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Abstract

Lake Koronia, a Ramsar site, is shallow, polymictic, hypertrophic and until recently was
aerially the fourth largest lake in Greece. Although exceeding 5 m in the past, lake depth has
declined progressively from 3.8 m in 1980 to < 1 m in 1997, reducing surface area and water
volume by 50% and 80%, respectively. Specific conductivity increased from 1300 xS cm'in
1977 to >6000 S cm in 1991. Increased phosphate concentrations from the late 1970’s
(845 ug L) to the late 1990°s (100-1000 i g L") document that the previously eutrophic
system with a limited littoral zone switched to hypertrophy dominated by massive cyanobac-
teria blooms. Oxygen saturation of the water column increased progressively from about
80% in 1983 to full saturation about 1993, after which it decreased progressively to only
20% saturation in 1997. In spite of cyanobacteria dominance, community metabolism of the
lake switched from progressively increasing autotrophy to rapidly advancing heterotrophy
associated with progressive water-level reduction leading to fish extirpation in the lake.
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tering bird species and have been designated as Wet-
lands of International Importance (CATSADORAKIS 1997;
FrAZIER 1996). Local human populations, however,

Introduction

The world is facing a fresh water crisis. What has histor-

ically been a problem of water quality is now fast be-
coming a double faceted problem of quality and quanti-
ty. In many areas, centers of population growth and
water resources do not overlap. Semi-arid areas of the
southern Balkans and eastern Mediterranean are both
experiencing and poised for problems with fresh water
resources, especially wetlands and shallow lakes.

The shallow lakes of this region are noted for their
great age and species endemism (PETRIDIS & SINIS
1995), especially for fish (CRIVELLI et al. 1997). Many
are of paramount importance for migrating and overwin-

value lakes and wetlands primarily as water supplies to
meet agricultural, domestic, and industrial needs and as
a commercial fishery. Although changing recently, con-
servation and recreational values are of distant sec-
ondary importance (PYROVETSI & DAOUTOPOULOS 1989,
1997).

Both the number and magnitude of environmental
perturbations to these lakes and wetlands have increased
dramatically in the past two decades. Many systems
have displayed progressive and profound reduction in
water level and associated volume that is often accom-
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panied by enhanced cultural eutrophication (LOEFFLER et
al. 1998), organic chemicals (MILIADIS 1994) and heavy
metals (FyTiaNoOs et al. 1984; SCOULLOS & HATZIANESTIS
1989). Fisheries have suffered production loss (FoTis et
al. 1992), and some endemic fish species have gone ex-
tinct associated with some combination of reduced water
quantity and quality, overfishing and introduction of
alien fish species (EcoNnomiDis et al. 1988). There is a
general fear that the conservation status of many sites is
endangered.

The causes for environmental decline in individual
freshwater ecosystems are usually poorly understood
and most assuredly are multi-faceted and additive. Most
are associated with landscape alteration via deforesta-
tion, urbanization and agricultural expansion. Agricul-
tural impacts include increased nutrient loading (Kous-
SOURIS et al. 1991a), physical encroachment into fring-
ing wetlands and hydrological alteration and diversion
for irrigation and flood prevention (PSYCHOUDAKIS et al.
1993; HoLL1s & STEVENSON 1997). In-lake alterations
are also important and are associated with alteration of
foodweb structure, enhanced sediment resuspension and
nutrient release, invasive species, and overfishing (Fotis
et al. 1992; CRIVELLI 1995). Both landscape and in-lake
alterations are overlain by regional changes in the physi-
cal environment through climate change and tectonic ac-
tivity (HoLLIS & STEVENSON 1997).

Unlike deep lakes, where progressive eutrophication
usually implies changes in taxonomic dominance and
biomass of phytoplankton, shallow lakes display either
biomass expansion of the pre-disturbance autotrophic
community (macrophytes or phytoplankton) or undergo
a dominance shift between these two alternative stable
states leading to long term stability (SCHEFFER et al.
1993). Such structural responses in shallow lakes are
strongly controlled by thermal regimes and the capacity
of system “memory” (sediments) to facilitate nutrient
cycling. Recently, WETZEL (2001) suggested that there is
an overemphasis on autotrophic production along gradi-
ents of increasing eutrophication and that most lakes are
likely heterotrophic systems controlled by the over-
whelming importance of allochthonous over autoch-
thonous carbon in ecosystem metabolism.

