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a b s t r a c t

The pressure exerted by human activities on living systems has become so intense that it is inspiring the
inception of a global network of monitoring of the biosphere and the use of robust statistical procedures
to detect potential changes. Here, we propose a new multivariate non-parametric procedure, based on the
Mahalanobis generalised distance and a simplification of the multiple response permutation procedure to
identify rapidly changes in any natural systems. The procedure can be virtually coupled on all monitoring
programmes and is not influenced by missing data, a common feature found in many ecological databases.
onitoring
OMLIT
limate change
nthropogenic nutrient enrichment

In France, physical, chemical and biological variability of coastal waters have been monitored since 1997
by the SOMLIT Network. Applied to this data set, this technique enabled a first quantification of the
impacts of human disturbance through changes in the concentration of nutrients. Our results revealed
how climate may interact with anthropogenic pressure to alter coastal marine systems and suggest a
synergism between nutrient enrichment, human activities and local climatic conditions. Indeed some
effects of climate (e.g. insolation duration – increase in duration of daylight) may attenuate the fertility

some
of coastal systems, while

. Introduction

Human impacts occur on a variety of temporal and spatial scales
Dobson et al., 1997), but in more recent time, particularly dur-
ng the last century, anthropogenic activities have exerted huge
ressures on living systems, causing alterations in the structure
nd functioning of all types of systems (Halpern et al., 2008). Con-
urrently, many studies have shown that climate variability could
trongly affect both marine and terrestrial (agricultural) systems
Attrill and Power, 2002; Donner and Kucharik, 2003; Ghil, 2002;
arry et al., 2007). This influence has been well-documented for
oastal systems of Western Europe where concomitant changes in
he state of the coastal environment and both regional climate and
Please cite this article in press as: Goberville, E., et al., Evaluation of
changes in the reference state of coastal systems. Ecol. Indicat. (2011)

arge-scale hydro-climatic indices such as the Atlantic Multidecadal
scillation (“AMO”) or the North Atlantic Oscillation (“NAO”) have
een observed (Goberville et al., 2010). Current global warming
epresents a further pressure, which could exacerbate the human

∗ Corresponding author at: Laboratoire d’Océanologie et de Géosciences, UMR
NRS 8187 (LOG), Station Marine de Wimereux, 28 avenue Foch, 62930 Wimereux,
rance.

E-mail address: e.goberville@epoc.u-bordeaux1.fr (E. Goberville).

470-160X/$ – see front matter © 2011 Published by Elsevier Ltd.
oi:10.1016/j.ecolind.2011.02.002
others (e.g. precipitation) amplify the human signals.
© 2011 Published by Elsevier Ltd.

fingerprint on both marine and terrestrial systems (Alley et al.,
2003).

About 50% of the population lives within 60 km of the shore-
line (Kremer et al., 2004). Coastal systems are being impacted by
fragmentation or destruction of habitat (Sherman and Duda, 1999;
Cloern, 2001), invasion of exotic species (Steneck, 1998; Edwards
et al., 2001) and overexploitation of marine resources (e.g. Pauly
et al., 1998; Pauly, 2003), resulting in major alterations of marine
ecosystems (Omori et al., 1994; Frank et al., 2005). Transfer of pol-
lutants from continents provides 80% of all marine pollution and
contamination (e.g. Norse, 1993; Kremer et al., 2004). Human activ-
ities (e.g. agriculture, sewage and urban development) contribute
to alter nutrient concentrations resulting in dramatic disruptions
of coastal and estuarine systems (Cloern, 2001; Selman et al., 2008).
An increase in nutrients (i.e. over-fertilisation) can have profound
effects on the biological productivity and the health of ecosystems
(North Sea Task Force, 1993; Cloern, 2001) and lead to toxic or
harmful algal blooms (Anderson et al., 2002), anoxia or hypoxia
coastal perturbations: A new mathematical procedure to detect
, doi:10.1016/j.ecolind.2011.02.002

(Diaz, 2001) and shifts in species dominance (e.g. an increase in
non-siliceous species as a result of a raise in nitrate, ammonium
and/or phosphate, Richardson et al., 1997).

The worldwide accumulation of evidence of the alteration of
marine systems has led policymakers (e.g. National Research Coun-

dx.doi.org/10.1016/j.ecolind.2011.02.002
dx.doi.org/10.1016/j.ecolind.2011.02.002
http://www.sciencedirect.com/science/journal/1470160X
http://www.elsevier.com/locate/ecolind
mailto:e.goberville@epoc.u-bordeaux1.fr
dx.doi.org/10.1016/j.ecolind.2011.02.002
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il) and scientists (e.g. Institut National des Sciences de l’Univers)
o encourage the implementation of monitoring projects. For
xample, French marine coastal ecosystems have been monitored
ince 1997 by a programme called SOMLIT (“Service d’Observation
n Milieu LITtoral”). This network of observations has gathered
ogether a database of physical, chemical and biological parame-
ers at 12 sites around France on a bi-monthly basis since 1997
i.e. 12 years of sampling in 2008). However, while data are accu-

ulating, classical mathematical procedures as moving averages,
umulative sums or standardised principal component analyses
PCA) generally fail to detect and quantify rapid modifications in
cosystem state. These procedures mainly allow the detection of
ong-term changes in these systems. For example, long time series

ere required to apply PCA in order to isolate the most important
odes of variability in the dataset (Hare and Mantua, 2000) and

o identify abrupt changes in patterns of variability. This limita-
ion explain why abrupt shifts observed in several large marine
cosystems have been detected at least 10 years after they had
ctually occurred (e.g. the recognition of the regime shifts in 1977
nd 1989 in the North Pacific Ocean by Hare and Mantua (2000);
he detection of a regime shift in the North Sea circa 1988 by
eid et al. (2001)). A current challenge is to be able to detect
apidly major shifts in the state of coastal systems because of their
iological, social and economical consequences (Beaugrand et al.,
008).

