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ABSTRACT: The Saronikos Gulf, an embayment of the Aegean Sea (Greece, Eastern Mediterran-
ean), has undergone profound and unprecedented environmental changes due to the rapid urban-
ization of the Athens-Piraeus metropolitan area since the 1950s. From the mid-1950s until the mid-
1990s, the inner part of Saronikos Gulf was subject to increasing inputs of untreated urban
sewage. The resulting long-lasting eutrophication was reflected in the phytobenthos by the pres-
ence of low-diversity, mainly ephemeral species communities, largely dominated by the
nitrophilous green algae Ulva spp. and Cladophora spp. In the mid-1990s, a wastewater treatment
plant started operating on Psittalia islet near the port of Piraeus, capturing the entire central
sewage outfall of Athens. Since 1998, the coastal ecosystem of Saronikos Gulf has been under reg-
ular monitoring to assess intra-annual and interannual changes in benthic macroalgal communi-
ties and nutrient levels. A sharp decline in nutrient and organic loads was soon recorded, leading
to a rapid re-oligotrophication of the gulf. Upon this new regime shift, macroalgal communities
responded by a general increase in biodiversity and a marked decrease in the abundance of
nitrophilous green algae. Within the last years, however, the canopy brown algae (Cystoseira and
Sargassum)in the area unexpectedly showed a sharp population decline. Even though this pheno-
menon may be still ongoing and thus is not fully described and understood, this study is the first
to provide a long-term data set of macroalgal responses to a rapid re-oligotrophication process
taking place within a highly urbanized Mediterranean coastal area.
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INTRODUCTION

Marine macroalgal vegetation can be affected by
various factors in the coastal zone, including changes
in nutrient levels (Munda & Veber 1996), sea urchin
grazing (Thibaut et al. 2005) as well as competition
by alien species (Williams & Smith 2007). Alterations
of macroalgal community structure and composition
as well as biodiversity loss due to high nutrient loads
are well-documented and widespread phenomena
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(Arévalo et al. 2007). For this reason, studies on mar-
ine macroalgae, particularly those in shallow waters,
have been traditionally used to detect and evaluate
anthropogenic effects on coastal ecosystems (Littler
& Murray 1975, Tewari & Joshi 1988).

The macroalgal flora of the Mediterranean Sea is
characterized by high biodiversity (Coll et al. 2010) as
it consists of various phytogeographic elements,
mainly of warm-temperate (chiefly Atlantic) and
tropical (chiefly Indo-Pacific) affinities (Bianchi &
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Morri 2000). Large kelps of the Laminariales, which
are typical of temperate coastal ecosystems through-
out the world, are scarce in the Mediterranean Sea
(Steneck et al. 2002). Here, their canopy-forming role
is instead fulfilled by Cystoseira and Sargassum (Fu-
cales), the former exhibiting particularly high Medi-
terranean speciation (Roberts 1978). Cystoseira and
Sargassum communities have long been considered
the climax stage of the shallow-water Mediterranean
rocky shores (Péres & Picard 1964), but their role in
structuring entire communities of high biodiversity in
deeper environments is increasingly recognized
(Hereu et al. 2008). These perennial erect species are
known to characterize the pristine, oligotrophic
Mediterranean coasts (Pergent 1991), and show high
sensitivity to natural and human disturbances (Hoff-
man et al. 1988, Rodriguez-Prieto & Polo 1996, Thibaut
et al. 2005). In contrast, opportunistic nitrophilous
green algae, such as species of the genera Ulva and
Cladophora, commonly thrive in organically enriched
ecosystems (Belsher 1977, Diez et al. 1999), and they
have been repeatedly documented to gradually out-
compete and replace Cystoseira species under in-
creasing nutrient loads (Pergent 1991, Soltan et al.
2001, Panayotidis et al. 2004). On these grounds, mar-
ine macroalgae, particularly those of the upper in-
fralittoral zone, are commonly used as indicators of
marine ecosystem quality (Soltan et al. 2001, Or-
lando-Bonaca et al. 2008, Orfanidis et al. 2011), and
are thus included among the 4 main biological quality
elements that need to be monitored for the purposes
of the European Water Framework Directive (2000/
60/EC) (Panayotidis et al. 2004).

Here we present the long-term changes in the mar-
ine vegetation and nutrient levels of the Saronikos
Gulf (Greece, Eastern Mediterranean Sea) following
the start of operations of the Psittalia Wastewater
Treatment Plant (WWTP), which has been serving the
wider Athens—Piraeus urban area since 1998. Based
on a large time series of seasonal macroalgal surveys
within a period of over 10 yr (from 1998 to 2010), we
reveal a gradual recovery of macroalgal communities
in response to decreasing levels of eutrophication.
While several studies have investigated the impact of
sewage disposal and consequent organic enrichment
on macroalgal communities (e.g. Brown et al. 1990),
few have actually focused on the reverse effects
caused by re-oligotrophication processes (Diez et al.
2009). This is the first such study in the Mediterranean
Sea, which should have a wider relevance due to the
need to mitigate coastal pollution impacts stemming
from the massive and ongoing urbanization along
most Mediterranean and other shores worldwide.

