-chemical characteristics in sediment and water, have
relatively low dispersion and mobility capabilities, live in direct
contact with the sediment, have a documented sensitivity to
pollutants and toxicants compared to other benthic organisms and
indeed they have been considered capable of accumulating toxic
substances (Reish, 1993; Thomas, 1993; Gómez Gesteira and
Dauvin, 2000; Dauvin and Ruellet, 2009).

Despite it being established thatmost amphipods are sensitive to
different kinds of pollutions (Dauvin, 1987, 1998; Gómez Gesteira
rretero), jean-claude.dauvin@

All rights reserved.
and Dauvin, 2000; Dauvin and Ruellet, 2007), sensitivity to pollu-
tion for the same taxonomic group may differ from one species to
another (Afli et al., 2008). In this way, Reish and Barnard (1979)
observed that some amphipod species are more tolerant than
others to organic pollution, and Bellan-Santini (1980) observed
changes in compositions of amphipods inhabiting rocky environ-
ments related to the degree of pollution. There are>6300 species of
Gammaridean amphipods (Gruner, 1993) and little is known about
the ecology of most species. Conlan (1994) reviewed the role of
amphipods in environment disturbance and compiled only biolog-
ical information for less than3%of all thedescribed species. Thewide
distribution in bothmarine and freshwaters, togetherwith the high
abundance in both benthic and pelagic environments, means that
there is a need for knowledge regarding the specific sensitivity of
different species or at least of more abundant species. The applica-
tion and use of amphipods as a biological indicator is limited by
a comprehensive taxonomic and natural history knowledge
(Thomas,1993) thatexplains thedegreeof sensitivityof each species.

Moreover, ecological factors must also be considered when
evaluating the potential information value of various amphipod
groups. The sensitivity of a benthic species is dependent on the
organism’s living habits, such as burrowing behaviour and feeding
strategy (Simpson and King, 2005; King et al., 2006). Tube builder
amphipods may exhibit different habitat requirements and disper-
sion capabilities than burrowers (Thomas, 1993) and different
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trophic groups may be influenced by different routes of exposure to
contaminants. These attributes must be taken into account when
considering amphipods for monitoring and biodiversity
programmes.

Shallow soft-bottom non-vegetated areas of the western Medi-
terranean Sea are commonly inhabited by themedium-to-fine sand
community of Spisula subtruncata (Cardell et al., 1999). This
community colonises exposed or semi-exposed sublittoral habitats,
from the beach environment to depth of 30 m (Sardá et al., 1996).
Although this community generally contains low numbers of indi-
viduals and low biomass values, a high abundance and diversity of
amphipods has been reported (Bakalem et al., 2009). This widely
distributed community is common off the Castellon coast (NE
Spain), where several municipal treatment plants discharge
wastewater. In this study, we examined the impact of five sewage
outfall sites, with different flows and wastewater treatment
processes, on amphipod populations.

The main objective of this paper is to test the effect of these
outfalls on amphipod populations in order to characterise the
sensitivity of different species and the relation with burrowing and
feeding behaviour.

2. Materials and methods

In the study area off the Castellon coast (NE Spain), five locations
affected by sewage outfalls along 40 km of coast were analysed
(Fig.1). These outfalls correspond to the villages of Vinaroz (location
I), Benicarló (location II), Peñíscola (location III), Alcossebre (location
IV) and Torreblanca (location V). Wastewater was discharged
through submarine pipelines at a depth of approximately 15 m. The
mean sewage flow was 222,597 m3/month; the highest flow was
registered at location II (502,612 m3/month)whereas the lowestwas
registered at location V (43,256 m3/month). Wastewater treatment
plants from locations I, II, III and IV utilise a pre-treatment process,
which includes an automated mechanically raked screen, a sand-
catcher and a grease trap. Secondary treatment was only imple-
mented at location V, consisting of the biological treatment of acti-
vated sludge with biological aerated filters, producing better values
Fig. 1. Study area. Location of the five pipelines. Sampling stations of location II (colour of
outfall)).
for water quality parameters in this location. Sediment character-
istics (granulometry, percentage of organic matter and redox
potential) and data related to the flow and water quality of sewage
disposals have previously been presented by de-la-Ossa-Carretero
et al. (2009, 2011). The study area has a constant water depth,
homogeneous bottom sediment and uniform benthic communities.
This homogeneous area with an established pollution gradient
represents an ideal site for investigating links betweenmacrofaunal
assemblages and the effect of contaminants (de-la-Ossa-Carretero
et al., 2008, 2009, 2010a,b; Del-Pilar-Ruso et al., 2010).

