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Heavy metal concentrations in macroalgee are used to monitor the level of bio-
available metals in estuarine and sea shore areas. Macroalgae correspond to the
characteristics for bioindicators, since they provide a time-integrated picture of
the bioavailable pollutants (Phillips, 1977). Macroalgae have a relatively long-
life span, they can offer an environmental picture over extensive periods of time
and occur abundantly along the seashore (Phillips et a. 1986, Levine 1984, Fy-
tianos et al. 1997). Different species are usualy used to monitor metal concen-
trations in various geographical areas, according to heavy taxonomic distri-
bution (Ho, 1990, Stratis et al. 1996). Algae accumulate metals by means of a
two-stage process, consisting first of a rapid, reversible physico-chemical process
of adsorption on the exterior surface, and then of a slower metabolically
regulated intracellular uptake (Garnham et al. 1992). Consequently, metal
concentrations are greatly dependent both on external factors which affect metal
interactions with the cell wall (pH, salinity, inorganic and organic complexing
molecules) and on physico-chemical parameters which control the metabolic rate
(temperature, light, oxygen and nutrients). Since metal binding on the external
wall is a continuous process during the life-span of algae, older tissues usualy
contain higher amounts of many metals (Shimshock et a. 1992, Barreiro et a.
1993). Algae bind only free meta ions, the concentrations of which depend on
the nature of suspended particulate matter. This, in turn, consists of both
inorganic and organic complexes (Martin et a., 1994). Only a few benthic agae
satisfy all requirements for successful metal monitoring, due to virtually conti-
nuous seasonal and geographical distribution in estuaries, tolerance to large
salinity variations and resistance to high pollution concentrations (Edwards,
1972). The macroalgae most extensively used for monitoring heavy metal conta-
mination of water belong to the genera Fucus, Enteromorpha, Laminaria and
Ulva. The studies of Shiber and Washburn (1978), Sawidis and Voulgaropoulos
(1986) and Ho (1990) support the existence of a direct relationship, between
metal concentrations in water and in the tissues of U. lactuca. These macroagae
assimilate dissolved nutrients during their growth and released them almost
completely in superficid sediment during their mineralization, this later process
follows the almost complete disappearance of macroalgae and continues
throughout winter (Sfriso et al., 1988). Few areas in Greece are considered to be
polluted by heavy metals and in most of them, studies have been made in order
to define the level of meta accumulation in the soft tissues of different organisms
(Vasilikiotis et a., 1983; Catsiki et al. 1991).
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The present study describes an approach to heavy metal estimation in a par-
ticular area of the Northern Aegean Sea, the Thermaikos Gulf. Macroalgae were
sampled in four stations representative of three areas of Thermaikos Gulf. The
city of Thessaloniki with more than 1.200.000 inhabitants and its surrounding
industrial area use Thermaikos Gulf as the final reservoir for their wastewaters.
Thermaikos Gulf, which has an overdl perimeter of about 70 km, consist of two
basins, the inner and the central bay, having a smal mean depth of about 20 m.
The two basins communicate together and to the opean sea by narrow and
shalow mouths, which do not permit the streams to carry off the wastes into the
open sea for keeping the pollution on low levels. In Greece, certain coastal areas
and especially severd closed gulfs such as the Thermaikos Gulf in North Aegean
Sea have been in the recent years very rapidly affected by industrialization,
which is taking place without the adequate provisions for protective measures to
maintain the quality of the marine environment. About 120.000 m’/day of
untreated and partially treated (40.000 m’/day) sewage water from the city of
Thessaloniki and an amount of about 30.000 m’/day of treated/untreated
industrial  effluents are discharged on the north western coast of the Gulf.

MATERIALS AND METHODS

The first two stations (St. 1 and 2) are situated on the south-east coast of the gulf
and practically are free from any specific source of pollution but densely
populated specially during the summer months. The third station (St. 3) is
situated at the main harbor of the city of Thessaoniki, the second biggest harbor
of Greece. The fourth sampling station (St. 4) is on the north-west coast of the
gulf and on the outskirts of the industrial zone. Several oil refineries and
chemical industries and one drainage canal render this marine area heavily
polluted. Additionally, rice and corn plantations cover the vicinity. Finally, the
wide delta of Axios river and the effluents of a waste water treatment plant affect
to wide extent the coastal zone.

