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bstract

Coastal benthic foraminifera are widely studied as indicators of environmental disturbance. This paper presents a synthesis of the studies that
howed correlations between foraminiferal assemblages and various environmental problems along the western French coasts. Pollution in coastal
nvironments may be chronic, resulting from current activities, or may result from accidental events. All the studies show that foraminifera
ay be used as indicators of pollution after deconvoluting from natural impacts. The most sensitive foraminifera identified by these studies are
aynesina germanica, Ammonia tepida, Cribroelphidium excavatum, bolivinids and Eggerelloides scabrus.
2009 Elsevier Masson SAS. All rights reserved.
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ésumé

Les foraminifères benthiques côtiers sont largement étudiés comme indicateurs des perturbations de l’environnement. Cet article présente une
ynthèse des études qui ont mis en évidence une corrélation entre des assemblages de foraminifères et des problèmes environnementaux, le long des

ôtes occidentales françaises. La pollution peut être chronique, due aux activités courantes, ou résulter d’un évènement accidentel. Toutes les études
ontrent que les foraminifères peuvent être utilisés comme indicateurs de pollution après avoir écarté les causes naturelles de stress environnemental.
es foraminifères identifiés par ces études comme les plus sensibles sont Haynesina germanica, Ammonia tepida, Cribroelphidium excavatum, les
olivinidés ainsi que Eggerelloides scabrus.

2009 Elsevier Masson SAS. Tous droits réservés.
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. Introduction

Benthic foraminifera are increasingly used as environmental
io-indicators, especially in polluted environments where their
ensitivity to pollutants may be expressed by a modification of
he assemblages. Compared to other organisms used for environ-
ental survey, foraminifera have the advantage to possess min-
ralized tests that are preserved in the sediment. They provide a
ataset that can be used to reconstruct environmental changes at
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ifferent time scales, and allow to investigate the impact of past
vents such as the beginning of industrialization on estuarine
nvironments (Cearreta et al., 2000, 2002; Ruiz et al., 2004).

The studies of pollution effects on benthic foraminifera and
f the possible use of these organisms as proxies were initiated
y Resig (1960) and Watkins (1961), although pollution effects
n foraminifera were mentioned earlier (e.g., Zalesny, 1959).
any studies dealing with benthic foraminifera as bio-indicators

f coastal pollution have recently been carried out (review in

oltovskoy et al., 1991; Alve, 1995b; Yanko et al., 1999; Scott et
l., 2001). Most of these papers focused on the effects of chronic
ollution upon foraminiferal distribution and morphology and
ealt with domestic and agricultural wastes (e.g., Alve, 1991a;

dx.doi.org/10.1016/j.revmic.2009.11.002
mailto:Eric.Armynot@univ-lille1.fr
dx.doi.org/10.1016/j.revmic.2009.11.002
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chronic pollution may originate from marina activity up
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anko and Flexer, 1992; Yanko et al., 1994), paper mill effluents
Schafer, 1970, 1973; Buckley et al., 1974), or trace metals in
ediments (Alve, 1991a; Sharifi et al., 1991; Alve and Olsgard,
999; Debenay et al., 2001; Armynot du Châtelet et al., 2004).
ther papers dealt with catastrophic temporary pollution such

s oil spills (Seiglie, 1968; Armynot du Châtelet et al., 2004;
orvan et al., 2004). Various papers considered the impact of

uman activities that may change environmental characteristics,
ut do not necessary generate pollution, such as the closure of
n estuary by the construction of a dam with lock (Rouvillois,
967), or the modification of water circulation and energy by
he installation of aquaculture sites (Bouchet et al., 2007b). All
hese studies demonstrated the high sensitivity of foraminifera
o pollution, but also concluded to the difficulty in deconvoluting
he impact of pollution from natural stress. Also none of them
ffers overview of the advantages and difficulties to use them as
io-indicators.

The objective of this work is to summarize the studies car-
ied out on the ecological impact of anthropogenic activities,
s indicated by benthic foraminifera along the western French
oasts. Anthropogenic activities, may result in chronic pollution,
atastrophic pollution and impacts that are not directly related to
ollution. Hence, it will be possible to answer two key questions:
an foraminifera be adequately used as bio-indicators? Which

pecies are particularly sensitive to environmental changes?

. The impact of chronic pollution
Chronic pollution originating from daily activities has a
ajor impact on harbours and estuaries. As the freshwater input

ppears to be the main limiting parameter for foraminiferal

ig. 1. Location of the studied areas that showed correlations between foraminiferal
ocalisation des zones d’études qui ont mis en évidence une corrélation entre des a
ôtes occidentales françaises.
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istribution, chronic pollution in estuaries and zones without
reshwater input should be separated. Several studies dealing
ith this pollution were carried out along the western French

oasts, some of them already published, other ones only
resented in scientific meetings. Pollutions are various and may
ive to each of the studied estuaries and harbours a true complex
ystem with its own characteristic foraminiferal fauna impact.

.1. Chronic pollution in estuaries dominated by
reshwater input

.1.1. Rance estuary
The first study on foraminiferal assemblages was carried out

n Saint-Malo, (a French harbour on the British Channel coast)
Fig. 1) (Rouvillois, 1972). The assemblages reported from this
arbour contained the same species generally found in subse-
uent studies of French harbours, but they were characterized by
higher proportion of Eggerelloides scabrus. This particularity
ay be due to specific conditions resulting from the position of

he Saint-Malo harbour, near the mouth of the Rance river, since
. scabrus is abundant in estuaries, close to seagrass meadows

Debenay and Guillou, 2002).