For each location, three distances from the discharge (0, 200 and
1000 m) were sampled, establishing two stations for each distance,
keeping a constant depth of approximately 15 m (Fig. 1). Samples
were collected during July, coinciding with the highest rate of
sewage disposal, for a period of five years from 2004 to 2008. Three
Van Veen grab samples (400 cm2) were obtained at each station.
Samples were sieved through a 0.5 mm screen, and preserved in
10% formalin. Amphipods were sorted and preserved in 70%
ethanol for subsequent identification. These were identified using
the Mediterranean amphipod fauna inventory established by
Bellan-Santini et al. (1982, 1989, 1993, 1998), except for the genus
Bathyporeia, which was identified according to d’Udekem d’Acoz
and Vader (2005).

An analysis of variance (ANOVA), with location and distance as
fixed factors and year as a random factor, was used in order to test
differences in abundance, the ShannoneWiener diversity index
and the abundance of key species. Prior to ANOVA, the homoge-
neity of variance was tested using Cochran’s test. Data were ln
(Xþ 1) transformed when variances were significantly different.
The SNK test (StudenteNewmaneKeuls) was used to determine
which samples were responsible for the differences.

Non-parametric multivariate techniques were used to compare
the composition of species and to determine key species that are
mainly affected by sewage presence. All multivariate analyses were
performed using the PRIMER version 6 statistical package (Clarke
and Warwick, 1994). Triangular similarity matrices were calcu-
lated through the BrayeCurtis similarity coefficient using mean
annual abundance values, in order to cluster stations according to
circle is related to distance to outfall (black: 0 m, grey: 200 m and white: 1000 m to
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sewage effect, regardless of temporal variability. The values were
previously dispersionweighted in order to reduce “noise” produced
by species with an erratic distribution, and whose abundance
indicates a great variance between replicates (Clarke et al., 2006). A
graphical representation of multivariate patterns of amphipod
assemblages was obtained by non-metric multidimensional scaling
(nMDS). Similarity percentage analysis (SIMPER) of abundances
was used to determine the species with a higher percentage of
dissimilarity between stations. Correspondence analysis was used
to identify the relationships among the distribution pattern of
amphipod assemblages and sediment characteristics (gran-
ulometry, organic matter and redox potential). The output was
displayed as a biplot, in which the plotted points for stations can be
related to sediment characteristics that are represented as arrows.
The strength of the correlation of a variable is reflected in the length
of the arrow, and its association is reflected in the acuteness of the
angle with the axis. This displays the relationships among stations
and environmental variables on one plot.
Table 1
Amphipoda species collected. N: number of specimens collected. Feeding: classification in
S: scavengers, G: grazer; TG: trophic group assigned according to Mearns and Word (19
suspension feeders and surface deposit feeders) and TG-4 (subsurface deposit feeders). Be
Bibliography where classification was found was indicated. References: 1: MarBEF Data
(1949), 4: Krapp-Schickel and Krapp (1975), 5: Lincoln (1979), 6: Word (1980), 7: Wildis
Eleftheriou and Basford (1989), 11: Marti (1989), 12: Jimeno (1993), 13: Beare and Moore (
Tierno de Figueroa (2009). EG: Ecological Group of AMBI (Borja et al., 2000, http://www

Families Species N Feeding

Ampeliscidae Ampelisca brevicornis 269 D, F
Ampelisca diadem 301 D, F
Ampelisca sarsi 56 D, F
Ampelisca spinier 25 D, F
Ampelisca tenuicornis 208 D, F
Ampelisca typica 1215 D, F

Amphilochidae Amphilochus brunneus 23 D
Amphithoidae Amphithoe ramondi 1 D, G
Aoridae Aora spinicornis 503 D

Autonoe spiniventris 5343 D, F
Microdeutopus versiculatus 1 D, F

Argissidae Argissa hamatipes 10 D
Atylidae Atylus massiliensis 20 P, S
Bathyporeiidae Bathyporeia borgi 321 D, F

Bathyporeia guilliamsoniana 250 D
Caprellidae Pariambus typicus 991 D

Phtisica marina 295 D
Cheirocratidae Cheirocratus sundevalli 28 D
Corophiidae Medicorophium longisetosum 316 D, F

Medicorophium runcicorne 825 D, F
Siphonoecetes sabatieri 1904 D, F

Dexaminidae Dexamine spinosa 1 D
Eusiridae Apherusa alacris 11 D, F
Isaeidae Microprotopus maculatus 57 O, P, S
Ischyroceridae Ericthonius punctatus 30 F
Leucothoidae Leucothoe inicisa 143 D

