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Abstract: Sete-Cidades is a beautiful softwater lake located in a volcanic crater at
S. Miguel island (Azores's archipelago). The lake has an area of 445.5 ha and in it's narrowest zone is mssed by a hand made bridge dividing it in two i n t e r c o ~ sub-units,
d
Lagoa Azul (the Blue Lake - 357.3 ha, depth 24 m) and Lagoa Verde (the Green Lake 88.2 ha, depth 21 m).
In the mid 20h century, some forested areas of their steep watersheds were transformed in grasslands and pastures. This human environmentai disturbance and a rainy
climate increased soil erosion and led to a progressive enrichment in nutrients of the water bodies. Sete-Cidadeslake can still be classified as mesotrophic, having presented an
average chlorophyll a concentration of 3-8 mg. m-3 and a total phosphorus average concentration of 15-23 mg. m-3 for the 1st three years.
As a result of eutrophication processes phytoplanbn population increased along the
years and cyanobacteria bloorns began to develop, especially after the year 2000. Since
the beginning of monitonng programs, in 1988, until 1998, phytoplankton population
varied from 1.O 106 cells. 1-1 to 8.0 106 cells .I-1. In the autumn and winter seasons of
1997198, severe raining events gave rise to intense runoff from watenheds and edges
leading to an increase of phytoplankton population during the next few years, reaching
the maximum cell density of 4842.7 106 cells. 1-1 inside Lagoa Azul, in July 2003.
Cyanobacteria began to dominate and they represent now the major phytoplankton group
all over the year.
Cyanobacteria blooms in this lake normally begin in April-May and continue through
October. Bloom conditions were also detected in winter samples (446.7 106cells. 1-1 in a
water sample collected from Lagoa Azul in February 2003). The dominant cyanobacteria
species blooming in the lake was Microcystis sp., mainly Microcystis aenrgi11osa, which
formed yellowish-green dense "scurns" floating on the swface, when calm weather conditions prevailed.
Water and biomass samples analysis enabled to detect the presence of soluble and intracellular microcystins. Maximum levels were detected in Lagoa Azul samples collected
in July 2002. The concentration of soluble toxins was only 0.03-0.05 mg. m-3 MC-LR
eq., but in biomass samples from surface to 5 m deep, toxin concentrationsreached 3.787.83 mg. m-3 MC-LR eq., corresponding to 154-3780 mg . Kg-1 dry weight.
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This paper wiU present some of the results obtained in Sete-Cidades lake eutrophication monitoring program. being it's main objective the report and description of
cyanobactexiablooms occurrence.
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S. Miguel island, also called the Green Island, is the largest island of the Archipelago of the Azores (37O50'N,25'30'W). It has an area of 759.41 km*,a length
of 65 km and a width of 14 km. It was discovered by Portuguese ships in the
XIVth century and became populated in 1439.Throughout time, agriculture always had a central role in the regional economy, however in the middle of the
20th century, the strategies of regional development have changed, giving primacy to cattle breeding and dairy farming.
The Sete Cidades lake is located in a volcanic crater of the island northwest
region. The lake surface is 251 m above sea level, covers 445.5 ha and in it's narrowest zone it is crossed by a hand made bridge dividing it in two interconnected
sub-units: Lagoa Azul (the Blue Lake - 357.3 ha, depth 24 m)and Lagoa Verde
(the Green Lake - 88.2 ha, depth 21 m). The lake's area is about 23 96 of its total
drainage basin area. Average air temperatures in this region range from 11 "C in
winter to 23"C in summer, with a very short daily thennal amplitude. The SeteCidades climate is strongly influenced by site orography. Monthly average precipitation normally ranges from about 60 mm in August to 250 mm in January.
However, rainy events greater than 100 mm are quite frequent. Total runoff from