.1.2. The Adour estuary
The Adour estuary (Fig. 1) is affected by a strong freshwater

ischarge and is strongly impacted by human activities (De
asamajor and Debenay, 1995; Debenay et al., 2000a). The
assemblages and environmental problems along the western French coast.
ssemblages de foraminifères et des problèmes environnementaux, le long des

o industrial potential output. The general distribution of
oraminiferal assemblages is related to the salinity gradient,
ith Miliammina fusca at the upper stations with the lowest



evue d

s
s
f
b
m
d
S
i
A
e
a
e
a
b
p
t
o
a
o
a
e
c
S
c
m

2

c
a
A
b
n
A
l
e
t
t
(
c
E
e
S
A
T
b
A
S

d
m
s
F
w
e
p
e

H
n
T
e
l

2

l
p
C
o
a
t
a
m
3
E
w
f
n
s
a
w
t
t
s
p
i
w
s
d
t
f
i
T
o

s
(
e
c
(

2

2

o
t
a
r

É. Armynot du Châtelet, J.-P. Debenay / R

alinities. Foraminiferal assemblages living around several
ources of pollution were investigated. In the marina, the
oraminiferal assemblage had a low density and was dominated
y M. fusca, a species characteristic of low salinity environ-
ents (Debenay and Guillou, 2002; Murray, 2006), but that low

ensity was also reported from polluted areas (Le Furgey and
t Jean, 1976; Murray, 1991). The presence of abnormal tests

n the assemblage could indicate the impact of pollution (e.g.,
lve, 1995b; Yanko et al., 1998; Geslin et al., 2002; Elberling

t al., 2003; Coccioni et al., 2005; Burone et al., 2006; Le Cadre
nd Debenay, 2006; Frontalini and Coccioni, 2008; Romano
t al., 2008). Samples collected near outfalls from a fish farm
nd a slaughterhouse provided bigger foraminifera, which may
e due to the higher availability of organic matter and/or to the
roliferation of bacteria that had long been known to be part of
he foraminiferal diet (Muller and Lee, 1969). The pollution by
rganic matter thus appears to favour microbenthos. This is in
greement with numerous studies that report favourable impacts
f organic pollution on the diversity and density of foraminifera
ssemblages (Bandy et al., 1965; Nagy and Alve, 1987). How-
ver, if organic pollution might be favourable to some species, it
an become toxic when concentration increases (Alve, 1991b;
chafer et al., 1995). In the Adour estuary, the strong tidal
urrents do not allow the accumulation of organic matter, and
aintain the environment favourable to foraminifera.

.1.3. The Seine and Authie estuaries
A multidisciplinary comparative study was carried out in two

lose estuarine systems along the French Channel Coast: the
nthropogenically contaminated Seine estuary and the reference
uthie estuary (Fig. 1) (Debenay, 2009). The main differences
etween the two estuaries were a higher percentage of Ammo-
ia tepida in the Seine estuary while it was quite rare in the
uthie estuary, and a lower density and species richness in the

iving and dead assemblages of the Seine estuary. These differ-
nces do not seem to be related to differences in elevation of
he sampling stations or in sediment characteristics. Moreover,
he relative distribution of Haynesina germanica and A. tepida
review in Debenay et al., 2000b) did not indicate a signifi-
ant impact of the lower salinity recorded in the Seine estuary.
ven if it was not possible to exclude an impact of the differ-
nce in sedimentation processes, with periods of erosion in the
eine estuary, both the lower density and higher proportion of
. tepida in this estuary are more than likely related to pollution.
his is in agreement with the behaviour of A. tepida that often
ecomes dominant in highly impacted environments (Nagy and
lve, 1987; Alve, 1991a; Sharifi et al., 1991; Yanko et al., 1994;
amir and El-Din, 2001; Vilela et al., 2004).

Changes in foraminiferal assemblages, with a decrease in
ensity and species richness, indicated variations in environ-
ental conditions between 2003 and 2004. These changes

hould result from increasing toxic-element concentrations (e.g.,
erraro et al., 2006), but as the “non-polluted” Authie estuary

as also affected, they might have been related to a more gen-

ral phenomenon such as climate variations. The increase in the
roportion of the tolerant species H. germanica in the Authie
stuary is a supplementary indication of adverse conditions.
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The increase in the proportion of A. tepida, associated with
. germanica in the sediment can be considered as an alarm sig-
al, showing the negative impact of pollution on the benthos.
hese two species are particularly well-adapted to be used as
nvironmental indicators in estuaries because they are euryha-
ine species strongly tolerant to natural restricted conditions.

.1.4. Vendée estuaries
Observations were made on foraminiferal assemblages col-

ected in September 2000 in five harbours located in moderately
olluted estuaries on the coast of Vendée (Fig. 1) (Armynot du
hâtelet et al., 2004). Pollution in these five harbours mainly
riginated from fishing boat activities, painting and outfall of oil
nd motor-fuel. The Erika oil spill added some hydrocarbons to
he area in December 1999. The concentration of ten heavy met-
ls and hydrocarbons were measured. Zinc and copper were the
ost concentrated elements (up to respectively 210 mg/kg and

5 mg/kg). Despite the contamination of the studied area by the
rika oil spill, polycyclic aromatic hydrocarbon (PAH) contents
ere very low in almost all the samples (less than 1 mg/kg except

or a few samples up to 6 mg/kg). The foraminifera species rich-
ess was higher within low-polluted areas, where the number of
pecies could be more than threefold that of the more polluted
reas. In the same way, the foraminiferal density was greater
ithin low-polluted areas. In estuarine environments such as

hose studied in this work, it is always difficult to deconvolute
he impact of anthropogenic stresses from the impact of natural
tresses, mainly as a result of a change in salinity. For exam-
le, Vénec Peyré (1981) and Debenay et al. (2000b) pointed out
t is more likely that a lowering of faunal diversity on a slip-
ay was the consequence of low salinity than of pollution. The

ame observations were made in the studied area with a general
ecreasing trend of density and species richness upstream. On
he other hand, Olsson and Rosenberg (1973) reported that meio-
auna (mainly represented by foraminifera) was more clearly
nfluenced by differences in pollution than differences in salinity.
his trend could be observed with the highest density and some
f the strongest species richness in the less polluted harbours.

The tolerance to pollution of A. tepida and H. germanica
howed in this study is in agreement with the results of Coccioni
2000). These species could be used as pollution indicators in
stuaries with the prerequisite they live in areas where natural
onditions are favourable to their maintenance and reproduction
e.g., Boltovskoy and Lena, 1969; Schafer, 1973).