Both the management and conservation of coastal systems
equire a substantial knowledge on their current dynamic equi-
ibrium (Kremer et al., 2004). However, one of the main problems
cientists face when monitoring a living system is the absence
f a reference state against which fluctuations can be detected.
his limitation makes it difficult to determine the extent to which
arine systems are being impacted by human activities or natural

nvironmental fluctuations. This restriction does not exist in sta-
istical quality control because the engineer uses a training set to
ave an idea on the natural variability of the process under control
Montgomery, 1991).

Establishing a reference state, i.e. quantifying the actual state of
n ecosystem and its natural variability, is a prerequisite to better
dentify potential effects of disturbances (Binet, 1997). The con-
ept of reference state is increasingly used in ecology to describe
he “standard” against which the current state of a system can be
ompared (Zonneveld, 1983; Dziock et al., 2006). Therefore, it is
rucial to account for the natural variability of the system based on
1) the spectrum of natural variability in terms of structure, com-
osition and ecosystem function (Kaufmann et al., 1994; Swanson
t al., 1994; Kaufmann, 1998; Moore et al., 1999), (2) a reference
gainst which to assess changes in ecosystem, and (3) a criterion
o estimate the achievement of management and/or restoration
lans (Christensen et al., 1996). Because of the multiple significance
f the notion of “reference state”, the concept is highly debated:
ituation of the system at a given period, the best current condi-
ions, conditions in the absence of human disturbance or alteration
i.e. a pristine, unpolluted, or anthropogenically undisturbed state;
ughes, 1995, Davies and Jackson, 2006). For these multiple rea-

ons, reference states are considered as “relative” because they
epend on both conditions determined for their design and the
patial and temporal scales considered as well as the monitored
arameters. In order to deal with this conundrum, we chose to use
he term of “relative reference state” in our study.

Here, we use data from SOMLIT to present a new numerical
rocedure that enables (1) the identification of a relative refer-
Please cite this article in press as: Goberville, E., et al., Evaluation of
changes in the reference state of coastal systems. Ecol. Indicat. (2011)

nce state against which changes in marine coastal systems can be
nstantaneously detected and (2) the quantification of the anthro-
ogenic nutrient enrichment in nitrates and phosphates on coastal
ystems. Our study reveals how climate may interact with anthro-
ogenic pressures to alter coastal marine systems.
 PRESS
icators xxx (2011) xxx–xxx

2. Materials and methods

2.1. Data

2.1.1. Environmental data
Our analysis on coastal marine systems was based on data col-

lected by the French sampling programme SOMLIT, which has
coordinated activities of marine laboratories along the French
coasts since 1997. Seven marine stations are currently monitored
under this programme, at 12 sampling sites representing all seas
surrounding France such as the English Channel, the Atlantic Ocean
and the Mediterranean Sea marine stations. Coastal systems stud-
ied by this project have distinctive hydro-climatic characteristics
ranging from the weak-tidal Mediterranean Sea (e.g. Marseille)
to the mega-tidal English Channel (e.g. Wimereux) (Fig. 1). More
details on the monitoring programme can be found in Goberville
et al. (2010). In this study, we focussed on three parameters, tem-
perature, nitrate and phosphate concentrations, collected from
1997 onwards on a bi-monthly basis (i.e. twice a month) in the
twelve sites along the French coast (Fig. 1).

We used the large-scale data set of the World Ocean Atlas 2005
(WOA05) (Locarnini et al., 2006) to create a reference matrix of
temperature, nitrate and phosphate concentrations against which
SOMLIT data were tested. Monthly surface climatology data of these
three parameters were organized on a virtual grid of 1◦ longitude
and 1◦ latitude for the whole Northern Hemisphere (Antonov et al.,
2006; Garcia et al., 2006a; Garcia et al., 2006b).

To evaluate the impact of river discharge on coastal marine sys-
tems, data on monthly mean river discharge were used. These data
originated from the project HYDRO (Ministère de l’Ecologie et du
Développement Durable; http://www.hydro.eaufrance.fr/).