Leucothoe oboa 150 D
Lysianassidae Hippomedon massiliensis 146 D

Lepidepecreum longicorne 46 O, P, S
Orchomenella nana 99 O, P, S
Tryphosites longipes 6 D

Megaluropidae Megaluropus massiliensis 111 F
Melitidae Elasmopus pocillamus 3 D
Oedicerotidae Monoculodes gibbosus 12 P

Perioculodes longimanus 1981 D
Synchelidium haplocheles 84 D,F, G

Photidae Gammaropsis maculata 16 D,F
Megamphopus cornutus 217 D,F
Photis longicaudata 2 D,F
Photis longipes 894 D,F

Phoxocephalidae Harpinia crenulata 6 D
Harpinia pectinata 20 D
Metaphoxus fultoni 67 F

Urothoidae Urothoe pulchella 636 D
Meta-analysis was applied in order to assess the sensitivity
levels of species indicated by the SIMPER analysis. Meta-analysis is
a set of methods designed to synthesise the results of disparate
studies (Hedges and Olkin, 1985), in this case different locations
and sampling years. To carry out a meta-analysis of studies with
continuous measures, such as amphipod abundance, a stand-
ardised difference between treatments is typically used (Cooper
and Hedges, 1994). We used Hedges’ g statistic (Hedges and
Olkin, 1985) as a measure of effect size (standardised differences
in mean of sediment parameters or species’ abundance between
outfall sites and sites at 1000 m from the outfall).

Species were classified according to trophic groups and behav-
iours. We used the trophic group classification suggested by
Mearns and Word (1982), who simplify it into four main trophic
groups (TG): TG-1 (suspension feeders), TG-2 (carrion feeders), TG-
3 (surface deposit feeders and those species that are both suspen-
sion feeders and surface deposit feeders) and TG-4 (subsurface
deposit feeders that feed on sedimentary detritus and bacteria).
feeding behaviour. D: deposit feeders, F: filter feeders, O: omnivorous, P: predators,
82): TG-1 (suspension feeders), TG-2 (carrion feeders), TG-3 (species that are both
haviour: burrowing behaviour, dom.: domicolous, fos.: fossorial and int.: interstitial.
System ERMS, Bellan-Santini and Costello (2001), 2: Crawford (1937), 3: Enequist
h and Peer (1981), 8: Grosse et al. (1986), 9: Bellan-Santini and Dauvin (1988), 10:
1994), 14: Bellan-Santini et al. (1998), 16: Grandi et al. (2007) and Guerra-García and
.ambi.azti.es) and BENTIX (Simboura and Zenetos, 2002; http://www.hcmr.gr).

TG Behaviour References EG AMBI/
BENTIX

3 Dom. 1, 9, 5, 3, 14 I/II
3 Dom. 1, 9, 5, 15, 14 II/II
3 Dom. 1, 9, 5, 3, 14 (as Ampelisca sp.) I/II
3 Dom. 1, 9, 5, 3, 14 (as Ampelisca sp.) I/e
3 Dom. 1, 9, 14 I/I
3 Dom. 1, 9, 5, 3, 14 I/I
4 Int. 1, 12 (as Amphilochus sp.) II/e
4 Dom. 12, 4, 14 III/II
4 Dom. 12, 14 I/I
3 Dom. 1, 14 (as Aoridae) I/I
4 Dom. 12, 14 (as Aoridae) I/e
4 Int. 1, 7 e/I
2 Int. 1, 12 (as Atylus sp.) I/II
3 Fos. 14, 9 (as O. nana) I/I
4 Fos. 14, 9 I/I
4 Int. 16, 2 III/e
4 Int. 16, 2 I/II
4 Int. 1, 3, 2 I/e
3 Dom. 1, 14, 11, 2, 8 (as Corophium sp.) e/I
3 Dom. 1, 14, 11, 2, 8 (as Corophium sp.) III/I
3 Dom. 1, 11 I/I
4 Int. 1, 12 III/I
3 Int. 9 I/I
2 Dom. 1, 2 I/I
1 Dom. 1, 11 I/I
4 Fos. 2, 12 (as Leucothoe sp.) I/I
4 Fos. 2, 12 (as Leucothoe sp.) I/II
4 Int. 1, 3, 12 (as Lysianasidae) I/II
2 Int. 1, 3, 12 (as Lysianasidae) e/e
2 Int. 1, 12 (as Orchemene sp.) II/e
4 Int. 1, 3, 5, 12 (as Lysianassidae) I/I
1 Fos. 1, 2 (as M. agilis) I/e
4 Int. 12, 11 e/e
2 Fos. 1, 13, 8 I/I
4 Fos. 8, 1, 3, 11 II/I
3 Fos. 1, 3, 8 I/II
3 Dom. 1, 8 (as Photis sp.) I/I
3 Dom. 1, 8 (as Photis sp.) I/e
3 Dom. 1, 8, 2, 6 I/I
3 Dom. 8, 1, 6 I/II
4 Fos. 1, 3, 8 I/I
4 Fos. 1, 3, 8 I/I
1 Fos. 1, 2, 8 I/e
4 Fos. 14, 1, 11, 10 I/II

