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This paper provides a synthesis of the EU project MedVeg addressing the fate of nutrients released from
fish farming in the Mediterranean with particular focus on the endemic seagrass Posidonia oceanica hab-
itat. The objectives were to identify the main drivers of seagrass decline linked to fish farming and to pro-
vide sensitive indicators of environmental change, which can be used for monitoring purposes. The
sedimentation of waste particles in the farm vicinities emerges as the main driver of benthic deteriora-
tion, such as accumulation of organic matter, sediment anoxia as well as seagrass decline. The effects of
fish farming on P. oceanica meadows are diverse and complex and detected through various metrics and
indicators. A safety distance of 400 m is suggested for management of P. oceanica near fish farms followed
by establishment of permanent seagrass plots revisited annually for monitoring the health of the
meadows.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The rapid expansion of aquaculture in the coastal zones of the
Mediterranean Sea has increased the risk for degradation of sensi-
tive marine habitats such as rocky reefs, macroalgal beds, seagrass
meadows and rhodolith communities (Holmer et al., 2003; Canc-
emi et al., 2006; Wilson et al., 2004). The meadows of Posidonia
oceanica, an endemic seagrass widely spread along the coastlines
of the Mediterranean Sea, play a critical role for the structural
and functional attributes of the coastal ecosystem (Gobert et al.,
2006). Seagrasses indeed represent an important food source for
benthic consumers, offer refuge from predation to several benthic
species, are nursery areas for commercial fish juveniles and have
an important structuring role, enhancing habitat complexity, sup-
porting epiphytes and epifauna, modifying sediment texture and
hydrodynamic regime (Duarte, 2002).
All rights reserved.

r).
During the last 30 years, mostly because of anthropogenic dis-
turbances, meadows of P. oceanica are progressively decreasing in
density and extension (Marbà et al., 2005; Pergent-Martini et al.,
2006). P. oceanica meadow recovery may require several centuries
due to the extremely slow growth and low reproductive effort
(Marbà et al., 2002; Kendrick et al., 2005; Gobert et al., 2006).
Losses of P. oceanica should, therefore, be considered as irrevers-
ible. For these reasons, P. oceanica meadows are protected habitats
under various international conventions, agreements and other le-
gal documents (e.g EU Habitat Directive, national laws, Bern
Convention).

Many environmental requirements for coastal fish farming (e.g.
good water quality and adequate water renewal) are, unfortu-
nately, almost identical to the habitat preferences of P. oceanica.
As a consequence, the weak enforcement of regulations of fish farm
siting and the unequal efficiency in environmental monitoring or
impact assessment procedures among Mediterranean countries
or even regions has allowed that a considerable number of fish
farms are placed over or very near P. oceanica meadows (Per-
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gent-Martini et al., 2006). Therefore, the forecasted expansion of
fish farming may accelerate the decline of this important marine
habitat. The detrimental effect of fish farming on P. oceanica mead-
ows has been demonstrated in various cases (Delgado et al., 1997,
1999; Pergent et al., 1999; Ruiz et al., 2001; Pergent-Martini et al.,
2006). The main impacts on P. oceanica derive from the release of
dissolved and particulate nutrients, and to a certain extent from
the direct shading of the meadows by the net cages. Generally,
the seagrasses disappear in a still increasing circle around the
net cages, with an immediate high mortality just beneath the net
cages (Delgado et al., 1997, 1999). Over the years, the seagrass
front progressively moves away from the net cages, even after fish
farming has ceased (Delgado et al., 1999). So far, it has, however,
not been possible to identify all of the drivers derived from fish
farming activities of seagrass decline, nor the thresholds of decline.
The lack of this information prevents the provision of precise and
appropriate advice for management and monitoring of P. oceanica
meadows in fish farm vicinities.

In contrast to the difficulties encountered for detecting fish
farm-induced environmental effects using water quality response
parameters, benthic impacts are reported worldwide (Holmer
et al., 2005; Kalantzi and Karakassis, 2006). A suite of different re-
sponse parameters extending from simple measures of organic
matter pools in the sediment to more sophisticated measures such
as sediment microbial processes and complex macrofauna indices
have been applied in fish farm surroundings with various perfor-
mances (Kalantzi and Karakassis, 2006). Benthic responses to Med-
iterranean fish farming, in particular in P. oceanica habitats, can be
expected to differ significantly compared to existing literature as
the sediments generally are more advective, coarser grained with
high carbonate contents and low organic matter pools compared
to Atlantic fish farm sediments (Holmer et al., 2005; Marbá et al.,
2006). Within the MedVeg project a number of different benthic
measures were used to assess impacts on the benthic communities
Table 1
Main characteristics of the four fish farms and study sites

Site Bottom
temperature
(�C)

Bottom
current
(cm s�1)

Sediment
type

Chl. a
(lg
L�1)

N-
NH4

(lM)

P-
PO4

(lM)

Cyprus Akrotiri
Bay

17–18 10–15 Carbonate
mud

0.01–
0.02

12.5–
13.4

0.9–
1.1

Italy Pachino
Bay

17–18 20 Carbonate
sand

0.03–
0.08

52.0–
55.8

3.6–
4.4

Greece Sounion 17–18 6.3 Carbonate
sand

0.08–
0.11

12.1–
13.0

0.8–
1.0

Spain Alicante 17–18 4.7 Carbonate
fine sand

0.07–
0.11

11.0–
11.8

0.8–
0.9

Given are the water depth (m), bottom temperature (�C) and bottom current (cm s�1), sed
and phosphate (P-PO4) in lM) in the water column during sampling, as well as informatio
and to explore their applicability as sensitive indicators of fish farm
benthic impacts.

From 2001 to 2004 the EU-funded research project MedVeg (ef-
fects of nutrient release from Mediterranean fish farms on benthic
vegetation in coastal ecosystems) has investigated the effects of
fish farming on P. oceanica habitats by combining traditional mon-
itoring methods and new sampling and experimental approaches
in order (i) to identify the main drivers of seagrass decline linked
to fish farming; (ii) to provide sensitive indicators of environmen-
tal change, which can be used for monitoring purposes and (iii) to
provide estimates of ‘‘safety distances” between fish farms and P.
oceanica meadows for management purposes.

To achieve these objectives we investigated the effects of sea
bream/sea bass farming on the P. oceanica habitats in four regions
of the temperate–warm Mediterranean Sea: Akrotiri Bay in Cyprus,
Sounion Bay in Greece, Pachino Bay in Italy and the Gulf of Alicante
in Spain. Our study was conducted at basin scale to overcome the
main weakness of most fish farm impact studies, which have been
carried out mostly at a local scale. To cope with this issue, while
the four selected sites covered the entire range of environmental
coastal conditions most commonly encountered in the Mediterra-
nean Sea, the farming conditions were as similar as possible be-
tween the sites (Table 1). In the four sites, study locations with
variable amounts of organic matter deposited from fish farms were
compared with putatively pristine locations, used as controls. Fo-
cus of this study was the fate of dissolved and particulate nutrients
released from the farms and their potential impact on the water
quality, sedimentation rates, organic pools and microbial activity
in the sediments as well as on the biological, ecological and phys-
iological responses of the P. oceanica seagrass community to farm-
ing activities.

Results of this project have been published or submitted in var-
ious papers addressing separately specific aspects such as effects
on the water column (Dalsgaard and Krause-Jensen, 2006; Pitta
In
activity
since

Distance
from the
shore (m)

Reared species Farm
area
(m2)

Annual
production
(tonne)

Food input
(tonne yr�1)

1988 1050 Sea bream
(Sparus
aurata)
Sea bass
(Dicentrarchus
labrax)

20.000 300 660

1992 1000 Sea bream
(Sparus
aurata)
Sea bass
(Dicentrarchus
labrax)
Sharpsnout
sea bream
(Diplodus
puntazzo)

77.000 1150 2749

1996 500 Sea bream
(Sparus
aurata)
Sea bass
(Dicentrarchus
labrax)

27.000 400 640

1996 2600 Sea bream
(Sparus
aurata)
Sea bass
(Dicentrarchus
labrax)

17.000 260 520

iment type, chlorophyll a (chl. a, lg L�1) and nutrient contents (ammonium (N-NH4)
n on the fish farm production provided by the fish farmers for the year of sampling.
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et al., 2006), sedimentation rates (Holmer et al., 2007),
bio(geo)chemistry of the sediments (Holmer and Frederiksen,
2007; Pusceddu et al., 2007), benthic fauna (Heilskov et al., 2006;
Apostolaki et al., 2007; Mirto et al., 2007) and P. oceanica (Marbá
et al., 2006; Frederiksen et al., 2007; Pérez et al., 2007; Diaz-Almela
et al., in press).

