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Zooplankton present characteristics of high interest in the frame of investigation for organisms sensitive
to environmental changes and/or anthropogenic pressures. Such indicators are particularly needed in the
present context of European legislation (Marine Strategy Framework Directive). However, zooplankton
have not been given the interest they should have in regards to these issues. The aim of the present study
is to provide an attempt of proposition of indicators of good environmental status and associated
thresholds based on zooplankton data. Zooplankton time-series (2002–2013) from the Toulon Bay in the
Mediterranean was used. This time-series presents the great characteristics that the sampling has be
done jointly in two areas of the Bay of Toulon known to differ in term of anthropogenic pressures. The
study focus on the copepod assemblage and different potential indicators are tested: ratio of copepod
families on total copepod and diversity index (Piélou's evenness). The indicators relevance was evaluated
per season by looking at the importance of the overlapping region between density's distributions for
each indicator in both bays. This methodology well-recognized is commonly used, particularly in the
medical sector, for a long time. The results show that the Oithonidae relative abundance and the Piélou's
evenness index are the best indicators of anthropogenic pollution for this case study. Thresholds related
to the selected indicators are also proposed in order to characterize the degree of anthropogenic pressure
for the Toulon Bay and to provide a first evaluation for potential environmental management. Applic-
ability of the selected indicators and future development needed are also discussed. This study is a first
step in the investigation for operational zooplankton indicators and should open the way for additional
studies in coastal anthropized area such as the Mediterranean coast where it is more urgently needed.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Ecosystems and their natural resources are facing rising chal-
lenges in terms of climate change and anthropogenic pressures.
Marine ecosystems have been shown to respond rapidly to these
environmental changes, especially in coastal areas that are ex-
posed to higher anthropogenic pressures (Beaugrand et al., 2010;
Brander, 2010; Burrows et al., 2011). In this context, concern for
monitoring and managing the marine environment has strengthen
and the European Union included in the Sixth Environmental
Action program a commitment to develop a strategy. The EU
Marine Strategy Framework Directive (MSFD: 2008/56/EC) is as
such the first environmental directive considering the marine
ubert).
system under an ecosystem approach, thus aiming to link the
different marine compartments (biology, physics, chemistry, etc.)
in order to maintain the Good Environmental Status (GES) of EU
marine waters (Borja et al., 2010). The GES implies that marine
resources are used at a sustainable level, ensuring their continuity
for future generations. As part of the directive process-steps, the
definition and testing of potential relevant tools to monitor the
good environmental status is a cornerstone. The concept of “in-
dicator” has been the one identified within the MSFD (Rombouts
et al., 2013). An indicator is defined as an evaluation and decision
tool which allows to measure a situation or a trend. Such tools
permit the link between science and policy decisions and in-
dicators have been documented to be useful for ecosystem man-
agement (Niemi and McDonald, 2004).

Literature on diverse type of indicators for the marine system is
extensive and these indicators can be based on different groups or
species of the marine biota, such as seabirds for instance which
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have been shown to be valuable in order to monitor the ecosystem
health (Einoder, 2009). Among potential organisms of interest for
marine indicators are zooplankton, however they have been rarely
considered in monitoring programs (Perry et al., 2004; Rombouts
et al., 2013; Tett et al., 2008). Zooplankton are indeed considered
to have a great potential as sentinels of “environmental changes
and pressures” (Beaugrand et al., 2010; Legendre, 2005; Richard-
son, 2008). They are an ecosystemic important component making
the link between primary producers and higher trophic levels, in
addition to their role in the carbon export to the deep Ocean and
nutrients recycling in the upper productive layers (Banse, 1995;
Lankov et al., 2010; Urabe et al., 2002). Zooplankton are sensitive
to various parameters due to their generally short life cycle. Thus
changes at the individual or species level, but also at the scale of
community structure, are more likely to happen at a shorter time
span compared to higher trophic levels. Also, in contrast to
organisms under fishing pressure, zooplankton are not exploited
species in Europe, which allows to investigate the environmental
pressure impact alone on their fluctuation. In addition they have a
large geographical coverage, being consistently present in marine
waters all around the world, making potential indicators testable
for many areas. It is thus somewhat peculiar that zooplankton had
not been prioritized in the first steps of the MSFD process since
they present characteristics of high interest in the frame of the
directive goals.