MATERIALS AND METHODS
The study region

The Saronikos Gulf is one of the largest embay-
ments of the South Aegean Sea, surrounded by the
peninsulas of Attica in the north and the NE Pelo-
ponnissos in the south. The gulf contains several
islands and islets, Salamina and Aegina being the
most important in terms of size and population den-
sity. Along the northern shores of Saronikos lies the
capital city of Greece, the Athens—Piraeus metropol-
itan area, which, although inhabited since ancient
times, has faced a rapid and largely uncontrolled
urbanization since the 1950s. Within just the last
decades the population of the larger Athens urban
zone has grown to ~5 million (Pavlidou & Kapari
2010), leading to a subsequent dramatic increase in
resource use and environmental effects. Among the
major human activities that directly affect the
coastal marine ecosystem of the Saronikos Gulf are
the rapid and extensive modification of the coast-
line, the industrial pollution from oil refineries and
metallurgy, and the strong pressures resulting from
the increasing recreational and fishing activities.
National and international shipping and ship-build-
ing activities around Piraeus, one of the largest
ports in the Mediterranean Sea and the world, are
also considerable pollution sources in this area.
Moreover, the gulf is subject to an unprecedented
introduction of alien species, largely due to the
area's intense maritime traffic and the Lessepsian
(i.e. through the Suez Canal) immigration phenome-
non, which has been strongly affecting the wider
Eastern Mediterranean basin during the last 2
decades (Tsiamis et al. 2010). However, urban
sewage discharge, with an estimated average out-
flow of 750000 t d! (Xenarios 2009), is thought to
impose the most significant stress on the marine
environment of the gulf, causing a clear pollution
gradient along its coasts (Simboura et al. 2005).

Sporadic surveys of macroalgae of Saronikos Gulf
were performed as early as the 1910s, mentioning
the presence of Cystoseira discors and Ulva lactuca
among other species (Petersen 1918). The French
RV ‘Calypso’ cruise in 1955 explored the inner Saro-
nikos Gulf (off Salamina Island) just before the
onset of the massive urbanization of the area, and
recorded the sporadic presence of Hydroclathrus
clathratus in the upper infralittoral zone, surrounded
by a belt of Cystoseira compressa at its lower mar-
gin (Péres & Picard 1956). In the early 1980s, Dia-
poulis & Haritonidis (1987) reported a relative abun-
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dance in nitrophilous green algae and a scarcity of
Cystoseira species, which was attributed to eu-
trophic conditions of the inner gulf. More recently,
assessment of the macroalgal vegetation of Saro-
nikos Gulf through biodiversity surveys and the ap-
plication of the ad hoc Ecological Evaluation Index
(Orfanidis et al. 2001) has served as a pilot study
case to test the applicability of the main biological
quality elements of the European Water Framework
Directive (Simboura et al. 2005).

Up until 1994, the entire untreated sewage of the
larger Athens urban zone had been disposed of in the
surface waters near the uninhabited islet of Psittalia,
resulting in a steep pollution gradient (Makra et al.
2001). In 1994, with the construction of the Psittalia
WWTP (Fig. 1), sewage started receiving primary
treatment, with disposal into deeper water (63 m)
through multi-port diffusers. During a 4 yr test
period, the Psittalia WWTP operated at intervals and
with partial capacity until 1998, when it became fully
operational. Since late 2004, the sewage has also
been undergoing secondary treatment with the ob-
jective to further remove the organic nitrogen and
reverse the increasing marine eutrophication trends
of recent decades. Since 1998, the marine environ-
ment surrounding the Psittalia WWTP project has
been seasonally and inter-annually monitored in
order to assess inter alia its short- and long-term
effects on macroalgal populations and seawater
nutrient levels in the Saronikos Gulf.

Macroalgal sampling and laboratory analysis

Along the rocky coasts of Saronikos Gulf, 8 sam-
pling stations were chosen (Fig. 1), situated on 2 axes
with increasing distance from Psittalia WWTP. The
density of stations was higher in close proximity to
the Psittalia islet. All sampling stations are charac-
terised by smooth rocky shores with moderate hydro-
dynamic conditions, which are typical of this area.
Sampling stations are divided into 2 major groups:
the Kaki Vigla, Ampelakia, Peiraiki, and Agios Kos-
mas sites are situated in the inner, most enclosed part
of the gulf, and are more directly affected by the
sewage outfall, while the Aegina Island, Peristeria,
Kavouri, and Sounio sites represent the outer (i.e. the
more distant and more open) part of the gulf, which is
less affected (Fig. 1). Two seasonal samplings (March
and September) were carried out annually from 1998
to 2010, with an exception for years 2000 and 2004
due to logistical constraints.