The aim of this paper is to provide a synthesis of the results and
a comparative analysis of the performance of the indicators tested
in this study in order to assist the scientists, managers and decision
and policy makers to select the most relevant variables, descriptors
and indicators for monitoring and management programs and, spe-
cially to provide suggestions for siting new farms.

2. Materials and methods

2.1. Study sites and sampling

Sampling was carried out along a Mediterranean east-to-west
longitudinal transect (3500 km wide) encompassing Akrotiri Bay
(Cyprus; July 2002), Sounion Bay (southern Greece; July 2003),
Pachino Bay (Italy; September 2002) and the Gulf of Alicante
(Spain; September 2003) (Fig. 1).

The sampling sites, located at similar latitudes and at depths
ranging between 16 and 39 m, were selected on the basis of the
presence of fish farms and characterized in terms of their main
environmental features (e.g. start of activities, distance from the
shore, species reared, annual production and feed input; Table 1).

In each site, a preliminary survey was carried out to character-
ize the environmental settings of the sites in terms of mean depth
and temperature, bottom currents, sediment type and porosity,
and chlorophyll a and inorganic nutrient concentrations in the
water column (Table 1). At each site, six stations were established
in bare sediments (three stations) and in P. oceanica meadows
(three stations), two highly impacted (HI, 0–15 m from net cages),
two less impacted (LI, 15–50 m from net cages) and two control
situated upstream of the main currents, and at least 1000 m from
the fish farms (Fig. 2). Furthermore, impacts on P. oceanica were
also measured on three additional stations along a second transect,
perpendicular to the main current direction in Greece and Spain
(Fig. 2), and along it in Cyprus and Italy. Controls were character-
ized by relatively pristine conditions and by environmental fea-
Fig. 1. Location of the four study
tures comparable to those found beneath the fish-farm cages
(one vegetated and one bare, Fig. 2). At each station we quantified
the organic loads and their composition (rates of sedimentation of
nutrients and biopolymeric fraction; Pusceddu et al., 2007), meio-
faunal abundance, macrobenthic biomass and diversity, sediment
biogeochemical conditions (sediment nutrient pools, sulfate reduc-
tion rates, sulfide pools), P. oceanica community (population
dynamics, shoot density, shoot size, epiphyte cover and grazing
impact), growth (vertical rhizome growth) and physiological re-
sponse variables (nutrient and carbohydrate content, d15N and
d34S; see details in Table 2). Details on sampling techniques and
analytical procedures used for the different variables are reported
elsewhere (see references in Table 2). The performance of the dif-
ferent indicators is tested through correlation analysis between the
identified drivers and the response parameters.

3. Results and discussion

3.1. Loss of waste products on annual cycle

In order to assess the amounts of nutrients released from the
studied farms, estimations of dissolved and particulate nutrient
losses were obtained by using previously reported mass balance
models (Lupatsch and Kissil, 1998; Tsapakis et al., 2006) and from
the feed inputs at the four studied farms, the annual release of
nutrients were estimated (Table 3). The fish farm in Italy had the
highest annual loss due to its large size and high feed conversion
ratio. The other three farms attained similar annual nutrient losses,
corresponding to about 25% of those estimated for the farm in Italy.
In all the investigated regions, the dominant form of waste prod-
ucts was ammonium (11.0–55.8 tonne yr�1), followed by fine par-
ticulate nitrogen (2.0–13.5 tonne yr�1). Regarding phosphorus, the
highest release was of fine particulates (2.6–12.1 tonne yr�1) and
less as dissolved phosphate (0.8–4.4 tonne yr�1). Due to higher
FCRs (1.6–2.4, Table 1), the release of N and P from sea bream
and sea bass farming is about 1.5 times higher compared to salmon
farming (Divanach, pers. comm.; Islam, 2005) and more severe
environmental impacts can thus be expected from sea bream and
sea bass farming.

Most of the Mediterranean fish farms operate in remote places
characterised by the absence of significant point sources of nutri-
sites in the Mediterranean.
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Fig. 2. Sampling design in the MedVeg project. Shaded areas represent P. oceanica
meadow in different stages (stage 1, bare under the net cages; stage 2, bare outside
the net cages; stage 3, most impacted P. oceanica; stage 4, low impacted P. oceanica
and stage 5, control = pristine P. oceanica). For most parameters only the transect in
the main current direction was examined. Station 6 was located in the vicinity of
station 5, but in an area without presence of P. oceanica.

Table 3
Fish production, feed input and calculation of the annual waste productions of the
four fish farms (range, tonne yr�1, see text for explanations) and the atmospheric
deposition corresponding to the farm area (kg yr�1)

Site Fish
production
(tonne
yr�1)

Feed
input
(tonne
yr�1)

NH4

min–
max
(tonne
yr�1)

PO4

min–
max
(tonne
yr�1)

PON
min–
max
(tonne
yr�1)

POP
average
(tonne
yr�1)

Atm.
DIPa

(kg
yr�1)

Atm.
DINa

(kg
yr�1)

Cyprus 300 660 12.5–
13.4

0.9–
1.1

2.3–3.2 2.9 0.1 8.8

Greece 400 640 12.1–
13.0

0.8–1.0 2.2–3.1 2.8 0.2 11.7

Italy 1150 2749 52.0–
55.8

3.6–
4.4

9.6–
13.5

12.1 0.5 33.6

Spain 260 520 11.0–
11.8

0.8–0.9 2.0–2.8 2.6 0.1 7.6

a Annual atmospheric deposition (kg y�1) of dissolved inorganic phosphorus
(DIP) and nitrogen (DIN) was estimated using the deposition fluxes published by
Markaki et al. (2003) multiplied with the corresponding area of each fish farm (see
Table 1).
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ent pollution (e.g. rivers and municipal waste treatment plants).
Therefore, in these sites, and specifically in the more oligotrophic
areas of this basin, the atmospheric deposition of nutrients may
be of major importance (Markaki et al., 2003; Bergametti et al.,
1992; Migon and Bethoux, 2001; Ridame and Guieu, 2002). The
values of annual atmospheric deposition of dissolved inorganic
nitrogen (DIN) and dissolved inorganic phosphorus (DIP) in the
Eastern Mediterranean (including wet and dry inputs) are 31.3
mmol m�2 yr�1 and 193.4 lmol m�2 yr�1 for DIN and DIP, respec-
Table 2
Sampling of variables along transects at the four fish farms

Water column Sedimentation Sediments

a,cInorganic nutrients
ðNO�3 ;NO�2 ;NHþ4 and PO3�

4 Þ
aOrganic nutrients (DOC and
DON)
cChlorophyl a
dBio-assays (phytoplankton
and macroalgae)

ePelagic sedimentation
(TOM, POC, PON and TP)
fBenthic sedimentation
(TOM, POC, PON and TP)

e,fOrganic matte
polymeric fracti
Density, porosit
Fluxes (oxygen
Porewater (nutr
g,hSulfate reduct
g,hSulfur pools
hSulfide front

Original references are given for published results.
a Integrated sample over entire water column.
b Only high impacted and control were compared.
c Pitta et al. (accepted for publication).
d Dalsgaard and Krause-Jensen (2006).
e Pusceddu et al. (2007), sampled only in Greece and Spain.
f Holmer et al. (2007).
g Holmer and Frederiksen (2007).
h Frederiksen et al. (2007).
i Diaz-Almela et al. (in press).
j Marbá et al. (2006).
k Pérez et al. (in press).
l Apostolaki et al. (2007).
tively (Markaki et al., 2003). The estimated annual atmospheric in-
put of DIN in an area corresponding to the farms ranges from 7.6 to
33.6 kg yr�1 in Spain and Italy farm areas, respectively, and for DIP
from 0.5 kg yr�1 (Italy) to 0.1 kg yr�1 (Spain, Cyprus, Table 3). We
estimated that the fish farm loads of ammonium alone correspond
to the DIN atmospheric inputs on a total of 26 km2 (Spain) and 123
km2 (Italy). Significantly larger areas (140–665 km2) would be
needed in order to accumulate the same amount of DIP from the
atmosphere as that released from fish farms. These calculations
indicate that, in the Mediterranean Sea, the inputs from fish farms
can be considered as significant point sources of nutrient pollution.
3.2. Effects of nutrient release on water quality