.2. Marine harbours, without massive freshwater input

.2.1. Port Joinville harbour – Yeu Island
Port Joinville harbour, located on Yeu Island (Fig. 1) receives

nly little freshwater input, contrary to most of the areas in
his region where the influence of pollution on foraminiferal
ssemblages was studied. The pollution in the harbour mainly
esults from boats, including cleaning, painting and outfall

f oil and motor-fuel. The study of Debenay et al. (2001)
howed that the main factor that determined the distribution of
oraminiferal assemblages was the geographical location within
he harbour with on the one hand direct influence of ocean
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ater and on the other hand more confined areas distributed
n the various docks of the harbour. This geographical influ-
nce was underlined whatever the season. The more confined
ones also correspond to the most noticeable polluted surround-
ngs. As freshwater inputs are very limited, freshwater – normal

arine salinity gradient could not be the major parameter, as
lready observed in the Adour estuary or in many other stud-
es (Debenay and Guillou, 2002; Hayward et al., 2002; Murray,
006).

Total heavy metals ranged from 130 to 1876 mg/kg (mostly
opper and zinc, respectively from 9 to 1100 mg/kg and from 69
o 1000 mg/kg). The correlation that occurred between heavy

etals and the silt and clay fraction made it difficult to deter-
ine whether sediment characteristics or pollution had the

tronger influence on foraminiferal assemblages. Nevertheless,
t was shown that the nature of the sediment had a great influ-
nce on bolivinids, while strong pollution near the careening
reas was indicated by the tolerant pioneer species Cribroel-
hidium excavatum and H. germanica. Moreover, the density of
oraminiferal assemblages was negatively correlated with all the
nalyzed contaminants.

These observations reinforce the results of many studies
ealing with the relationships between foraminifera and pol-
ution that considered heavy metals as important parameters
cting on ecosystems and affecting foraminifera distribution
e.g., Alve, 1995b; Yanko et al., 1998; Coccioni, 2000; Frontalini
nd Coccioni, 2008). Heavy metals, even in moderate concen-
rations have a noticeable impact on foraminiferal density and
o a lesser extent on species richness.

In Port Joinville, the highest hydrocarbon concentrations
ere correlated to the pioneer species C. excavatum and
. germanica. Nevertheless, it was difficult to deconvolute
etween heavy metals and hydrocarbons impact since both of
hem were found in the most polluted samples.

.2.2. La Turballe
La Turballe is the biggest harbor in Loire Atlantique (Fig. 1).

t harbours a marina and a fishing dock. Foraminiferal assem-
lages were characterized by a low species richness compared
ith neighbouring coastal areas (65 instead of more than 200)

Debenay et al., 1997). The density could also be very low,
hich indicates unfavourable conditions, despite the natural

egular renewing of water resulting from mesotidal conditions.
iving specimens were rare, belonging mainly to bolivinids,
nown to survive low oxygen conditions and to develop in nutri-
nt rich areas (e.g., Murray, 1991; Gooday, 1994; Bernhard
nd Sen Gupta, 1999; Thomas et al., 2000). Their maximum
bundance was found in the marina. C. excavatum was domi-
ant near graving areas, near a rainwater outfall and in front
f the auction hall, indicating the main sources of pollu-
ion.

. The impact of catastrophic pollution (oil spill)
Three catastrophic oil spills seriously impacted the western
oasts of France. They were caused by the wreck of the Amoco
adiz in March 1978, the Erika in January 2000 and the Prestige

T
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n May 2003. Samples were collected to investigate the impact
f the first two events on foraminifera.

A first study was carried out before and after the oil spill
f the Amoco Cadiz supertanker along the Northern Brittany
oast with samples collected in the tidal flat of Cale du Dour-
uff (Finistère, Fig. 1) (Vénec-Peyré, 1981). In this highly
mpacted environment, the dominant foraminifera species, Pro-
elphidium paralium (= H. germanica), though resistant to both
he pollution and freshwater influence of the river (see for-

er results of chronic pollution), underwent a slowdown of the
rowth and high rates of morphological abnormalities in the tests
hat Vénec-Peyré (1981) put down to the toxicity of the product.

A second study was carried out on the impact of the Erika
il spill in December 1999 (Morvan et al., 2004). The Bay of
ourgneuf (Vendée, Fig. 1) was selected to study the impact
f this oil spill on intertidal areas (mudflats and saltmarshes).
enthic foraminifera from these environments were moni-

ored for 40 months, from January 2000 to April 2003, on a
onthly/bimonthly basis. During the first 21 months, the den-

ity and the species richness of living assemblages remained very
ow (about 50 individuals in 50 cm3 of sediment and 10 species).
fter a strong and temporary increase at the end of 2001 (density

ncreased up to 1050 individuals per 50 cm3), the density varied
rregularly until the end of the study with a weak increasing
rend, whilst the species richness remained higher (19 species).

Contrary to what was reported by Vénec-Peyré (1981), the
ates of morphological abnormalities observed in the Bay of
ourgneuf never exceeded those recorded in unpolluted envi-

onments (Geslin et al., 2000) making it impossible to definitely
dentify a direct impact of the oil spill. Simultaneously with
he field study, foraminiferal cultures with 0 to 72.0 mg per
00 ml of Erika oil were maintained in controlled conditions
n the laboratory (Morvan et al., 2004). The growth, reproduc-
ion and cytological characteristics of A. tepida used for these
ultures were observed. In the cultures with 0 and 1.5 mg of
il per 100 ml of seawater, normal reproduction and growth
ccurred. An amount of 5.5 mg of oil per 100 ml of seawater
llowed reproduction, but generated up to 45% of morphologi-
al abnormalities, and reduced the number of juveniles emitted
uring reproduction. With 30.0 mg and 72 mg per 100 ml, no
rowth or reproduction occurred and foraminifera were dead
fter 2 months. These laboratory observations were considered
y the authors as a possible explanation for the low densities
ften encountered in environments contaminated by hydrocar-
ons (Mayer, 1980 in Yanko and Flexer, 1992; Bonetti et al.,
999; Geslin, 1999). The cytological study of specimens pre-
enting morphological abnormalities showed the same cellular
odifications as the ones observed in individuals contaminated

y heavy metals (Le Cadre, 2003).
The culture experiment clearly showed the potential toxicity

f the Erika oil spill, but the field study indicated that this toxicity
id not directly affect the foraminiferal assemblages, contrary
o what had been observed during the Amoco Cadiz oil spill.

he massive input of oil during the Amoco Cadiz oil spill had a

oxic impact on environment, as this is attested by foraminiferal
ssemblages. On the contrary, foraminiferal assemblages did not
how any noticeable toxic impact from the spreading oil input
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uring the Erika spill suggesting a mechanical negative effect of
he cleaning operations.