Most of the 60 Greek lakes (ZALIDIS & MANTZAVELAS
1994) have been altered to some degree, most common-
ly via hydrological changes and/or cultural eutrophica-
tion. Except for nine, Greek lakes are on the mainland,
shallow (70%) and <1,000 ha in area. Most work on
ecosystem responses to progressive eutrophication has
been done in regions lacking either pronounced wet-dry
seasons or long term progressive reduction in water
level (WeTZEL 2001). The purpose of this paper is to ex-
amine how progressive eutrophication and water level
reduction over the past 30 years have affected the
metabolism (autotrophy vs heterotrophy) of Lake Koro-

nia, Greece without a shift in autotrophic stable state and
its implications for lake management.

Methods

Site description

Lake Koronia is located in northern Greece (40'41" N,
23'09" E.) (MOURKIDES et al. 1978), at approximately
75 m a.s.l. The watershed population of about 45,000 is
mostly concentrated in the city of Langadas on the west-
ern shore of the lake. The area of the watershed, which
comprises the western part of the Mygdonia Basin, is
about 350 km?, and the lake drains eastward into Lake
Volvi (Hellenic Ministry of Environment 1996; Euro-
pean Commission 1998).

Lake Koronia is one of 11 Greek Ramsar sites (FRA-
ZIER 1996) and has undergone severe human impact.
Based on the first available data, it was eutrophic as
early as 1977 (MOURKIDES et al. 1978). Currently, it is
hypertrophic, and its surface area has gradually declined
from 47 km? in 1970 to 30 km? in 1995 (PAPAKONSTANTI-
NOU & KATIRTIOGLOU 1995). During the same period,
water volume contracted from 150-200 x 10¢ m? to 30 x
10 m3 (PAPAKONSTANTINOU et al. 1996), and by 2001 it
was <10 x 10° m*. In 1980, maximum depth was >5 m
with a mean depth of 3.9 m (MOURKIDES & TSIKRITSIS
1988). Mean depth in 2001 was <1 m. In August 1995,
the lake experienced an extensive fish-kill resulting in
fish extirpation and significant waterfowl deaths (GRaM-
MATIKOPOULOU et al. 1996).

Climate of the region is transitional between Mediter-
ranean and temperate. Annual precipitation at Thessa-
loniki, 15 km to the west, during the last century was
262722 mm, with a mean annual value of 455.8 mm.
Precipitation displays a primary peak in December and a
secondary one in June. Minimum monthly rainfall oc-
curs during August (Sector of Meteorology and Clima-
tology, Department of Geology, Aristotle University of
Thessaloniki; European Commission 1998).

Lake Koronia is adversely affected by both agricul-
tural and industrial operations. The local economy was
based on agriculture until the twentieth century with lit-
tle change in cultivation techniques until the late 1940’s.
Total cultivated area has been relatively stable since
1968 at about 30,420 ha (National Statistical Service of
Greece), and agriculture affects the lake via fertilizer ap-
plication since the mid 1970’s and groundwater extrac-
tion for irrigation. TSIOURIS et al. (1993) reported nutri-
ent concentrations in watershed runoff at 0.05 to 14.08
mg L for NO;~, 4 to 1993 mg L for NO,~, 1.66to 114
mg L-! for NH,* and 0.1 to 0.96 mg L-! for P. Irrigated
area increased progressively from 2,730 ha (9.6% of the
total cultivated area) in 1968 to 6,106 ha (20% of the
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total) in 1991 (National Statistical Service of Greece).
All irrigated areas are adjacent to the lake.

Industrial production affects Lake Koronia via
wastewater discharge and alteration of the hydrologic
budget of the watershed through groundwater pumping.
Current industrial operations in the Mygdonia Basin are
diverse (fabric making/dying, food products, and cloth-
ing manufacturing) with 80% located close to the lake
(TsAGKARLIS 1998; Hellenic Ministry of Environment
1996). The most water-demanding and potentially the
most polluting are fabric dying and dairy operations.
The first dying industries were established in the early
1980’s (TSAGKARLIS 1998), with the remainder starting
during the mid 1980’s. Several expanded their opera-
tions in the early 1990°s (Hellenic Ministry of Environ-
ment 1996). Despite recent intensification of industrial
and municipal wastewater treatment, they rarely meet
current water quality standards, which are among the
strictest in Europe (Hellenic Ministry of Environment
1996; TSAGKALIS 1998).