Despite the high fish farm loads of nitrogen and phosphorus to
the marine environment, insignificant deterioration of the water
quality near fish farms has been observed worldwide and in the
Seagrasses Benthic faunab

r (TOM, POC, PON, TP, bio-
on and protein)
y and grain size
and inorganic nutrients)
ients and hsulfides)
ion rates

iRecruitment
iMortality
jRhizome growth
iShoot density
Global density
Shoot size
Epiphyte cover
Grazing impact
kNutrient content (N,
P)
kCarbohydrate and
amino acid content
h,kStable isotope (15N,
34S)

eMeiofauna
abundance
lMacrofauna diver-
sity and biomass
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Mediterranean (La Rosa et al., 2002; Soto and Norambuena, 2004;
Pitta et al., 1999, 2006; Sara, 2007). Increased nutrient availability
was, however, documented at the four fish farms by applying a no-
vel technique using microalgae and macroalgae bioassays for
assessment of nutrient availability in fish farm surroundings
(Dalsgaard and Krause-Jensen, 2006). The bioassays showed dra-
matic increases in primary productivity induced by the fish farms,
with up 6.7 times higher phytoplankton biomass in the assay at the
edge of the fish farms than in the control after 6 days of deploy-
ment. The bioassays detected enhancement of primary production
up to at least 150 m downstream in the dominant current direc-
tion, which is further than previous findings (Karakassis et al.,
2001; La Rosa et al., 2002; Pitta et al., 2006). In our study, the stim-
ulation of algal productivity induced by nutrients released from
fish farms may be attributed to the general oligotrophic conditions
of the Mediterranean, where it can be expected that even a small
input of nutrients initiate a rapid algal growth followed by inten-
sive grazing (Zohary et al., 2005). Soto and Norambuena (2004)
suggested that increased nutrient concentrations are not usually
found in the vicinity of fish farms not only because of dilution pro-
cesses but also because they pass through the food web very rap-
idly. The rapid transfer of nutrients in the food web is consistent
with recent results by Machias et al. (2004, 2005) who found an in-
creased abundance and biomass of wild fish in response to the
presence of fish farming zones, stimulated by increased primary
production and transfer of this organic matter to higher trophic
levels. Fast dispersal of phytoplankton due to water movement
as well as efficient grazing could, to some extent, explain the uni-
form distribution of chlorophyll a in the vicinity of aquaculture
installations (Table 1, Pitta et al., accepted for publication.).
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Fig. 3. Relative rates of sedimentation of phosphorus along the transects from the
3.3. Effects of nutrient release on sedimentation rates

Our study also pointed out that, in all investigated sites, the sed-
imentation of particulate organic matter was enhanced near the
net cages, and that the sedimentation patterns were similar at
the four farms. The sedimentation rates were consistent with the
mass balance model above, showing high particulate P sedimenta-
tion (Holmer et al., 2007). The size of the area affected by particu-
late waste products from fish farms in Greece and Spain was
estimated by deploying pelagic sediment traps. Sedimentation of
P around the cages was used to develop a sedimentation model,
and the rates decreased rapidly with distance from the net cages
and were comparable between the two sites, despite differences
in water depth, farm production and current regime (Fig. 3). The
model showed that the sedimentation rates at 10 m distance from
the cages were reduced to 24–35% when compared with the rates
just beneath the cages, and progressively decreased down to 5–10%
at 100 m and to 2–5% at 250 m, in Spain and Greece, respectively
(Fig. 3). On the other hand, at 250 and 500 m from the cages the
sedimentation rates were approximately 100% and 40% higher than
that measured at the control stations. Sarà et al. (2004) found, on
the basis of isotopic studies, that the dispersion of waste products
from a fish farm at a site with hydrodynamic characteristics similar
to those reported here reach beyond 300 m. Furthermore, benthic
sedimentation rates showed similar patterns with distance from
the farms as the pelagic traps with high sedimentation right under
the net cages and exponential decline with distance (Holmer et al.,
2007). Sedimentation rates appeared to be important drivers of the
benthic impacts, as will be discussed below in detail. The benthic
rates were measured at all fish farms and are used in the analysis
of the results (Table 4). As observed for the nutrient loading of the
water column, fish farms in the oligotrophic Mediterranean Sea
contribute significantly and at long distances to the nutrient input
to the benthic ecosystem.
Since the benthic response to organic enrichment depends more
upon the quality of the inputs than to their absolute vales (Alber-
telli et al., 1999), the biochemical composition of the sedimenta-
tion was investigated to assess the lability of the organic matter
depositing in fish farm areas. At all study sites, the sedimentation
of biopolymeric C (as the sum of protein, carbohydrate and lipid
C equivalents, Fabiano et al., 1995) varied significantly at increas-
ing distance from the cages, suggesting that the lability of the or-
ganic matter deposited in the sediments is high near the cages
and decreases with distance from the farm (Pusceddu et al., 2007).

3.4. Quantity and biochemical composition of sediment organic matter

The high sedimentation rates of P was reflected in an accumu-
lation of P in the sediments, and as for sedimentation of P, sedi-
ment P was a useful indicator of fish farm waste loading, in
contrast to the accumulation of organic C and N, which were lower
and more variable (Table 4, Holmer et al., 2007). C and N pools
themselves are often applied successfully for fish farms located
over bare sediments (Kalantzi and Karakassis, 2006), but they ap-
pear weak descriptors of impact at farms surrounded by P. oceanica
habitats. P, on the other hand, has also been proposed as an indica-
tor of fish farm impact in P. oceanica habitats by Pergent-Martini
et al. (2006). Although the different sedimentary pools of P were
not investigated in this study, P is considered to bind strongly to
the carbonates in these carbonate rich sediments (Jensen et al.,
1998), and may as such be buried in the sediments and thereby re-
flect fish farm waste loss over time. The biopolymeric C concentra-
tion can also be considered a sensitive descriptor of the farm
impact, although the quantitative changes are site-specific (Pus-
ceddu et al., 2007). In the more eutrophic waters along the Spanish
and Italian coasts, sediments were not characterized by increased
biopolymeric C concentrations. In these areas, however, the values
of the protein to carbohydrate ratio, used as an indicator of the
shift in the biochemical composition of the sediment, displayed
the highest values below the cages (Pusceddu et al., 2007). In oligo-
trophic sites (i.e. with biopolymeric C concentrations in controls
stations below 2.5 mg C g�1, as in Cyprus and Greece, sensu Pus-
ceddu et al., 2007), the correlation analysis revealed no significant
relationships between the C, N and P sedimentation rates and the
biopolymeric C concentration in the sediments, and showed nega-
tive relationships between C, N and P sedimentation with the val-
ues of the protein to carbohydrate ratio (Table 4). On the other
hand, in eutrophic areas (i.e. with biopolymeric C concentrations
farms in Greece and Spain. See text for more information.



Table 4
Variables investigated and their ability to show environmental changes near fish farms as a function of the rates of benthic sedimentation (total mass, OM, TN, TC or TP sedR, data
reported in Holmer et al., 2007)

Variable Drivers

Total mass sedR Total OM sedR Total N sedR Total C sedR Total P sedR

Sediment
TP R = 0.82; p = 0.010 R = 0.96; p < 0.001 + + R = 0.97; p < 0.001
POC + + + + +
PON + + + + +
C:N + + + R = 0.66; p = 0.05 +
C:P R = 0.78; p = 0.01 + + + R = 0.68; p = 0.04
Biopolymeric C in oligotrophic sites + + + + +
Biopolymeric C in eutrophic sites R = �0.58; p = 0.011 + R = �0.72; p < 0.001 R = �0.61; p = 0.004 +
Protein to carbohydrate in oligotrophic sites � � R = �0.78; p = 0.003 R = �0.78; p = 0.003 R = �0.80; p < 0.001
Protein to carbohydrate in eutrophic sites R = 0.63; p = 0.005 R = 0.95; p < 0.001 R = 0.50; p = 0.035 R = 0.78; p < 0.001 R = 0.65; p < 0.005
SRR R = 0.75; p < 0.001 R = 0.85; p < 0.001 R = 0.35; p = 0.028 + R = 0.91; p < 0.001

Seagrass
Shoot density + + R = �0.62; p = 0.030 + R = �0.71; p = 0.014
Shoot size + + + + R = �0.73; p = 0.017
Vertical rhizome growth + + + + +
Shoot mortality R = 0.78; p < 0.001 R = 0.83; p < 0.01 R = 0.58; p < 0.01 + R = 0.75; p < 0.001
Shoot recruitment � � � � �
Net population decline R = 0.79; p < 0.001 R = 0.91; p < 0.001 R = 0.55; p < 0.01 + R = 0.71; p < 0.001
d34S in roots + + R = �0.75; p = 0.019 R = �0.93; p = 0.008 R = �0.74; p = 0.037

Fauna
Meiofaunal abundance + + R = 0.776; p < 0.001 R = 0.844; p < 0.001 +
Number of meiofaunal taxa R = �0.37; p = 0.027 R = �0.55; p = 0.003 + R = �0.38; P = 0.038 +
Nanobenthos abundance in Italy only + + + + +

Strength of the indicator is defined as the correlation coefficient between drivers and the investigated variables: � = not significant and levels of the variable in the impacted
site not significantly distinguishable from the control; + = not significant, but levels of the variable in the impacted site significantly different from the control. When
significant, the Spearman rank correlation coefficients (R) and the p level are reported.
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in the controls higher than 2.5 mg C g�1) weak correlations be-
tween sedimentation rates and the biopolymeric C concentrations
were observed, whereas positive correlations were revealed be-
tween C, N, and P sedimentation and the values of the protein to
carbohydrate ratio. These results highlight that changes in quantity
and biochemical composition of sediment organic matter induced
by fish farming are idiosyncratic, site-specific and depend upon
the background trophic conditions. Therefore, their determination
appears to be critical for assessing the trajectories of change in-
duced by fish farming activities.