. Anthropogenic environmental perturbation
nrelated to pollution

.1. Oyster farming

The macrotidal Marennes-Oléron Bay (Fig. 1) is an area of
ntensive oyster farming where oysters are subject to summer

ortality. Bouchet et al. (2007b) monitored the response of
enthic foraminifera to short-term biogeochemical disturbances
hat may be involved in oyster summer mortality (hypoxia in
arly June in conjunction with a sudden rise in temperature,
ollowed by an increase in the ammonia content of sediment
orewater, leading to potentially maximal flux towards overly-
ng waters). The foraminiferal assemblages of the topmost layer
f the sediment were altered. Ammonia tepida was the most tol-
rant to temperature increase and hypoxic conditions whereas
rizalina variabilis and Haynesina germanica were sensitive

o organic degradation and hypoxia. Cribroelphidium gunteri
ppeared as a pioneer species able to rapidly colonize the top-
ost sediment layers after the warm-season hypoxic event.
Temperature was noticed to have a paradoxical effect on liv-

ng foraminifera. In this temperate environment, an increasing
emperature enhances the reproduction until a critical value,
s mentioned by Lee and Muller (1974). Above this critical
alue, temperature may become a limiting factor by acting on
he metabolism of the species. In Marennes-Oléron Bay, how-
ver, temperature was shown to be an indirectly limiting factor
hrough its influence on biogeochemical processes that led to
nfavorable environmental conditions. According to the niche
heory (Murray, 2001), the patterns of distribution of benthic
oraminifera are controlled by those environmental factors that
eached their critical thresholds. As it was shown for organic
atter (Alve, 1991a), temperature seems to favour foraminifera

evelopment until it becomes damageable.
In the same area, large populations of living benthic

oraminifera Quinqueloculina poeyana carinata were reported
or the first time (Bouchet et al., 2007a). The species was pre-
iously described from the Adriatic and Tyrrhenian Seas and
eported from the Eastern Mediterranean and Red Sea, as well
s tropical and subtropical regions, but was unrecorded from the
estern Mediterranean Sea and unknown in the eastern Atlantic.

his supported the hypothesis that it had been accidentally intro-
uced outside its natural range as a likely result of mariculture
rade and/or shipping activities. This was the first report of a suc-
essful introduction of a non-indigenous benthic foraminifera to
he Atlantic coast of Europe. The maximum abundance of living
ndividuals in September suggests a massive reproduction dur-
ng summer, when water is the warmest, in relation to the origin
f the species.
.2. Colonization of a recently dug leisure basin

Field experiments carried out by Buzas (1993) demonstrated
hat foraminifera colonize azoic sand within a few weeks, indi-
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ating rapid dispersal capabilities. Based on these conclusions,
bservations were carried out in a newly dug leisure basin, about
50 m outside the Vie estuary (Fig. 1), and 4 km inland from the
outh of the estuary (Debenay et al., 2006). The first observa-

ions were made in March 1996, a short time after the basin was
lled with water pumped at high tide in the Vie estuary. Later,

ime series observations were made on a monthly basis, for one
ear, beginning when the basin was almost empty for mainte-
ance works, during winter and spring 1999 to 2000, and ending
n September 2000. C. gunteri had already colonized the area in

arch 1996. It must therefore be considered as a pioneer species
hat has a better colonization capacity and better dispersal ability
ompared to other species. At the beginning of the time series
bservations, when the basin was almost empty, porcelaneous
ests were dominant and made up more than 80% of the assem-
lages with large occurrence of Quinqueloculina seminula var.
ugosa. After the basin was filled, a sharp increase in the den-
ity of A. tepida occurred in July, followed by an increase in the
ensity of C. excavatum and H. germanica in August. C. gunteri
as rare, which suggests that competition with other species

topped its growth.
The growth of C. gunteri in the basin was surprising since

t lives only at sparse stations in the estuary, which suggests
hat tidal currents are strong enough for the passive dispersal
f “embryonic” juveniles throughout the whole estuary, up to
he pumping station. Nevertheless, they can live and reproduce
nly in suitable habitats. This is consistent with Baas Becking’s
aws (Baas Becking, 1934): “everything is everywhere” and “the
nvironment selects”.

. Analyzing the impact of the different environmental
isturbances

.1. Stress caused by salinity variations

The studies reported in this synthesis show how difficult it
s to deconvolute the impact of anthropogenic stresses from
he impact of natural stresses. The parameters that act on
oraminifera are numerous (review in Murray, 2006), never-
heless, in estuarine environments such as those of Vendée,
he foraminifera distribution is mainly related to salinity. This
arameter was mentioned as a major one in most of the stud-
es reported in this synthesis. However, Olsson and Rosenberg
1973) concluded that meiofauna (mainly represented by
oraminifera) was more clearly influenced by differences in
ollution than differences in salinity: a low diversity was
bserved in a polluted coastal area while a higher diversity
ccurred in estuaries with comparatively lower salinity and less
ollution.

Generally, abundant porcelaneous specimens are considered
s characteristic of slightly hypersaline, restricted environment,
elatively stable in time (Phleger, 1960; review in Murray, 1991),

ut in the leisure basin located near the Vie estuary, salinity
as never higher than 31 and porcelaneous species could be

emporary dominant. This shows that other parameters act on
he distribution of these species (Murray, 2001).
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.2. Heavy metal pollution

The studies dealing with pollution that are summarized in
his paper show that moderate concentrations of heavy metals

ay have a noticeable impact on foraminiferal density and, to
lesser extent, on species richness. When sediments are much
ore polluted, only a few opportunistic species are able to grow

nd to reproduce. These results are consistent with many studies
ealing with the relationships between foraminifera and pollu-
ion, which considered heavy metals as important parameters
cting on ecosystems and affecting the foraminifera distribution
e.g., Alve, 1995b; Yanko et al., 1998; Le Cadre and Debenay,
006). In experiments on benthic foraminiferal colonization of
u-contaminated sediments, Alve and Olsgard (1999) showed

hat, even if Cu had a minor negative effect, the lowest numbers
f species were associated with the highest Cu-concentrations.