2.1.2. Climatological data
Data on insolation duration, provided by Meteo-France

(http://france.meteofrance.com), were also used to examine the
potential influence of local environmental conditions, resulting
from climate variability on a larger scale, on the level of nutrients
regulated by primary production. Insolation duration and river dis-
charge were normalised so that their interval of variation ranged
between 0 and 1 and the difference between insolation dura-
tion and river discharge was then calculated. To our knowledge,
while studies about the impact of insolation duration or/and river
discharge existed, both influences had never been directly inter-
connected within an index. The advantage of the index was related
to its design that was very intuitive. The index described easily
and rapidly the hydro-climatological context that influenced the
system. A negative value therefore indicated that river discharge
was higher than insolation duration, and a positive value reflected
the opposite. Negative values, prevalence of wettest periods, are
expected to increase nitrate and phosphate loadings from terres-
trial runoff to coastal waters while positive values, exhibiting driest
and sunniest periods, tend to decrease nutrient concentrations.
We used exclusively these local hydro-climatological parameters
because of their potential and more direct influence on the state of
coastal systems in comparison to other indices of large-scale vari-
ability such as the NAO. The influence of large-scale hydroclimatic
variability (e.g. NAO, AMO) or direct spatial and temporal fluctu-
ations in climate (sea level pressure, precipitation, atmospheric
circulation and temperature) were recently quantified on French
coastal systems (Goberville et al., 2010).
coastal perturbations: A new mathematical procedure to detect
, doi:10.1016/j.ecolind.2011.02.002

2.2. Rationale and description of the new numerical procedure

2.2.1. Step 1: identification of a relative reference state
In our study, we were interested in monitoring the state

of the French coastal systems based on the concentration of

dx.doi.org/10.1016/j.ecolind.2011.02.002
http://www.hydro.eaufrance.fr/
http://france.meteofrance.com/
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Fig. 1. Locati

itrate, phosphate and temperature. Taken together, both nitrate
nd phosphate are indicative of anthropogenic activities (Cloern,
001; Selman et al., 2008). We could not use the annual ratio
itrate:phosphate = 16 as a reference (Redfield, 1934) because this
atio varies strongly in space and time (Justic et al., 1995).

For a given month, each geographical cell of 1◦ longitude × 1◦

atitude for the World Ocean Database 2005 data (matrix Xn,p; n
bservations and p variables) was tested against all SOMLIT sam-
lings (matrix Ym,p; m observations and p variables). The number
f variables p was equal to 3 (sea-surface temperature, nitrate and
hosphate concentrations). To calculate the distance between each
eographic cell and each group of observations (SOMLIT site for a
iven month), Zn+1,p was created for each observation of the matrix
m,p (SOMLIT; m observations and p variables) to be tested against
n,p (each geographical cell of the World Ocean Database 2005
ata; n observations and p variables). For the first observation, the
ollowing matrix was constructed:

n+1,p =

⎡
⎢⎢⎣

y1,1 y1,2 y1,3
x1, 1 x1, 2 x1, 3

. . .

. . .
xn, 1 xn, 2 xn, 3

⎤
⎥⎥⎦ (1)

With xi,j, the observations in matrix X and yi,j, an observation of
atrix Y. The building of matrix Z is repeated m times, correspond-

ng to the m observations of Y.
We used the Mahalanobis generalised distance (Mahalanobis,

936) because it has the advantage to be independent of the scales
Please cite this article in press as: Goberville, E., et al., Evaluation of
changes in the reference state of coastal systems. Ecol. Indicat. (2011)

f the descriptors but also to take into consideration the covariance
or the correlation) among descriptors (Ibañez, 1981). To calculate
he Mahalanobis generalised distance between each observation of
he environment yi (1 ≤ i ≤ m) and all observations of the reference

atrix xj (1 ≤ j ≤ n), we used a particular form of the generalised
OMLIT sites.

distance, giving the distance between any observation and the cen-
troid of a unique group (Ibañez, 1981):

D2
z1,zn,p = k′R−1k (2)

With Rp,p the correlation matrix of the table Zn,p, k1,p is the vector
of the differences (of length p) between the average value of the p
variables in table Zn,p and the values of the p variables of the site
(or geographical cells) to be compared. Then, the average observed
distance ε0 is calculated as follows:

ε0 =
∑n

1=1Di

n
(3)

With n, the total number of Mahalanobis generalised distances,
equal to the number of observations in the training set X
(Beaugrand et al., 2011).

Probability of the generalised Mahalanobis distance was then
estimated using a simplified version of the multiple response per-
mutation procedure (MRPP; Mielke et al., 1981) recently adapted
to compare a single site to a group (Beaugrand and Helaouët, 2008).
The mean Mahalanobis generalised distance is tested by replacing
each observation of X by y in Z from row 2 to n + 1. The number
of maximum permutations is equal to n. After each permutation,
the mean Mahalanobis generalised distance εs is recalculated, with
1 ≤ s ≤ n. A probability (called ‘proM’ latter in the text) can be
assessed by looking at the number of times a simulated mean Maha-
lanobis generalised distance is found to be superior or equal to
the observed mean Mahalanobis generalised distance between the
observation and the reference matrix X (Beaugrand et al., 2011).
coastal perturbations: A new mathematical procedure to detect
, doi:10.1016/j.ecolind.2011.02.002

proM = qεs ≥ ε0

n
(4)

where the probability proM is the number of times the simu-
lated mean Mahalanobis generalised distance was found superior

dx.doi.org/10.1016/j.ecolind.2011.02.002
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r equal to the observed mean distance. When proM = 1, the obser-
ation statistically belongs to the centroïd of the relative reference
tate. When proM = 0, the observation has conditions in sea surface
emperature, nitrate and phosphate concentrations outside the rel-
tive reference state. Applying the procedure to each observation
f Ym,p leads to a matrix Pm,1 of probability.