3.5. Effects on sediment microbial activity and sulfur cycling

One possible reason for low accumulation of organic matter at
the four fish farms could be a rapid mineralization of organic mat-
ter in the sediments. The microbial activity in low-organic sedi-
ments, in particular those of the oligotrophic Mediterranean Sea,
are considered to be limited by inputs of labile organic matter
(Danovaro et al., 2000). When sediments are loaded with labile or-
ganic matter, the microbial electron acceptor chain is usually
shifted towards the anaerobic processes, and in the case of oligo-
trophic carbonate-rich sediments with low nitrate and iron con-
tents as at the four study sites, sulfate reduction is expected to
become an important process for the decomposition of organic
matter (Holmer et al., 2005). This is consistent with findings of
high sulfate reduction rates (SRR) observed under the net cage at
the largest farm in Italy (up to 212 mmol m�2 d�1), where SRR
were stimulated deep into the sediment (Holmer and Frederiksen,
2007). The SRR at the four farms were similar to rates found at
shallower, temperate fish farms (Holmer and Kristensen, 1992),
where higher sedimentation rates can be expected, indicating that
the sulfate reducing bacteria in these low-organic sediments re-
spond strongly to organic matter loadings. Sulfate reduction rates
in the P. oceanica sediments were among the highest recorded so
far in the literature, similar to rates found in degrading P. oceanica
meadows impacted by organic matter loadings derived from phy-
toplankton, raw sewage or detritus of macroalgae (Holmer et al.,
2004, 2005). The significant correlation between sulfate reduction
rates and the sedimentation rates (Table 4) suggests that the sed-
iment organic matter mineralization processes under the cages
were controlled by inputs of labile organic matter from the fish
farm. This supports that the sedimentation of farm effluents is an
important driver of changes in sediment biogeochemical condi-
tions in fish farm sediments. The higher SRR in the impacted sed-
iments resulted in increased pools of sulfides accumulating in
the sediments (Holmer and Frederiksen, 2007) and high concentra-
tions (1–125 lM) of sulfides in the pore waters were detected near
the net cages (Frederiksen et al., 2007; Dalsgaard, pers. comm.).
Further, the nutrient fluxes of nitrogen and phosphate across the
sediment–water interface were affected by the loading of the sed-
iments underneath the fish cages. The sediments changed from
being autotrophic, with oxygen production and nutrient uptake
in the presence of light and microphytobenthos at the sediment
surface, into being net heterotrophic with release of ammonium
and phosphate to the water column and enhanced pore water
pools of both nutrients (Dalsgaard, pers. comm.). Impoverished
sediment conditions, such as increased anoxia and presence of sul-
fides, may negatively affect the benthic flora and fauna (Pearson
and Rosenberg, 1978; Holmer et al., 2005; Calleja et al., 2007; Fred-
eriksen et al., 2007).

The presence of burrowing macrofauna plays an important role
for the decomposition of organic matter in fish farm sediments, as
the fauna increase the rates of decomposition by digesting the
deposited organic matter as well as by ventilating the sediments,
which, in turn, stimulate the microbial decomposition of settled
organic matter (Heilskov and Holmer, 2001). The effect of macrofa-
una on the sediment biogeochemical conditions was studied at the
farm in Cyprus in an experimental setup with the surface-living
opportunistic polychaete (Hermodice carunculata) and the two bur-
rowing climax polychaetes (Glycera rouxii and Naineris laevigata,
Heilskov et al., 2006). The decomposition and nutrient fluxes
across the sediment–water interface were affected by irrigation
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activity, in particular by the burrowing polychaetes. These organ-
isms ventilate their burrows and thus increased the rate of nutrient
cycling relatively more than H. carunculata. The nutrient retention
was, however, much higher in these oligotrophic sediments than
under temperate eutrophic conditions, and the nutrient release
to the water column was thus relatively lower than that found in
more organic rich fish farm sediments (Holmer and Kristensen,
1996; Heilskov and Holmer, 2001). This is probably due to a num-
ber of reasons, such as, for both N and P, a build-up of bacterial bio-
mass incorporating nutrients and for P in particular, the binding to
sedimentary carbonates. This study thus emphasizes the impor-
tance of maintaining a healthy and diverse benthic fauna commu-
nity also in oligotrophic fish farm sediments to stimulate
decomposition of depositing waste products and thereby minimize
accumulation of organic matter and prevent development of anox-
ia in the water column and sulfidic sediments (Heilskov et al.,
2006).

3.6. Impacts on seagrasses: community structure

Fish farms effluents had major negative effects on the structure
and functioning of P. oceanica meadows near the cages compared
to controls at almost all of the investigated sites, similar to that
found in others studies (see review in Pergent-Martini et al.,
2006). Meadow cover, assessed by the visual estimation of seagrass
abundance (as percentage of bottom cover by seagrass shoots) in
40 � 40 cm squares situated along a 10 m transects, was found
to decrease by 63–85% in most impacted stations (station 3 in
Fig. 2) and by 34–45% in low impacted stations (station 4 in
Fig. 2) relative to control stations whereas shoot density (Fig. 4)
was from 70% to 90% lower in the most impacted stations and from
30% to 60% in the low impacted stations relative to control stations.
These changes could be attributed to a series of direct and indirect
mechanisms driven by the increase in sedimentation rates of
organic matter due to fish farm effluents, as shoot densities
were negatively correlated with N and P sedimentation rates
(Table 4).
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Other consistent finding was the increase of the abundance sea
urchins (Paracentrotus lividus) in surroundings of fish farms in Italy
and Greece. Sea urchin density (15 and 50 individuals m�2 in Italy
and Greece, respectively) around the fish farms was up to 3-folds
higher than in control stations, and are among the highest values
presently observed in P. oceanica meadows in the entire Mediterra-
nean Sea (2–14 individuals m�2, Prado et al., in press). Although in-
creases of sea urchin density have been associated to predators’
release (overfishing of sea urchins predators, cascading effects, Sala
et al., 1998) the contribution of increased nutrient loading should
not be ignored (bottom-up effects, McGlathery, 1995). Nutrient
enrichment can enhance epiphyte abundance and plant tissue pal-
atability (Tewfik et al., 2005) which can explain the observed high
abundance of sea urchins around fish farms. The high sea urchin
abundance can affect the seagrass performance as found by the re-
duced shoot size in the most impacted stations (from 40% to 70%
relative to controls). But as a reduction in shoot size also occurred
in a fish farm with no sea urchins (Spain) other direct or indirect
factors besides grazing must also be implicated in the reduction
of plant performance.

3.7. Impacts on seagrasses: vertical rhizome growth

The decrease in shoot size at impacted stations when compared
to that at control ones may also reflect a decrease of plant growth
in response to fish farming activity. P. oceanica growth, assessed on
vertical rhizomes, is sensitive to disturbance and stress, such as
those derived from increased sediment burial and erosion (Marba
and Duarte, 1997; Guidetti, 2001) and fish farming activities (Del-
gado et al., 1999). Vertical P. oceanica rhizomes grew faster prior
(from 2.7 ± 0.38 to 5.9 ± 0.58 mm yr�1) than after (from 1.9 ±
0.16 to 4.8 ± 0.45 mm yr�1) the onset of fish farm activity, with rhi-
zomes in Cyprus growing at the fastest and in Spain at the slowest
rates (Marbá et al., 2006). Impacts of fish farm activity on P. ocea-
nica vertical growth were detected up to 400 m distance from the
cages (Marbá et al., 2006), with the largest decrease in vertical
growth observed in the vicinity of the cages. Vertical rhizome
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in the four sites studied. HI = high impact station (station 3), LI = low impact station
tations significantly different are indicated with different letters (ANOVA, p < 0.001).
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growth rapidly responded to fish farm activities, since the time
course of vertical growth for individual rhizomes near the cages
showed a decrease in growth within at most 1 year after the onset
of fish farm activities (Marbá et al., 2006). Variability of vertical
rhizome growth was independent from sedimentary inputs (Table
4), revealing that fish farm activities impact plant growth through
multiple stressors. The high sensitivity, including the fast response,
of P. oceanica vertical growth to fish farm activities demonstrate
the value of reductions in vertical rhizome growth as an early
warning indicator of stress and fish farm impacts to P. oceanica
meadows.