Macroalgal samples were collected by free diving
along the upper rocky infralittoral, from almost hori-
zontal surfaces, 30-50 cm below the lowest water
level. Macroalgae in one quadrat of 400 cm? (20 x
20 cm), which is considered to be the minimal repre-
sentative sampling surface for the Mediterranean
infralittoral communities (Dhont & Coppejans 1977,
Boudouresque & Belsher 1979), were scraped off
with a chisel at each site and season. Each quadrat
corresponded to one sampling unit. The material

collected was preserved in buffered

i 4% formalin/seawater.
' In the laboratory, specimens were
ﬁ observed under dissecting or com-
f pound microscopes. When necessary,
they were sectioned manually with a
razor blade. Species were identified
down to the lowest possible taxonomic
level, and the abundance of each taxon
was estimated as percent coverage in
the sampling surface (4 cm? = 1%) in
horizontal projection (Verlaque 198%).
All taxon-specific coverage values
were estimated for each sampling unit
oSN (quadrat). The cumulative coverage of
taxa per sampling unit would often ex-
ceed 100% due to multiple layers of
: vegetation (canopy, bushy, epiphytes).
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Fig. 1. Inner and outer Saronikos Gulf sampling sites for macroalgae (®; SN:
Sounio; KA: Kavouri; AK: Agios Kosmas; PE: Peiraiki; A: Ampelakia; KV: Kaki
Vigla; PS: Peristeria; AGN: Aegina Isl.) and nutrients (®; S7, S8, S11, S13, S16,
and S21). Arrow: location of the Psittalia Wastewater Treatment Plant (WWTP)

Taking into account each taxon cover-
age value for each sampling unit, an
overall data set was created for all sam-
pling units, containing all taxa identi-
fied and their coverage values per unit.
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Finally, photomicrographs and measurements were
taken using a Leitz Ortholux microscope fitted with
an Olympus p1030 SW camera. For nomenclature
purposes the following taxonomic databases were
used: Index Nominum Algarum (Silva 2011) and
AlgaeBase (Guiry & Guiry 2011).

Nutrient sampling and laboratory analysis

Nutrient data were obtained through seasonal or
monthly cruises (4-12 samplings per year) for the
period 1998 to 2010 (109 cruises in total), using either
small inflatable boats or the RVs ‘Aegaio’ and ‘Filia'
of the Hellenic Centre for Marine Research. Six sam-
pling stations were monitored, among which S7, S8
and S11 are representative of the inner, and S13, S16
and S21 of the outer Saronikos region (Fig. 1). At the
selected stations, surface seawater samples were col-
lected with Niskin bottles, either mounted on a
rosette or individually on a hydro wire.

Seawater samples for the determination of nutri-
ents were filtered through membrane Millipore fil-
ters 0.45 pm with a suitable filtration unit (syringe +
Swinnex) directly connected to the outlet of the sam-
pling bottle. The filtered seawater was then collected
in 100 ml polyethylene bottles ‘aged’ with HCI 10 %
and rinsed 3 times with deionized water and 3 times
with the filtered sample. Seawater samples were col-
lected in triplicate and were kept deep-frozen
(=20°C) until their analysis in the laboratory.

Filtered samples were analyzed with a BRAN+
LUEBBE II autoanalyser according to standard meth-
ods for nitrate-nitrite (N-NO3; + N-NO,; Strickland &
Parsons 1977). Determinations of ammonia nitrogen
(N-NH,; Koroleff 1970) and soluble reactive phos-
phorus (SRP) (Murphy & Riley 1962) were performed
using first a Hitachi and afterwards a Perkin Elmer 20
Lambda and 25 Lambda spectrophotometer accord-
ing to standard methods referred above. The concen-
tration of dissolved inorganic nitrogen (DIN = N-NH,
+ N-NO, + N-NO3) was then computed and used for
data evaluation and statistical analysis.

Statistical analysis

An overall algal data set was created for all sam-
pling units (quadrats), containing all taxa identified
and their coverage values per sample unit. Based on
that data set, specific parameters were calculated:
the total number of species and the total coverage of
all species per sampling unit. In addition, the cumu-

lative coverage of the genera Ulva and Cladophora,
hereafter referred to as nitrophilous green algae
(NGA), as well as the genera Cystoseira and Sargas-
sum spp., hereafter referred to as canopy brown
algae (CBA), were also separately calculated per
sample unit. Finally, mean annual nutrient values
(DIN and SRP) were estimated for each nutrient sam-
pling station.

