
Introduction

Small freshwater systems add significant biodiversi-
ty value to a region (Collinson et al. 1995, King et al.
1996, Di Sabatino et al. 2003). This is particularly true
in the central Apennines over 1000 a.s.l. where perma-
nent surface water is scarce and aquatic life is mainly
supported by small lakes and permanent ponds. Accor-
dingly, it is also known that these precious water bo-
dies show distinctive communities including national-
ly rare species (Stella 1988, Mura 1993, Cianficconi et
al. 1994, Mura 1996, Di Giorgio & Zuppa 1996, Mura
et al., 2003). Due to their limited dimensions they are
particularly sensitive to weather changes and environ-
mental modifications. The water quality of these sys-
tems is thus of immediate concern for local authorities.
Accordingly, most of them are situated within protec-
ted areas.

In central Italy, sheep, horses and cows are taken to
graze on Apennine pastures during snow free seasons.

Livestock-derived excreta enter lakes and ponds either
directly or after draining from their watershed. Live-
stock feces and urine contain large quantities of nu-
trients: annual estimates (kg per individual) of phos-
phorus and nitrogen excreted by livestock ranges from
1.5 (sheep) to 11 (horse) kg y-1 and from 8.9 (sheep) to
77 (horse) kg y-1 respectively (Moss et al. 1997, p. 41).
They thus represent a high potential source of nutrients
and a contributory factor in the eutrophication of
mountain Apennine lakes and ponds. Park managers
are faced with a range of problems related to eutrophi-
cation such as blooms of algae, turbid water and natu-
ral fish kills, and ask for reliable mitigating and pre-
ventative management strategies.

In general, management of water quality requires
monitoring of chemical and biological factors of the
water body and a knowledge of their response to land
use variation and environmental change (Larson et al.
1994, Rioual 2002, Portielje & Rijsdijk 2003). To date
there have been only sporadic studies of Apennine fresh-
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water systems, therefore there is a requirement for a
more systematic approach (but see Baldi 1942, Marga-
ritora & Usai 1983, Mura 1987, Solimini et al. 2000,
Ruggiero et al. 2001, Ruggiero et al. 2003 a,b). Accor-
dingly, little is known about their limnological aspects
and possible, appropriate, management strategies. In
this paper, we present the results of a four year moni-
toring program of the main chemical and biological
factors of Lake Duchessa. This shallow lake, situated
in the central Apennines at 1788 m a.s.l., can be consi-
dered as a representative of many lakes and ponds si-
tuated at high altitudes in this area. Data shown offer
insights into the nutrient dynamics and the primary
production in these systems. The aim of this paper is to
individualise the ecological processes to consider in
the future for the possible managing and mitigating
strategies of Apennine lakes and ponds.

Study area

The Apennine mountain chain runs from the north to
the south of Italy, reaching its highest altitudes in the
central region with peaks between 2500 and 3000 m
a.s.l. Here, sedimentary carbonate rocks dominate and
the upper limit of the timber line ranges from 1700 to
1900 m a.s.l. There is an annual average of 1000-1500
mm of precipitation per year above 1000 m a.s.l. but
the widespread karstic soils cause rapid losses of sur-
face water. Lake Duchessa (42°11’N, 13°20’E) is a
small and shallow subalpine lake situated at 1788 m
a.s.l. (Fig. 1, Table 1). It is, along with Lake Pilato

(Mura 1993), the largest lake over 1000 m a.s.l. in the
Apennines. The lake is of glacial origin during the
Pleistocene period and was later modified by karstic
processes which formed two coalescent dolines. Lake
water level is maintained by local precipitation and
snow-melt, its area and maximum depth reach their hi-
ghest values in spring (April-May). The lake freezes
over in November/December and remains ice-covered
for about 4-5 months. The watershed area is mainly
composed of bare rocks with only small areas of mea-
dows and Juniperus nana Willd. bushes (Petriccione
1993) (Fig. 1). The lake is located in the protected area
«Riserva Naturale Parziale Montagne della Duchessa»
established in 1990. During snow-free periods, a large
number of sheep, cows and horses are taken to graze in
the watershed pastures and allowed, by local authori-
ties, to water in the lake (Table 2).
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Fig. 1. Lake Duchesa and its immediate environment. White areas
correspond to bare rocks ands gravels, Juniperus nana bushes
are evident north to the lake where the very steep slope makes

meadows to be completely absent.