We kept the geographical cells of the World Ocean Database
hen the probability proM was superior or equal to 0.1. This

ndicates that all World Ocean Database chosen cells were not
ignificantly different from the SOMLIT site for a given month.
ccording to Beaugrand et al. (2011), the resolution R of the prob-
bility of each observation to belong to the relative reference state
as defined as:

= 1
m

(5)

ith m the number of observations in Y. In our study, for each site
nd a given month, m = 12 years (monitored period from 1997 to
008) and the limit resolution was R = 0.083. As R was determined
o 0.1, we were above the resolution limit.

The procedure was repeated for all SOMLIT sites (12) and all
onths (12), giving a total of 144 reference matrices (Table 1). We

herefore stress that the reference state should be seen as a relative
eference state against which the equilibrium of the system can be
valuated.

.2.2. Step 2: representation of the relative reference state
The position of the relative reference state was calculated for

ach station and each month in an Euclidian space of two dimen-
ions, the first dimension being represented by the phosphate
oncentration and the second dimension being represented by the
itrate concentration. Probabilities were calculated using the gen-
ralised Mahalanobis distance tested by the simplified MRPP on
ach reference matrix (i.e. World Ocean Database geographical cells
ept when proM ≥ to 0.1) obtained from the previous step 1. The
osition of the relative reference state was indicated in this space
y high probabilities.

.2.3. Step 3: representation of the probability of each year for a
iven site and month

To determine the position of coastal marine systems on the grid
f probability, the procedure described in step 1 was repeated. The
robability of each year of the period 1997–2008 was calculated for
given month and site by calculating the generalised Mahalanobis
istance and its probability. These probabilities were then super-

mposed on the Euclidian space for the given month and site. The
istance between a given year and the centre of high probabilities
as directly given by the probability of the year (see Fig. 2a and b).

.3. Synthesis of the results

The probabilities were calculated for each site at both monthly
nd year-to-year scales. Firstly, for each site, probabilities were
epresented on contour diagrams where years were plotted as a
unction of months (Fig. 3a–i). Then, probabilities were represented
n a contour diagram where sites were plotted as a function of
onths (Fig. 4a) or years (Fig. 4b). Sites were sorted by applying a

rincipal component analysis (PCA) on two tables: (1) 9 sites × 12
onths and (2) 9 sites × 12 years. The sorting was used to facilitate

he reading of the contour diagram.
Another type of synthesis of the results was undertaken using
Please cite this article in press as: Goberville, E., et al., Evaluation of coastal perturbations: A new mathematical procedure to detect
changes in the reference state of coastal systems. Ecol. Indicat. (2011), doi:10.1016/j.ecolind.2011.02.002

oxplots representing the median, the first and third quartiles and
he range (i.e. minimum and maximum; see Table 3) of probabil-
ties for each site (Tukey, 1977). This analysis was performed to
ummarise the influence of anthropogenic nutrient enrichment for
ach site (Fig. 4c). Ta
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Fig. 2. Representation of the relative reference states and probability that an observation belongs to the relative reference states of each year for a given month from
January (Jan.) to December (Dec.): example of Brest. The position of the reference states was calculated in an Euclidian space of two dimensions, the first dimension (x) being
represented by the phosphate concentration and the second dimension (y) being represented by the nitrate concentration. Probability that an observation belongs to the
relative reference states of each year (from 1997 to 2008) was calculated and superimposed on the Euclidian space for the given month. The distance between a given year
and the centroïd of high probabilities was directly given by the probability of the year. The yellow line represents the Redfield ratio (N:P = 16) (For interpretation of references
to color, in this figure legend, the reader the referred to the web version of this article.).

dx.doi.org/10.1016/j.ecolind.2011.02.002
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ig. 3. Year-to-year changes in the influence of the anthropogenic nutrient enrichm
he Gironde estuary). Contour diagrams show the monthly changes in the probabil
ere ordered from north to south. (a) Wimereux (offshore); (b) Wimereux (inshore)

h) Marseille; (i) Banyuls. The level of grey is related to the probability of an observ

.4. Influence of climate on the state of coastal systems: example
f Brest and Marseille

To evaluate the potential influence of climate on the year-to-
ear changes in the state of French coastal systems, we focused on
he two sites Brest and Marseille. These sites were chosen for their
istinct hydrodynamic features and freshwater loading (Goberville
t al., 2010). Year-to-year fluctuations in the probability of the two
ites were examined for the period 1997–2008. A simple order-

moving average was used to remove the effect of seasonality
Legendre and Legendre, 1998).

Correlation analyses were performed between the probabilities
nd the difference between normalised insolation duration and
ormalised river discharge (see Data). Probabilities were calcu-

ated after accounting for temporal autocorrelation by adjusting the
egrees of freedom using the modified Box-Jenkins autocorrelation
unction (Chelton, 1984; Box and Jenkins, 1976). Cross-correlation
nalyses were also performed to search for any potential lags. To
ssess the probability of the cross-correlogram, we adjusted the
egrees of freedom of each lag, accounting for temporal autocorre-

ation.