The best way to investigate sensitivity of organisms such as
zooplankton to environmental and anthropogenic pressures is to
consider long-term time-series (Beaugrand et al., 2003; Omori
et al., 1994; Perry et al., 2004). Long-term time-series is the only
way to actually have an in situ “picture” of the effect of combined
pressures on biological communities. To investigate the effect of
only one specific pressure would not be accurate since in nature
several pressures occurs as a combination, especially in coastal
areas (Omori et al., 1994). In the frame of indicator development
for policy decisions, there is a need to find general indicators that
can be applied in many areas. This involves that the data from
which the indicators are calculated need to be comparable. The
main issues for data comparability are linked to the sampling and
analysis methodology. For station data, representing most of the
zooplankton time-series, the 200 mm mesh size sampling net is
most commonly used. Concerning the taxonomical analysis, it
actually depends on the level of determination considered. The
species level, the most common considered one in zooplankton
community studies, presents limits due to bias linked to the tax-
onomist knowledge which can be very variable and due to the
constant progress made in species determination. Also, if an in-
dicator is based on a specific species, it implies that this specific
species needs to be present in the other areas where we want to
apply the indicator. Lower levels of taxonomy consider the family,
the order or also the functional groups. The bias in taxonomical
resolution for these levels is much lower compared to the species
one (easier taxonomical recognition). Also since major taxonomic
groups exhibit different ecological strategies and traits, and thus
represent different functional groups in general, indicators based
on these groups can potentially be used to other habitats (Litch-
man et al., 2013; Waal et al., 2010). To group at a higher level of
taxonomy is also in line with the tendency to develop more au-
tomatic methodology for monitoring zooplankton and particularly
image based analysis. Recent study corroborated the use of family
level to investigate the eutrophication impact on the zooplankton
community for instance (Carneiro et al., 2013). It is fundamental to
assess which level of taxonomical resolution is needed in the
frame of zooplankton indicator development. The level of tax-
onomy required will define the parameters which need to be
monitored. It is particularly important to raise these issues and
answer them quickly since the monitoring program of the MSFD is
building up at the same time of indicator development.
We present here a case study of zooplankton indicator testing

based on a long time-series carried out in the Toulon bay on the
north-western Mediterranean coast, where zooplankton have
been monitored since 1995 (Jamet et al., 2005). Investigation for
indicators related to anthropogenic pressures are particularly
needed for the Mediterranean basin which represents a hotspot of
human impact and a notable high rate of marine species en-
demism (Coll et al., 2010; Durrieu de Madron et al., 2011). While
indicator development is already at a certain stage for northern
European countries, due to a better advancement in the national
implementation of the MSFD for some of them (England, etc.) and/
or also due to better advancement in northern cooperation
(OSPAR, HELCOM), the Mediterranean is late concerning those
concerns. In this area more than others, due to the high human
pressure and its exponential increase, and thus the greater chance
of rapid ecosystem change, the testing of indicator and their
development should be clearly emphasized. Also, while several
work exist on Mediterranean zooplankton time-series (Berline
et al., 2012; Mazzocchi et al., 2007), none of them have actually
attempted to develop indicators based on plankton.

The time-series used in this study offers the great opportunity
to identify potential indicators of anthropogenic pressure since the
monitoring has been done jointly using the exact same metho-
dology for two stations in two neighboring shallow Bays, Little Bay
(LiB) and Large Bay (LaB), which are recognized to differ in term of
anthropogenic pressures. Different generic indicators of diversity
but also ratios of abundances for the zooplankton assemblage are
tested. The main aims of the study can be resumed as follow:

� to identify relevant zooplankton indicators of anthropogenic
pressures by testing if they reveal significant differences
between the two bays over the observed period,

� to define thresholds for the selected indicators which will allow
to characterize the level of anthropogenic pressure and a first
clear evaluation for potential management decision,

� to discuss on the basis of the results, how to use these indicators,
the level of their applicability and the future development needed.
2. Material and methods