http://www.ambi.azti.es
http://www.hcmr.gr
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Regarding behaviour, species were classified into three types:
domicolous (species that build tubes), fossorial (species that
burrow using their periopods) and interstitial (species that live in
the interstices between grains of sand). The classification for each
species was obtained from the current bibliography (Table 1).
Analysis of variance (ANOVA) was used in order to test differences
in abundance percentages of groups from both classifications. The
appropriate transformation for the analysis of this kind of data is
the arc-sin of the square-root of the proportion.

3. Results

A total of 17,643 specimens were collected and identified as 44
species, belonging to 38 genera and 22 families. Among these,
Autonoe spiniventris was the most abundant species which
contributed to 30.3% of total abundance, followed by Perioculodes
longimanus (11.2%) and Siphonoecetes sabatieri (10.8%). Other
Fig. 2. Mean and standard error of amphipod abundances and ShannoneWiener diversity
1000 m).
species contributed less than 0.1%, such as Photis longicaudata,
Elasmopus pocillamanus or Harpinia crenulata; or indeed only one
specimen was collected, Amphithoe ramondi, Microdeutopus versi-
culatus or Dexamine spinosa. New records from the Mediterranean
Spanish coast and a new species ofMedicorophium longisetosum sp.
nov. (Myers et al., 2010) were also described from this collection
(de-la-Ossa-Carretero et al., 2010a,b).

The highest population density detected was 2833 individuals/
m2, in a station situated at 1000 m from the outfall of location I,
whereas the lowest abundancewas obtained in a station situated at
the outfall of location III (47 individuals/m2). The abundance of
amphipods showed a decrease at 0 m from outfall stations of
locations I, II, III and IV (Fig. 2). Significant differences were
detected in the interaction between the three factors due to the fact
that this decrease was not detected in 2007 at any location or in
2005 at location I (Table 2). The ShannoneWiener diversity index
reached values of 1.11e2.66. As well as abundance, the diversity
index at each location (IeV), year (2004e2008) and distance to the outfall (0, 200 and



Table 2
Results of ANOVA for abundance (individuals/m2) and ShannoneWiener diversity
index for the factors distance (0, 200, 1000 m), location (I, II, III, IV and V) and year
(2004, 2005, 2006, 2007, 2008), Res¼ residual, df: degrees of freedom, F of each
factor¼mean square factor/mean square residual because all the factors are
orthogonal.

DF Abundance ShannoneWiener
diversity

F P F P

Distance 2 13.20 0.00 7.11 0.02
Location 4 8.77 0.00 0.25 0.91
Year 4 74.55 0.00 16.88 0.00
Dis.� Loc. 8 3.86 0.00 1.11 0.38
Dis.� Year 8 5.26 0.00 5.42 0.00
Loc.� Year 16 3.87 0.00 2.77 0.00
Dis.� Loc.� Year 32 1.81 0.01 3.37 0.00
Res 375
Tot 449

Fig. 4. Results of correspondence analysis biplot. Points correspond to stations
differentiating location (I: ;, II: �, III: A, IV: : and V: -) and distance to the outfall
(black: 0, grey: 200 and white: 1000 m). Arrows indicate sediment characteristics. Axis
I and axis II had eigenvalues of 0.193 and 0.088, respectively.
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index showed a decrease in outfalls (Fig. 2), with significant
differences in the interaction of the three factors. Differences in
distances were detected at locations I, II, III and IV for certain years.
In this way, despite annual variability, an effect of sewage presence
was detected at locations I, II, III and IV.

MDS plots of the mean annual abundances of amphipod species
showed a segregation of the stations, from the sites closest to the
outfalls on the right hand side to those furthest away on the left
hand side (Fig. 3), except for those closest to the location V outfall
which is nearest to stations situated at 200 m and 1000 m (Group
C). Meanwhile, a gradient corresponding to a latitudinal pattern,
from location I to location V, could be observed rising from the
bottom to the top of the MDS. Based on similarities in different
stations, seven groups were established (Fig. 3). Among these
groups, E, F and G corresponded with stations sited in disposals,
whereas group B included the majority of stations sited at 200 and
1000 m from the outfalls.