3.8. Impacts on seagrasses: population dynamics

The changes observed in density and cover of P. oceanica beds
in the studied sites reflected the strong impacts of fish farm activ-
ities on shoot population dynamics. Fish farm operations dramat-
ically increased shoot mortality, the rate of mortality decreasing
exponentially with increasing distance from the cages, mostly
due to the decrease of sedimentary inputs derived from fish farm
operations (Table 4, Diaz-Almela et al., in press). The relationship
between mortality rate and sedimentary inputs revealed the exis-
tence of thresholds of nutrient inputs (50 mg P m�2 day�1 or 1.5 g
organic matter m�2 day�1) above which shoot mortality acceler-
ated. Shoot recruitment in the studied sites was low, ranging from
negligible 0.01 to 0.31 yr�1, and similar to shoot recruitment esti-
mates reported for other P. oceanica meadows (Marbà et al., 2005).
Shoot recruitment did not vary with variability in sedimentary in-
puts (Table 4), nor with distance from the cages (Diaz-Almela
et al., in press). The effect of fish farm operations on shoot mortal-
ity, however, resulted in shoot populations nearby the cages to de-
cline at annual rates ranging between �0.74 (±0.43) and �4.17
(±1.79) yr�1. Decline rates exponentially decreased with increas-
ing distance from the cages, and they were reduced to half of
those observed in the vicinity of the cages at 80 m distance from
the farms (Diaz-Almela et al., in press). However, regression curve
of shoot mortality with distance did not reach global shoot
recruitment rates (0.13 + 0.10 yr�1) until 400 m away from the
cages, demonstrating that fish farm impacts on meadow stability
were still evident within this distance from the farms (Diaz-
Almela et al., in press). Beyond this distance, shoot populations
were in steady state or exhibited declining rates similar to those
observed in other P. oceanica meadows not impacted by fish farm-
ing activities (Marbà et al., 2005; Diaz-Almela et al., in press). The
decline rates quantified in this study predicted shoot density to be
reduced by half in about 3–26 months and in about 1–6 years,
respectively, within the 15 and 50 m distance from the cages
(Diaz-Almela et al., in press). Similarly, meadows at 15 and 50
m from the farms were predicted to be lost (i.e. shoot density de-
crease >90%) within 5–11 years and 11–32 years (Diaz-Almela
et al., in press).

The results of this study clearly demonstrate that P. oceanica
demography is highly impacted by fish farm activities. Assessment
of shoot demography in permanent plots, as conducted in this
study, allows detection of fish farm impacts before they are evident
in meadow cover or in shoot density quantified using random qua-
drates (Heidelbaugh and Nelson, 1996; Marbà et al., 2005). There-
fore, shoot demography can be used as early indicator of fish farm
impacts on P. oceanica beds. Quantification of net shoot population
growth in permanent quadrates can easily be incorporated in fish
farm monitoring programs. The magnitude of fish farm impacts
on P. oceanica population may be predicted from nutrient input
rate to vegetated sediments. The power of nutrient inputs to pre-
dict fish farm impacts on P. oceanica demography relies on the fact
that it drives impacts on sediment biogeochemistry (e.g. anoxia,
sulfate reduction rates and sulfide concentration, Table 4), grazing
pressure and epiphyte load which all have deleterious effects on
seagrasses (Delgado et al., 1997; Ruiz et al., 2001; Greve et al.,
2003; Marba et al., 2007).

3.9. Impacts on seagrasses: seagrass physiology

Fish farms effluents had a significant effect on P. oceanica phys-
iology due to both nutrient increase and sediment organic matter
enrichment. The most consistent responses to nutrient enrichment
were the increase in total nitrogen content and the nitrogen isoto-
pic ratio (d15N) in the epiphytes, in total phosphorus content in
epiphytes and plant rhizomes and a decrease in total non-struc-
tural carbohydrates in plant rhizomes (Pérez et al., in press). Be-
sides shoot density, which is considered as a general response
following human impacts and can be considered as a robust and
integrative indicator of meadow health (Pergent-Martini et al.,
2005; Romero et al., 2007), these descriptors can be recommended
as monitoring tools in aquaculture management.

Furthermore, sulfide concentrations as low as 10 lM in the pore
waters have been found to cause net decline of P. oceanica (Calleja
et al., 2007), probably due to sulfide invasion into the plants (Fred-
eriksen et al., 2007). Due to the increased microbial production of
sulfide in the sediments (Holmer and Frederiksen, 2007), there is a
risk of sulfide invasion into P. oceanica growing close to the net
cages (Frederiksen et al., 2007). An invasion of sulfides will show
up as lower d34S signals in the affected plants tissues (Rennenberg,
1984; Frederiksen et al., 2006), and lower d34S values, in particu-
larly in P. oceanica root and rhizomes, were found consistently near
all the farms, and the contribution of sediment sulfides to the sul-
fur content of the plants was up to 37% of the sulfur in the plant
(Frederiksen et al., 2007). The sulfide invasion in the roots corre-
lated with the depth of the sulfide front (i.e, the sediment depth
where sulfide is present, R2 = 0.61, p = 0.01), and the d34S in plant
roots was negatively correlated with the sedimentation rates of
C, N and P (Table 4). This suggests that d34S signals in the roots
along with the sulfide front and the rates of sedimentation can
be used as indicator of the sulfide pressure on the plants. The mor-
tality of P. oceanica has been found negatively correlated to the d34S
of the plants indicating higher plant mortality with increasing sul-
fide invasion (Marbà, pers. comm.), but it was not possible to con-
firm this observation at the fish farm sites due to the few data
available.

3.10. Impacts on benthic fauna: macrofauna

Past studies in the Mediterranean have shown that the effects of
fish farming on macrofauna were significant up to 25 m from the
edge of the cages (Karakassis et al., 2000; Lampadariou et al.,
2005) which is comparable with what is known for the effects on
fine sediments globally (Kalantzi and Karakassis, 2006). However,
in the study of macrofauna communities at the four fish farms in
the coarse sediments of the P. oceanica habitat, the species number
and abundance showed almost no variability between the im-
pacted and the control stations at all sites (Apostolaki et al.,
2007). Furthermore, all diversity indices used were found to be
quite high at all stations, implying that the macrofauna at the spe-
cific sites were not under severe stress due to fish farm activities.
Although macrofauna is an established method for monitoring
environmental impacts in the marine environment (Gray, 1981)
and has been highly recommended for the monitoring of fish farms
(GESAMP, 1996), it is not necessarily an absolute measure for the
health of the system and our results suggest that it cannot be rec-
ommended for use in P. oceanica habitats. Apostolaki et al. (2007)
suggested that the additional organic material supplied by the fish
farm effluents, in combination with oxic conditions induced by in-
tense currents and high advection in the coarse sediments, allows
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the existence of diverse communities of high abundance and
biomass.

3.11. Impacts on benthic fauna: meiofaunal assemblages

Meiofauna are, for their ecological importance and the lack of
larval dispersion, becoming a popular tool for investigating struc-
tural and functional changes of natural and anthropogenic im-
pacted ecosystems (Mirto and Danovaro, 2004). However, the
direction of such changes is not easily predictable since the differ-
ences between the impacted assemblages and those in the controls
are often not consistent (e.g. meiofaunal abundance may either in-
crease or decrease beneath the fish cages, depending on the site,
reared species, etc., Fig. 5). The general pattern observed in the P.
oceanica sediments at the four fish farms was an increase of meio-
faunal abundance in impacted sediments when compared with
controls, although these differences were significant only in Cyprus
and Greece. These results are in contrast with previous studies that
reported a decrease of meiofaunal abundance in systems subjected
to high organic loads (Mirto et al., 2002), but are in good agreement
with the results reported in studies dealing with the impact of
mussel farm biodeposition (Danovaro et al., 2004). This partially
unexpected effect could be related with the fact that the organic
enrichment in the sediments beneath the cages was relatively lim-
ited when compared with other fish farm studies (Holmer and
Kristensen, 1996; Kalantzi and Karakassis, 2006). At all investi-
gated farms the meiofaunal taxon richness decreased significantly
beneath the cages, due to the disappearance of the more sensitive
taxa. The taxa that disappeared beneath the cages were, however,
different at the four farms, suggesting that meiofaunal community
response to biodeposition can be site-specific. The changes in taxa
number were driven by the sedimentation as significant negative
correlations between taxa number and sedimentation rates, in
terms of total sedimentation rate, total organic matter and organic
carbon sedimentation, were revealed (Table 4). These results indi-
cate that the inputs of organic matter, released from the cages to
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the benthic environment, induce changes in the sediment charac-
teristics, as well as in the structure of the meiofaunal assemblages.
The meiofauna abundance and taxa number thus appear rather
sensitive to organic matter inputs and may be useful as indicators
of fish farm waste inputs in P. oceanica habitats.
4. Perspectives and recommendations

The effects of fish farming on P. oceanica meadows are diverse
and complex and were detected through various metrics and indi-
cators. However, it is worth noting that the monitoring of these is-
sues needs to take into account the peculiarities of this particular
ecosystem and not to adopt the standard monitoring protocols
used elsewhere. The results of our study clearly show that the most
important process affecting P. oceanica is the sedimentation of or-
ganic material. This material has relatively low or even insignifi-
cant effects on benthic macrofauna, but it interferes with various
biogeochemical processes in the sediments thereby modifying
microbial activity, nutrient regeneration and increases the sulfide
concentrations in the sediments and sulfide invasion into the seag-
rasses, which may be one of the factors contributing to the ob-
served decline of P. oceanica at the four study sites. The seagrass
community is also affected by increased epiphytic loading and in
some locations increased grazing by sea urchins leading in general
to reduced shoot density and shoot size. All meadows experienced
increased mortality rates and reduced recruitment, revealing that,
if current environmental conditions persist, shoot density would
decrease by half within 3–26 months and the meadow would be
lost within 5–11 years close to the cages.