. Results
Please cite this article in press as: Goberville, E., et al., Evaluation of
changes in the reference state of coastal systems. Ecol. Indicat. (2011)

.1. Identification of relative reference state: example of Brest

In Brest, our new procedure identified the relative reference
tate (i.e. probability > 0.05) inferred from nitrate and phosphate
ith respect to nitrate and phosphate concentrations in each SOMLIT site (except for
t an observation belongs to the relative reference state as a function of years. Sites
oscoff Astan; (d) Roscoff Estacade; (e) Brest; (f) Arcachon; (g) Villefranche-sur-Mer;
to belong to the relative reference state.

concentrations particularly close to the Redfield ratio in winter but
slightly below the ratio for other months of the year (Fig. 2). We
recall here that the probability is a measure of the distance between
the observation and the centroïd of the relative reference state.
While the relative reference state expanded in winter, it strongly
contracted in summer. Years, reported on the scatter plots (Fig. 2),
were far from the relative reference state during winter months.
Years were closer to the relative reference state in spring and most
years but 2007 belonged to the relative reference state in sum-
mer. In autumn, some years started to differ significantly to the
relative reference state (e.g. 1998–2000, 2002, 2004 in November;
Fig. 3e). Results suggested that nutrient (nitrate and phosphate)
concentrations were closer to the relative reference state for recent
observations.

3.2. General analysis

The probability of each observation belonging to the relative
reference state was therefore calculated for all sites, months and
years (Figs. 3 and 4). Overall on a monthly basis, the probability of
an observation belonging to the relative reference state was low
in winter and early spring for all Atlantic sites and Villefranche-
sur-Mer (Figs. 3 and 4a). The highest probabilities were reached
coastal perturbations: A new mathematical procedure to detect
, doi:10.1016/j.ecolind.2011.02.002

for these sites in summer and the beginning of autumn. In Mar-
seille and Banyuls, probabilities remained high for all months of the
year.

On a year-to-year basis, probabilities of each observation to
belong to the relative reference state increased through time for

dx.doi.org/10.1016/j.ecolind.2011.02.002
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Fig. 4. Synthesis of the influence of anthropogenic nutrient enrichment with respect
to nitrate and phosphate concentrations in each SOMLIT site. (a) Contour diagram
showing the spatial changes in the probability that an observation belongs to the
relative reference states as function of months. (b) Contour diagram showing the
spatial changes in the probability that an observation belongs to the relative refer-
ence states as function of years. (c) Quantification of the influence of anthropogenic
nutrient enrichment using a boxplot diagram. Sites were ordered from north to south
and estuarine sites positioned following along the abscissa. Wim-off: Wimereux
(offshore); Wim-ins: Wimereux (inshore); Astan: Roscoff Astan; Estacade: Roscoff
Estacade; Brest; Arcachon; Ville/Mer: Villefranche-sur-Mer; Marseille; Banyuls;
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Fig. 5. Year-to-year changes in the probability that an observation belongs to the
relative reference states in relation to local hydro-climatological conditions (differ-
ence between normalised insolation duration and normalised river discharge). (a)
Year-to-year changes in the probability that an observation belongs to the relative
reference states in Brest. (b) Year-to-year changes in the probability that an obser-
own-Est: Gironde downstream PK86; Mid-Est: Gironde mid-estuary PK52; Up-Est:
ironde upstream PK30.

ll sites during the period 1997–2008 (Figs. 3 and 4b). Two periods
f high probability occurred in 2001 and 2005–2006. This positive
rend was however not observed in Banyuls and Villefranche-sur-

er.
Using a boxplot diagram, we quantified the influence of anthro-

ogenic nutrient enrichment with respect to nitrate and phosphate
oncentrations for each SOMLIT site (Fig. 4c). The sites that have
he highest probabilities of belonging to the relative reference
tate were Marseille followed by Wimereux and to a lesser extent
illefranche-sur-Mer and Banyuls. Sites that were characterised
y the lowest probabilities were sites of the Gironde estuary,
Please cite this article in press as: Goberville, E., et al., Evaluation of
changes in the reference state of coastal systems. Ecol. Indicat. (2011)

ollowed by sites of the Celtic Sea and to a lesser extent Arca-
hon. The null values observed at the Gironde estuary can be
xplained by the fact that observations from the three monitored
ites were always significantly different from the relative reference
tates.
vation belongs to the relative reference states in Marseille. Individual bars represent
year-to-year changes in the value of the local hydroclimatological index (between
−1 and 1, difference between normalised insolation duration and normalised river
discharge; see methods).

3.3. Influence of climate on the state of coastal systems: example
of Brest and Marseille

The year-to-year changes in the probability in relation to local
hydro-climatological factors (here, normalised insolation duration
and normalised river discharge) were studied in the two contrast-
ing sites: Brest and Marseille. The two systems differed by their
nitrate and phosphate concentrations (Fig. 2 versus supplementary
Fig. 1), Brest (e.g. mean nitrate concentration = 23.7 �mol l−1, phos-
phate concentration = 0.43 �mol l−1 in January and a Redfield ratio
nitrate:phosphate = 55; see Table 2) being richer in nutrient than
Marseille (e.g. mean nitrate concentration = 1.6 �mol l−1, phos-
phate concentration = 0.20 �mol l−1 in January and a Redfield ratio
nitrate:phosphate = 8; see Table 2).