Correspondence analysis results (Fig. 4) reflected that segrega-
tion of stations closest to outfalls was related to potential redox,
whereas gradient corresponding to a latitudinal patternwas related
to granulometry variability and changes in the percentage of
organic matter.

The SIMPER routine indicated that contribution to the average
BrayeCurtis dissimilarity between groups of outfall stations and
group B were mainly due to the following species: Autonoe
Fig. 3. MDS ordination of annual mean amphipod abundance (individuals/m2) and
associated stress value. Differentiating location (I:;, II: �, III: A, IV: : and V: -) and
distance to the outfall (black: 0, grey: 200 and white: 1000 m). Letters (A, B, C, D, E, F
and G) indicate groups based on similarity.
spiniventris, Perioculodes longimanus, Photis longipes, Bathyporeia
borgi, Siphonoecetes sabatieri, Medicorophium runcicorne, Urothoe
pulchella, Phtisica marina, Ampelisca typica, Aora spinicornis, Par-
iambus typicus and Ampelisca brevicornis.

A forest plot showed the differences in the abundance of these
species between stations sited at 0 m and at 1000 m from the
outfall (Fig. 5). The species that showed the clearest sensitivity to
sewage presence were Bathyporeia borgi, Perioculodes longimanus
and Autonoe spiniventris; whereas Siphonoecetes sabatieri did not
show a negative response and Ampelisca brevicornis showed
a certain positive response to sewage presence.

Abundance tends to decrease for most of these species at sites
closest to the outfall (Fig. 6). However, ANOVA results showed
differences among species for the analysed factors (Table 3). Species
such as Autonoe spiniventris or Perioculodes longimanus showed
significant differences in the interaction between distance and
location. This difference was due to a decrease of abundance at 0 m
from the outfall in all locations except location V. In the same way,
Urothoe pulchella showed a significant difference for interactions
between distance and location, obtaining a decrease at stations
closest to the outfall of locations I, II and IV. Bathyporeia borgi,
Phtisica marina and Aora spinicornis decrease at 0 m in all locations,
showing significant differences for the factor distance. This
decreasewas less clear at location V. A similar patternwas observed
in abundance for Photis longipes, where significant differences were
Fig. 5. Forest plot of effect sizes for Amphipoda species abundances (standardised
differences in abundances between sited at 0 m and 1000 m) based on different
locations and years. The vertical line represents no difference and the error bars are
equivalent to 95% confidence intervals.



Fig. 6. Annual mean abundances (individuals/m2) and standard errors of more contributing Amphipoda species in each location and distance to the outfall (black: 0, grey: 200 and
white: 1000 m).
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not detected every year for the factor distance. Interaction for the
three factors was detected in species Ampelisca typica and Par-
iambus typicus, whose abundances decrease in sites near outfalls
but only in certain locations and years. The abundance of other
species, such as Siphonoecetes sabatieri and Medicorophium runci-
corne, decrease at 0 m but only in certain years, in fact an increase of
S. sabatieri was detected at an outfall station at location I. Finally,
Ampelisca brevicornis showed significant differences for the inter-
action distance� location, due to an increase of abundance at
location IV at sites 0 m from the outfall.

Regarding trophic group percentages (Fig. 7, Table 4), significant
differences for factor distance were observed in TG-1 and TG-4 due
to a decrease in stations near outfalls, and a difference close to
significance was detected in TG-3 due to an increase in outfall
stations. Meanwhile, differences for interaction between distance
and year were detected in TG-2, showing a decrease near outfalls in
2004 and an increase in 2005 at outfall stations. Significant
differences between locations were also detected.

Burrowing behaviour groups (Fig. 8, Table 4) showed differences
in factor distance for domicolous and fossorial groups. While
domicolous species showed higher percentages in stations near
outfalls, fossorial species percentages decreased. Differences in
interaction between location and year were detected in the three
classes, due to an increase in fossorial species at locations IV and V
with respect to locations I, II and III, where domicolous species
showed higher percentages.

4. Discussion

Amphipods showed a general sensitivity to sewage outfalls,
decreasing their abundance and diversity near these discharges,
from locations I to IV. This decrease was not observed near location
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Table 3
Results of ANOVA for abundance (individuals/m2) of each species for the factors
distance (0, 200, 1000 m), location (I, II, III, IV and V) and year (2004, 2005, 2006,
2007, 2008), Res¼ Residual, df: degrees of freedom, F of each factor¼mean square
factor/ mean square residual because all the factors are orthogonal.