Table 1. Main morphological features of Lake Duchessa. Main che-
mical and physical variables of its water column (calculated on
the basis of a monitoring program in 2002) are also shown.



Material and methods

Water chemistry
Sampling was done on a monthly basis from May

1997 to November 2000, only during snow-free per-
iods (due to logistic constraints), with more frequent
sampling (every 15 days) during the summers (June-
August) of 1997, 1999 and 2000. At the start of the stu-
dy period we installed a staff gauge in the lake to re-
cord water depth fluctuations. During each sampling
occasion water was taken from 4 sites reached with an
inflatable boat. Site conductivity and pH (WTW Mul-
tiLine probe) were recorded in situ. A subsurface wa-
ter sample (20 cm) was collected with a lake water pri-
med dark 500-ml polyethylene bottle and were imme-
diately stored in refrigerated boxes. At the laboratory
the water samples were divided into two subsamples to
determine nutrient concentration and phytoplankton
biomass. The first water subsample was filtered
through acid cleaned filters (Whatman GF/F 0.7-µm)
and analyzed to determine NO2-N, NO3-N, NH3-N and
PO4-P (soluble reactive phosphorus = SRP) following

standard methods reported in Wetzel & Likens (1991).
Dissolved inorganic nitrogen (DIN) concentration was
calculated by summing NO2-N, NO3-N and NH3-N
concentrations.

Community
At each visit macrophyte cover was visually estima-

ted as a percentage of lake area from an elevated (c.a.
2000 m a.s.l.) site immediately close to the lake (1788
m a.s.l.). Macrophyte specimens were collected and ta-
ken to the laboratory for taxonomic classification. The
macrobenthic invertebrate assemblage was sampled in
July and September of 1997. The macroinvertebrates
living in the lake bottom and on aquatic vegetation we-
re sampled in two different ways. We used an Ekman
grab (15 x 15 x 10 cm) with pole to collect 5 samples
from the lake bottom in random locations. We used
twenty cages (15 x 15 x 7.5 cm, mesh 1.2 cm) to col-
lect samples from the aquatic vegetation. Cages were
placed in situ one week before the sampling date to
avoid organisms escaping during sampling activity. At
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Table 2 The highest (max) and the lowest (min) maximum depth (with corresponding month), the number of animals allowed (by local authori-
ties) to water in the lake, mean values of nutrients and Chlorophyll a (Chla) (calculated on all the sampling date (= n)) and maximum macro-
phyte cover, are given for each year. DIN = Dissolved Inorganic Nitrogen (NO3-N + NH3-N + NO2-N), SRP = Soluble Reactive Phosphorus,
n.a. = not available.



the sampling date cages were quickly lifted into a 0.25
mm mesh net, after that we rapidly cut the portion of
the plant remained outside of the cage. After collection
samples were washed through a 0.25 mm mesh in the
field to reduce the associated unwanted material and
taken to the laboratory. Here macroinvertebrates were
separated from the substrata and fixed in 70 % ethanol
for later taxonomic classification. The zooplankton as-
semblage was sampled once in 1997 and monthly in
1998 and 1999 to account for seasonal variations in
taxonomic composition. At each station water was col-
lected with buckets and filtered through a 150 µm me-
sh plankton net. Material retained was fixed in a 4 %
formalin solution and taken to the laboratory for taxo-
nomic classification. The presence of fish and amphi-
bia was recorded at each sampling occasion.

Phytoplankton biomass and water transparency
Phytoplankton biomass was determined as Chla

concentration of filtered lake water. A volume (0.05 -
1.00 L) of lake water was passed through a 0.45 µm
cellulose nitrate membrane filter (Whatman) which
was subsequently immersed in a 90 % acetone solution
(24 hours in the dark) for chlorophyll a extraction.
Chla concentration (uncorrected for phaeopigments)
was determined spectrophotometrically (665 nm)
(Wetzel & Likens 1991). At each station, water trans-
parency as Secchi depth (disk diameter = 0.25 m) was
measured. When the bottom was visible Secchi depth
was not properly measurable and for regressional ana-
lyses only valid Secchi depths were used.