Sedimentation is considered the main driver of the negative
environmental changes in the P. oceanica meadows and appears
as a strong indicator of fish farming impacts with a threshold value
of 50 mg P m�2 d�1 or 1.5 g organic matter m�2 d�1 (Diaz-Almela
et al., in press). Monitoring of sedimentation rates is thus a strong
tool for the management of seagrasses near fish farms. They, in
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fact, will allow the manager to decide if the fish farm is operating
in a sustainable manner or if the sedimentation rates exceed the
threshold value, thus providing advice on a reduction of the pro-
duction or a suggestion for moving the farm to another location.
Assessments of benthic sedimentation can be done by deployment
of benthic traps as described by Hargrave and Burns (1979) and
modified by Gacia and Duarte (2001). The traps are typically de-
ployed for 2 days and can be done by SCUBA divers after a brief
introduction to the method. The processing of the trap material
is straightforward and can be done in almost any laboratory.

We observed that sediments of P. oceanica meadows contained
typically natural but highly variable levels of organic C even at a
very short spatial scale (Bongiorni et al., 2005; Pusceddu et al.,
2007). Therefore, the mere comparison of organic C between im-
pacted and control stations does not appear a reliable descriptor
of fish farm-induced changes of P. oceanica meadows sediments.
Among the variables tested in this study those more consistently
reflecting the area of impact were: accumulation of P and biopoly-
meric C in the sediments, C:P ratios in the sediments, sulfate
reduction rates, meiofaunal population structure, seagrass shoot
density and shoot size, seagrass net population growth and vertical
rhizome growth. Where some of these measures require specific
knowledge and intensive work (such as identification of meiofa-
una) and certified laboratories (such as sulfate reduction rates),
the measures of sediment nutrient pools and seagrass response
parameters are straightforward. It is recommended that sampling
is done by SCUBA divers, as surface operated sampling of sedi-
ments and seagrasses is not recommended within seagrass
meadows.

The optimal indicator of seagrass decline should integrate the
impacts over time rather than reflecting short term changes such
as a seasonal change in nutrient conditions. The net population
change of the meadows provides the ultimate measure of the pop-
ulation dynamics and can be considered as the community re-
sponse to fish farming activities. The most sensitive method to
monitor the population change is by installing permanent seagrass
plots, where shoots are annually censed by SCUBA divers and
changes in shoot density within the plots are followed (Short and
Duarte, 2001). The shoot density will either stay the same, increase
or decrease reflecting a meadow in steady state, in expansion or in
decline.

The data obtained in this project considering the size of the fish
farms (260–1000 tonne yr�1), sampling depths (16–39 m) and
hydrological regime (5–40 cm s�1) at the study locations imply
that the effects on P. oceanica could reach a distance of 400 m from
the edge of the cages, which is larger than the distance of 200 m
recently suggested by Pergent-Martini et al. (2006) in a review of
existing data and less sensitive indicators of particularly seagrass
performance (Diaz-Almela et al., in press). We thus recommend a
safety distance of 400 m between a fish farm and a P. oceanica mea-
dow during the initial siting of a new farm. During the operation of
the farm, it is important to monitor the seagrass meadow located
at the safety distance to ensure that the meadow remains unaf-
fected by the farming activities along with a control site unimpact-
ed by farming to account for natural variability. It is recommended
that the meadow is monitored by installing permanent plots as de-
scribed above to be able to detect changes in population dynamics
with the largest precision during one annual visit and that the rates
of sedimentation are measured during the maximum production in
the farm also once per year. The farm area close to the net cages
should be subject to a controlled monitoring of the water column
(e.g. by bio-assays) and sediment conditions (e.g. labile organic
matter pools, microbial activity, nutrient fluxes and meiofaunal)
to ensure that the impact does not reach beyond the objectives
set for the particular area.
Further research is needed in order to follow possible dynamics
of seagrass mortality and recruitment near fish farms. In this study
the seagrass community was only studied for one year, and mortal-
ity and recruitment are subject to change, e.g. if thresholds of sed-
iment deterioration are exceeded. The strength of the different
indicators suggested should be tested at many more farms express-
ing a range of farm sizes, water depths and hydrological regimes.
Acknowledgements

We are grateful to the fish farmers at the four study sites for
assistance with sampling during the intensive field campaigns.
This work was supported by MedVeg (EU Contract No. Q5RS-
2001-02456) and SAMI (EU Contract No. SSA-022656).

References

Albertelli, G., Covazzi-Harriague, A., Danovaro, R., Fabiano, M., Fraschetti, S.,
Pusceddu, A., 1999. Differential responses of bacteria, meiofauna and
macrofauna in a shelf area (Ligurian Sea, NW Mediterranean): role of food
availability. J. Sea Res. 42, 11–16.

Apostolaki, E., Tsagaraki, T., Tsapakis, M., Karakassis, I., 2007. Fish farming impact on
sediments and macrofauna associated with seagrass meadows in the
Mediterranean Estuar. Coast. Shelf Sci. 75, 408–416.

Bergametti, G., Remoundaki, E., Losno, R., Steiner, E., Chatenet, B., Buat-Menard, P.,
1992. Source, transport and deposition of atmospheric phosphorus over the
northwestern Mediterranean. J. Atmos. Chem. 14, 501–513.

Bongiorni, L., Mirto, S., Pusceddu, A., Danovaro, R., 2005. Response of benthic
protozoa and thraustochytrid protists to fish farm impact in seagrass (Posidonia
oceanica) and soft-bottom sediments. Microb. Ecol. 50, 268–276.

Calleja, M.Ll., Marbà, N., Duarte, C.M., 2007. The relationship between seagrass
(Posidonia oceanica) decline and sulfide porewater concentration in carbonate
sediments. Estuar. Coast. Shelf Sci. 73, 583–588.

Cancemi, G., DeFalco, G., Pergent, G., 2006. Effects of organic matter input from a
fish farming facility on a Posidonia oceanica meadow. Estuar. Coast. Shelf Sci. 56,
961–968.

Dalsgaard, T., Krause-Jensen, D., 2006. Monitoring nutrient release from fish farms
with macroalgal and phytoplankton bioassays. Aquaculture 256, 302–310.

Danovaro, R., Marrale, D., Dell’Anno, A., Della Croce, N., Tselepides, A., Fabiano, M.,
2000. Bacterial response to seasonal changes in labile organic matter
composition on the continental shelf and bathyal sediments of the Cretan
Sea. Prog. Oceanogr. 46, 345–366.

Danovaro, R., Gambi, C., Luna, G.M., Mirto, S., 2004. Sustainable impact of mussel
farming in the Adriatic Sea (Mediterranean Sea): evidence from biochemical,
microbial and meiofaunal indicators. Mar. Pollut. Bull. 49, 325–333.

Delgado, O., Grau, A., Pou, S., Riera, F., Massuti, C., Zabala, M., Ballesteros, E., 1997.
Seagrass regression caused by fish cultures in Fornells Bay (Menorca, Western
Mediterranean). Oceanol. Acta 20, 557–563.

Delgado, O., Ruiz, J., Pérez, M., Romero, J., Ballesteros, E., 1999. Effects of fish farming
on seagrass (Posidonia oceanica) in a Mediterranean bay: seagrass decline after
organic loading cessation. Oceanol. Acta 22, 109–117.

Diaz-Almela, E., Alvarez, E., Santiago, R., Marbà, N., Holmer, M., Grau, T., Danovaro,
R., Argyrou, M., Karakassis, Y., Duarte, C.M., in press. Benthic input rates predict
seagrass (Posidonia oceanica) fish farm-induced decline. Mar. Pollut. Bull,
doi:10.1016/j.marpolbul.2008.03.022.

Duarte, C.M., 2002. The future of seagrass meadows. Environ. Conserv. 29, 192–206.
Fabiano, M., Danovaro, R., Fraschetti, S., 1995. A three-year time series of elemental

and biochemical composition of organic matter in subtidal sediments of the
Ligurian Sea (northwestern Mediterranean). Cont. Shelf Res. 15, 1453–1469.