Database

The Hellenic Ministry of Agriculture, Directorate of
Land Reclamation (2001) provided the longest series of
approximately monthly water level and limnological
data for Lake Koronia. Water level was measured at a
permanent staff gauge in the lake. Limnological data
from this study were supplemented by additional
sources to provide a historical perspective on trophic
state change of the lake since the mid 1970’s including
MOURKIDES et al. (1978), MOURKIDES & TSIOURIS
(1984), KiLIKDIs et al. (1984), MOURKIDES & TSIKRITSIS
(1988), BoBor1 (1996), CHATZIKIRKOU & KALousl
(1997), Ministry of Macedonia-Thrace (1996, 1997),
Growth Agency of Thessaloniki (1995) and the Euro-
pean Commission (1999). Where possible data for mid-
lake stations were utilized, and if multiple investigations
were sampled for a given month, data were expressed as
a mean for that month.

Because of differences in methodology between stud-
ies, only three conservative parameters were utilized in
this study: specific conductivity, total phosphorus and
dissolved oxygen. Use of these data focused on deter-
mining broad temporal patterns in trophic state and like-
ly response to altered lake level.

Results and Discussion

Lake level changes

Although the database is rather sparse prior to 1986, it is
clear that water level in Lake Koronia has declined pro-
gressively from >4 m during the mid 1980’s (Fig. 1).
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Fig. 1. Annual mean lake fevel (m) and annual mean precipitation
(mm) for the period 1986-1997.

After the prolonged drought of 1989-1994, water depth
reached about 1.0 m in 1995. By 2001, depth declined
further to approximately 0.8 m with a lake volume ap-
proximately 10% of that calculated when water depth
was >4 m in the mid 1980s (PAPAKONSTANTINOU &
KATIRTIOGLOU 1995),

For the period 1986-1995, mean annual rainfall in the
area dropped from a high of >600 mm to >300 mm be-
tween 1989 and 1993, after which it increased to > 400
mm (Fig. 1). The progressive drop in lake level from at
least 1986 to 1995 and beyond to 2001 therefore can not
be ascribed principally to climatic factors. The influence
of a major earthquake in 1978, epicentered approximate-
ly 10 km east of Lake Koronia, is unknown, but carth-
quake induced changes in the hydrology of Lake Prespa
in western Greece have been documented (HoLLIS &
STEVENSON 1997).

Agricultural and industrial activities appear to have
had a significant effect on lake level of Lake Koronia.
Groundwater levels of the shallow aquifer (0-50 m) in
the western part of the watershed dropped progressively
during 1969-1981 when the area of irrigated agriculture
increased from about 3,000 ha to 5,000 ha and eventual-
ly to > 6,000 ha by the mid 1980’s (DIMITRIS MEGAS,
person. commun.). This is also the location of extensive
groundwater extracting industries including fabric-
dying operations that were established and expanded in
the mid 1980°s. The European Commission (1998) esti-
mated that groundwater pumping by agriculture (40 x
106 m3) greatly exceeds that of industry (12 x 10¢ m3).
While agriculture affects the entire basin, industry exerts
a strong local water demand.

Trophic state changes

Reduced Secchi transparency (0.55-0.65 m) and fre-
quent blooms of cyanobacteria (Anabaena and Aphani-
zomenon) (ANANIADIS 1977) suggest that Lake Koronia
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Fig. 2. Monthly mean PO, concentrations (g L-') and monthly
mean specific conductivity (uS cm-?) for the period 1977-1997.

has been eutrophic since at least 1950. Since then, Sec-
chi has remained <1.0 m, and chlorophyll a values >36
pg L1 have been reported. The lake became hyper-
trophic during the late 1980°s and early 1990°s. PO,3-
values increased rapidly from §-45 ug L' in the late
1970’s to 15274 pg L' in 1989-1991 and 100~-1,000
g L1 in the late 1990’s (Fig. 2). During 1977-1997,
specific conductivity remained relatively stable at 1,300
#S cor! from 1977 until 1991, after which it increased
rapidly to >6,000 xS cm™! by 1993-1994 and a maxi-
mum of 7,700 uS cm in 1997 (Fig. 2). Finally, pH in-
creased from the late 1940’s (7.7-8.2) through the
1980°s (8.5-9.3) to the early 1990°s (>9.0 mostly) and
often exceeded 10.0 in the late 1990’s.