Results

Water chemistry
Lake water depth showed a well defined seasonal

pattern with maximum values in the spring, soon after
snow melt, and minimum values in the fall (Table 2).
As a consequence, the lake area varied by about 25-30
% during each year. Conductivity (at 20 °C) and pH
ranged from 122 ± 1 µS cm-1 (10 June 2000) to 358 ±
21 µS cm-1 (21 August 1997) and from 7.5 ± 0.0 (21
August 1997) to 10.8 ± 0.1 (16 August 2000) respecti-
vely and showed opposing seasonal trends (Spearman
test, r = -0.417, p < 0.01) (Fig. 2). The concentration of
NO3-N ranged from 0.43 ± 0.17 mg l-1 (22 June 1998)
to 4.03 ± 0.19 mg l-1 (22 September 2000). It showed
summer minima in 1997 and 1998, was less variable in
1999 and showed an increasing trend throughout 2000
(Fig. 3). The concentration of NO2-N did not show any

seasonal pattern it remaining below 0.010 mg l-1 throu-
ghout the study period. However high NO2-N concen-
trations were detected in July (0.014 ± 0.001 mgl-1) and
November 1997 (0.019 ± 0.000 mgl-1), and in May
1999 (0.014 ± mg l-1). The concentration of NH3-N
showed a spring/autumn minima and summer maxima
throughout the study period. It reached particularly
high values (i.e. > 2.50 mg l-1) in both 1997 and 1998.
The concentration of DIN changed among years (Table
2). It decreased from 1997 to 1998, in 1999 it remained
quite similar to the previous year while it increased in
2000. SRP concentration ranged from 0.011 ± 0.003
mg l-1 (30 May 1997) to 0.587 ± 0.022 mg l-1 (5 August
1997). Its seasonal pattern was similar to NH3-N (with
maxima in summer) even if in 1999 it showed a sharp
drop between July and August. Moreover, SRP
concentrations were particularly high in the summer of
1997 and 1998 (c.a. 0.5 mg l-1). Variation of SRP
concentrations was negligible in the first three years
however, they were lawo in 2000 (Table 2).

Community
Five species of aquatic macrophytes were identified

(Table 3). Potamogeton pectinatus L., Myriophyllum
spicatum L. Eleocharis palustris (L.) Roemer et
Schultes, Potamogeton perfoliatus L., Ranunculus tri-
chophyllus Chaix. P. pectinatus and M. spicatum were
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Fig. 2 Temporal patterns of pH and conductivity (mean ± SE) from
1997 to 2000. During ice-covered period (grey thick line), the la-
ke was not sampled. Arrows indicate the observed fish kill
events.



the dominant macrophyte species, together represen-
ting the 80-90 % of the macrophyte cover. In total ma-
crophytes covered 50 % of the lake area in 1997, 80 %
in 1998 and 90 % in 1999 and 2000. The benthic ma-
croinvertebrates assemblage included 11 families
(Table 3). Coleoptera and Diptera were well represen-

ted with three and four families respectively, while no
mollusk families were found (for more details on
quantitative data see Solimini et al. 2000). Zooplank-
ton assemblage included 6 species of Cladocera and 4
species of Copepoda (Table 3). Among the vertebrates,
Triturus carnifex Laurenti was observed in the spring
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Table 3 List of taxa identified in Lake Duchessa.



of each year with hundreds of individuals in the whole
lake. Tinca tinca L. (illegally introduced in the lake not
more than 10 years ago) was the only fish species
found in the lake. Its population was affected by a na-
tural fish-kill during each year: in July 1997, in May
1998, in May 1999 and in August 2000. No fish kills
were observed by or reported to reserve authorities be-
fore 1997. Even if tench population density was not es-
timated in the lake we can say that it was particularly
high in 1997 when we observed many thousands of
dead tench floating in the lake on the fish kill event. 