2.1. Study site

Toulon bay (Lat. 43°5′N and Long. 6°0′E) is a Mediterranean
coastal bay located near Toulon city (600,000 inhabitants) char-
acterized by a high level of anthropic activities (Navy harbor, ferry
transport, industries, raw sewage). The bay is composed of two
sub-bays separated by an artificial breakwater dike: Little Bay
(LiB), the most enclosed bay and, Large Bay (LaB) which is an
opening on the Mediterranean Sea (Fig. 1). SST ranges between
14.2 and 25 °C during summer and between 11 and 16 °C during
winter. Salinity ranges between 37.5 and 38.6 through the year.
The two bays do not differ significantly in term of temperature and
salinity over the annual cycle (personal communication). Due to its
location LiB is directly impacted by pollution wastes from the
military and commercial harbors and is less affected than LaB by
hydrodynamic processes from the offshore. This confers to LiB a
very high contamination in heavy metals like Hg, Cu, Pb, Zn and
some Sn species derived from antifouling painting used for boats
(Pougnet et al., 2014; Tessier et al., 2011) but also in Cadmium
(Rossi and Jamet, 2008). The zooplankton population in LiB is
characterized by a high abundance and low diversity (Richard and
Jamet, 2001; Rossi and Jamet, 2009). Large Bay, which is directly
impacted by the Liguro-Provencal current in comparison, presents
lower concentration in contaminants and is characterized by a



Fig. 1. Localization of the two stations LiB (S1) and LaB (S2) in the Toulon Bay.
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higher zooplankton diversity but with lower abundances (Ban-
deira et al., 2013).

2.2. Sampling and analysis

Zooplankton has been monitored at LiB and LaB jointly at a
monthly frequency, when possible, since 1995. Quantitative zoo-
plankton samples were obtained using a 90 mm mesh size net
equipped with a flowmeter deployed vertically from bottom (10 m
depth for both bays) to surface for both stations. Zooplankton
collected in the cod end was preserved with 5% buffered-
formaldehyde. A 250 mL sub-sample was used for qualitative
evaluation in the laboratory. A minimum of 200 organisms
contained in 1 mL of the sub-sample were identified using
inverted microscopy. Zooplankton density ( ( )−D Ind.mzoo

3 ) was
computed as:

=( )D M V L. /zoo i r

With M :i mean number of individuals counted for the taxa con-
sidered, Vr: sub-sample volume and L: filtered volume determined
with the flowmeter.

In total, 60 different species have been recorded in both bays
representing 27 families and 17 orders.

2.3. Indicators testing

Zooplankton abundances data were used for the period 2002–
2013 since this period is uniform in term of sampling frequency
(some gaps in the years prior to 2002) and in term of level of
taxonomic identification. Two types of indicator have been chosen
in order to compare the two bays: diversity indicators and relative
abundance of taxa. The focus was made only on copepods and on
their copepodite stages. Copepods are found in all systems, are a
major component of the mesozooplankton biomass and are the
most studied zooplankton (Benedetti et al., 2015; Richardson,
2008) which render them particularly relevant in the frame of
indicator search that can be tested in different systems. The family
being the level chosen to be tested in this study, the most
representative copepods families were selected (because rare
families are most likely not present in all period and for the two
bays, biasing the statistical analysis). Among the 12 copepod
families represented and occurring during the study period in the
Toulon Bay, 5 families were selected: the Acartiidae (Ac), the
Paracalanidae (Par), the Centropagidae (Cent), the Oithonidae
(Oith) and the Oncaeidae (Onc). The excluded families which were
sporadically represented in the time series were: the Calanidae,
the Calocalanidae, the Clausocalanidae, the Coryceaidae, the Ecti-
nosomatidae, the Monstrillidae and the Temoridae. For the cope-
pod families selected, ratios of abundances rather than abun-
dances were computed in order to make the comparison between
the two sites. Ratios are used because zooplankton abundances
can differ greatly geographically, and thus cannot be used as a
proper indicator since it could not be applied to other areas. The
indicators were then calculated by month and grouped into season
due to the high seasonal pattern of copepod abundance groups
well known for the Mediterranean coastal bays (Mazzocchi and
d'Alcalà, 1995; Mazzocchi et al., 2011; Rossi and Jamet, 2009). Four
seasons were thus determined as: winter (December–February),
spring (March–May), summer (June–August) and fall (September–
November).