While lowering of lake level likely contributed some-
what, the rapid increase of conductivity in Lake Koronia
in the late 1980’s is clearly associated with agricultural
and especially industrial activities. PAPAKONSTANTINOU
et al. (1996) noted that specific conductivity of two trib-
utaries draining the industrial area was 5-6 times greater
than that of groundwater. Wastewaters from both fabric
dying and diary product operations display high conduc-
tivity, 2,800-9,100 and 1,600-1,700 uS cm™, respec-
tively (TSAGKARLIS 1998; Growth Agency of Thessa-
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Fig. 3. Monthly mean oxygen saturation in Lake Koronia for the pe-
riod 1983-1997.

loniki 1995). By contrast, concentrations of K+, Nat,
Ca?, Mg? and CI- in agricultural runoff decreased sig-
nificantly during the growing season and were not af-
fected by the degree of active management (TSIOURIS et
al. 2002). Thus, industrial operations are significant
point sources of cations/anions in Lake Koronia, and
agriculture serves mainly as a non-point source of nutri-
ents through increased fertilizer use over the past three
decades.

Balance of autotrophy to heterotrophy along a
gradient of trophic state and hydrologic change

Dissolved oxygen and temperature data were collected
concurrently from 0.5 meters below the surface of Lake
Koronia at a fixed station approximately monthly and al-
ways between 9 and 11 am from 1983 through 1997 by
the Hellenic Ministry of Agriculture, Directorate of
Land Reclamation (2001). Monthly oxygen data were
converted to percent saturation for the temperature of
collection to establish a general trend of the balance be-
tween autrophy and heterotrophy for the lake over time
(Fig. 3). Although expected variation among temporally
close data was evident reflecting time of collection and
weather conditions, a clear trend is evident. Oxygen sat-
uration increased progressively from approximately
50% in 1983 to exceed 100% for the first time at the end
of 1987 and beginning of 1988 when the lake began the
shift from eutrophy to hypertrophy as evidenced by
rapidly increasing phosphorus concentrations thereafter.
The 1983 to 1988 period also corresponded to a drop in
lake level from 4 to <3.5 meters. With some exceptions,
especially during early 1991, oxygen saturation for the
most part remained >100% until the final quarter of
1993, after which it began a steep decline to reach hy-
poxia and anoxia by the end of 1997. The progressive
drop in lake level had reached 1.5 meters by the end of
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1993 and <1 meter by at least August 1995, the time of a
massive fish kill, waterfow! deaths and eventual fish ex-
tirpation from the lake (GRAMMATIKOPOULOU et al.
1996).

Oxygen saturation in the water column of Lake Ko-
ronia paralleled increasing trophic state from 1983 until
1993, approximately five years after the lake shifted
from eutrophic to hypertrophic. Submersed macro-
phytes were never of great importance in the lake, and
the trophic state change largely refiected variation in
phytoplankton biomass and composition leading to
complete dominance during the hypertrophic period by
massive surface blooms of cyanobacteria. Progressive-
ly increasing phosphorus concentrations in the water
column of the lake during the period of record reflect
increased external nutrient loading from agricultural
and industrial sources combined with internal nutrient
loading from sediments facilitated by declining lake
level. The latter is inversely related to the depth of shal-
low lakes (LUETTICH & HARLMAN 1990; REDDY et al.
1996).

Although the lake remained hypertrophic and domi-
nated by extensive scums of floating cyanobacteria,
oxygen saturation in the water column reversed its trend
after lake level dropped to 1.5 meters (1993) and began a
steep, progressive decline to hypoxia and anoxia by
1997, when lake depth was <1 meter. This is likely a
function of two factors. First, phytoplankton productivi-
ty shifted to the lake surface as decreasing water level
facilitated resuspension of highly flocculent sediments
produced by cyanobacterial dominance to increase
water column turbidity and nutrient availability (SCHEE-
FER et al. 1993). The increased flocculence of recently
deposited sediments from the hypertrophic period is
clear from our preliminary examination of sediment
cores of the lake. Coupled with reduced gaseous ex-
change through the water surface due to extensive
cyanobacterial scums and increased light limitation of
water column phytoplankton due to sediment resuspen-
sion and shading from surface algae, the positive contri-
bution to oxygen in water column when the lake became
hypertrophic was minimized. On the other hand, benthic
respiration either remained unchanged during this peri-
od or increased through the presence of unconsolidated
sediments, and pelagic respiration increased through
sediment resuspension. Even small incremental changes
in lake level, as evident in Koronia since 1990, can in-
crease sediment resuspension significantly (SCHEFFER
1998). Decreasing lake level reduced the positive influ-
ence of phytoplankton on oxygen, while water column
and sediment respiration were facilitated. Thus, the
overall ability of the water column to counterbalance or
dilute sediment respiration was diminished, and water-
column oxygen concentrations reflected more closely
sediment respiration than pelagic production.

