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Abstract. The Massaciuccoli Lake, a 700 ha shallow lake, located in the Migliarino San Rossore 
Massaciuccoli Natural Park, along the Tuscan coast (Italy), has undergone a dramatic reduction of the 
macroalgal and submerged macrophytic communities over the last fifty years. This reduction was both in 
terms of the number of species and abundance, leading in recent years to a turbid water-phytoplankton 
dominated state and to the disappearance of submerged macrophytes. The aim of this study was to 
investigate, in aquaria experiments, the minimum threshold of light, necessary for the survival of a 
macrophyte, Myriophyllum verticillatum L., caused by sediment resuspension. Subsequently enclosure 
experiments were carried out with biomanipulation techniques (such as the removal of the fish 
community, the inoculation of zooplankton, Daphnia magna Strauss and forced reintroduction of the 
macrophyte) in enclosures. The results showed that, currently, the PAR intensity at the bottom of the lake 
is not sufficient to allow spontaneous recovery of the submerged vegetation. The positive effect of 
biomanipulation, due to fish removing plankton and phytoplankton-grazing, may lead to a significant 
clarification of the water column in the treated enclosures, allowing radication and growth of submerged 
vegetation. Nevertheless, an effective recovery of Massaciuccoli Lake is not likely to be achieved until an 
integrated approach (ranging from the reduction of the pollutant sources to partial dredging of the 
sediment, because of the high nutrient levels), is performed. 
Keywords: restoration, shallow lakes, aquatic macrophytes, biomanipulation, enclosures 

Introduction 

The number of aquatic ecosystems contaminated by anthropogenic-derived 
pollutants is at present increasing. Human activity adds excessive amounts of plant 
nutrients (primarily phosphorus, nitrogen, and carbon) to streams and lakes in various 
ways. Runoff from agricultural fields and breeding, industrial chemicals, urban lawns 
and domestic sewage, are the principal sources of these nutrients. This enrichment 
(notably in N and P) above natural levels is traditionally defined as eutrophication. This 
“nutrient pollution” problem represents the most important water quality problem 
worldwide (Harper, 1992; Lau et al., 2001). The enrichment causes an increase in the 
net primary productivity of ecosystems and an associated decline of water quality. 
Compared with deep-water lakes, shallow lakes tend to be more prone to eutrophication 
as they have a smaller dilution capacity (Lennox, 1984). 

Changes in nutrient loading are probably a major reason why the stability properties 
of shallow lakes have changed. At low nutrient levels the system has one globally stable 
equilibrium, a clear-water state. If the nutrient level is raised further the stability of the 
clear state decreases, and slight perturbations are enough to cause a switch to the turbid 
equilibrium. These nutrients also proved to be powerful stimulants to an excessive algal 
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growth, or “blooms” of algae. The algal blooms led to competitive interactions with 
submerged plants that are largely disappearing (Moss et al., 1996a). Submerged aquatic 
macrophytes are important because they stabilize the macrophytes-dominated state by 
increasing water transparency and the environmental quality of shallow lakes 
(Carpenter and Lodge, 1986; Jeppesen et al., 1998; Scheffer, 1998). Macrophytes 
reduce nutrient levels and sediment resuspension, they provide shelter for zooplankton 
and young fish and a habitat for macro-invertebrates. Macrophytes also permit the 
physical stabilization of the bottom and can excrete allelopathic substances that inhibit 
the growth of other photoautotrophs, such as epiphyton and phytoplankton (Scheffer et 
al., 1993; Lauridsen et al., 1996; Petrini et al., 1996; Scheffer, 1998; Van Donk and Van 
de Bund, 2002; Mulderij et al., 2003; Mulderij et al., 2005; Mulderij et al., 2007). 
Submerged plants affect their environment, but obviously the environment also has an 
effect on the plants. This positive feedback is thought to cause alternative stable states 
in shallow lakes. So a lake can be in one state or another within a certain range of 
nutrient concentrations. This phenomenon is important for lake management as the shift 
from turbid to clear water is expected to occur at much lower nutrient levels than the 
opposite shift, a process called “hysteresis” (Scheffer et al., 1993). 