Concerning diversity indices, we used the common Shannon–
Wiener index, as follow:

∑′= −
=

H f flog
i

S

i i
1

2

where fi is the relative abundance of the i family.
Shannon–Wiener index has been shown to be equivalent with

other species richness indicators at the same study site for the
zooplankton community (cf. Bandeira et al., 2013). In order to
propose threshold values for future potential management, indices
such as Piélou's evenness fluctuating between 0 and 1 are pre-
ferred. Piélou's evenness (J′) allowing to obtain values of diversity
was computed:

′= ′
′

= ′
( )

J
H

H
H

Slog 2max
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with H′: Shannon–Wiener diversity value, H′max: the maximum
value of H′ and S: the total number of family.
Fig. 2. An example of reduction of the overlapping region between two distribu-
tions with the fixed type I error α (red area) characterizing the uncertainty intervals
[Xs1; Xs2] and the type II errors (β1 and β2) associated with the Reduced Over-
lapping Region (gray area). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
2.4. Statistical analysis

The relevance of the proposed indicators and their threshold
values will depend on their abilities to make the best dis-
crimination between the two bays. First, data normality was tested
using a Shapiro–Wilk test at the level of significance α (α¼0.05)
and indicated that the data were not normally distributed
(p-valueo0.05). Thus pre-selection of indicators was made with a
non-parametric two-sized Mann-Withney U-test. The indicators
showing a difference between the two bays with a high degree of
significance (1%) were selected (the data from the two bays are
considered independent from each other). The null hypothesis H0

is verified when Mx¼My (M¼Median, x being for data from LiB
and y being data from LaB) and is rejected when H1 is true. For the
selected indicators, the criteria chosen in order to discriminate the
two bays was the extent of the overlapping region of their den-
sities. This criteria is commonly used since the 1970s, particularly
for medical applications such as discrimination of diagnostic
testing (Carpenter and Coustan, 1982; McCane et al., 1994). The
values included in the overlapping region are the ones not
allowing the discrimination between the two bays in term of
anthropogenic pressure while the values out of the overlapping
region allow it. Therefore the more this overlapping region is little,
the more the indicator is relevant for the specific site studied (LaB
and LiB).

The evaluation of the overlaps for the selected indicators was
realized using non-parametric density probability estimations in
order to account for the polymodal nature of the raw data. The
density probability function was estimated on log transformed
data (X′¼ log (Xþ1)) in order to improve the symmetry of dis-
tributions (Legendre and Legendre, 1998) using the following
kernel estimator (Silverman, 1986):

⎜ ⎟
⎛
⎝
⎜⎜

⎛
⎝

⎞
⎠

⎞
⎠
⎟⎟∑( )= −

=

f x
Nh

K
x x

h
1

h
i

N
i

1

where N is the sample size and h the optimal bandwidth of
smoothing corresponding to a Gaussian kernel defined as fol-
lowed:

π
( )= −K x e

1
2

x1
2

2

⎛
⎝⎜

⎞
⎠⎟

σ=h
N

4
3

5
1
5

where s is the standard deviation of the sample.
In order to reduce the overlapping region, a confident region

was established applying two unilateral tests with type I error
(α¼10%) at the lower and upper bounds of the overlapping region.
For each bound, α corresponds to the risk of rejection of H0 while
it is true, fixing the threshold value Xs1 and Xs2 (respectively for
lower and upper bounds). The Reduced Overlapping Region (ROR)
represents values included between these bounds. Associated type
II errors (β1 and β2) represent the risk of the non-rejection of H0

while it is false. The degree of distribution overlap was considered
as a criterion of indicator relevance. High value of β represents low
discrimination between the bays (Fig. 2). Each probability is esti-
mated by numerical integration using the following trapezoidal
rule:
∫ ∑( ≤ ≤ ) = ( ) ≈ − ( ( ) + ( ))
=

+P a X b f x dx
Xs Xs

N
f x f x

2 1
2

a

b

n

N

n n
1

1

With xn ϵ [a; b] the modes of an equally spaced grid of size (N)
To clarify interpretation from analysis, values related to each

bays were grouping into three levels representing different
degrees of anthropogenic pressure. Level 1 is only associated with
LaB (lower anthropogenic pressure) and Level 3 only with LiB
(higher anthropogenic pressure). The level 2 corresponds to the
values found both in LiB and LaB, and thus represents a level of
transition.