The examination of year-to-year changes in the probability that
the site belongs to the relative reference state in Brest revealed the
presence of three periods: 1998–2000 characterised by lower prob-
ability; 2002–2006 identified by higher probabilities; 2007–2008
distinguished by lower probabilities remaining in general higher
than probabilities observed during the first period (Fig. 5a). Correla-
tion analyses were calculated to test whether year-to-year changes
in the probabilities in Brest were related to the influence in local
hydro-climatological conditions (i.e. the difference between nor-
malised insolation and normalised river discharge). There was a
positive and significant relationship between probabilities and this
hydro-climatological index (r = 0.732, p = 0.01; probability after cor-
coastal perturbations: A new mathematical procedure to detect
, doi:10.1016/j.ecolind.2011.02.002

recting for autocorrelation).
The examination of year-to-year changes in probabilities in

Marseille revealed a continued increase in the probability up to
2006 followed by a reduction to the present (Fig. 5b). Correlation
between year-to-year changes in the probabilities and the differ-

dx.doi.org/10.1016/j.ecolind.2011.02.002
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Table 2
Mean nitrate and phosphate concentrations (in �mol l−1) and Redfield ratio for the period 1997–2008 for each month and both Brest and Marseille sampling sites.

January February March April May June July August September October November December

Brest Mean nitrate concentration
(in fimol 1−1)

23.65 22.11 18.71 10.98 4.93 1.81 0.83 0.51 0.94 3.29 10.06 16.89

Mean phosphate
concentration (in fimol 1−1)

0.43 0.40 0.27 0.14 0.06 0.05 0.06 0.09 0.17 0.29 0.35 0.41

Redfield ratio 54.49 55.90 70.50 77.65 89.11 37.05 14.56 5.59 5.42 11.44 28.83 41.65
Mean nitrate concentration
(in fimol 1−1)

1.47 1.56 1.56 0.99 0.59 0.33 0.45 0.61 0.61 0.70 0.68 0.85
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Marseille Mean phosphate
concentration (in fimol 1−1)

0.26 0.24 0.28 0.36

Redfield ratio 5.55 6.42 5.64 2.78

nce between normalised insolation duration and normalised river
ischarge was low and not significant (r = 0.271, p = 0.33; probabil-

ty corrected for autocorrelation).
Cross-correlation analyses were also applied between year-

o-year changes of the probabilities and the difference between
ormalised insolation duration and normalised river discharge for
he two studied cases with a moving window of 12 months. Exam-
nation of the two cross-correlograms (not shown here) indicated
hat no lag existed between the year-to-year changes in probabili-
ies and the influence in local hydro-climatological conditions.

. Discussion

Both the last and current century have been periods of rapid and
ronounced environmental changes (Omori et al., 1994). The recent
wareness that the oceanic biodiversity is vulnerable to human
hreats such as exploitation, eutrophication, habitat destruction,
ollution and species introduction (Halpern et al., 2008) has rein-
orced to the development of ecological monitoring. As a result,
lobal monitoring has become part of many long-term scien-
ific strategies (Pereira and Cooper, 2006). Long-term monitoring
nables us to establish a baseline against which perturbations
an be better identified (Southward, 1995). However, what is less
bvious in the literature devoted to this subject is the equally
mportant issue on developing new numerical procedures, adapted
o the specificity of sampling of the marine biosphere. The major-
ty of monitoring programmes (such as SOMLIT), suffers from
ack of background and the presence in the time series of many

issing data that prevent the use of conventional time series
nalyses (Goberville et al., 2010). Indeed, few marine monitoring
rogrammes exist with a full coverage in space and time, except the
alifornia Cooperative Oceanic Fisheries and Investigations (Cal-
OFI) (Chelton et al., 1982) and Continuous Plankton Recorder
CPR) (Reid et al., 2003).

Some methods have been designed for evaluating the status
f coastal waters focusing on different issues such as impacts
n human health and/or ecosystem function (Borja and Dauer,
008). Nevertheless, past efforts to identify changes in marine
oastal systems used either coarse categorical or perhaps too spe-
ific numerical tools (Vander Schaaf et al., 2006; Ban and Alder,
008; Halpern et al., 2008). Furthermore, few classical statistical
echniques are able to identify and detect abrupt or progressive

odifications in nutrient concentrations. While most of the algo-
ithms cannot cope with missing values and associated biases
e.g. weighted or simple moving average, moving median, prin-
ipal component analysis), our technique is insensitive to missing
ata and is not influenced by the temporal autocorrelation. The
Please cite this article in press as: Goberville, E., et al., Evaluation of
changes in the reference state of coastal systems. Ecol. Indicat. (2011)

echnique uses a relative reference state determined empirically
r alternatively fixed by expert knowledge, against which each
bservation is then tested. There is no limitation on the number
f variables although a too high number may increase the risk of
ulticollinearity when the Mahalanobis distance is calculated.
0.10 0.23 0.23 0.11 0.10 0.10 0.13 0.11