Restoration of eutrophic lakes in their turbid water-phytoplankton dominated state, 
presents several difficulties and the most important is associated with the long term-
phosphorus release from the sediments (Jeppesen et al., 1990; Pitt et al., 1997; 
Søndergaard et al., 2002). Due to this phenomenon, many attempts at restoring 
eutrophic lakes by means of reduction of the nutrient loading, have given unsatisfactory 
results, since high values of phosphorus concentration in the water column have been 
observed for long periods following the intervention (Scheffer et al., 1993; Phillips et 
al., 1994). Moreover, in many cases, nutrient removal from sources such as very large 
lakes can be too expensive, and nutrient loading control from agricultural areas can be 
difficult since there is not usually a restricted source. 

These difficulties in restoration caused the efforts of researchers to focus on the use 
of biomanipulation techniques as an alternative and more controllable tool (Drenner and 
Hambright, 1999). Biomanipulation was introduced as a lake-restoration technique that 
focused on trophic-cascade top-down effects (Shapiro et al., 1975). Many articles 
confirm the positive effects of biomanipulation (Jeppesen et al., 1990; DeMelo et al., 
1992; Meijer et al., 1994; Hansson et al., 1999; Drenner and Hambright, 1999; Meijer et 
al., 1999). The idea is to control fish and zooplankton communities (substantial 
reduction of the overwintering planktivorous and benthivorous fish stock that causes 
large filter-feeding zooplankton). This action exerts a higher grazing pressure on 
phytoplankton, thus forcing a spring clear water phase. Reduction of benthivorous fish 
further supports the clearing of the lake, because it reduces the resuspension of the 
sediment and the release of nutrients in the water due to these bottomfeeders 
(Breukelaar et al., 1994; Havens, 1993). Clear water, during spring, allows the 
submerged vegetation to grow and creates a stable clear water state (Hosper and Meijer, 
1993; Hosper, 1997; Hosper et al., 2005). The achievement of a total macrophyte 
recovery actions would be required on several fronts, ranging from the drainage of the 
sediment to the reduction of the nutrient charge (Berklioglu et al., 1999; Meijer et al., 
1999). 

In this paper we relate to Massaciuccoli Lake, an eutrophic shallow lake in Central 
Italy where a constant and progressive reduction of the macroalgal and submerged 
macrophytic community (such as Chara spp., Potamogeton pectinatus L., Potamogeton 
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crispus L., Ceratophyllum demersum L., Utricularia vulgaris L., Myriophyllum 
verticillatum L., Elodea canadensis Michaux) has been shown to occur over the last 50 
years (Brunelli and Cannicci, 1942; Pedreschi, 1956). Over the last 10 years a 
continuous reduction of submerged macrophytes has occurred (Tomei et al., 1997) 
which resulted in only two species remaining (M. verticillatum and E. canadensis) 
which have now recently disappeared (Ciurli et al., 2008). Extensive research was 
carried out in this lake to identify the turbid water state and eutrophication conditions 
(Ceccarelli et al., 1997; Cuppen et al., 1997). The turbidity of water does not provide 
sufficient irradiation for plants at the lower levels of the water column (Ciurli and Alpi, 
1999). Turbidity is due to several factors: 1) suspension of minute particles brought 
about by the erosion of agricultural soils located all around the lake (Pensabene et al., 
1997), 2) the phytoplankton-dominated state due to the excess of nutrients, brought 
about by emissaries (Mason, 1997), 3), sediment re-suspension by crayfish, 
Procambarus clarckii Girard (Gherardi, 1999; Barbaresi and Gherardi, 2001), 4) loss of 
cohesion of the bottom due to the absence of radicated plants (Schutten et al., 2005). 

In the current paper we investigated the macrophytes recovery potential, using the 
model species M. verticillatum L., through in vitro tests (tests in aquaria) and in vivo 
tests, practicing biomanipulation techniques in enclosures/exclosure experiments in a 
lake. We have chosen this plant because, together with E. canadensis, it has been the 
last to disappear. M. verticillatum, shows the best capacity to colonise the aquatic 
environment due to its tendency toward lengthening, and generally showed more 
remarkable results than E. canadensis in reducing nutrient content in water, particularly 
regarding nitrogen, showing phytodepuration capacity (Ciurli et al., 2008). 

The final aim of the research was to obtain evidence for the possibility of the 
recovery of aquatic macrophytes, and for their important role in the equilibrium of the 
lake. 