DF B. borgi P. longimanus A. spiniventris

F P F P F P

Distance 2 17.73 0.00 39.21 0.00 5.40 0.03
Location 4 8.07 0.00 4.98 0.01 0.13 0.97
Year 4 8.52 0.00 48.02 0.00 62.84 0.00
Dis.� Loc. 8 1.67 0.14 2.30 0.05 5.42 0.00
Dis.� Year 8 2.31 0.02 0.88 0.53 7.08 0.00
Loc.� Year 16 1.38 0.15 2.79 0.00 8.55 0.00
Dis.� Loc.� Year 32 1.26 0.16 1.32 0.12 1.24 0.17
Res 375
Tot 449

P. marina U. pulchella A. spinicornis
Distance 2 13.51 0.00 5.20 0.04 16.29 0.00
Location 4 2.12 0.13 3.84 0.02 1.28 0.32
Year 4 8.16 0.00 15.26 0.00 5.39 0.00
Dis.� Loc. 8 1.29 0.28 4.27 0.00 1.71 0.14
Dis.� Year 8 1.86 0.06 1.72 0.09 1.36 0.21
Loc.� Year 16 3.91 0.00 2.31 0.00 2.81 0.00
Dis.� Loc.� Year 32 0.98 0.50 0.99 0.49 1.31 0.12
Res 375
Tot 449

P. longipes A. typica M. runcicorne
Distance 2 10.46 0.01 1.53 0.27 1.38 0.30
Location 4 8.49 0.00 2.21 0.11 6.77 0.00
Year 4 14.95 0.00 28.91 0.00 12.67 0.00
Dis.� Loc. 8 2.00 0.08 0.85 0.56 1.04 0.43
Dis.� Year 8 2.69 0.01 1.16 0.32 4.19 0.00
Loc.� Year 16 6.00 0.00 3.23 0.00 5.14 0.00
Dis.� Loc.� Year 32 1.24 0.18 2.27 0.00 1.24 0.18
Res 375
Tot 449

P. typicus S. sabatieri A. brevicornis
Distance 2 7.78 0.01 3.14 0.10 1.96 0.20
Location 4 0.45 0.77 1.46 0.26 5.18 0.01
Year 4 22.66 0.00 9.72 0.00 1.45 0.22
Dis.� Loc. 8 1.74 0.13 1.63 0.15 2.32 0.04
Dis.� Year 8 1.45 0.17 3.19 0.00 1.16 0.32
Loc.� Year 16 4.76 0.00 4.31 0.00 2.83 0.00
Dis.� Loc.� Year 32 1.50 0.04 1.28 0.15 0.97 0.52
Res 375
Tot 449
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V, since this was the locationwith the lowest flow and the only one
where biological treatment of activated sludge takes place (de-la-
Ossa-Carretero et al., 2008, 2009, 2010a,b; Del-Pilar-Ruso et al.,
2010). Changes in amphipods assemblages were related to
a decrease of redox potential in stations close to outfalls, indicating
a possible hypoxia situation (de-la-Ossa-Carretero et al., 2011).
Hypoxia causes mortality in many invertebrates, and crustaceans
are especially sensitive to this lack of oxygen (Gray et al., 2002). This
sensitivity of Order Amphipoda contrasts with the response of class
Polychaeta to some of these sewage outfalls (Del-Pilar-Ruso et al.,
2010). Polychaete diversity decreases in stations affected by pre-
treated sewage, but only at locations with medium and high flow
rates, not in stations with low flow such as location IV (Alcossebre)
where amphipods showed a sensitive response. Moreover, an
abundance of certain opportunistic polychaetes can increase close
to outfalls, particularly location II (Benicarlo), where high flow and
lowwater quality values have been reported. This inverse response
of amphipods and opportunistic polychaetes has previously been
employed to develop the Benthic Opportunistic Polychaetes
Amphipods index (BOPA/BO2A), in order to infer environmental
status from the assessment of the state of the benthic community in
the implementation of the European Water Framework Directive
(WFD, 2000/06/EC) (Dauvin and Ruellet, 2007, 2009; de-la-Ossa-
Carretero and Dauvin, 2010). The effectiveness of the BO2A index
for monitoring sewage outfalls was previously analysed in de-la-
Ossa-Carretero et al. (2009).