6.07 1.41 1.98 5.69 6.14 7.13 5.40 7.62

We show how the new numerical procedure can be imple-
mented on a regular basis with a data set (here SOMLIT) to provide
a rapid evaluation of the state of the system. This technique can
easily be transposed to any data sets or parameters be it marine
or terrestrial. Here, the structured framework provides a way of
quantifying the changes in human-induced nutrient enrichment of
French coast. The new numerical procedure presented in our study
suggests that coastal systems of West Europe located between 42◦N
and 51◦N of latitude have been altered by nutrient enrichment
during the period 1997–2008 and that this perturbation has been
modulated by climatic variability. Cloern (2001) stressed that one
prominent mode of disturbance has resulted from human activities
that mobilise the nutrient elements through land clearing, produc-
tion and applications of fertilizer (e.g. Nixon, 1995). As a result of
these activities, the mobilisation of nitrates and phosphates has
accelerated in coastal waters and nutrient enrichment of coastal
ecosystems has become a serious environmental issue (Selman
et al., 2008).

Two potential caveats must be considered before interpreting
our results. Firstly, the reference state was too conservative because
they were directly based on ocean concentration of nitrate and
phosphate and therefore did not incorporate the natural differ-
ence in the biogeochemical cycling of nitrate and phosphate in
fresh and marine waters despite selecting offshore regions with
the same thermal regime than studied SOMLIT sites. We there-
fore repeat that the reference state should be seen as a relative
reference state against which the dynamic regime of the system
can be evaluated. Secondly, in agreement with recent studies (e.g.
Cloern, 2001; Billen and Garnier, 2007; Ludwig et al., 2009), we
chose to only focus on both nitrate and phosphate concentrations
to examine the current states of coastal systems, putting forward
the alteration of some biogeochemical cycles in West Europe dur-
ing the period 1997–2008. Despite these possible caveats, a reliable
anthropogenic disturbance on coastal marine systems of West
Europe was detected and results suggest that in some areas (e.g.
Brest), the anthropogenic influence acts synergistically with cli-
matic variability.

In spite of the pronounced spatial and temporal heterogene-
ity in the probability (Figs. 3 and 4), our technique revealed that
all areas monitored by SOMLIT were affected to some extent by
nutrient enrichment. Understanding the intensity in which each
site was affected can aid in prioritisation of the management for
specific locations (Halpern et al., 2007). Our technique provides
a way to quantify the respective influence of human activities on
coastal systems. It is also evident from our results that while win-
ter is a period of increase in nutrient concentrations due to higher
river runoff and decrease in primary production, summer is char-
coastal perturbations: A new mathematical procedure to detect
, doi:10.1016/j.ecolind.2011.02.002

acterised by a minor nutrient enrichment caused by the reduction
in precipitation and the action of photosynthetic organisms in both
the terrestrial and marine realms. Since the twelve monitored sites
have specific hydrographic characteristics (Goberville et al., 2010)
the range of the values of the coastal nutrient enrichment (and

dx.doi.org/10.1016/j.ecolind.2011.02.002
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he associated anthropogenic forcing) could therefore be largely
ttributed to the local peculiarities of a given coastal zone (i.e.
articular morphology, hydrology and meteorology; Billen et al.,
991; Billen and Garnier, 2007; Halpern et al., 2007). Sites with

ower coastal nutrient enrichment were more characteristic of olig-
trophic conditions (except for Wimereux) as illustrated by the
tudy site Marseille (Lefèvre et al., 1997). Conversely, Brest, the
ost disturbed site, showed emergence of eutrophic conditions

elated to nutrient enrichment more pronounced from autumn to
inter (Le Pape et al., 1996).

Even if the range of variability in both nitrate and phos-
hate concentrations was the same through time, the highest
alues of nitrate reported on the scatter plots were further from
he relative reference state than those of phosphate (Fig. 2).
he large difference observed in the probability between Brest
lower probability) and Wimereux (higher probability) can be
xplained by the three-fold increase in nitrate concentration mea-
ured from the site of the Celtic Sea to the Channel during winter
Ragueneau et al., 1996). This large difference is mainly related
o the high seasonal allochthonous inputs from the two nutrient-
ich rivers, the Aulne River with a mean annual specific flux
f 5000 kg km−2 yr−1 N and the Elorn River with a mean annual
pecific flux of 7200 kg km−2 yr−1 N (Aurousseau, 2001). Inlets in
utrients from the plumes of Loire River also extend to the Brest
ite (e.g. inputs in nitrates are diluted between 100 and 200 times
or an average flow; Dussauze and Ménesguen, 2008).