.3. Hydrocarbon pollution

In some harbours of Vendée (Atlantic French coast), Armynot
u Châtelet et al. (2004) observed a negative correlation of
he PAHs with most of the species. Samples with the highest
ydrocarbon pollution content exhibited the fewest number of
pecies, which suggests the probable influence these contam-
nants have on foraminiferal assemblages. The massive input
f oil resulting from the wreck of the Amoco Cadiz strongly
mpacted foraminiferal populations, leading to high deforma-
ion rates Vénec-Peyré (1981). This negative impact is consistent
ith the toxicity of petroleum shown by laboratory experiments

Le Cadre, 2003; Morvan et al., 2004), and with observations
rom Canso strait, Nova Scotia (Canada), where species rich-
ess was strongly reduced at the vicinity of an oil terminal
Buckley et al., 1974). However, the influence of hydrocarbons
n foraminiferal assemblages is not always well-established.
ocklin and Maddocks (1982) showed few negative effects of
etroleum on the benthic foraminifera around a production plat-
orm, and one of the studies reported in the present work (Morvan
t al., 2004) could not discriminate between the direct impact
f oil spill and the indirect impact due to extreme perturbations
enerated by cleaning activities.

. Foraminiferal species response

The studies summarized in this paper converge to the
onclusion that three species, H. germanica, C. excavatum and
. tepida show particular tolerance to pollution. However, these
tudies also point out the difficulty in differentiating between the
nfluence of salinity and the impact of pollution. This question
s often debated in the literature, where the distribution of Hay-
esina germanica is often related to saline conditions (Cearreta,
988; review in Murray, 1991; Debenay et al., 2000b), while
ther studies evidenced its relationship with pollution. Stubbles
1993) and Stubbles et al. (1996) considered that this species

s tolerant to heavy metal pollution, which is consistent with
he results of Armynot du Châtelet et al. (2004) and Debenay
t al. (2001). H. germanica was also described as correlated to
AHs (Armynot du Châtelet et al., 2004). Thus, high proportions

T
t
c
c
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f H. germanica can be considered as an indication of environ-
ental stress, supplementary observations being necessary to

etermine whether this stress is from natural or anthropogenic
rigin.

H. germanica should, however, be used carefully when con-
idering organic pollution, since it appears as tolerant to organic
nrichment (Armynot du Châtelet et al., 2004; Debenay et al.,
005). But it is negatively influenced by the hypoxia result-
ng from this enrichment (Bouchet et al., 2007b), oxygen being

prime factor for the control and structuration of benthic
oraminiferal assemblages (Alve, 1995a; Alve and Bernhard,
995; Den Dulk et al., 2000).

C. excavatum is a motile species, highly adaptable to changes
n environmental conditions (Linke and Lutze, 1993). It is
ble to successfully colonize polluted, near-shore environments
Schafer, 1973; Buckley et al., 1974; Bates and Spencer, 1979;
lve, 1991a). Sharifi et al. (1991) established that it is the
ost tolerant species to heavy metal pollution, followed by
. germanica and A. beccari in this order. In one of the stud-

es summarized in this paper, Debenay et al. (2001) considered
his species as a pollution bio-indicator, especially in open ocean
arbours. Indeed, this species does not penetrate far in the estu-
ries (Debenay and Guillou, 2002), showing its sensitivity to
ow salinity. Consequently, it can hardly be used as a pollution
ndicator in upper estuaries, where it is near the limits of its
nvironmental requirements because good indicators of pollu-
ion must live in conditions favourable to their maintenance and
eproduction (e.g., Boltovskoy and Lena, 1969; Schafer, 1973).

A. tepida is resistant to the salinity gradient prevailing in
stuaries (Debenay, 2000). In the study of estuarine harbours
eported in this paper, A. tepida was demonstrated as tolerant
o pollutants, mainly heavy metals and hydrocarbons (Armynot
u Châtelet et al., 2004). In previous literature, it was reported
s a tolerant species to chemical pollution, including fertiliz-
rs, heavy metals and hydrocarbons (Seiglie, 1975; Setty, 1976;
etty and Nigam, 1984; Yanko and Flexer, 1991; Yanko et al.,
994). The studies carried out along the western French coast
onfirm that, as suggested by Yanko (1997), A. tepida may be
onsidered as a heavy metal pollution indicator.

Other foraminifera could be used as environment indicators,
ven if their status is not clearly determined. For example, the
istribution of bolivinids (Debenay et al., 2001; Debenay and
uillou, 2002; Bouchet et al., 2007b) depends on the nature and
uality of the sediment. The distribution of E. scabrus depends
n particular geographical conditions (Rouvillois, 1972), but
t was also reported as dominant in assemblages from an
xtremely polluted environment in Sorfjord, western Norway
Alve, 1991a).

As for the colonization of new environments, natural trans-
ort of adult foraminiferal tests is often very limited (Closs,
964; Ellison and Nichols, 1970; Debenay et al., 2003). In the
ilaine estuary, Goubert (1997) observed that tidal currents were
ble to transport only juveniles of C. excavatum (size < 80 �m).

hus, the release and transport of embryonic juveniles are likely

o be the main mechanism responsible for passive dispersal and
olonization. Zygotes or embryonic juveniles have a density
omparable to seawater and therefore are easily transportable
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Alve, 1999; Alve and Goldstein, 2002). Indeed, juveniles are
ften thin and capable of extending numerous pseudopodia,
hich may increase their flotation and facilitate their passive

ransport in suspension. The dispersal of adult foraminifera
ay result from accidental transport by animals, including birds

Hayward and Hollis, 1994) and/or human activities (review in
en Gupta, 1999).