Each one of the species of the green algae Enteromorpha and Ulva which domi-
nate the sampling stations, covers generaly more than 10% of the total biomass.

The sampling scheme covered the period from Sept. 1997 to Oct. 1998 and was
conducted every month. At the same time, the heavy metal concentrations of
seawater in the same stations were aso determined. In some stations and for some
periods either of the two species was not existed and so it was not sampled. About
0.25 kg of fresh weight were harvested every month. Samples were not found at all
gtations in al seasons: only Ulva development was continuous throughout the year,
while Enteromorpha was present only for a few seasons during the year. The samples
were washed in seawater at the sampling site and transferred to the laboratory in
polyethylene boxes in refrigerated conditions. At the laboratory they were washed
carefully in seawater to remove sand and particulate matter. Finaly, samples were
rapidly rinsed in double deionized water to remove sdts from the seawater, dried at
80°C pulverized and stored until analysis.

Three subsamples (2 g) of each sample were submitted to acid digestion using
conc. HNO,and HCIQO,in a sand bath (Goren et al., 1993). Digested samples
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were diluted to 50 ml with double deionized water and were analysed for metals
using an atomic absorption spectrophotometer (Perkin-Elmer model 2380).
Procedural blanks were run within each batch; the analytical procedure was
checked by means of analysis of certified material of algal nature (CRM 279,
BCR) (Accuracy: + 2%). For the total dissolved trace metals in seawater, the
filtrate was preconcentrated following the APDC/MIBK (ammonium pyrolidine
dithioarbamate / methylo-isobutyl-ketone) extraction procedure (Fytianos et al.,
1997; Standard Methods, 1989) and analysed using ET AAS to determine the
total dissolved Cu, Cd, Pb, Fe, Zn, Mn and Ni. Analytical results were checked
using the seawater standard (CRM 403, BCR). Variability between months and
sampling sites was statistically analysed for each metal by two-way ANOVA.
Concentration factor (CF) was calculated according to Foster (1976) in which
CF is the ratio of metal concentration in the alga (pg/g dry wt.) to the
concentration of dissolved metal in seawater (ug/L).

RESULTS AND DISCUSSION

In tables 1 and 2 the results of mean annual metal concentrations together with
standard deviations calculated from 12 monthly measurements are given for
Enteromorpha and Ulva sp. separately. From these results it is obvious that the
bioaccumulation of the examined heavy metals is generally greater in the alga
Enteromorpha sp than in Ulva sp. In fig. 1 the fluctuation of each metal
concentration at the sampling station 3 and for the two agae is given.

Table 1. Mean metal concentrations (ug/g * sd) for Enteromorpha sp

St 1 St 2 St 3 St 4
Zn 480 +  36.66 424 + 2938 471+ 1679 -
Cd 76 + 269 6.7 + 264 75 * 3.80 -
Cu 1.0 = 031 08 + 045 140 =+ 4211 -
Pb 349 + 5696 168 + 8.05 163 + 434 -
Mn 356 + 2735 337 = 2178 121+ 566 -
Fe 597.1 *+ 316.14 | 5650 % 209.55| 4399 <+ 277.18 -
Cr 6.1 + 411 44 + 339 59 + 1702 -

Table 2. Mean metal concentrations (pg/g + sd) for Ulva sp

St 1 St 2 St3 St 4

Zn 345 + 10.10 358 2003 497 £ 16.12 436 * 3178
Cd 41 * 093 48 + 231 62 + 193 107 = 414
Cu 05 + 042 05 + 025 05 £+ 0.4 07 £+ 017
Pb 107 + 312 145 + 697 120 = 332 215 £ 1055
Mn 36.6 + 2529 201+ 1423 167 + 10.55 31,5+ 3297
Fe 373.5 + 11073 | 3625 + 152857 4799 + 20573 8052 £ 262.17
Cr 43 £ 265 53 + 331 510 = 269 9.0 =+ 26217
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Figure 1. Fluctuations of metal concentrations (ug/g d.w.) in sampling station 3




High concentrations of metals were observed for Ulva in St. 4, which is located
near the estuaries of Axios River and near the industrial area of Thessaloniki.