All statistical analysis were conducted using the Matlab sta-
tistical software package.
3. Results

For the whole 2002–2013 period, the copepod community was
characterized in both bays by a major contribution of the Oitho-
nidae family, the other families being poorly represented (Fig. 3).
This was especially true for LiB where the Oithonidae remained
the main contributor to total zooplankton abundance through all
seasons with higher values during autumn (87%) and lower ones
during spring (72%). The other families were under-represented in
the total abundance in a steady way through seasons (o3% for the
Paracalanidae, the Oncaeidae and the Centropagidae, and around
8% for the other copepod families), except for the Acartiidae which
showed relative abundance close to those displayed in LaB. In LaB,
the family's contributions to total copepod abundance exhibited
important seasonal variations, particularly for the Oithonidae
which represented between 26% and up to 67% of the copepod
total mean abundance in winter and summer respectively (46% for
spring and autumn). The Paracalanidae, Acartiidae and Oncaeidae
families were well represented during winter (13%, 6% and 10%
respectively), spring (9%, 10% and 5%) and to a lesser extent during
autumn (7%, 6% and 2%). At the exception of spring, the Cen-
tropagidae family was the family the less contributing to the total
copepod abundance (between 0.3% and 1% during winter, summer
and autumn). In general the families, except the Oithonidae and
the Acartidae, had a much higher contribution to the total copepod
abundance in LaB compared to LiB, being between 23% (summer)
and 44% (winter).



Fig. 3. Copepod families' relative abundances in total copepod abundance for LaB (left) and LiB (right) for each season and expressed in percentages.
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The results from the Mann–Whitney U test are summarized in
Table 1. Concerning abundances of copepod families in the two
bays according to season (Table 1a), the Oithonidae exhibited high
differences for all seasons. The Acartiidae abundances also showed
differences between the two bays especially during summer and
fall (p-valueo0.01) and during winter (p-valueo0.05) (not during
spring where p-value40.05). Except for the Paracalanidae during
summer (p-valueo0.05), the abundances of the three other fa-
milies, the Paracalanidae, the Centropagidae and the Oncaeidae,
were not significantly different between the two sites.

Among the 6 indicators considered (5 copepod ratios and Pié-
lou's evenness index), only 4 exhibited high significant differences
between the two bays for at least one season (p-valueo0.01)
(Table 1b). Among them the Oithonidae indicator and the Piélou's
evenness index exhibited differences at a high significant level for
all seasons (p-valueo0.01). The Oncaeidae indicator exhibited
significant differences for winter and the Paracalanidae one for
winter, spring and summer (p-valueo0.01 except during spring
where p-valueo0.05). Estimation of the probability density
function showed a better discrimination between both bays for the
Oncaeidae (ROR covering 15% and 14% of the LaB and LiB dis-
tribution respectively), the Piélou's evenness index (with 7% and
15% of LaB and LiB respectively) and particularly for the Oithonidae
which exhibited none overlap between the two distributions
within the ROR (Fig. 4). The indicators selected for spring were
characterized by a large ROR coverage. The Oithonidae one



Table 1
P-values from the Mann–Whitney U-test for copepods families abundances (a) and for the relative
abundances and indices (b) for each season. Bold value and stars indicate a rejection of the null hy-
pothesis at 5% and 1% (respectively indicated as * and **).

a) Acartiidae Centropagidae Oithonidae Oncaeidae Paracalanidae

Winter 0.01* 0.32 4.64E-10** 0.15 0.66
Spring 0.11 0.40 2E-5** 0.34 0.48
Summer 6.27E-3** 0.57 2.62E-07** 0.33 0.04*
Autumn 6.78E-3** 0.31 9.64E-11** 0.67 0.62
b) Acartiidae Centropagidae Oithonidae Oncaeidae Paracalanidae Pielou's Evenness

Winter 0.41 0.24 4.07E-11** 9E-4** 6E-3** 4.22E-09**
Spring 0.80 0.88 2.66E-07** 0.14 0.03* 3.34E-06**
Summer 0.92 0.63 8.74E-5** 0.20 0.45 6.03E-4**
Autumn 0.28 0.71 3.79E-06** 0.92 7.29E-3** 5.01E-10**

B. Serranito et al. / Continental Shelf Research 121 (2016) 3–128
described the lowest values of ROR coverage (28% and 39% for LaB
and LiB respectively). The two other indicators, the Paracalanidae
one and the Piélou's evenness index, showed a ROR mean cover-
age of 50% of the distribution for LaB, and of 57% and 36%
respectively for LiB. For summer, the two selected indicators also
showed large ROR, with a respective ROR coverage of 41% and 65%
of the distribution for the Oithonidae and of 68% and 50% of the
distribution for the Piélou's evenness index for LaB and LiB. During
autumn, all the indicators selected exhibited a good discrimination
especially for the Oithonidae indicators and the Piélou's evenness
index. Their type II errors were low for all seasons with a per-
centage of overlap less than 16% for each distribution. The Para-
calanidae indicator exhibited a larger overlapping region re-
presenting respectively 21% and 22% of its LaB and LiB distribution.