. Conclusion

The studies carried out along the western French coasts par-
icipate in the enhancement of the knowledge on foraminifera.
hey bring new arguments to demonstrate that foraminifera
re sensitive to pollution, whatever its source, chronic or
ccidental. They show that foraminifera react to increasing
oncentrations in metals and/or hydrocarbons, often consid-
red as very harmful for the environment. A. tepida, bolivinids,
. excavatum, E. scabrous, and H. germanica, show tolerance to
nvironmental disturbance and pollution hence they are partic-
larly suitable as bio-indicators in coastal areas. Finally, they
ontribute to claim that benthic coastal foraminifera should
e applied as part of integrated programmes for pollution
onitoring.
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23–38.

earreta, A., Irabien, M.J., Leorri, E., Yusta, I., Croudace, I.W., Cundy, A.B.,
2000. Recent anthropogenic impacts on the Bilbao estuary, Northern Spain:
geochemical and microfaunal evidence. Estuarine, Coastal and Shelf Science
50, 571–592.

earreta, A., Irabien, M.J., Leorri, E., Yusta, I., Quintanilla, A., Zabaleta, A.,
2002. Environmental transformation of Bilbao estuary. N. Spain: micro-
faunal and geochemical proxies in the recent sedimentary record. Marine
Pollution Bulletin 44, 487–503.

loss, D., 1964. Ecological distribution of Foraminifera and Thecamoebiina in
the Patos lagoon, Southern Brazil. Archivio di Oceanografia e Limnologia
13, 297–302.

occioni, R., 2000. Benthic foraminifera as bio-indicators of heavy metal pol-
lution – a case study from the Goro lagoon (Italy). In: Martin, R.E. (Ed.),
Environmental Micropaleontology. Kluwer Academic, Plenum Publishers,
New York, pp. 71–103.

occioni, R., Frontalini, F., Marsili, A., Troiani, F., 2005. Foraminiferi ben-
tonici e metalli in traccia: implicazioni ambientali. In: Coccioni, R. (Ed.),
La dinamica evolutiva della fascia costiera tra le foci dei fiumi Foglia e
Metauro: verso la gestione integrata di una costa di elevato pregio ambi-
entale. Quaderni del Centro di Geobiologia dell’Università degli Studi di
Urbino 3, Urbino, p. 57–92.

e Casamajor, M.N., Debenay, J.-P., 1995. Les foraminifères, bio-indicateurs

des environnements paraliques : réaction à divers types de pollution
dans l’estuaire de l’Adour. In: ANPP, Colloque international Marqueurs
biologiques de pollution, Chinon, pp. 371–378.

ebenay, J.-P., 2000. Foraminifers of paralic tropical environments. Micropale-
ontology 46, 153–160.



1 evue d

D

D

D

D

D

D

D

D

D

D

E

E

F

F

G

G

G

G

G

H

H

L

L

L

L

L

L

M

M

M

M

M

M

N

O

P

R

R

R

36 É. Armynot du Châtelet, J.-P. Debenay / R

ebenay, J.-P., 2009. Foraminifera. In: Amiard, C., Rainbow, P.S. (Eds.), Envi-
ronmental assessment of estuarine ecosystems: a case study. Taylor and
Francis, Boca Raton, pp. 255–280.

ebenay, J.-P., Andre, O., Bezie, S., Rambaud, S., 1997. Foraminifers used as
bio-indicators in La Turballe harbor (Loire Atlantique, France). In: Coastal
zone monitoring and medium to long term forecasting, French-Japanese
International Symposium, Paris.

ebenay, J.-P., Bicchi, E., Goubert, E., Armynot du Châtelet, E., 2006. Spa-
tial and temporal distribution of benthic foraminiferal assemblages in the
Vie Estuary (Vendée, W France). Estuarine. Coastal and Shelf Science 67,
181–197.

ebenay, J.-P., Carbonel, P., Morzadec-Kerfourn, M.-T., Cazaubon, A., Denefle,
M., Lézine, A.-M., 2003. Multi-bio-indicator study of a small estuary in
Vendée (France). Estuarine. Coastal and Shelf Science 58, 843–860.

ebenay, J.-P., Geslin, E., Guillou, J.-J., De Casamajor, M.N., 2000a. Les
foraminifères bio-indicateurs d’impact dans les environnements estuariens
et portuaires. In: VIe Journées nationales Génie civil-Génie côtier, Caen, pp.
599–609.

ebenay, J.-P., Guillou, J.J., 2002. Ecological transitions indicated by
foraminiferal assemblages in paralic environments. Estuaries 25,
1107–1120.

ebenay, J.-P., Guillou, J.-J., Redois, F., Geslin, E., 2000b. Distribution trends
of foraminiferal assemblages in paralic environments. A base for using
foraminifera as bio-indicators. In: Martin, R.E., Kluver, M. (Eds.), Envi-
ronmental Micropaleontology. Kluwer Academic, Plenum Publishers, New
York, pp. 39–67.

ebenay, J.-P., Millet, B., Angelidis, M.O., 2005. Relationships
between foraminiferal assemblages and hydrodynamics in the
Gulf of Kalloni, Greece. Journal of Foraminiferal Research 35,
327–343.

ebenay, J.-P., Tsakiridis, E., Soulard, R., Grossel, H., 2001. Factors determining
the distribution of foraminiferal assemblages in Port Joinville Harbor (Ile
d’Yeu, France): the influence of pollution. Marine Micropaleontology 43,
75–118.

en Dulk, M., Reichart, G.J., Van Heyst, S., Zachariasse, W.J., Van Der
Zwaan, G.J., 2000. Benthic foraminifera as proxies of organic matter
flux and bottom water oxygenation? A case history from the north-
ern Arabian Sea. Palaeogeography, Palaeoclimatology, Palaeoecology 161,
337–359.

lberling, B., Knudsen, K.L., Kristensen, P.H., Asmund, G., 2003. Applying
foraminiferal stratigraphy as a biomarker for heavy metal contamination
and mining impact in a fiord in West Greenland. Marine Environmental
Research 55, 235–256.

llison, R.L., Nichols, M.M., 1970. Estuarine foraminifera from the Rappa-
hannock River, Virginia. Contributions from the Cushman Foundation for
Foraminiferal Research 21, 1–17.

erraro, L., Sprovieri, M., Alberico, I., Lirer, F., Prevedello, L., Marsella, E.,
2006. Benthic foraminifera and heavy metals distribution: A case study
from the Naples Harbour (Tyrrhenian Sea, Southern Italy). Environmental
Pollution 142, 274–287.