the drainage basin to the lake is about 14.4 106m3. year-1, flowing rnainly from
two small torrential streams.
In the middle of the 1 s t century, destruction of trees and natural vegetation in
the catchment area around the lake, to enlarge pasture area, increased the runoff
of nutrients, particularly phosphorus and nitrogen, from the steep land. The existence of a small village in one of the lake's edges, lacking a domestic sewage
sewer system until five years ago, also contributed to a gradual and increasing
pressure on the ecosystem, resulting in an overabundant development of rooted
aquatic macrophytes and algae in the water bodies.
The eutrophication of Sete Cidades lakes, due to nutrient enrichment enhanced by human agricultural and domestic activities, began to be noticed in
1987 and led to the implementation of a monitoring prograrnme, in order to evaluate the situation, in 1988189 ( S m s et al. 1991,1992).Carlson's trophic state
index (CARLSON
1977)resulting from this earlier survey, based on six bimonthly
sampling campaigns, ranged from 36 to 56,indicated that there was an eutrophication process in progress. At that time, the situation was worst in Lagoa Verde
due to wind direction dominante. Chlorophyll water column average results
ranged from 1.82 mg. m-3 to 9.88 mg . m-3 in Lagoa Azul samples and 3.43
mg. m-3 to 13.81 mg. m-3 in Lagoa Verde samples. The highest results were ob-
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tained in winter samples. Inorganic nitrogen varied from 100 to 550 mg.m-3, the
maximum value beiig characteristicof a mesoeutrophic situation (VOLLENWEIDER 1968in HARPER 1992). Phosphms results were inconclusivedue to a lack of
adequate analytic methodology.
Phytoplankton comrnunity studies, performed by OLIVEIRA in 1987188
(OLIVEIRA 1989) concluded that the dominant species in these lakes were:
Lagoam
winter
Aulacoseira ambigua (Melosira)
Gloeocystis sp.
Anabaena cylindrica
spring
Melosira ambigua
summer
Botryococcus braunii
An5baena cylindrica
Aphanizomenon jlos-aquae
Lagoa Verde
winter
Melosira ambigua
Synedra acus
spnng
Pseudhabaena plunktonica (Oscillatoria)
summer
Aphunizomenonjlos-aquae
The same study noticed the disappearance of Dinobryon sp. that had been demted in the end of the 19th century (BARROIS
1896).
According to SANTOS et al. (1991,1992), in 1988189, phytoplankton populations varied from 0.57 106 cells. 1-1 to 1,l 106 celis. 1-1 in Lagoa Azul and from
1.5 106 celis.1-1 to 4.8 106 cells. 1-1 in Lagoa Verde. Phytoplankton populaíions
in Lagoa Azul were dorninateciby Bacillariophyceae in autumn (Aulacoseira ambigua (Melosira)), Cyanobacteria in winter (Psedanabuenaplanktonica (Oscillatoria)) and spring (Aphanizomenonfis-aquae) and Dinophyceae (Peridinium
spp.) in summer. In Lagoa Verde, phytoplankton populations were dominateci all
over the year by Cyanobacteria (Pseudanabaena planktonica (Oscillatoria),
Aphunizomenonfis-aquae and Anubaena cylindrica).
The macrophyte population was, and still is, composed of exotic submerged
species, rnainly Elodea cMadensis, Egeria densa, Potamogeton polygonofolius
and Myriophillum alternifinun (PACHECO
et al. 1998). They were fmt discovered in the early 1970s and since then they have spread very rapidly in the shallow zones of the lake. It is believed that these macrophytes were introduced accidentally by individuais who emptied aquariums into the water, or deliberately to
provide habitat for some fish species. Despite most experts scepticism regarding
aquatic weed harvesting as a lake restoration and management too1 ( W S E N
1993). this method has been used in Sete-Cidades lake, since 1995, especially to
"prove its aesthetic value and faciiitate recreationai activities.
Studies performed by PORTEIRO et al. (1998) showed that this lake nutrient
loading, arriving through watercourses, was about 4.59 g N. m-2 per year and
(in HARPER 1992), permissible
0.72 g P. m-2 yeat-1. According to VOLLENWEDER
loadiig in lakes as deep as Sete-Cidades lake is up to 2.40 g. m-2 per year of N
and 0.16 g. n1-2 per year of P and dangerous loading is up to 4.88 g.m-2 per year