The threshold ratios for the proposed indicators are presented
in Fig. 5. Two groups of indicators related to these thresholds are
represented: the ones for which the highest level of anthropogenic
pressure (level 3) is represented by the highest values (the Oi-
thonidae indicator) and the ones for which this level is re-
presented by the lowest values (the Oncaeidae and the Para-
calanidae indicators and the Piélou's evenness index). The values
defining the limits of level 2, the transition level, are thus defining
is the system is within level 1 or level 3. For the Oithonidae in-
dicator, the lower values of level 2 ranged between 42.4 and 76.9
(spring and autumn) and the higher ones between 64.3 and 89.3
(winter and summer). For the Oncaeidae indicator in winter, level
2 is bounded between 5.1 and 14.1. For the Paracalanidae indicator,
the lower bounds of level 2 ranged between 1.5 and 2.2 (winter
and spring) and the higher bounds between 3.9 and 12.1 (autumn
and spring). Finally, for the Piélou's evenness index, the lower limit
of level 2 ranged between 0.23 and 0.5 (summer and winter) and
between 0.41 and 0.64 (autumn and spring) for the upper limit.
4. Discussion

4.1. Relevant zooplankton indicators

The copepod composition described in the two Toulon bays,
characterized by a dominance of Oithonidae, and a small repre-
sentation of Calanoids, including Acartiidae and Paracalanidae, is
characteristic of the zooplankton annual composition found in
previous studies in this area (Jamet et al., 2001; Jamet et al., 2005;
Rossi and Jamet, 2009). Investigations on zooplankton community
in relation to anthropogenic pressure, more specifically to pollu-
tion, have been previously run in the Mediterranean (Arfi et al.,
1981; Kršinić et al., 2007; Siokou-Frangou and Papathanassiou,
1991; Uriarte and Villate, 2005). In these studies the focus was
made at the species level, not the family one, and different species
have been shown to present affinity with perturbed systems,
particularly the species Acartia clausi, belonging to the Acartiidae.
The Acartiidae group was not the dominant copepod group in the
present study and did not show any significant difference
according to the degree of anthropogenic pressure. The under-
representation of the Acartiidae might be linked to the fact that a
mesh size net of 90 mm was used while zooplankton is tradition-
ally sampled with a 200 mm mesh size net such as in the studies
mentioned. Use of a smaller mesh-size allowed to reveal the
strong dominance of Oithonidae, more adequately sampled, and to
minimize the presence of the Acartidae. Indeed, the Acartiidae
family did not reveal to be a good indicator since this group was
quantitatively more important in LiB than in Lab (data not shown),
in accordance with a higher total abundance of copepods in LiB,
but its relative abundance in the total copepod was the same be-
tween the two bays. This indicates that the relative abundance of
this group was not influenced by anthropogenic pressure in the
Toulon bay.

The Oithonidae was the zooplankton family discriminating the
most the two bays, its abundance being much higher in LiB than
LaB, as well for its relative abundance on total copepod abundance.
This indicates that the Oithonidae seems to be a family with
higher affinity with anthropized marine systems and as such, is a
potential good indicator of anthropization. While some studies
have linked the presence of some Oithonidae species to a small
degree of pollution (Etilé et al., 2009; Gubanova and Altukhov,
2007; Webber et al., 2005), other studies from the 70s and 80s
from the Marseille area, close to Toulon, have focused on the link
between urban pollution and zooplankton communities differ-
ences, and have shown the higher quantitative presence of
Oithonidae species in relation to a high degree of anthropization
(Arfi and Pagano, 1987; Arfi et al., 1981; Champalbert and Patriti,
1982; Patriti, 1972). This was shown despite the fact that they use
a mesh size of 200 mm, thus clearly demonstrating the importance
of the Oithonidae species at those locations. Higher abundances of
Oithonidae in more anthropized areas have also been put in evi-
dence in a gulf in Greece (where they also conducted a simulta-
neous sampling in two differently polluted areas) and in an Ivory
coast lagoon (Arfi and Pagano, 1987; Moraitou-Apostolopoulou,
1976). In nearly all of these studies, one specific species of Oitho-
nidae was actually associated with a high degree of pollution:
Oithona nana. This species has been defined as an euryoecious
species such as A. clausi. In the Toulon bay, O. nana is the species
which actually largely dominates the Oithonidae family all year
through with its abundance being much higher in LiB than in LaB
(Jamet et al., 2001; Rossi and Jamet, 2009). The present study thus
shows that the Oithonidae relative abundance, and more parti-
cularly the one of the species O. nana, could be used as an indicator
of anthropogenic pollution. Higher amount of O. nana in areas
with a higher anthropized pressure suggest a higher adaptation of
this species that can be partly explained by its feeding behavior. It