Frederiksen, M.S., Holmer, M., Borum, J., Kennedy, H., 2006. Temporal and spatial
variation of sulfide invasion in eelgrass (Zostera marina) as reflected by its sulfur
isotopic composition. Limnol. Oceanogr. 51, 2308–2318.

Frederiksen, M.S., Holmer, M., Diaz-Almela, E., Marbà, N., Duarte, C.M., 2007. Sulfide
invasion in the seagrass Posidonia oceanica along gradients of organic loading at
Mediterranean fish farms: assessment by stable sulfur isotopes. Mar. Ecol. Prog.
Ser. 345, 93–104.

Gacia, E., Duarte, C.M., 2001. Sediment retention by a mediterranean Posidonia
oceanica meadow: the balance between deposition and resuspension. Estuar.
Coast. Shelf Sci. 52, 505–514.

GESAMP, 1996. Monitoring the ecological effects of coastal aquaculture wastes.
GESAMP Reports and Studies No. 57. United Nations Food and Agriculture
Organization, Rome, Italy, 38 pp.

Gobert, S., Cambridge, M.L., Velimirov, B., Pergent, G., Lepoint, G., Bouquegneau, J.-
M., Dauby, P., Pergent-Martini, C., Walker, D.I., 2006. Nutrient dynamics in
seagrass ecosystems. In: Larkum, A., Orth, R.J., Duarte, C.M. (Eds.), Seagrasses:
Biology, Ecology and Conservation. Springer, Dordrecht, The Netherlands, pp.
387–408.

Gray, J.S., 1981. Detecting pollution induced changes in communities using the log-
normal distribution of individuals among species. Mar. Pollut. Bull. 12, 173–
176.

http://dx.doi.org/10.1016/j.marpolbul.2008.03.022


1628 M. Holmer et al. / Marine Pollution Bulletin 56 (2008) 1618–1629
Greve, T.M., Borum, J., Pedersen, O., 2003. Meristematic oxygen variability in
eelgrass (Zostera marina). Limnol. Oceanogr. 48, 210–216.

Guidetti, P., 2001. Detecting environmental impacts on the Mediterranean seagrass
Posidonia oceanica (L.) Delile: the use of reconstructive methods in combination
with ‘beyond BACI’ designs. J. Exp. Mar. Biol. Ecol. 260, 27–39.

Hargrave, B.T., Burns, N.M., 1979. Assessment of sediment trap collection efficiency.
Limno. Oceanogr. 24, 1124–1136.

Heidelbaugh, W.S.N., Nelson, W.G., 1996. A power analysis of methods for
assessment of change in seagrass cover. Aquat. Bot. 53, 227–233.

Heilskov, A.C., Holmer, M., 2001. Effects of effect fauna on organic matter
mineralization in fish-farm sediments: importance of size and abundance.
ICES J. Mar. Sci. 58, 427–434.

Heilskov, A., Aperin, M., Holmer, M., 2006. Benthic fauna bio-irrigation effects on
nutrient regeneration in fish farm sediments. J. Exp. Mar. Biol. Ecol. 339, 204–
225.

Holmer, M., Frederiksen, M.S., 2007. Stimulation of sulfate reduction rates in
Mediterranean fish farm sediments inhabited by the seagrass Posidonia
oceanica. Biogeochemistry. 85, 169–185.

Holmer, M., Kristensen, E., 1992. Impact of marine fish cage farming on metabolism
and sulphate reduction of underlying sediments. Mar. Ecol. Prog. Ser. 80, 191–
201.

Holmer, M., Kristensen, E., 1996. Seasonality of sulfate reduction and pore water
solutes in a marine farm sediment: the importance of temperature and
sedimentary organic matter. Biogeochemistry 32, 15–39.

Holmer, M., Pérez, M., Duarte, C.M., 2003. Benthic primary producers – a neglected
environment problem in Mediterranean maricultures? Mar. Pollut. Bull. 46,
1372–1376.

Holmer, M., Duarte, C.M., Boschker, H.T.S., Barron, C., 2004. Carbon cycling and
bacterial carbon sources in pristine and impacted Mediterranean seagrass
sediments. Aquat. Microb. Ecol. 36, 227–237.

Holmer, M., Wildish, D., Hargrave, B., 2005. Organic enrichment from marine finfish
aquaculture and effects on sediment processes. In: Hargrave, B.T. (Ed.), The
Handbook of Environmental Chemistry, Water Pollution Environmental Effects
of Marine Finfish Aquaculture, vol. 5. Springer Verlag, pp. 181–206.

Holmer, M., Marbà, N., Diaz-Almela, E., Duarte, C.M., Tsapakis, M., Danovaro, R.,
2007. Sedimentation of organic matter from fish farms in oligotrophic
Mediterranean assessed through bulk and stable isotope (d13C and d15N).
Aquaculture 262, 268–280.

Islam, M.S., 2005. Nitrogen and phosphorus budget in coastal and marine cage
aquaculture and impacts of effluent loading on ecosystem: review and analysis
towards model development. Mar. Pollut. Bull. 50 (1), 48–61.

Jensen, S.J., McGlathery, K.J., Marino, R., Howarth, R.W., 1998. Forms and availability
of sediment phosphorus in carbonate sand of Bermuda seagrass beds. Limnol.
Oceanogr. 43, 799–810.

Kalantzi, I., Karakassis, I., 2006. Benthic impacts of fish farming: meta-analysis of
community and geochemical data. Mar. Pollut. Bull. 52, 484–493.

Karakassis, I., Tsapakis, M., Hatziyanni, E., Papadopoulou, K.N., Plaiti, W., 2000.
Impact of cage farming of fish on the seabed in three Mediterranean coastal
areas. ICES J. Mar. Sci. 57, 1462–1471.

Karakassis, I., Tsapakis, M., Hatziyanni, E., Pitta, P., 2001. Diel variation of nutrients
and chlorophyll in sea bream and sea bass cages in the Mediterranean.
Fresenius Environ. Bull. 10, 278–283.

Kendrick, G.A., Marbà, N., Duarte, C.M., 2005. Modelling formation of complex
topography by the seagrass Posidonia oceanica. Estuar. Coast. Shelf Sci. 65, 717–
725.

La Rosa, T., Mirto, S., Favaloro, E., Savona, B., Sara, G., Danovaro, R., Mazzola, A., 2002.
Impact of the water column biogeochemistry of a Mediterranean mussel and
fish farm. Water Res. 36, 713–721.

Lampadariou, N., Karakassis, I., Teraschke, S., Arlt, G., 2005. Changes in benthic
meiofaunal assemblages in the vicinity of fish farms in the Eastern
Mediterranean. Vie Milieu-Life Environ. 55, 61–69.

Lupatsch, L., Kissil, G.W., 1998. Predicting aquaculture waste from gilthead
seabream (Sparus aurata) culture using a nutritional approach. Aquat. Living
Resour. 11, 265–268.

Machias, A., Karakassis, I., Labropoulou, M., Somarakis, S., Papadopoulou, K.N.,
Papaconstantinou, C., 2004. Changes in wild fish assemblages after the
establishment of a fish farming zone in an oligotrophic marine environment.
Estuar. Coast. Shelf Sci. 60, 771–779.

Machias, A., Karakassis, I., Somarakis, S., Giannoulaki, M., Papadopoulou, K.N., Smith,
C., 2005. The response of demersal fish communities to the presence of fish
farms. Mar. Ecol. Prog. Ser. 288, 241–250.

Marba, N., Duarte, C.M., 1997. Interannual changes in seagrass (Posidonia oceanica)
growth and environmental change in the Spanish Mediterranean littoral zone.
Limnol. Oceanogr. 42, 800–810.

Marbà, N., Duarte, C.M., Holmer, M., Martínez, R., Basterretxea, G., Orfila, A., Jordi, A.,
Tintoré, J., 2002. Assessing the effectiveness of protection on Posidonia oceanica
populations in the Cabrera National Park (Spain). Environ. Conserv. 29, 509–
518.

Marbà, N., Duarte, C.M., Díaz-Almela, E., Terrados, J., Álvarez, E., Martínez, R.,
Santiago, R., Gacia, E., Grau, A.M., 2005. Direct evidence of imbalanced seagrass
(Posidonia oceanica) shoot population dynamics along the Spanish
Mediterranean. Estuaries 28, 51–60.

Marbá, N., Santiago, R., Díaz-Almela, E., Álverez, E., Duarte, C.M., 2006. Seagrass
(Posidonia oceanica) vertical growth as an early indicator of fish farm-derived
stress. Estuar. Coast. Shelf Sci. 67, 475–483.
Marba, N., Calleja, M.L., Duarte, C.M., Alvarez, E., Diaz-Almela, E., Holmer, M., 2007.
Iron additions reduce sulfide intrusion and reverse seagrass (Posidonia oceanica)
decline in carbonate sediments. Ecosystems 10, 745–765.