of N and 0.32 g.m-2 per year of P. So, the estimated nitrogen loading flowing
from the rivers was 1.9 times higher than the permissible value but still bellow a
dangerous level. On what concems phosphonis, the nutrient more fresuently responsible for eutrophication, the loading estimated was 4.5 times higher than the
permissible and 2.3 times above the dangerous level.
Sete-Cidades steep watersheds can cause important diffuse surface runoff,
mainly when strong rainy events occur. As nutrient losses from pemianent pastures can attain 1 0 4% of added nitrogen (ANONYMOUS
1983 in HARPW 1992)
and 6-12 96 of added phosphorus (COOKE
& WILLIAMS
197011973 in HARPER
1992), nitrogen and phosphonis loading from Sete-Cidades pastures area can be
as high as 9.63 g N.m-2 per year and 0.35 g P.m-2 per year (SANTOS et al.
2002). Nitrogen losses from undisturbed forested catchments was estimated by
BORMANN
et al. (1968) (in HARPPR 1992)to be 2-5 kg N.ha-1 year-1. Phosphorus
average losses from igneous forested catchrnents was estimated to be 48 g P. ha-1
yew-1, but they can be as high as 720 g P.ha-1 per year in volcanic catchments
(DIWN & KIRCHNER1974 in HARPER 1992). Based on these figures and on SeteCidades basin forested area, SANTOS et ai. (2002) concluded that it could contribute with a nutrient loading of 0.37 g N.m-2 year-1 and 0.13 g P. m-2 year-1.
These approaches led to a diffuse loading estimatiou of 9.97 g N. m-2 y-1
and
0.48 g P. m-2 yearl, corresponding to 2.0 and 1.5 times the dangerous loading of
N and P to this lake.
The nutrient loading that Sete-Cidades lake has been receiving during the last
years might be even higher. in fact, some preliminaq analysis of runoff water .
samples ( P o m o et ai. 1998) indicated that the loading could attain 24.6 g
N. m-2 per year and 2.% g P. m-2 yearl. Nevertheless, these resulis must be confirmed.
When temperature, light and nutrient availability are adequate to phytoplankton growth, surface waters may host algae or cyanobacteria blooms. The term
bloom used here means a celi concentratiou greater then 20 106celis. 1-1, the definition n o d y adopted in potable and recreational waters ( O w& GANPin
W
~ & Pwrrs
N S000). in eutrophic waters, cyanobacteria often dominate the
summer and early autumn phytoplankton, while during winter and spring seasoas
they are replaced by diatoms. However, cyanobacteria can be present and even
dominate ali over the year (CHORUS & BARTRAM
1999). Cyanobacteria dominance in kqexate areas warmer months was explained by a better adaptation of
these organisms to higher,e-t
their ability to capture reduced photosynthetic photon flux demities and to utilise low N:P ratios (SCHREURS
1992in aoRUS & B
m 1999) and low carbon dioxide concentrations.According to RoBARTS & Z~HARY
1987 (in CHORUS
& BARTRAM
1999), maximum growth rates
are aaained by most bloom-forming cyanobacteria at temperatures above 25°C.
Smw 1983 concluded that a low ratio between nitrogen and phosphonis concentration may favour cyanobaderial blooms development. Others have found little
evidence that TN:TP rabos couid be important to determine cyanobacterialdominance (HARRIS
1986, PICK& LEAN1987, E m et al. 1990, JENSEN
et al. 1994,
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Fig. 7