Published literature has established that amphipods are more
sensitive to polluted sediments than to other benthic organisms
(Gómez Gesteira and Dauvin, 2000; Dauvin and Ruellet, 2007,
2009), with a general decrease of amphipod abundance and
diversity when pollution increases (Bellan-Santini, 1980; Conlan,
1994). Thus, its sensitivity to certain types of pollution, such as oil
pollution, was clearly established (Gómez Gesteira and Dauvin,
2000). Moreover, crustacean amphipods are widely used for
bioassay and numerous species are usually employed in ecotox-
icology tests for contaminants such as polycyclic aromatic hydro-
carbons (PHAs), polychlorinated biphenyls (PCBs), organochlorine
pesticides (DDT), heavy metals, ammonium or nitrite (Riba et al.,
2003; Anderson et al., 2008; Ramos-Gómez et al., 2009).
However, despite this general sensitive trend of amphipods, not all
species showed the same level of sensitivity. While some species
such as Bathyporeia borgi, Autonoe spiniventris or Perioculodes
longimanus showed a homogeneous negative response to disposal
presence, reducing its abundance in stations sited near the outfalls,
other species may show an unclear pattern or, indeed, certain
tolerance to sewage presence.

AMBI and BENTIX, another two biotic indices developed for
WFD (Borja et al., 2000; Simboura and Zenetos, 2002), cluster
benthic species since this response to pollution. Though most
amphipods were classified in the sensitive group, some amphipod
species were recorded as tolerant (Table 1); and we can find some
discrepancies between both classifications; e.g. Autonoe spiniventris
is classified as tolerant in BENTIX, whereas AMBI, as observed in our
results, established this species as sensitive. The response of a given



Table 4
Results of ANOVA for abundance (individuals/m2) of each percentage of trophic and burrowing behaviour group, for the factors distance (0, 200, 1000 m), location (I, II, III, IV
and V) and year (2004, 2005, 2006, 2007, 2008), Res¼ residual, df: degrees of freedom, F of each factor¼mean square factor/mean square residual because all the factors are
orthogonal.

DF Trophic group Burrowing behaviour

TG-1 TG-2 TG-3 TG-4 Dom. Int. Foss.

Fp Fp Fp Fp Fp Fp Fp

Distance 2 4.830.04 0.500.62 3.950.06 7.030.02 4.700.04 0.830.47 16.290.00

Location 4 5.330.01 0.460.77 9.150.00 10.510.00 8.010.00 0.490.74 15.400.00

Year 4 1.390.21 3.450.01 18.440.00 17.690.00 15.840.00 10.490.00 6.780.00

Dis.� Loc. 8 0.170.99 0.340.95 0.730.66 0.770.63 0.770.63 1.640.15 1.030.44

Dis.� Year 8 0.990.44 3.070.00 1.590.13 1.240.27 1.650.11 1.320.23 0.940.48

Loc.� Year 16 0.820.67 1.650.05 3.940.00 3.210.00 4.230.00 2.720.00 2.850.00

Dis.� Loc.� Year 32 1.180.23 1.220.19 1.320.12 1.210.20 1.350.10 1.230.18 1.640.02

Res 375
Tot 449
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species is dependent on the kind of perturbation (Bustos-Baez and
Frid, 2003) and classification of species along a sensitivity-
tolerance continuum is thus a very difficult task and still a matter
of debate (Labrune et al., 2006; Grémare et al., 2009). Abundance of
Grandidierella japonica increased in Richmond harbour (Swartz
et al., 1994), although it has been reported as reliable in bioassays
and its sensitivity in sediment toxicity test methods from areas
adjacent to wastewater outfalls and indeed harbours has been
proved (Nipper et al., 1989). Phtisica marina is capable of resisting
stress conditions in harbours and calm zones (Conradi et al., 1997;
Sánchez-Moyano and García-Gómez, 1998; Guerra-García and
García-Gómez, 2001), but we detected a certain sensitivity of this
caprellid, whose abundance decreased in outfall stations. According
to the AMBI list, this species is sensitive, whereas the BENTIX
classification reported this species as tolerant. Another caprellid
species, Pariambius typicus showed a certain sensitivity to sewage
presence, but it was classified with some tolerance in the AMBI and
BENTIX lists. In this way different considered response of each
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Fig. 8. Percentage of number of individual for each burrowing behaviour group at each
location (IeV) and distance (0, 200 and 1000 m).
amphipod species could produce disagreement among biotic
indices, such us Erichtonius brasiliensis and Pseudolirius kroyerii,
classified as tolerant species by MEDOCC, another biotic index, but
as indifferent or sensitive by other indices (Pinedo et al., 2011).