Markaki, Z., Oikonomou, K., Kocak, M., Kouvarakis, G., Chaniotaki, A., Kubilay, N.,
Mihalopoulos, N., 2003. Atmospheric deposition of inorganic phosphorus in the
Levantine Basin, eastern Mediterranean: spatial and temporal variability and its
role in seawater productivity. Limnol. Oceanogr. 48, 1557–1568.

McGlathery, K.J., 1995. Nutrient and grazing influences on a subtropical seagrass
community. Mar. Ecol. Prog. Ser. 122, 239–252.

Migon, C., Bethoux, J.P., 2001. Atmospheric input of anthropogenic phosphorus to
the north west Mediterranean under oligotrophic conditions. Mar. Environ. Res.
52, 413–426.

Mirto, S., Danovaro, R., 2004. Meiofaunal colonisation on artificial substrates: a tool
for biomonitoring the environmental quality on coastal marine systems. Mar.
Pollut. Bull. 48, 919–926.

Mirto, S., La Rosa, T., Gambi, C., Danovaro, R., Mazzola, A., 2002. Nematode
community response to fish-farm impact in the western Med. Environ. Pollut.
116, 203–214.

Mirto, S., Pusceddu, A., Gambi, C., Holmer, M., Danovaro, R., 2007. Ecological
assessment of aquaculture impact in the Mediterranean Sea. CIESM Workshop
Monogr. 32, 21–28.

Pearson, T.H., Rosenberg, R., 1978. Macrobenthic succession in relation to organic
enrichment and pollution of the marine environment. Oceanogr. Mar. Ann. Rev.
16, 229–311.

Pérez, M., Invers, O., Ruiz, J.M., Frederiksen, M.S., Holmer, M., 2007. Physiological
responses of the seagrass Posidonia oceanica to elevated organic matter content
in sediments: an experimental assessment. J. Exp. Mar. Biol. Ecol. 344, 149–160.

Pérez, M., Garcia, T., Invers, O., Ruiz, J.M., 2008. Physiological responses of the
seagrass Posidonia oceanica as indicators of fish farms impact. Mar. Pollut. Bull.
56, 869–879.

Pergent, G., Mendez, S., Pergent-Martini, C., Pasqualini, V., 1999. Preliminary data on
impact of fish farming facilities on Posidonia oceanica meadows in the
Mediterranean. Oceanol. Acta 22, 95–107.

Pergent-Martini, C., Leoni, V., Pasqualini, V., Ardizzone, G.D., Balestri, E., Bedini, R.,
Belluscio, A., Belsher, T., Borg, J., Boudouresque, C.F., Boumaza, S., Bouquegneau,
J.M., Buia, M.C., Calvo, S., Cebrian, J., Charbonnel, E., Cinelli, F., Cossu, A., Di
Maida, G., Dural, B., Francour, P., Gobert, S., Lepoint, G., Meinesz, A., Molenaar,
H., Mansour, H.M., Panayotidis, P., Peirano, A., Pergent, G., Piazzi, L., Pirrotta, M.,
Relini, G., Romero, J., Sanchez-Lizaso, J.L., Semroud, R., Shembri, P., Shili, A.,
Tomasello, A., Velimirov, B., 2005. Descriptors of Posidonia oceanica meadows:
use and application. Ecol. Indicat. 5, 213–230.

Pergent-Martini, C., Boudouresque, C.F., Pasqualini, V., Pergent, G., 2006. Impact of
fish farming facilities on Posidonia oceanica meadows: a review. Mar. Ecol. 27,
310–319.

Pitta, P., Karakassis, I., Tsapakis, M., Zivanovic, S., 1999. Natural vs mariculture
induced variability in nutrients and plankton in the Eastern Mediterranean.
Hydrobiologia 391, 181–194.

Pitta, P., Apostolaki, E.T., Tsagaraki, T., Tsapakis, M., Karakassis, I., 2006. Fish
farming effects on chemical and microbial variables of the water column: a
spatio-temporal study along the Mediterranean Sea. Hydrobiologia 563, 99–
108.

Pitta, P., Tsapakis, M., Apostolaki, E.T., Tasgaraka, T., Holmer, M., Karakassis, I.,
accepted for publication. Seeking the ghost nutrients from fish farms. Mar. Ecol.
Prog. Ser.

Prado, P., Mariani, S., Romero, J., Alcoverro, T., in press. Ecological patterns
associated to the demographic structure of sea urchin populations in
Posidonia oceanica beds. Mar. Ecol. Prog. Ser.

Pusceddu, A., Fraschetti, S., Mirto, S., Holmer, M., Danovaro, R., 2007. Effect of
intensive mariculture on sediment biochemistry. Ecol. Appl. 17, 1366–1378.

Rennenberg, H., 1984. The fate of excess sulfur in higher-plants. Ann. Rev. Plant
Phys. Plant Mol. Biol. 35, 121–153.

Ridame, C., Guieu, C., 2002. Saharan input of phosphate to the oligotrophic water of
the open western Mediterranean Sea. Limnol. Oceanogr. 47, 856–869.

Romero, J., Martínez-Crego, B., Alcoverro, T., Pérez, M., 2007. A multivariate index
based on the seagrass Posidonia oceanica (POMI) to assess ecological status of
coastal waters under the water framework directive (WFD). Mar. Poll. Bull. 55,
196–204.

Ruiz, J.M., Pérez, M., Romero, J., 2001. Effects of fish farm loadings on seagrass
(Posidonia oceanica) distribution, growth and photosynthesis. Mar. Pollut. Bull.
42, 749–760.

Sala, E., Boudouresque, C.F., Harmelin-Vivien, M., 1998. Fishing, trophic cascades
and the structure of algal assemblages: evaluation of an old but untested
paradigm. Oikos 82, 425–439.

Sara, G., 2007. A meta-analysis on the ecological effects of aquaculture on the water
column: dissolved nutrients. Mar. Environ. Res. 63, 390–408.

Sarà, G., Scilipoti, D., Mazzola, A., Modica, A., 2004. Effects of fish fanning waste to
sedimentary and particulate organic matter in a southern Mediterranean area
(Gulf of Castellammare, Sicily): a multiple stable isotope study (delta C-13 and
delta N-15). Aquaculture 234, 199–213.

Short, F.T., Duarte, C.M., 2001. Methods for the measurement of seagrass growth
and production. In: Short, F.T., Coles, R.G. (Eds.), Global Seagrass Research
Methods. Elsevier, Amsterdam, pp. 155–182.

Soto, D., Norambuena, F., 2004. Evaluation of salmon farming effects on marine
systems in the inner seas of southern chile: a large-scale mensurative
experiment. J. Appl. Ichtyol. 20, 493–501.



M. Holmer et al. / Marine Pollution Bulletin 56 (2008) 1618–1629 1629
Tewfik, A., Rasmussen, J.B., McCann, K.S., 2005. Anthropogenic enrichment alters a
marine benthic food web. Ecology 86, 2726–2736.

Tsapakis, M., Pitta, P., Karakassis, I., 2006. Nutrients and fine particulate matter
released from sea bass (Dicentrarchus labrax) farming. Aquat. Living Resour. 19,
69–75.

Wilson, S., Blake, C., Berges, J.A., Maggs, C.A., 2004. Environmental tolerances of free-
living coralline algae (maerl): implications for European marine conservation.
Biol. Conserv. 120, 279–289.
Zohary, T., Herut, B., Krom, M.D., Mantoura, R.F.C., Pitta, P., Psarra, S.,
Rassoulzadegan, F., Stambler, N., Tanaka, T., Thingstad, T.F., Woodward, E.M.S.,
2005. P-limited bacteria but N and P co-limited phytoplankton in the Eastern
Mediterranean – a microcosm experiment. Deep-Sea Res. Part II – Top. Stud.
Oceanogr. 52, 3011–3023.


	Effects of fish farm waste on Posidonia oceanica meadows: Synthesis and provision of monitoring and management tools
	Introduction
	Materials and methods
	Study sites and sampling

	Results and discussion
	Loss of waste products on annual cycle
	Effects of nutrient release on water quality
	Effects of nutrient release on sedimentation rates
	Quantity and biochemical composition of sediment organic matter
	Effects on sediment microbial activity and sulfur cycling
	Impacts on seagrasses: community structure
	Impacts on seagrasses: vertical rhizome growth
	Impacts on seagrasses: population dynamics
	Impacts on seagrasses: seagrass physiology
	Impacts on benthic fauna: macrofauna
	Impacts on benthic fauna: meiofaunal assemblages

	Perspectives and recommendations
	Acknowledgements
	References