Fig. 4. Estimated density probability for each selected indicators for LiB (dashed line) and LaB (full line) distributions and for the seasons of relevance. Vertical dotted lines
represent the thresholds (α¼10%) from both unilateral test and the gray area represents the Reduced Overlapping Region (ROR). type II error related to each distribution is
indicated on the top right of each chart.
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has been indeed reported to be more flexible in its diet compared
to other copepods, thus able to adapt to a wide range of food re-
sources (Lampitt and Gamble, 1982; Moraitou-Apostolopoulou,
1976; Rekik et al., 2012). The shorter life cycle and higher re-
production rate of this small species compared to larger copepods
(Gallienne and Robins, 2001) could also partly explain its higher
success to adapt to new conditions. Better knowledge of the
physiology of this specific species could help to understand its
higher adaptation potential and to which degree it is actually able
to cope with anthropogenic pressures.

Despite their weak contribution to total copepod abundance,
the Paracalanidae and Oncaeidae families showed significant dif-
ferences in their relative abundances between the two bays for
some specific season (during winter for the Oncaeidae and during
winter, spring and autumn for the Paracalanidae). Thus they might
be considered as indicators of anthropogenic pressure but only for
the season specified. Previous pollution impact studies from the
Mediterranean showed really different observations for the Para-
calanidae type: not influenced by the degree of pollution (Mor-
aitou-Apostolopoulou, 1976), moderately tolerant to pollution (Arfi
et al., 1981; Champalbert and Patriti, 1982), associated with the
most polluted areas (Arfi and Pagano, 1987) and inversely asso-
ciated with the less polluted stations (Patriti, 1972). The potential
of this species as an indicator should be then considered with
caution and more studies should investigate its response to
anthropogenic pressure. The Piélou's evenness index seems to be
more reliable as an indicator for the whole year through. It
followed the trend of the dominant families, and thus reflects the
large disparity in the Oithonidae contribution between LaB and
LiB. This shows that this type of index can be used in this specific
case, where a family relative abundance dominates and is relevant
as an indicator. Its use for other cases would require further
testing.

4.2. Operational use of the proposed indicators, limits of applicability
and future development needed

The application of a simple but robust statistical methodology
enabled the characterization of the level of anthropization for the
selected indicators into three categories. It is important to