Phytoplanktonic biomass and water transparen-
cy

In July 1997 phytoplanktonic biomass (Chla) rea-
ched values around 900 µg l-1 however, these values
sharply dropped to around 10 µg l-1 by August remai-
ning low for the rest of the year (Fig. 4). In 1998 and
2000 Chla concentration showed summer maxima of
101 ± 64 µg l-1 (30 July) and 1001 ± 38 µg l-1 (22 Sep-
tember) respectively. In 1999 no seasonal pattern was
evident with values ranging from 0.5 ± 0.1 µg l-1 (16
June) to 24 ± 7 µg l-1. Again annual mean of phyto-
planktonic biomass was highly variable among the stu-
dy years (Table 2) decreasing from 1997 to 1999, whil-
st in 2000 values were similar to those of 1997. Secchi
depth was negatively correlated with Chla (Spearman
test r = -0.648, P < 0.001). In 1999 Secchi depth de-
creased from spring to summer (0.35-0.1 m) and rea-
ched its minimum when Chla maxima values were re-
corded. However, in August the lake water was so
clear that the bottom was visible. This clear water pha-
se continued until the last sampling date in November.
In 1998 and 1999 no Secchi depths were made as the
bottom remained visible throughout the sampling per-
iod. During 2000 lake water was turbid with a Secchi
depth ranging from 0.30 m to 0.45 m.

Discussion

Even if remote, mountain lakes can show large and
highly variable nutrient concentration (Gee & Duigan
1993, Beaty & Parker 1996), values detected were
unusually high (for comparisons see Vass et al. 1989,
Nauwerck 1994, Viaroli et al. 1994, Larson et al. 1995,
Mosello et al. 1996, Duff et al. 1999, Kopacek et al.
2000, Rioual 2002). Lake Duchessa can be classified
as hypereutrophic according to nutrient concentra-
tions, Secchi transparency depths and Chlorophyll a
peaks (Wetzel 1983). Among the possible external
source of nutrients, livestock presence in the water-
shed (Table 2) represents a high potential for the eutro-

phication of the Lake Duchessa. Moreover, the water-
shed has a high composition of bare rock with scant
and thin soil layers, this fact combined with a low ri-
parian vegetative cover results in a low nutrient reten-
tion of the catchment area. Internal cycling of matter is
highly significant for the water chemistry of shallow
lakes (Scheffer 1998). In particular, the processes as-
sociated to sediments play a key role in nutrient avai-
lability and primary production (Liboriussen & Jeppe-
sen 2003, Threlkeld 1994). In Lake Duchessa a large
amount of organic matter (i.e. livestock dejections, de-
tritus of algae and macrophytes) accumulates in the se-
diments each year representing a significant source of
nutrients.

Conductivity and pH values detected were relatively
high but similar to those reported for other productive
lakes of the Apenninic area dominated by carbonate
rocks (Solimini et al. 2000, Ruggiero et al. 2003a,b).
Within-year patterns of nutrient concentration are tho-
se expected for eutrophic shallow lakes (Scheffer
1998). In these lakes, maxima of SRP and NH3-N
concentrations along with sharp drops of NO3-N
concentration can be observed in the summer due to a
high microbial activity in the muddy sediments (Klee-
berg & Kozerski 1997) and to the consequent decrease
of oxygen concentration (Van Luijn et al. 1999, Car-
valho 1994). Sporadic high NO2-N concentrations
usually occur when a large amount of fresh and easily
degradable organic matter is mineralized (Colliver &
Stephenson 2000, Leu et al. 1998, Burns et al. 1995).
Accordingly, the presence of dead fishes in July 1997
and May 1999 could explain the high nitrite concentra-
tion detected in these months so as in November 1997
when a abundant degradable organic matter due to the
large summer fish kill was leaky still present.

The decrease in DIN concentration in 1998 and 1999
was not due to a lower fecal derived input since live-
stock number actually increased in these years (Table
2). On the other hand, it has been shown that macro-
phytes reduces DIN concentration by (i) increasing di-
rect uptake of DIN from the water column (Barko &
James 1997), (ii) supporting a higher biomass of atta-
ched periphytic algae which in turn increase nutrient
uptake from the water column (Strand & Weisner
2001) and (iii) supporting denitrifying bacteria (Meijer
et al. 1994, Eriksson & Weisner 1999). Accordingly, it
is possible that the decrease in DIN concentration was
related to the observed increase in macrophyte cover
(Table 2). However, in 2000 with macrophytes still co-
vering 90 % of the lake area, DIN concentrations were
similar to those values observed in 1997 suggesting
some other regulating processes involved such as dilu-
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tion. In 2000 the minimum water depth was higher
than previous years suggesting heavier, or a higher
number, of run-off events and a possible larger drai-
ning of livestock dejections into the lake.