rontalini, F., Coccioni, R., 2008. Benthic foraminifera for heavy metal pollu-
tion monitoring: A case study from the central Adriatic Sea coast of Italy.
Estuarine. Coastal and Shelf Science 76, 404–417.

eslin, E., 1999. Impact des stress environnementaux sur les peuplements,
la morphologie et la texture des foraminifères paraliques : implications
pour leur utilisation comme bio-indicateurs. Thèse de doctorat, Université
d’Angers, pp. 269 (unpublished).

eslin, E., Debenay, J.-P., Duleba, W., Bonetti, C., 2002. Morphological
abnormalities of foraminiferal tests in Brazilian environments: comparison
between polluted and non-polluted areas. Marine Micropaleontology 45,
151–168.

eslin, E., Stouff, V., Debenay, J.-P., Lesourd, M., 2000. Environmental variation
and foraminiferal test abnormalities. In: Martin, R.E. (Ed.), Environmental

Micropaleontology. Kluwer Academic, Plenum Publishers, New York, pp.
191–215.

ooday, A.J., 1994. The biology of deep-sea foraminifera: a review of
some advances and their applications in paleoceanography. Palaios 9,
14–31.

R

R

e micropaléontologie 53 (2010) 129–137

oubert, E., 1997. Les Elphidium excavatum (Terquem), foraminifères ben-
thiques, vivant en baie de Vilaine (Bretagne, France) d’octobre 1992 à
septembre 1996 : morphologie, dynamique de population et relations avec
l’environnement. Réflexions sur l’approche méthodologique, et la lignée
évolutive et l’utilisation en paléoécologie. Thèse de doctorat, Université de
Nantes, pp. 186 (unpublished).

ayward, B.W., Hollis, C.J., 1994. Brackish foraminifera in New
Zealand: A taxonomic and ecologic review. Micropaleontology 40,
185–222.

ayward, B.W., Neil, H., Carter, R., Grenfell, H.R., Hayward, J.J., 2002. Factors
influencing the distribution patterns of recent deep-sea benthic foraminifera,
east of New Zealand, Southwest Pacific Ocean. Marine Micropaleontology
46, 139–176.

e Cadre, V., 2003. Influence de différents stress, naturels et anthropiques, sur
la morphologie et la cytologie des foraminifères en culture – Implications
pour leur utilisation comme bio-indicateurs. Thèse de doctorat, Université
d’Angers, pp. 233 (unpublished).

e Cadre, V., Debenay, J.-P., 2006. Morphological and cytological responses of
Ammonia (foraminifera) to copper contamination: Implication for the use
of foraminifera as bio-indicators of pollution. Environmental Pollution 143,
304–317.

e Furgey, A., St Jean Jr., J., 1976. Foraminifera in brackish-water ponds
designed for waste control and aquaculture studies in North Carolina. Journal
of Foraminiferal Research 6, 274–294.

ee, J.J., Muller, W.A., 1974. Trophic dynamic and niches of salt marsh
foraminifera. Annales de Zoologie 13, 215–223.

inke, P., Lutze, G.F., 1993. Microhabitat preferences of benthic foraminifera – a
static concept or a dynamic adaptation to optimize food acquisition? Marine
Micropaleontology 20, 215–234.

ocklin, J.A., Maddocks, R.F., 1982. Recent foraminifera around petroleum
production platforms on the southwest Louisiana shelf. Transaction-Gulf
Coast Association of Geological Societies 32, 377–397.

ayer, E.M., 1980. Foraminifera of the Caspian and Aral Seas. Ph.D. Thesis,
Moscow University, pp. 225. (unpublished).

orvan, J., Le Cadre, L., Jorissen, F., Debenay, J.-P., 2004. Foraminifera
as potential bio-indicators of the “Erika” oil spill in the Bay of
Bourgneuf: Field and experimental studies. Aquatic Living Resources 17,
317–322.

uller, W.A., Lee, J.J., 1969. Apparent indispensability of bacteria in
foraminiferan nutrition. Journal of Protozoology 16, 471–478.

urray, J.W., 1991. Ecology and paleoecology of benthic foraminifera. Long-
man, Harlow, 397 p.

urray, J.W., 2001. The niche of benthic foraminifera, critical thresholds and
proxies. Marine Micropaleontology 41, 1–7.

urray, J.W., 2006. Ecology and applications of benthic foraminifera. Cam-
bridge University Press, Cambridge, 426 p.

agy, J., Alve, E., 1987. Temporal changes in foraminiferal faunas and impact
of pollution in Sandebukta, Oslo Fjord. Marine Micropaleontology 12,
109–128.

lsson, I., Rosenberg, R., 1973. Benthic fauna and zooplankton in some polluted
Swedish estuaries. Ambio 2, 158–163.

hleger, F.B., 1960. Ecology and distribution of recent foraminifera. The Johns
Hopkins Press, Baltimore, 297 p.

esig, J.M., 1960. Foraminiferal ecology around ocean outfalls off southern Cal-
ifornia. In: Person, E. (Ed.), Disposal in the marine environment. Pergamon
Press, London, pp. 104–121.

omano, E., Bergamin, L., Finoia, M.G., Carboni, M.G., Ausili, A., Gabellini,
M., 2008. Industrial pollution at Bagnoli (Naples, Italy): benthic foraminifera
as tool in integrated programs of environmental monitoring. Marine Pollu-
tion Bulletin 56, 439–457.

ouvillois, A., 1967. Observations morphologiques, sédimentologiques et
écologiques sur la plage de Ville-Ger, dans l’estuaire de la Rance. Cahiers
d’Océanographie 19, 375–389.
ouvillois, A., 1972. Biocénose des foraminifères en relation avec les conditions
physicochimiques du milieu dans les bassins et l’avant-port de Saint-Malo
(Ile et Vilaine). Cahiers de Micropaléontologie 3, 1–10.

uiz, F., Gonzalez-Regalado, M.L., Borrego, J., Abad, M., Pendón, J.G., 2004.
Ostracoda and foraminifera as short-term tracers of environmental changes in



evue d

S

S

S

S

S

S

S

S

S

S

S

S

S

T

V

V

W

Y

Y

Y

Y

Y

É. Armynot du Châtelet, J.-P. Debenay / R

very polluted areas: the Odiel Estuary (SW Spain). Environmental Pollution
129, 49–61.