Fig. 5. Summary of the proposed thresholds to assess the level of anthropogenic pressure for each selected indicator and for the seasons of relevance. Three levels are
defined: level 1 corresponding to LaB distribution (lower anthropogenic pressure), level 2 being the transition state and level 3 corresponding to LiB distribution (higher
anthropogenic pressure). The values in red are the thresholds values defining the different levels.
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highlight that in the frame of investigation for tools allowing to
characterize level limits between different states, many ap-
proaches from other fields have been developed and are fully
operational. The method we used, considering the ROR area, par-
ticularly fitted the study case. It is commonly used for a long time
in the medical field when the results from a disease test need to be
characterized. When these results fall within the overlap dis-
tribution area particularly, being then whether false positive or
false negative, the choice into one of these categories will have
potential important consequences for the later treatment (Car-
penter and Coustan, 1982; McCane et al., 1994). As such, and based
on this robust methodology, a simple visual figure of the total
range of values for each indicator and their correspondence level
(as Fig. 5) for the Toulon bays allows a stakeholder in charge of
marine management to rapidly level the monitored indicators and
to which extent he can use them (particular season, particular
taxon). Since LiB represents an ecosystem more anthropized than
LaB, the goal of a stakeholder should be to maintain its indicators
level as much as possible in level 1 (corresponding to LaB). For the
values already in the LiB state, this will not be possible unless
restoration actions are taken. However, restoration of a system
does not necessarily implies that the system will return to Level
1 type of zooplankton community (Scheffer et al., 2001). Meso-
cosms studies testing pollution pressures on zooplankton com-
munity shifts could be useful to better understand which para-
meters drives these shifts and to which extent they occur. The
values falling within the transition level are the ones which would
actually require the highest attention for environmental manage-
ment. Indeed, when the indicator of concern is falling within this
zone, it indicates that the system (if in LiB) is getting more an-
thropized and potentially turning to level 3. It is thus for this level
that management actions will be potentially the most efficient in
term of “restoration”. Testing management actions by decreasing
the pollution level is the best way to assess in which way the
systemwill change according to zooplankton composition, and if it
will return to level 1. A further step needed that would improve
the use of these indicators is to characterize the anthropogenic
pressures of the bays. Knowledge about which specific main pol-
lutants and their related amounts actually correspond to the dif-
ferent levels of anthropogenic pressure presented here will allow
to know where management actions needs to be taken. It will also
render the indicators potentially more usable in other areas, since
the level of anthropization could be then compared.

We acknowledge that the selected indicators have to be con-
sidered first as local ones, being created for the potential man-
agement of the Toulon bay, and might not be applicable to other
areas. The zooplankton composition in the Toulon Bay is indeed
different from the one described in other eutrophic coastal sites of
the Mediterranean (Arfi et al., 1981; Mazzocchi and d'Alcalà, 1995;
Siokou-Frangou and Papathanassiou, 1991) and from the generally
zooplankton dominance in other seas (Osore et al., 2003; Uriarte
and Villate, 2005). However, most zooplankton studies based their
sampling on the use of the common 200 mm mesh size net
(Raybaud et al., 2011; Sameoto et al., 2000) which is known to
significantly under-sample the families showing the highest
interest in our study, the Oithonidae and the Oncaeidae to a less
extent (Gallienne and Robins, 2001). This can explain why the
Oithonidae did not appear as important as in the present study for
those investigations. Despite this under-representation, many of
these studies from the Mediterranean found a link between a high
level of anthropization and a high abundance of Oithonidae as
mentioned previously. In Arfi and Pagano (1987) they character-
ized the zooplankton communities' shift due to anthropization in
an urban area under marine influence from marine to lagoonal
state, the latest state being particularly characterized by the
Oithonidae presence. A higher level of anthropization even leaded
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to a community shift toward the dominance of smaller organisms
such as rotifers. This shows that higher anthropization pressure
can even lead to more drastic changes in the zooplankton com-
position which can have large impacts on the trophic structure of
the system but also on the carbon and nutrient fluxes and
recycling processes. Similarities with other areas in the Medi-
terranean but also with the study from the Ivory Coast indicates
that the Oithonidae indicator would be more applicable to other
anthropized coastal marine areas than first though. One limit of
application of these indicators comes from the use of different
mesh size sampling nets, but a conversion factor could be even-
tually used. It also shows that for really coastal anthropized sites of
the Mediterranean, a mesh size net of 90 mm should be rather used
than the common 200 mm one in the frame of the good environ-
mental state monitoring for the MSFD. The fact that the indicators
are based on relative abundances rather than abundances of
zooplankton is also an important point to consider since really
high disparity in abundances exist from one site to another (Ber-
line et al., 2012). A last important issue raised by this study is the
level of taxonomy to be considered for zooplankton indicators.
Indeed, the goal was to group at a higher level than the species
one for a larger applicability of the indicators, and the families
being chosen were representative of the north western Medi-
terranean ecosystem (Razouls et al., 2005–2015). However, the
indicator great potential based on one family which is dominated
by one specific species challenges this choice. The level to be
considered should perhaps rather be the species than the family
one. Further investigations taking into consideration both the fa-
milies of interest and the species level should be run for coastal
areas in relation to different anthropogenic pressure level testing.
It is really important to make advancement in this field since
zooplankton indicators need to be rapidly defined for the MSFD
and its monitoring program, which is already building, and so is
the definition of the level of taxonomy to follow.
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