In eutrophic shallow lakes, phosphorus availability
is mainly determined by internal loading from sedi-
ments (Scheffer 1998). Since macrophyte presence

and high pH values may increase sediment phosphorus
release (Granéli 1999, Stephen et al. 1997), the detec-
ted pH values (Fig. 2) and the estimated macrophyte
cover (Table 2) suggest internal loading to have been
significantly high in Lake Duchessa. In 2000 a 90 %
macrophyte cover and an annual pH mean of 9.8 (±
0.3) were still favorable for a high phosphorus loading
from sediments. Seemingly, the low SRP concentra-
tion observed in this year was possible due to an in-
creased consumption by primary producers as we de-
tected a high phytoplankton standing crop in the same
year (Fig. 4).

The eutrophic conditions of Lake Duchessa possibly
caused the observed natural fish kills. In particular the
ammonia concentrations along with the pH values de-
tected in the lake easily contributed to the large fish
kill observed in the summer of 1997 and 2000. At pH
> 9.5 ammonia is present as NH4

+ or NH4OH (lethal to
fish) with a ratio of 1:1 (Hutchinson 1957) and in lakes
with these conditions «summer fish kills» are general-
ly expected (Kann & Smith 1999). On the other hand
in May of 1998 and in May of 1999 we probably ob-
served the effects of two «winter fish kills». In ice co-
vered eutrophic shallow lakes heavy fish kills occur as
consequence of the decomposition of organic matter
accumulated in the bottom which in turn deplete oxy-
gen in the water (Greenbank 1945).

Mountain lakes communities usually show low di-
versity because of the harsh environment and the low
colonization rate of remote areas where they are situa-
ted (Rautio 1998, Fjellheim et al. 2000, Mc Naught et
al. 2000). The extreme water depth (3.5 m - 0.2 m) and
high temperature (22.4 °C - 0.6 °C) excursions of La-
ke Duchessa probably cause some expected families to
be completely missing in its macrobenthic assemblage.
The absence of mollusk from the lake was noticeable
as they have been found in other similar lakes (Solimi-
ni et al. 2000, Ruggiero et al. 2001). However, this
could be explained by the presence of the large tench
population as T. tinca can show specialized foraging
for mollusk (Brönmark 1994). Macrophyte cover, whi-
ch increases invertebrate habitat diversity by providing
food, substrate and refuge (Diehl & Kornijow 1997),
ensured the presence of all the feeding groups. Macro-
phytes found in the lake belong to the Potamogeton
pectinatus - Myriophyllum spicatum community des-
cribed in Great Britain (Rodwell et al. 1995, p. 59),
they are usually found in turbid and eutrophic condi-
tions (Hootsman et al. 1996, Moss et al. 1997, Scheffer
1998). However, macrophyte colonization of Lake Du-
chessa in the past was likely favored by the low water
level periods (Blindow 1992). In the zooplankton as-
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Fig. 4 Temporal pattern of phytoplanktonic chlorophyll a (mean ±
2SE) from 1997 to 2000. During ice-covered period (grey thick
line), the lake was not sampled. Arrows indicate the observed fi-
sh kill events.

Fig. 3 Temporal patterns of NO3-N, NH3-N, NO2-N and PO4-P
(mean ± 2SE) from 1997 to 2000. During ice-covered period
(grey thick line), the lake was not sampled. Arrows indicate the
observed fish kill events.



semblage the number of species was low but compa-
rable with those of other mountain lakes (King et al.
1996, Angeli et al. 2002). The presence in the samples
of fast swimmers such as copepods indicate this me-
thod not to be selective for some particular species (i.e.
slow swimmers). The absence of rotifers could be ex-
plained by the size of plankton net used even if some
authors found low density of rotifers with values of pH
and conductivity (affecting rotifers life cycle) similar
to those measured in this study (Morales-Baquero et
al. 1989, Arnott & Vanni 1993).