The normality of data of each of the above parame-
ters (total number of species, total coverage, NGA
coverage, CBA coverage and nutrient values per sam-
pling unit) was tested using the Kolmogorov-Smirnov
test and normal probability plots (P-P), while the ho-
mogeneity of variances was tested by the Cochran's
test. One-way ANOVA was applied on normally dis-
tributed data (without transformation), followed by
the Student-Newman-Keuls test for a posteriori com-
parisons of means, aiming to examine differences in
each parameter value over different sampling years.
In cases of non-normality or heterogeneity of variance
the non-parametric Kruskal-Wallis test was applied.
All differences were considered significant at p <
0.05, indicating that there was a statistically significant
difference between the mean value from one year to
another at 95 % confidence level. All parameters val-
ues are expressed in the provided figures as annual
means + SE for each sampling year.

A non-metric multidimensional scaling (MDS)
analysis based on Bray-Curtis similarities was under-
taken on the original overall algal coverage data set
of all sampling units, which was square-root trans-
formed. The number of restarts was 100 and the
results were plotted in 2 dimensions with a stress
value of 0.23. Distances between data points as rep-
resented in the plot are thus an indicator of similarity.
In addition, SIMPER analysis (similarity percentages,
i.e. species contributions) was applied in order to
detect dissimilarities in species composition between
communities, using the overall coverage data with-
out treatment. The programs STATISTICA StatSoft™
v.6 and PRIMER v.6.1.8 were used for all statistical
analyses.

RESULTS
Aspects of macroalgal populations

In total, 213 macroalgal taxa were identified
throughout the study area and period (Table S1 in
the supplement at www.int-res.com/articles/suppl/
m472p073_supp.pdf), among which 47 belong to
Chlorophyta, 36 to Ochrophyta, and 130 to Rhodo-
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phyta. Of these taxa, 7 are reported for the first time
from Greece.

Based on their macroalgal features, sampling sta-
tions can be separated in 2 distinct groups: those of
the outer and those of the inner Saronikos regions
(Fig. 2). In general, sites of the outer region were
dominated by the CBA Cystoseira crinitophylla and
its epiphyte Jania rubens, while sites of the inner
region were dominated by the NGA Ulva spp. and
the geniculate red alga Corallina elongata (Table 1).
However, the macroalgal communities went through
several gradual changes throughout the study area
and period, all the more pronounced within the inner
part of the gulf (Fig. 2).

More specifically, species richness clearly started
increasing with the beginning of full operations of
the Psittalia WWTP (Fig. 3, Table 2). In particular, in
the case of the inner Saronikos, the number of spe-
cies roughly tripled from 1998 to 2006, and levelled
off afterwards (Fig. 3). In contrast, the total vegeta-
tion coverage decreased abruptly during the last
years of this study, both in the outer and inner
Saronikos regions (Fig. 4, Table 2). From 1998 up
until 2005, the total coverage values diminished to
less than half, levelling off after 2005 (Fig. 4).

Cumulative coverage of NGA showed higher cov-
erage values within the inner region than within the
outer region (Fig. 5). NGA abundance
in the inner region presented a clear,
gradual decrease until 2010, when it
reached less than one-third of its orig-
inal values in 1998 (Fig. 5, Table 2). In

NGA decrease that was observed throughout the
warm study periods (Fig. 6) was not found to be sta-
tistically significant (Table 3).

The abundance of the CBA Cystoseira and Sargas-
sum spp. changed gradually over the years, espe-
cially at outer region sites (Fig. 8). Indeed, a major
decline of CBA coverage was observed for the latter,
decreasing from ~100% in 1998 to 40% in 2010
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Fig. 2. Community transition before (filled symbols) and

after 2004 (open symbols) for the inner (orange) and outer

(blue) Saronikos Gulf regions displayed as a non-metric

multidimensional scaling (MDS) plot based on Bray-Curtis
similarities

Table 1. Differences in abundance of major macroalgal species found in the
outer and inner Saronikos Gulf based on similarity percentage analysis
(SIMPER). The dissimilarity and the contribution (%) of each taxon to overall

dissimilarity are also given. Averaged values

the outer region, the NGA coverage
was aenerallv characterized bv rather Overall average Abundance Dissi-  Contrib.
g Y Y dissimilarity = 81.99 in Saronikos Gulf milarity (%)
low values over the whole study Taxon Outer Inner
period (Fig. 5). However, a general
decrease was also observed over the Cystoseira crinitophylla 416 1.9 12.5 15.3
years in this region, but this trend was Ulva spp. 61 276 77 94
i . Jania rubens 22 14.8 7.1 8.7
far smoother compared with the inner Corallina elongata 18 23.8 71 8.7
region's dramatic fall (Fig. 5, Table 2). Cystoseira compressa 10.6 7.3 4 49
The decrease of NGA coverage was Halopteris scoparia 7.5 8.7 3.7 4.6
studied at a seasonal scale, revealing g‘?’?assfm, VUI%‘” ed' . 140539 gg g? ;1)‘71
. ictyopteris polypodioides . . . .
sharp differences bereen ' the cold Padina pavonica 6.8 93 93 08
and the warm season in the inner gulf Dictyota dichotoma 2.9 58 2.9 2.7
(Fig. 6). During the cold season Jania virgata 2.9 2.8 1.6 1.9
(March) there was a marked decline of Cladophora spp. 35 31 1.5 1.8
. Schizymenia dubyi 1.7 3.1 1.2 1.5
NGA coverage over the years, starting | % © b hora nayadiformis 12 27 1.1 1.4
from almost 100 % in 1998 and reach- Caulerpa racemosa var. cylindracea 3.1 1.1 1.1 1.4
ing down to 20% in 2010 (Figs. 6, 7, Halopteris filicina 2.6 0.9 1.1 1.3
Table 3). During the warm season Hypnea musciformis 0.8 3.3 1.0 1.3
(September), the abundance of NGA Dictyota sp. , 0.7 3.9 1.0 1.3
1 1 han duri h d Pterocladiella capillacea 0 3.0 1.0 1.2
was always lower than during the co Halimeda tuna 1.6 1.7 0.9 11
seasons. A small and rather smooth
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Fig. 3. Annual numbers of species per sampling unit for the outer and inner
Saronikos Gulf. Means + SE