amir, A.M., El-Din, A.B., 2001. Benthic foraminiferal assemblages and mor-
phological abnormalities as pollution proxies in two Egyptian bays. Marine
Micropaleontology 41, 193–227.

chafer, C.T., 1970. Studies of Benthonic Foraminifera in the Restigouche
Estuary: 1, Faunal Distribution Patterns near Pollution Sources. Maritime
Sediments 6, 121–134.

chafer, C.T., 1973. Distribution of foraminifera near pollution
sources in Chaleur Bay. Water, Air, and Soil Pollution 2,
219–233.

chafer, C.T., Winters, G.V., Scott, D.B., Pocklington, P., Cole, F.E., Honig,
C., 1995. Survey of living foraminifera and polychaete populations at some
Canadian aquaculture sites: potential for impact mapping and monitoring.
Journal of Foraminiferal Research 25, 236–259.

cott, D.B., Medioli, F.S., Schafer, C.T., 2001. Monitoring in coastal envi-
ronments using foraminifera and thecamoebian indicators. Cambridge
University Press, New York, 177 pp.

eiglie, G.A., 1968. Foraminiferal assemblages as indicators of high organic car-
bon content in sediments and of polluted waters. The American Association
of Petroleum Geologists Bulletin 52, 2231–2241.

eiglie, G.A., 1975. Foraminifers of Guayanilla bay and their use as
environmental indicators. Revista Española de Micropaleontología 7,
453–487.

en Gupta, B.K. (Ed.), 1999. Modern Foraminifera. Kluwer Academic Publish-
ers, Dordrecht, 371 pp.

etty, M.G.A.P., 1976. The relative sensitivity of benthonic foraminifera
in the polluted marine environment of Cola Bay, Goa. Proceedings
of the Indian Colloquium of Micropaleontology and Stratigraphy 6,
225–234.

etty, M.G.A.P., Nigam, R., 1984. Benthic foraminifera as pollution indices in
the marine environment of west coast of India. Rivista Italiana di Paleon-
tologia e Stratigrafia 89, 421–436.

harifi, A.R., Croudace, I.W., Austin, R.L., 1991. Benthic foraminiferids as

pollution indicators in Southampton Water, southern England, UK. Journal
of Micropaleontology 10, 109–113.

tubbles, S., 1993. Recent benthic foraminiferida as indicators of pollution
in Restonguet Creek, Cornwall. In: Note of poster display at the Annual
Conference of the Ussher Society, pp. 200–204.

Y

Z

e micropaléontologie 53 (2010) 129–137 137

tubbles, S.J., Hart, M., Williams, C., Green, J., 1996. Responses of foraminifera
to presence of heavy metal contamination and acidic mine drainage. The
Institution of Mining and Metallurgy, 217–235.

homas, E., Zachos, J.C., Bralower, T.J., 2000. Deep-sea environments on a
warm earth: latest Paleocene-early Eocene. In: Huber, B., Macleod, K.,
Wing, S. (Eds.), Warm Climates in the Earth History. Cambridge University
Press, Cambridge, pp. 132–160.

énec-Peyré, M.-T., 1981. Les foraminifères et la pollution : étude de la micro-
faune de la cale du Dourduff (embouchure de la rivière de Morlaix). Cahier
de Biologie Marine 22, 25–33.

ilela, C.G., Batista, D.S., Baptista-Neto, J.A., Crapez, M., Macalister, J.J.,
2004. Benthic foraminifera distribution in high polluted sediments from
Niteroi harbor (Guanabara Bay), Rio de Janeiro, Brazil. Anais da Academia
Brasileira de Ciências 76, 161–171.

atkins, J.G., 1961. Foraminiferal ecology around the Orange County, Califor-
nia, ocean sewer outfall. Micropaleontology 7, 199–206.

anko, V., 1997. Benthic foraminifera as bio-indicators of stress environment:
anthropogenic problems – foraminiferal solution. In: First International Con-
ference on Application of Micropaleontology in Environmental Sciences, Tel
Aviv, p. 117.

anko, V., Ahmad, M., Kaminski, M., 1998. Morphological deformities of
benthic foraminiferal tests in response to pollution by heavy metals: impli-
cations for pollution monitoring. Journal of Foraminiferal Research 28,
177–200.

anko, V., Arnold, A., Parker, W., 1999. Effect of marine pollution on ben-
thic foraminifera. In: Sen Gupta, B.K. (Ed.), Modern Foraminifera. Kluwer
Academic Publishers, Dordrecht, pp. 217–235.

anko, V., Flexer, A., 1991. Benthonic foraminiferal assemblages as indicators
of pollution (an example of northwestern shelf of the Black Sea). In: Pro-
ceedings Third Annual Symposium on the Mediterranean Margin of Israel,
Haifa, p. 5.

anko, V., Flexer, A., 1992. Microfauna as possible indicator of hydrocarbon
seepages. Method for oil-gas trap reconnaissance. In: Proceedings Annual
Meeting Israel Geological Society, Askelon, Israel, pp. 69–170.
anko, V., Kronfeld, J., Flexer, A., 1994. Response of benthic foraminifera to
various pollution sources: implications for pollution monitoring. Journal of
Foraminiferal Research 24, 1–17.

alesny, E.R., 1959. Foraminiferal ecology of Santa Monica Bay. California
Micropaleontology 5, 101–126.


	The anthropogenic impact on the western French coasts as revealed by foraminifera: A review
	Introduction
	The impact of chronic pollution
	Chronic pollution in estuaries dominated by freshwater input
	Rance estuary
	The Adour estuary
	The Seine and Authie estuaries
	Vendee estuaries

	Marine harbours, without massive freshwater input
	Port Joinville harbour-Yeu Island
	La Turballe


	The impact of catastrophic pollution (oil spill)
	Anthropogenic environmental perturbation unrelated to pollution
	Oyster farming
	Colonization of a recently dug leisure basin

	Analyzing the impact of the different environmental disturbances
	Stress caused by salinity variations
	Heavy metal pollution
	Hydrocarbon pollution

	Foraminiferal species response
	Conclusion
	Acknowledgment
	References