The observed relatively high values in the unpolluted areas (St. 1 and St. 2) are due
to the pollution transport by the coasta currents and especialy during the north-
winds (Fytianos et a., 1983). Following the seasond fluctuations of bioaccumulation
of Zn, it can be seen that maxima of this bioaccumulation for the Enteromorpha
occur in winter and for Ulva occur when spring is approaching.

Metals accumulated in Ulva and Enteromorpha sp decreased in the order Fe >
Mn > Zn > Pb > Cr > Cu > Cd. Concentration values are rather comparable to
those of other authors (Favero et a., 1996).

In Station 1 concentration of Fe was the highest, followed by Mn, Zn, Pb, Cr,
Cu and Cd. In this station the Enteromorpha sp showed a tendency to
concentrate trace metals in larger quantity than the Ulva sp. At St. 3, Fe was
again present at the highest concentration in the two analysed species followed
by Zn, Mn, Pb, Cr, Cu and Cd. Enteromorpha has higher concentrations of al
the examined metals except Zn, Mn and Fe, which were accumulated more in
Ulva sp. In St. 4 only Ulva was sampled and analyzed. All the examined metas
showed the highest concentration in comparison with al other stations.

Calculation of the concentration factor (CF) for the analyzed metals was
performed for the mean values of the whole year using the mean concentration
values in sea water for the same stations (Table 3). The magnitude of the CF
(Table 4) differs according to metal and suggests the specific affinity of Entero-
morpha towards metals. The higher accumulation occurs for Fe, the metal most
concentrated in water.

Table 3. Mean vaues (ug/L) of the examined metals in sea-water of Thermaikos Gulf

Station Zn Cu Cd Pb Mn Fe Cr
1 13,2 4,5 0,2 6,5 6,4 39 3,2
2 15,4 3,4 0,35 7,4 4,9 36 3,6
3 14,6 6,3 0,40 12,5 6.8 44 44
4 16,2 8.8 0,45 9,6 6,7 56 5,5

The variation of a metal concentration in a kind of species depends mainly on
two factors: the sampling site and the sampling time. Two-way analysis of
variance is a capable tool to satistically evaluate the significance of each of the
above two factors. For this reason, separate matrix tables for each metal and
each species were constructed. The sampling site was the column factor while the
sampling time was the row factor. The hypothesis tested at a 95% propability level
was that neither the sampling site nor the sampling time were caused significant
variation. Table 5 summarizes the results of this test. The F,, values obtained are
compared with F_ values taken from tables, which are 2.09325 for 11 degrees of
freedom and 2.89157 for 3 degrees of freedom respective. Higher F_ . values than
F. indicate significant source of variance. In al metals (except Cd) and for both
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Table 4. Concentration factor (CF) for metals in Ulva Sp and Enteromorpha sp

St 1 St2 St3 St4

Entero- Ulva Entero- Ulva Entero- Ulva Entero- Ulva

morpha morpha morpha morpha
Zn 136x103 | 26x103 |27x103 |23x103 |3.2x103 | 3.4x103 - 2.7x 103
Cd {484x103 | 27x 103 | 23x103 | 1.5x10% [ 1.8x103 | 1.3x103 - 1.5x 103
Cu | 1.7x103 [ 09x103 | 2.0x105 | 1.4x103 [ 1.2x103 | 1.0x103 1.2x 103
Pb | 53x10% [ 1.6x103 |23x103 |2.0x10% | 1.7x10% | 0.9x103 - 2.2x 103
Mn | 55x103 [ 57x103 | 6.9x103 | 59x103 | 1.8x103 | 2.5x 103 - 47x103
Fe [ 1.5x104 1 09x104 | 1.6x104 | 1x104 09x104 | 1.1x104 1.5x 104
Cr | 1.9x10% | 1.4x103 1.2x 103 1.5x 104 1.3x 103 1.1x 103 1.6 x 103

species, it is concluded that the sampling site (column factor) is a very significant
source of variation, which means that some of the sampling sites give signifi-
cantly higher values than others. On the other hand, the sampling period caused
significant variation only in case of Cr, Cd and Zn in Ulva.

The hypothesis that possible interactions between different metals exist, was
tested by means of correlation analysis. All samples collected from different stations
and throughout all the sampling periods were statistically evaluated. In the first
scheme, the correlation matrix was consisted from Enteromorpha and Ulva species
together, in order to obtain a rough profile of possible interactions of metals. The
results are listed in Table 6. It can be seen that no significant car-relation
appearanced and all correlation coefficients were less than 0.6.