Table 2. One-way ANOVA examining differences among sampling years for

the following parameters for the inner and outer Saronikos Gulf: number of

species, total coverage, nitrophilous green algae (NGA) total coverage and to-

tal coverage of canopy brown algae (Cystoseira and Sargassum, CBA). All pa-

rameters are expressed per sampling unit. p < 0.05 (in bold) indicates a statis-

tically significant difference between the mean parameter examined from one
year to another at 95 % confidence level

Sum of squares df Mean squares F-ratio P
Inner Saronikos
Number of species 1957.7 10 195.8 21.7 <0.001
Error 2441 27 9.0
Cochran's test 0.4
Total coverage 82407 10 8241 10.7 <0.001
Error 20828 27 771
Cochran's test 0.15
NGA total coverage 7889.5 10 789 3.6 0.004
Error 5950.8 27 220.4
Cochran's test 0.27
CBA total coverage  1608.3 10 160.8 0.6 0.778
Error 6932.9 27 256.8
Cochran's test 0.24
Outer Saronikos
Number of species 839.6 10 84 6.5 0.002
Error 142.9 11 13
Cochran's test 0.60
Total coverage 56749.3 10 5675 12.0 <0.001
Error 5195.1 11 472.3
Cochran's test 0.38
NGA total coverage  1431.3 10 143.1 4.3 0.013
Error 367.9 11 33.4
Cochran's test 0.29
CBA total coverage 26763.5 10 2676 7.8 0.001
Error 3776.5 11 343.3
Cochran's test 0.68

(Fig. 8, Table 2). At the inner sampling
sites, the CBA species were already
scarce in 1998, where they have re-
mained at insignificant abundances
ever since (Fig. 8, Table 2).

A detailed comparison of the phyco-
community structure and composition
before and after 2004 revealed a sig-
nificant alteration within the inner
Saronikos region over time. Indeed,
the NGA Ulva spp. and the geniculate
red alga Corallina elongata, which
had been the dominant species until
2004, decreased significantly after
2004 (Table 4). The basic community
structure remained more or less the
same, but with by far lower abundance
of the dominant species and a much
richer biodiversity. An alteration was
also observed for the outer Saronikos
region, where the originally dominant
Cystoseira crinitophylla and Halopte-
1is scoparia declined severely in cover-
age after 2004 (Table 4). Similarly to
the inner region, the basic community
structure remained about the same,
but dominant species shifted to lower
abundances.

Lastly, throughout the study area
and period, 9 alien macroalgae were
detected in the Saronikos Gulf (Table
S1 in the supplement). However, all of
these species were invariably charac-
terised by rather low abundances at all
studied sites and times.

Nutrient gradients through time

Nutrient concentration data show
gradually, but significantly, decreas-
ing levels of DIN for both the outer
(Ki2,97 = 51.35, p < 0.001) and inner
(K12,100 = 38.35, p < 0.001) part of the
gulf, particularly after 2004 (Fig. 9).
For SRP, a short-term increase was
noticed between 2001 and 2004, fol-
lowed immediately afterwards by a
significant decrease for the outer gulf
(Ki2,97 = 62.61, p < 0.001). In the inner
part, an overall decrease was also
noticed (Kjp109 = 46.85, p < 0.001),
especially after 2004 (Fig. 10).
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DISCUSSION

Taking into account the fact that this study focuses
strictly on the upper infralittoral zone of the Saronikos
Gulf, and thus inevitably overlooks components of the
deeper-water flora, this area seems to host a rather
rich macroalgal biodiversity compared with other
Eastern Mediterranean coasts (Mayhoub 1976, Hari-
tonidis 1978, Chryssovergis 1995, Tsirika & Haritonidis

and inner Saronikos Gulf. Means + SE

2005). However, part of this may be ac-
counted for by a much more intensive
sampling and study effort rather than a
genuine biogeographical variation (but
see also Sales et al. 2012).