Toxins in water column fíltered samples of Lagoa Azul and Lagoa Verde

(2001/2002).

Fig. 8. Toxins in phytoplankton biomass samples of Lagoa Azul and Lagoa Verde
(2001/2002).

surface and 2.5m deep. In Lagoa Verde, toxins were found mostly between 2.5 m
and 10 m dephts, but twice also in surface and deep samples (Fig. 7).
Toxins were found in Lagoa Azul phytoplankton biomass samples coiiected in
May and July 2002. Levels recorded ranged from 0.01 mg . m-3 to 7.83 mg . m-3.
In Lagoa Verde biomass, toxins were found in July and November 2001 and May
and July 2002 samples. Maximum concentration recorded was 1.17 mg . m-3
(Fig. 8).
The highest levels were recorded in Lagoa Azul July 2002 samples. Toxins
concentration of 2.5 m deep sample (3.78 mg. m-3) corresponded to 3780
mg . kg-1 of dry biomass weight and 0.47 mg. mg-1 of chlorophyll a. The maximum leve1 of 7.83 mg . m-3, found in the 5m deep sample, corresponded to 1566
mg . kg-1 of dry biomass weight and 0.873 mg . mg-1 of chlorophyll a. These results are similar to those mentioned by CHORUS et al. (in CHORUS 2001) for bloom
conditions (1000 to 6000 mg . kg-1 dry weight).

The results obtained in the 200012003 period confirmed the Sete-Cidades lake
tendency for eutrophication detected in previous monitoring programs. Average
Trophic State Index (TSI) values for Lagoa Azul and Lagoa Verde were higher
than 45 and near 50, which enable to classifj this water body as meso-eutrophic.
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Table 2. Cyanobacteria identification in Sete-Cidades lake (106 cells . l-1)
LAGOA AZUL

Feb.

Sept.

Nov.
2001

0.51
0.26

0.08
0.07

0.71

0.1O
Apr.

0.10
0.22
1.26
O. 1O
May

m m
Anabaena spp.
Aphanizomenon sp.
Aphanotece sp.
Coelosphaerium sp.
Merismopedia sp.
Micmcystis spp.
Pseudanabaena spp.

14.4
8.18
Oct.

May July Oct.
2002 2003 2003 2003 2003

2002 2002
Anabaena spp.
Aphanizomenon sp.
Aphanocapsa sp.
Aphanotece sp.
Coelosphaerium sp.
Lyngbya sp.
Micmcystis spp.
Pseudanaòaena so.

0.21

14.4
3.34
Feb.
0.45

0.62

37.6
0.01
42.1
0.31

0.01
184.9

92.7

0.02
0.31
880.3
3846.5
181.3
0.20
811.7
0.02

0.01
0.52
0.24
11.7
183.4
1.04
1762.2
0.012

LAGOA VERDE

Dec.

2ooO

m

Juiy Nov.
2001 2001

0.03

5.12
O. 14
0.20

0.09

1.90

0.03

0.26
0.03
4.99

0.38
0.04
9.39
0.01

0.38

Feb.
Anabaena spp.
Aphanizomenon sp.
Aphanotece sp.
Coelosphaerium sp.
Snowella sp.
Merismopedia sp.
Microcystis spp.
PseudaMbaena spp.

5.84
0.26
Apr.

unn
Anabaena spp.
Aphanizomenon sp.
Aphanocapsa sp.
Aphanotece sp.
Coelosphaerium sp.
Lyngbya SP.
Micmcystis spp.
95.2
Pseudanabaena sp.
Oscillatoria spp.
Womnichinia mneliana

37.9
0.18
Feb.

Juiy Oct.
May July Oct.
2002 2002 2003 2003 2003 2003
0.01

0.13

2.56
8.24
15.6
2.37

0.05
0.05
0.38
5.51
4.62

0.06
0.28
0.60

Although average total phosphorus concentration inside the lake was not ver=
high, concentrations found in winter samples proved that there is an important
runoff of fertilised water from the watershed. Internal recycling, resulting from
thermal stratification and sediment anoxia, also contributed with phosphoms to
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