Limnologica (2004) 34, 110-116

Implications for lake management

From the beginning of intellectual focus on eutrophica-
tion as a process (National Academy of Sciences 1969;
LIKENS 1972), emphasis has been on aspects of au-
totrophic production, as popularized by the “algal bowl”
concept of VALLENTYNE (1974). SCHEFFER et al. (1993)
recognized that eutrophic shallow lakes are dominated
by either phytoplankton or macrophytes (alternative sta-
ble states) that exhibit long term stability unless the
ecosystem undergoes major perturbation in either the
food web or external and/or internal nutrient loading,
The role of hydrological alterations in such relationships
is poorly understood.

WEeTZEL (2001) suggested that there is an overempha-
sis on autotrophic production along gradients of increas-
ing eutrophication, while ignoring ecosystem
metabolism and the overwhelming importance of al-
lochthonous over autochthonous carbon in freshwater
ecosystems. He suggested that lakes are really het-
erotrophic “detrital bowls” not autotrophic “algal
bowls”.

Lake Koronia provides a unique opportunity to ob-
serve interactions among hydrology, trophic state and
ecosystem metabolism during long-term progressive
lake level decline. While dissolved oxygen was inverse
to declining lake level during the first 13 years of limno-
logical monitoring, five years after the lake became hy-
pertrophic water level reached an inflection point be-
yond which water column processes were no longer able
to counterbalance sediment respiration and pelagic dis-
solved oxygen values paralleled the additional progres-
sive loss of water level. Thus, while there was no change
in autotrophic stable state, system metabolism shifted
and became increasingly heterotrophic under the control
of water level.

Water levels in many Greek lakes, including Mikri
Prespa (HOLLIS & STEVENSON 1997), have declined dras-
tically recently as a result of drainage, water-course di-
version and irrigation schemes to promote intensive
agriculture. Many are undergoing cultural eutrophica-
tion from sewage discharge (KOUSSOURIS et al. 1991a) or
a combination of sewage, industrial wastes and agricul-
tural runoff (KoussoURris et al. 1991b; NIKOLAIDIS et al.
1996). A similar sitnation exists throughout the Balkans,
Turkey (BEKLIOGLU & Moss 1996; GREEN et al. 1996),
Armenia (HOVHANISSIAN & GABRIELYAN 2000;
LeGovicH et al. 1973) and the Middle East (GOPHEN
2000). In light of ever increasing demands on a finite
water resource, it is critical to determine the minimum
water volume and level and the required timing and du-
ration needed for lakes and wetlands for maintenance of
ecosystem structure and function. There are unlikely
sufficient fresh water resources to return regional lakes
to pre-impact conditions. Clear objectives for lake man-
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agement in light of decreasing water resources must be
established.

The example of Lake Koronia demonstrates that bas-
ing lake management more on manipulating the balance
of ecosystem autotrophy to heterotrophy than on radical
alteration of autotrophic stable states (phytoplankton
versus macrophytes) or the overall productivity of either
not only recognizes the reality of limited water availabil-
ity for ecosystem management, but it can be tailored to
meet specific management goals. It appears, for exam-
ple, that raising lake-level from the current <1.0 m to
about 2.5 m would alter the autotrophy to heterotrophy
balance sufficiently to ensure adequate oxygen avail-
ability for a fish community. On the other hand, setting a
management goal of reducing trophic state or shifting
autotrophic stable state from phytoplankton to macro-
phytes may be relatively unobtainable considering the
extremely flocculent sediments and volume of water
necessary to reduce their wind-induced resuspension
and associated nutrient release. Such an approach offers
a reasonable means for establishing minimum permissi-
ble lake levels for specific management goals.
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