The gradual modification of the
coastal environment of the Saronikos
Gulf is reflected by intense alterations
observed in the macroalgal popula-
tions, especially in the most impacted
inner region of the gulf. The NGA
gradually increased their abundance
since the mid-1950s in the area (Dia-
poulis & Haritonidis 1987), reflecting
the growth of the Athenian agglomera-
tion and its sewage output, which
probably peaked in the mid-1990s
when the Psittalia WWTP started oper-
ating. Conversely, the NGA decline
since 1998 reveals a reversal of this
trend, suggesting the onset of a re-
oligotrophication process, as also con-
firmed in this study through the declin-
ing nutrient levels (particularly in
fterms of DIN levels) in surface waters.
Following a short-term increase of SRP
concentrations until 2004, possibly at-
tributed to the increased sewage load
and the still-lacking SRP capture, they
decreased significantly afterwards.

The overall nutrient decrease in the
area has led to a considerable improve-
ment of the ecological quality of the
gulf, thus confirming the effectiveness
of the Psittalia WWTP in reducing
nutrients in the gulf, and particularly
so after the secondary treatment came
into effect. Indeed, since 2004, both
total nitrogen and total phosphorus
levels of the water column have been
reduced by 75 and 25 %, respectively
(Pavlidou et al. 2008, Pavlidou &
Kapari 2010). Water mass circulation
as well as the variation in flux of the

sewage plume discharging in the inner Saronikos

Gulf have played an important role in the nutrient

dynamics and their gradients over time (Pavlidou et
al. 2008). The statistically significant decrease of DIN
and SRP has led to a shift in the surface water trophic
state of the inner Saronikos, namely from upper meso-
trophic to oligotrophic status, as assessed according
to Karydis' (1999) water quality classification scale
based on nutrient concentrations.
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and ephemeral species (mainly red
algae of the order Ceramiales) took
advantage of the new regime by
claiming place in the novel community
composition after 2004. Two vyears
later, with the onset of secondary
wastewater treatment, species num-
bers more or less stabilized.

The observed re-oligotrophication
process may well explain the abrupt
decrease of the total macroalgal cover-
age in the study area. Indeed, the con-
siderable decline in NGA abundance
and the gradual reversal from massive
nitrophilous blooms to communities of

1998 2001
1999 2002

O " " x " " L L L L L
1998 2001 2003 2006 2008
1999 2002 2005 2007 2009

Fig. 6. Annual values of nitrophilous green algae (NGA) total coverage per
sampling unit for the inner Saronikos Gulf for the cold (March) and warm

(September) seasons. Means + SE

Table 3. One-way ANOVA examining differences among sampling years of
nitrophilous green algae (NGA) total coverage per sampling unit for the inner
Saronikos Gulf. p < 0.05 (in bold) indicates a statistically significant difference
between the annual mean NGA total coverage from one year to another at

95 % confidence level

2003

2006
2005

less biomass but higher diversity have
led to a sharp decrease of the overall
algal coverage in the Saronikos Gulf
over time. However, since 2005, total
coverage values have somewhat stabi-
lized, a fact consistent with the stabi-
lizing conditions also reflected by the
species richness fluctuation.

In view of the gulf's re-oligotrophica-
tion, the CBA Cystoseira and Sargas-
sum spp., which are considered the

2008
2007 2009

Sum of squares df Mean squares F-ratio P emblematic species of the pristine

Mediterranean coasts (Ballesteros et al.

Cold season 13042.1 9 1449.1 31.3 <0.001 2007, Pinedo et al. 2007, Mangialajo et

Error 462.5 10 46.3 al. 2008, Sales & Ballesteros 2009),

Cochran’s test 0.82 were expected to recover or at least
Warm season 2689.9 9 298.9 0.8 0.6 . p .

Error 3567.4 10 356.7 stabilize in their abundance. In con-

Cochran's test 0.39 trast, their populations have actually

The observed decline of the NGA presented
intense seasonality, being more abrupt during the
cold season (March) and milder during the warm
season (September). This fact is probably related to
the natural seasonal cycle of nitrophilous species,
which are typically known to thrive in early spring, at
times even forming extensive blooms, and decline
again during summer (Lotze et al. 1999, Menendez &
Comin 2000, Scanlan et al. 2007).