Considering that the ultimate goal is the reintroduction of macrophytes in the lake, 
the intermediate objective is to understand how such plants could grow in lake water. 
The working hypotheses are: 1) to assess the feasibility of the growing macrophyte M. 
verticillatum, in aquaria filled with water and sediment lake. 2) characterize, in aquaria, 
the minimum threshold of light necessary for the survival of the macrophyte. 3) try to 
carry out the biomanipulation, in enclosures, not accompanied by P load reduction. The 
results obtained by testing of the above-mentioned hypotheses could be important for 
the forced reinsertion of submerged vegetation in the whole lake after the causes of 
degradation have been removed. 

Materials and methods 

The model species was M. verticillatum L., collected in a small stream flowing into 
the lake in the “Piaggetta” zone, where submerged vegetation is still present. Scions 
were collected by cutting the apical part of the plant, and were carefully washed to 
remove mud and algae before placing them into the propagation aquaria. 

 
In vitro test 

Aquaria preparation 

Two aquaria systems were prepared: as plant propagation (to obtain more working 
material), as investigation about the minimum survival light threshold of M. 
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verticillatum, caused by resuspension of sediment (to perform turbidity tests). Five 
propagation aquaria of 200 l capacity (with dimensions 40 x 100 x 50 cm) were 
prepared, with a layer (10 cm) of aqualite (Aqualine®) and an upper layer (5 cm) of fine 
gravel filled with tap water. The filtration system consisted of a pump with a submerged 
filter, with a 400 l flow per hour. The lighting plant was composed, for each aquarium, 
of two fluorescent Dennerle lamps (Trocal 3085, 30 W) with reflecting parabola, 
connected with a timer set on 10 hours of light per day. The temperature was kept at 18-
20°C with a 150 W immersion heater. The plant scions did not show transplant shock 
and were periodically trimmed to keep them at a constant length of about 30 cm. 

Aquaria experiment 

Each aquarium had three replicates and the experiments were repeated many times in 
one year of experimentation in the laboratory. This was possible because the 
experiments were carried out in growth chamber in controlled conditions. The aquaria 
used for the turbidity tests were smaller (25 × 30 × 33 cm) with a 30 l capacity, totally 
covered with black film to stop natural light. They were filled with water and sediment 
collected in three different parts of the lake: Central Lake (CL), Foce Barra (FB) and 
Centro Chiaro (CC) whose sediment chemistry is reported in Table 1. The samples of 
water and sediment were put into opaque plastic containers to protect them from the 
natural light, and directly brought to the laboratory for the preparation of the aquaria. 
Chemical analyses (ammoniacal, nitrous, nitric and total nitrogen, orthophosphate and 
total phosphorus) of these waters and sediments were performed according to the 
procedures indicated in (APHA, 1998) in order to put the results in correlation with 
different plant growth responses. 

10 plant scions per aquarium (corresponding to the density of 80 unit m-2, data 
obtained from experimental preliminary tests) of 10 cm length (obtained from the 
pruning of propagation aquaria plants) were placed at the bottom of the aquaria. The 
lighting system for each aquarium consisted of one single fluorescent Dennerle lamp, 
connected to a timer set on 10 hours of light per day. Aquaria were totally covered with 
black film to stop natural light. The irradiation in each aquarium was measured daily at 
15 cm depth using an aquatic Quantometer Radiation Sensor (Li-Cor) in order to 
determinate the PAR (Photosynthetically Active Radiation). Since our intention was to 
simulate the natural lake conditions, different light intensities, in aquaria, were 
artificially reproduced through constant lighting (except for the control in the dark) and 
through sediment re-suspension (instead of artificial shading) using pumps which raised 
the sediment. The pump was placed with the rotor near the bottom in order to prevent 
disturbance of the water-air interface and so avoid uncontrolled extra-oxygenation of 
the water column, and detached sufficiently to prevent shading from silt on the leaves. 
The five cases were: 1) aquarium completely dark (dark control, corresponding to PAR 
of the lake bottom 3 m), 2) maximum turbidity (corresponding to 60-50 cm depth), 3) 
medium turbidity (50-30 cm depth), 4) minimum turbidity (30-15 cm) and 5) no 
turbidity (light control, with the pump switched off) (Table 2). Extra care was taken in 
placing the pumps to prevent the water flux from causing mechanical stress to the 
plants. Height and fresh and dry weight were measured for every plant at every 
treatment, at the beginning and at the end of the trial, which lasted 4 weeks. 
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Table 1. Water and sediment chemistry of the three different sampling sites of Massaciuccoli 
Lake (* the values were under the lower limit of determinability) 

  Centro Lago Foce Barra Centro Chiaro 

NO2
--N (µg/l) 