The importance of local features was especially obvious for Brest
nd Marseille. By their location, the two sites presented dissimilar
ontinental influences. Brest is located in a semi-enclosed ecosys-
em influenced by the Aulne and Elorn Rivers (Ragueneau et al.,
996), and six smaller other rivers (Ménesguen and Cugier, 2006).
he sampling site in Brest was thereby directly influenced by the
atershed (e.g. the programme ECOFLUX). Therefore, the strong

orrelation between year-to-year changes in probabilities and the
ydro-climatological index could be explained by the direct fresh-
ater inputs that carried nutrients from the continent. Instead,
hen the index was positive, nutrient loadings were lower, result-

ng in less turbid coastal waters. In addition, the relaxation of
ertical mixing during neap tides was possible, condition required
efore phytoplankton was able to use nutrients originating from
reshwater inputs (Ragueneau et al., 1996). The nutrient enrich-

ent could thus be mitigated by biological activities.
Conversely, the site in Marseille is located in the north-western

asin of the oligotrophic Mediterranean Sea (Lefèvre et al., 1997),
ith weak tidal forcing. While the River Rhône influences strongly

reshwater inputs (Ludwig et al., 2009), Marseille, due to the influ-
nce of Coriolis force on Liguro-Provencal current circulation (i.e.
owing in a roughly NE-SW direction; Font et al., 1988) is less

mpacted. Its western location from the river mouth of the Rhone
iver makes it more protected from the freshwater inputs of this
iver (Ludwig et al., 2009) and as a consequence the sampling
ite was rarely impacted by nutrient enrichment. Furthermore,
itrate pollution does not appear to represent a major problem

n the Mediterranean rivers (e.g. 1.44 mg l−1 of N for the Rhone
iver; Ludwig et al., 2009) as opposed to the North Sea coastal sys-
ems (e.g. between 3 and 6-fold of N pollution in the Netherlands;
rouzet et al., 1999). Finally, contrary to Brest, year-to-year changes

n probabilities in Marseille were not linked with insolation dura-
ion. A potential explanation, but not verified in our study, was that
he stimulation of primary production by local rivers was too brief
o be observed (Guizien et al., 2007).
Please cite this article in press as: Goberville, E., et al., Evaluation of
changes in the reference state of coastal systems. Ecol. Indicat. (2011)

Human activities that modify riverine hydrology and riverine
aterial fluxes to the coastal zone have increased in both scale

nd rate of change over the last 200 years (Le Tissier et al., 2006).
owever, our findings reveal that climate can modulate the anthro-
ogenic nutrient enrichment of systems at the land-sea interface.
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Even so, two antagonist effects are shown. The first occurs through
the effect of precipitation on river discharges, which amplify the
influence of human activities on marine nutrient concentrations
(Vermaat et al., 2008; Ludwig et al., 2009). As reported in the North
Sea (Vermaat et al., 2008) or in the Mississippi basin (Donner et al.,
2002), our results showed that the balance between storage of
nutrients or their leaching co-vary strongly with direct freshwa-
ter inputs and insolation duration in Brest (positive relationship
between probabilities and the hydro-climatological index, Fig. 5a).
The minimum of the probabilities observed in the mid 2000s, dur-
ing the more negative values of the difference, corresponded to the
exceptionally rainy year 2000 (with a maximum annual specific flux
of 9500 kg km−2 yr−1 N for the Elorn River; Aurousseau, 2001). This
nutrient delivery was therefore influenced by precipitation (Scavia
et al., 2002); themselves related to atmospheric circulation changes
(Harley et al., 2006; Goberville et al., 2010). Hydrological alteration
related to climate change may perturb the water cycle (Huntington,
2006). Some authors suggested that the global runoff increases by
4% when global temperature rises by 1 ◦C (Labat et al., 2004). The
second effect of climate modulation on marine nutrient concen-
trations occurs when insolation increases, since insolation reduces
the level of nutrient concentrations by its stimulatory influence on
primary production (Valiela, 1995).

Our findings showed that the link between direct anthropogenic
forcing and climate change is complex and that these interactions
vary in space and time. The strong correlation detected between
the probabilities and our hydro-climatological index (normalised
insolation duration – normalised river discharge) in Brest did not
hold in Marseille (Fig. 5). Year-to-year variability in probabilities in
Marseille was not correlated with the hydro-climatological index.
This result supports the low anthropogenic influence and is indica-
tive of a non-impacted river discharge site. The two contrasting
sites suggest that anthropogenic over-nutrient enrichment might
be difficult to evaluate and anticipate because of local particular-
ities of coastal zones (Breton et al., 2006), the high nonlinearity
of the hydrological cycle response to climate change (Labat et al.,
2004) and/or the potentially nonlinear response of coastal systems
to local climatic variability (Mysterud et al., 2001; Breton et al.,
2006).

Both multiple and pronounced alterations of natural systems
of the planet have recently triggered reflections on the incep-
tion of a global network of monitoring (Pereira and Cooper, 2006;
Richardson and Poloczanska, 2008). However, it is as impor-
tant to develop new statistical procedures to detect, as soon as
data become available, potential alteration of natural systems.
Furthermore, the procedure enabled the quantification of the
anthropogenic influence on marine nutrient concentrations even
if it remains difficult to decipher the actual human impacts from
the background of natural biogeochemical cycling variability. Our
findings provide evidence that climate can interact with human
activities in a different way, depending upon the local geoclimatol-
ogy of the sites. These interactions can amplify the anthropogenic
influence through the effect of precipitation on river runoff or atten-
uate it through the effect of insolation (and probably temperature)
on both marine and terrestrial primary production. This confound-
ing result might impede the anticipation of the effect of global
change on coastal systems.
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