The increased number of species is coherent with
the overall decline of the NGA in the gulf. The low-
diversity nitrophilic communities, dominated mainly
by Ulva spp., have been gradually decreasing and
making space for a more diverse community, which
hosts fewer nitrophilous seaweeds of lower total
abundance. Indeed, this gradual alteration of the
phyco-communities has favoured an increase in spe-
cies richness, since numerous minute opportunistic

decreased, leading us to observe a par-
adox: not only did we document a ma-
jor decline of Cystoseira and Sargassum coverage, but
one much more pronouncedly expressed within the
less impacted outer region of the gulf. The lack of
CBA recovery in the inner region could be attributed
to the pre-1998 scarcity of parental Cystoseira popula-
tions (Diapoulis & Haritonidis 1987) or to the fact that
this enclosed region may not yet have reached the
water quality threshold required for recovery of these
highly sensitive species. In constrast, the outer gulf,
being more distant from the WWTP, had never been
as heavily affected by organic and nutrient loads, a
fact corroborated by the persistently low NGA abun-
dances recorded here and especially so at the onset of
the study period. Consequently, the decline of CBA
species in the outer region cannot be directly attrib-
uted to the organic enrichment but rather to other
causes. Such causes may include modification of the
coastline through coastal works (e.g. the construction



Tsiamis et al.: Re-oligotrophication effects in the Eastern Mediterranean 81

Fig. 7. The upper infralittoral zone of a rocky shore in
Saronikos Gulf (Salamina coast) in (A) 1998 and (B) 2009

of sailing and other maritime sport facilities for the
Athens 2004 Olympic Games, as well as numerous
recreational buildings and installations), which have
destroyed large parts of the natural habitats in the
area (see also Sales & Ballesteros 2009), or a potential
increase in heavy metal and persistent organic com-
pound concentrations in the seawater as reported

Table 4. Differences in abundance of major macroalgal spe-

cies found before and after 2004 in the inner and outer Sa-

ronikos Gulf based on SIMPER analysis. The dissimilarity

and the contribution (%) of each taxon to overall dissimila-
rity are also given. Averaged values

Abundance Dis- Contrib.
Before After simi- (%)
2004 2004 larity

Taxon

Inner Saronikos: overall average dissimilarity = 79.14

Ulva spp. 42.9 17.9 9.9 12.5
Corallina elongata 34.5 16.9 9.7 12.2
Jania rubens 16.6 13.6 6.2 7.8
Dictyopteris 20.0 1.2 5.7 7.2
polypodioides
Cystoseira compressa 5.3 8.6 3.8 4.8
Halopteris scoparia 7.4 9.5 3.7 4.7
Sargassum vulgare 6.8 5.6 2.9 3.7
Dictyota dichotoma 1.8 8.4 2.6 3.3
Dictyota sp. 9.9 0 2.4 3.1
Jania virgata 6.5 0.5 1.9 2.5
Pterocladiella capillacea 4.6 2.1 1.8 2.3
Acanthophora 5.5 0.9 1.8 2.2
nayadiformis
Schizymenia dubyi 4.6 2.1 1.6 2.0
Hypnea musciformis 3.6 3.1 1.4 1.8
Cystoseira crinitophylla 4.9 0 1.4 1.8
Cladophora spp. 3.4 2.9 1.4 1.8
Dictyota spiralis 5.0 0.5 1.3 1.6
Padina pavonica 4 1.3 1.2 1.54
Dictyota implexa 2.3 2.0 1.2 1.5
Corallina officinalis 0 3.1 0.9 1.2

Outer Saronikos: overall average dissimilarity = 67.45
Cystoseira crinitophylla 75.9 23.6 16.8 25

Jania rubens 25.9 19.9 6.9 10.2
Halopteris scoparia 15.5 3.3 4.2 6.2
Sargassum vulgare 15.5 8.5 4.0 6.0
Cystoseira compressa 12.3 9.7 3.2 4.7
Ulva spp. 10.2 4.0 3.1 4.6
Dictyopteris 10.3 1.2 2.7 4.0
polypodioides
Padina pavonica 5.3 7.6 1.9 2.9
Halopteris filicina 3.5 2.2 1.7 2.5
Caulerpa racemosa var. 4.4 2.4 1.6 2.3
cylindracea

Dictyota dichotoma 2.4 3.2 1.5 2.2
Cladophora spp. 2.4 4.0 1.4 2.1
Schizymenia dubyi 4.4 0.4 1.3 1.9
Jania virgata 0.2 4.3 1.3 1.9
Cystoseira corniculata 0 3.4 1.1 1.6
Laurencia obtusa 2.5 0.3 0.9 1.3
Sphacelaria cirrosa 1.2 1.7 0.8 1.2
Corallina elongata 1.8 1.7 0.8 1.1
Halimeda tuna 0.7 2.1 0.7 1

Colpomenia sinuosa 1 1.6 0.6 0.9

from several other coasts worldwide (Arévalo et al.
2007). More importantly, we would like to highlight
the strong overgrazing pressures posed by dense (and
probably increasing) populations of sea urchins and
the Lessepsian herbivorous fishes Siganus spp. Even
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tion of coralline barrens (e.g. Hereu et
al. 2012 and references therein). This
seems to present a growing threat for
macroalgal communities, not only for
the Saronikos Gulf as hereby sug-
gested, but also for numerous other
Greek (Pancucci & Panayotidis 1994,
authors' pers. obs.) and Mediterranean
coasts (Hereu 2004, Thibaut et al.
2005, Thibaut et al. 2011; but see also
Cardona et al. 2007, Giakoumi et al.
2011). Cases of sea urchin overpopula-
tion are usually attributed to the
removal of their key predator species
(i.e. Sparidae and Labridae), e.g.
through overfishing in heavily human-

affected areas (Harrold & Reed 1985,
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1999 2002 2005 2007 2009 1999 2002 2005 2007 2009