Table 5. Analysis of variance (probability level 95%)

Sampling factors Enteromorpha Ulva
F exper Ferit Slgnl‘ Fexper Ferit Slgnl"
ficant ficant
Zn  site (column) | 2.5655 | 2.0932 Yes 4.4561 | 2.0932 Yes
time (row) 10.7801 | 2.8916 Yes 3.7166 | 2.8916 Yes
Cu  site (column) | 1.2839 | 2.0932 Yes 1.9166 | 2.0932 No
time (row) 15.7444 | 2.8916 Yes 20.8674 | 2.8916 Yes
Cd site (column) | 1.0006 2.0932 No 5.1025 2.0932 Yes
time (row) 1.0059 | 2.8916 No 8.1263 | 2.8916 Yes
Pb site (column) | 1.2397 | 2.0932 No 0.7723 | 2.0932 No
time (row) 3.0988 | 2.8916 Yes 8.6329 | 2.8916 Yes
Mn  site (column) | 1.3055 | 2.0932 No 1.2021 | 2.0932 No
time (row) 10.9517 | 2.8916 Yes 18.1227 | 2.8916 Yes
Fe = site (column) | 1.1030 | 2.0932 No 1.9790 | 2.0932 No
time (row) 13.1497 | 2.8916 Yes 20.9481 | 2.8916 Yes
Cr site (column) | 1.5276 | 2.0932 No 2.7819 | 2.0932 Yes
time (row) 5.1376 | 2.8916 Yes 5.4442 | 2.8916 Yes




Table 6. Correlation matrix for Enteromorpha sp

Zn Cu Cd Pb Mn Fe Cr
Zn 1
Cu 0.28415 1
Cd 0.1181 | 0.03749 1
Pb -0.107 | 0.18103 | -0.0422 1
Mn 0.01377 | 0.60494 -0.061 | 0.04328 1
Fe 0.19579 0.4221 | 0.21836 | 0.09578 | 0.040166 1
Cr 0.35588 | 0.21154 | 0.02821 | 0.01912 0.28259 | 0.31617 1

In the second scheme, the correlation matrix was consisted from Enteromorpha
species only, and the results are given in Table 7. In this case, all the correlation
coefficients were less than 0.4 and obviously not significant.

Table 7. Correlation matrix for Ulva sp

Zn Cu Cd Pb Mn Fe Cr
Zn 1
Cu 0.29401 1
Cd 0.13805 | 0.05242 1
Pb -0.194 | 0.09184 0.0655 1
Mn 0.23011 | 0.40014 | -0.1418 | -0.0554 1
Fe 0.26185| 0.11466 | 0.32957 | -0.0068 | 0.23443 1
Cr -0.0726 -0.099 | 0.06115{ -0.0106 | -0.0228 0.3539 1

In the third scheme, the correlation matrix

was consisted from Ulva species only

and Table 8 summarizes the obtained results. It can be seen that al correlation
coefficients are positive, revealing positive interactions between metals in Ulva
species. The mgjority of coefficients were less than 0.6, however two of them (r »
0.8) indicate a possible but not secure possitive correlation between Zn-Cr and
Cu-Mn respectively. This means that e.g. increased zinc concentrations are
expected to be accompanied by increased chromium concentrations.

Table 8. Correlation matrix for Enteromorpha sp and Ulva sp

Zn Cu Cd Pb Mn Fe Cr
Zn 1
Cu 0.28801 1
Cd 0.28287 0.3333 1
Pb 0.14985 | 0.66115| 0.21868 1
Mn 0.0428 | 0.79117 7 0.13164 0.4668 1
Fe 0.13704 | 0.64365 | 0.35214 | 0.62733} 0.53949 1
Cr 0.79437 | 0.39921 ) 0.22628 0.2054 | 0.34994 | 0.28574 1

Finaly, a different approach followed, in order to test the hypothesis that the
two species behave similarly in heavy metal accumulation. The correlation
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matrix consisted from pairs of concentration values obtained by determination
of each metal in Enteromorpha and Ulva samples collected from the same
station and the same time. The calculated correlation coefficient was 0.774, thus,
indicating a possibility of using either Enteromorpha or Ulva for monitoring the
heavy meta profile of coastal seawater.
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