Although the genus Ampelisca has been reported as well
adapted to environmental stress (Lowe and Thompson, 1997;
Ingole et al., 2009), several species in the genus Ampelisca are
used for sediment toxicity assessment. In fact, Ampelisca abdita is
recommended and used in the US bioassay tests (EPA, 1990;
Thomas, 1993) but it was reported as numerical dominant in
polluted areas (Santos and Simon, 1980) and its highly variable
seasonal abundances mean that it is not considered suitable as an
assessment indicator. In our case, despite the fact that Ampelisca
brevicornis has been reported as a good test organism in sediment
toxicity analysis (Riba et al., 2003; Ramos-Gómez et al., 2009) we
have detected a certain tolerance of this species to sewage
discharge. After the high pollution of the muddy fine sand
community of the Bay of Morlaix (western English Channel), and
the destruction of the dominant Ampelisca species, A. brevicornis
was one of those which colonised the benthic polluted community
the quickest: one year after at the more polluted site (Rivière de
Morlaix) and two years later in a less polluted site (Pierre Noire)
(Dauvin, 1998, 2000). Ampelisca brevicornis shows a large ecological
distribution from muddy sand to gravel and from the intertidal to
subtidal sediments which gives an advantage over other species of
Ampelisca. The AMBI and BENTIX lists showed discrepancies in the
classification of this species; while AMBI classified it as sensitive
BENTIX classified it as tolerant.

Within the Corophium genus, Corophium volutator was chosen
by OSPAR for use in the standard sediment test for offshore
chemical products (OSPAR, 1995), and can be considered as sensi-
tive to metal contamination (Warwick, 2001). Conversely, Norkko
et al. (2006) described the opportunistic behaviour of this species
following experimental defaunation on an intertidal location on the
Swedishwest coast. In fact, certain species of the Corophiidae family
exhibit greater production near sewer outfalls (Lowe and
Thompson, 1997). Corophium ellisi productivity depends on
oxygen conditions, and Grizzle (1984) found higher densities in
a sewage polluted station on the east coast of Florida. Corophium
salmonis is also somewhat pollution tolerant (Arvai et al., 2002).
Among the Corophiidae family found in our study, Medicorophium
runcicorne and Siphonoecetes sabatieri showed a decrease in
abundance at outfall stations but not for all years. An increase of
S. sabatieri is observed at outfall stations of location I. AMBI and
BENTIX lists classified the Corophium generawith certain tolerance,
whereas Siphonoecetes was sensitive in both indices. Siphonoecetes
sp. are known to feature unstable population dynamics resulting in
sharp peaks in abundance correlated with the nature of the
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sediment or interaction with other species (Cunha et al., 2000;
Bigot et al., 2006). Therefore, sensitivity of specimens from this
family could be ambiguous as they may be affected by locally
environmental conditions.

Regarding feeding and burrowing behaviour, our results showed
higher sensitivity to sewage presence in fossorial species than
domicolous species, whereas trophic group species showed only
slight differences in sensitivity with lower sensitivity in species that
are both suspension and deposit feeders. Previously, King et al.
(2006) have reported less sensitivity in tube-dwelling amphipods
than in epibenthic amphipods, as well as more tolerance in filter
feeding species. They recommended using epibenthic amphipods
as indicators given that they are more sensitive than infaunal tube
dwellers. Several reasons could explain that amphipods with
distinct burrowing behaviour respond differently (Anderson et al.,
2008). Tube builder amphipods are more isolated from sediment
contaminants than free-burrowing species and the tube construc-
tion may reduce interstitial water contact with this species. On the
other hand, sewage presence may alter the biochemical composi-
tion of sediments (Cotano and Villate, 2006), producing organic
enrichment, and its posterior degradation could lead to lower
oxygen concentrations (Gray et al., 2002). Domicolous amphipods
are capable of pumping oxygenated water down into their burrows
and tubes, whereas fossorial species depend on dissolved oxygen
penetrating into the sediment by molecular diffusion. Moreover,
Okladen et al. (1984) reported the possibility that burrowing
amphipods actively avoided polluted sediment and chose more
desirable sediment.

In summary, the Order Amphipoda is generally sensitive to
sewage pollution, showing a decrease in abundance and diversity
in stations close to outfalls in the studied locations, except at the
location with the lowest sewage flow and better wastewater
treatment processes. However, affected species showed some
differences in level of sensitivity. This varied response could be due
to burrowing and feeding behaviour, in such a way that suspension
and surface deposit feeders and tube builders showed less sensi-
tivity to disposal presence than others, and are thus even able to
increase in abundance, as occurs with Ampelisca brevicornis which
showed a weak positive response.
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