In Lake Duchessa nutrient availability ensured a po-
tentially high algal production. In 1997 phytoplankton
biomass dropped in the summer giving rise to a clear
water phase which was observed during the rest of the
year. This opposes the expected trend of shallow eu-
trophic lakes maintaining high biomass throughout the
year (Sommer et al. 1986, Scheffer 1991, Scheffer
1998). The phytoplankton biomass drop coincided wi-
th a reduction in the density of zooplanktivorous fish
suggesting an increase in zooplankton grazing of algae
played the major role (Jeppesen et al. 1990, Jeppesen
et al. 1991, Carvalho 1994). Accordingly, the trophic
cascade hypothesis states that deviations from poten-
tial productivity could be due to food web effects (Sha-
piro & Wright 1984, Carpenter & Kitchell 1993). From
this, it is possible to deduce that the 1997 fish kill pos-
sibly caused the observed phytoplankton collapse and
corresponding clear water phase, as reported in other
cases of natural fish kills (Vanni et al. 1990, Jeppesen
et al. 1998).

Clear water periods are usually short in eutrophic
shallow lakes (Deneke & Nixdorf 1999), but in Lake
Duchessa phytoplanktonic biomass remained below
potential values throughout 1998 and 1999 and clear
water conditions were maintained throughout. It has
been shown that macrophytes promote and stabilize
clear water conditions keeping phytoplankton biomass
low by (i) offering refuge to zooplankton species, (ii)
competing with algae for resources (iii) releasing allo-
pathic substances (Jeppesen et al. 1997, Mjelde & Faa-
feng 1997, Scheffer 1998, Bertolo et al. 1999, Strand
& Weisner 2001, Burks et al. 2001). Accordingly, it is
possible that macrophytes maintained the clear water
conditions for the two years in Lake Duchessa, as al-
ready shown for other lakes (Van den Berg et al. 1997,
Scheffer 1998). Leaf canopies of P. pectinatus and M.
spicatum, developing throughout the water column,
had the potential to affect phytoplankton production by
reducing both light and space availability. In 2000, wi-
th macrophytes still covering 90 % of the lake area, al-
gae biomass yield reached the potential values sugges-

ting some other key mechanism maintaining the clear
water conditions in the previous two years. T. tinca is
known to heavily predate on zooplankton (Brönmark
1994, Giles et al. 1990, Ranta & Nuutinen 1984). Ac-
cordingly, a possible explanation would be that the ma-
crophyte «refuge effect» for zooplankton, which is
known to be scarce at high fish densities (Schriver et
al. 1995, Stephen et al. 1998), became important after
the large fish-kill of 1997 reduced tench population
while it was scarce again in 2000 as consequence of
the possible increase in tench population density after
a three-year recruitment.

Conclusion

Lake Duchessa shows some limnological aspects
proper to lowland degraded lakes, this being due to li-
vestock grazing in the watershed and watering in the
lake. In particular phytoplankton biomass and turbidi-
ty are comparable to those of the most eutrophic situa-
tions commonly described in the literature (i.e. tropical
ponds, Sarnelle et al. 1998). On the other hand, the da-
ta shown highlight the possible processes of obtaining
clear water conditions in such highly eutrophic situa-
tions. Evidences indicate that the observed drop in
phytoplankton biomass and the subsequent improve-
ment in water transparency were possibly due to a
drastic reduction of the fish density. Seemingly, the
presence of a well developed macrophyte cover could
explain the decrease of nitrogen in the water column
and the maintenance of clear water conditions for two
years. Since Lake Duchessa conditions are emblematic
of the generalized situation of lakes and ponds situated
at high altitude in central Apennines (Solimini et al.
2000, Ruggiero et al. 2001, Ruggiero et al. 2003a,b),
these ecological processes require addressing as pro-
mising applied research subjects. Accordingly, we
suggest that future investigations should incorporate
the manipulation of fish and macrophyte populations
to set the effective management strategies to restore
and maintain these unique ecosystems.
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