Fig. 8. Annual values of Cystoseira and Sargassum spp. (CBA) coverage per

Watanabe & Harrold 1991, Vadas &
Steneck 1995, Sala et al. 1998, Steneck
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1998, Valentine & Johnson 2003). If
this is indeed the case, without a wide-
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spread introduction of more sustain-
able fisheries practices there is little
prospect for a sound control of sea
urchin populations and recovery of the
wider marine ecosystem in the area. In
Greece, the sea urchin fishery has
been legally restricted since the 1980s,
when a disease outbreak almost wiped
out their entire population. However,
although sea urchin populations are
nowadays fully recovered and thriv-
ing, these legal restrictions have not as
yet been revised.

The Lessepsian fish species Siganus
rivulatus and S. luridus have also been

1998 2000 2002 2004 2006 2008 2010 1998 2000 2002 2004 2006 2008 2010
1999 2001 2003 2005 2007 2009

1999 2001 2003 2005 2007 2009

Fig. 9. Annual values of surface dissolved inorganic nitrogen (DIN) for the

outer and inner Saronikos Gulf. Means + SE

though no quantitative data about sea urchin abun-
dance are so far available for this region, our (as well
as several recreational snorkelers’ and divers') un-
published observations within the last decade do sup-
port this notion and allow for the hypothesis that in-
creased sea urchin grazing has a major role in the
decline of CBA species described here.

Moreover, sea urchin overpopulation is being
increasingly recognized elsewhere as the primary
cause of dramatic alterations in natural infralittoral
communities (e.g. Coma et al. 2011) or even the com-
plete removal of macroalgal canopies and the forma-

found to exert substantial pressure on
macroalgal communities in places
where these alien herbivores are
highly abundant (Sala et al. 2011).
However, in the Saronikos Gulf, these
species are present yet in low abundances (authors’
pers. obs.), but a likely increase in their population
numbers could further add to the existing detrimen-
tal pressures on macroalgal communities, to the point
of even eliminating any future chances of recovery.
As far as alien species are concerned, Saronikos
Gulf may well be considered a hot-spot area as it
hosts the highest number of alien seaweeds so far
recorded along the Greek coast (K.T. unpubl. data).
This finding is most likely due to the intense shipping
activities around the Piraeus international port
(Zenetos et al. 2011). However, the highly unstable
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After over a decade of the
Psittalia WWTP operation, it
seems that eutrophication no
longer poses a serious threat to
the marine vegetation of the
Saronikos Gulf. However, the
strong decline of Cystoseira and
Sargassum spp. is of growing
concern. Dealing with this issue
seems of great importance, not
only for our study area, but for
the whole Mediterranean Sea.

In light of the shifting base-
lines problem in the assessment
of ecosystems (Pauly 1995,
Jackson et al. 2001), the present
study once more underlines the

0.00— . . -
1998 2000 2002 2004 2006 2008 2010
1999 2001 2003 2005 2007 2009

Fig. 10. Annual values of surface soluble reactive phosphorus (SRP) for the outer and

inner Saronikos Gulf. Means + SE

conditions resulting from various and persistent
anthropogenic disturbances, as well as the intense
research effort invested in this area (compared with
most other Greek and Mediterranean coasts), may
also partly account for the high number of aliens
recorded here. At any rate, none of these aliens —the
notorious green alga Caulerpa racemosa var. cylin-
dracea included (Klein & Verlaque 2008)—were
found to exhibit invasive potential, as their persist-
ently low abundances can hardly be considered a
threat to the native macroalgal communities of the
shallow infralittoral Saronikos coasts. Deeper habi-
tats, however, where alien macroalgae are often
more abundant (Ruitton et al. 2005, Cebrian & Balles-
teros 2010), are rather poorly studied in the area (but
see Katsanevakis et al. 2010), so possible invasions
by alien macroalgae should not be entirely ruled out.

CONCLUSIONS

Overall, our study revealed a gradual re-oligo-
trophication process of the coastal marine ecosystem
of the Saronikos Gulf after the establishment of the
Psittalia WWTP in the area. This process was reflected
by a general decline of the total inshore benthic vege-
tation coverage, especially for Ulva species, but also
by a sharp decrease in DIN levels. This seems to have
considerably enhanced the macroalgal biodiversity in
the upper infralittoral zone of the study area.

1998 2000 2002 2004 2006 2008 2010
1999 2001 2003 2005 2007 2009

value of historic data sets, e.g.
as highlighted for coral reefs
(Knowlton & Jackson 2008) and
coastal seaweed communities
(Asensi & Kiipper 2012).
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