Water 
Sediment 

10.36 
5.07 

11.48 
7.12 

2.94 
4.96 

NO3
--N (µg/l) 

Water 
Sediment 

26.18 
30.27 

37.24     
71.80 

21.42  
40.05 

NH3
-N (µg/l) 

Water 
Sediment 

129.92 
119.00 

173.46 
75.40 

37.80 
120.23 

Total N (µg/l) 
Water 
Sediment 

3647.00     
7.68 

2262.26     
7.93 

696.08   
20.39 

PO4
--P (µg/l) 

Water 
Sediment 

<6.2*      
51.73 

<6.2*      
48.61 

<6.2*    
142.42 

Total P (µg/l) 
Water 
Sediment 

52.39     
780.35 

81.84     
819.68 

41.85    
1161.20 

 
 
Description of site studied 

The Massaciuccoli Lake, with an extension of 700 ha, is located in the northern part 
of the Migliarino San Rossore Massaciuccoli Natural Park, 10 km north of Pisa (Italy), 
lat. 43° 50’ 14”, long. 10° 21’ 39” (Fig. 1). The lake and the surrounding wetlands 
cover about 2700 ha of the territory of the Natural Park. They represent the widest 
wetland area along the Tuscan Coast and they have obtained national and international 
importance for their flora and fauna communities. The lake is located 4 km from the 
sea, 0 meters above sea level, and it is classified as a shallow lake as its average depth is 
2.5 – 3 m (Scheffer, 1998). 

 
Figure 1. Location of the experimental area 
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In vivo tests:enclosure/exclosure experiments 

It was not possible to carry out a project involving biomanipulation, whether or not 
accompanied by P load reduction, in the whole of the shallow lake due to poor 
financing, thus an attempt at biomanipulation was made in enclosures. Nine cylindrical 
enclosures, 3 m high and with a diameter of 6m, indicated as A1, 2, 3, B1, 2, 3, C1, 2, 3, 
were placed in an area of the lake where the water depth is about 2 m, called Punta 
Grande (PG). The enclosures were open cylinders of small-meshed plastic net (350 µm 
diameter), so as to prevent zooplankton from escaping to the outside, but at the same 
time enable water to flow freely. Their upper part was fixed to a floating plastic ring, 
protruding 50 cm out of the water in order to prevent the entrance of fish and crayfish. 
The lower parts of the enclosure were fixed to a heavy chain, sunk into the sediment for 
more then one meter, so that the mesocosmos were totally isolated. Fish were removed 
in winter from all the enclosures with an electrostunner. A trap was placed in every 
enclosure and controlled weekly to capture the possible fish or crayfish. Afterwards, in 
Spring, the zooplankton inoculum (about 5000 individuals of D. magna) was added to 
the enclosure A replicates; the inoculum had been raised in a rain-water basin in the 
Department of Crop Biology. The pre-existing zooplankton community in the water of 
Centro Chiaro was considered  not influential because of its scarcity (Baldaccini et al., 
1997). Zooplankton was periodically monitored through collection with a tube (180 × 
10 cm diameter) by filtering 14 l of water through a plankton net (mesh size 100 µm); 
samples were preserved in a solution of 40 g l-1 sucrose and 4% formaldehyde (Haney 
and Hall, 1973) until counting. The experimental scheme consisted in the application of 
biomanipulation in the three A replications, no experiments in the three B replications, 
which represented enclosure controls, and reinsertions of plants without 
biomanipulation in C replications, which represented the biomanipulation controls. 

Zooplancton communities in the A enclosure replicates showed marked changes in 
water transparency compared to the open lake water (exclosure) and to B and C 
replicate enclosures, even if the lake bottom view in enclosures was not achieved. Plants 
were placed in A enclosure and C enclosure replicates in June, when in the three A 
enclosure replicates (where biomanipulation had been made) the value of Secchi depth 
was 70 cm, light intensity was 600 µmol s-1 m-2 and chlorophyill-a was 3 µg l-1 (see 
results). 15 cm scions of M. verticillatum, taken from the above-mentioned propagation 
aquaria, were tied to 0.5 m2 nets with 1 cm mesh. The nets with the plants were 
maintained floating in water at three different depth levels: water surface, 30 cm and 1.5 
m of depth. To keep the depth the nets were tied to a floating cork on top and to a lead 
weight at the bottom. Different light levels, the same as in the aquaria were obtained by 
the placement of the macrophyte scions at different depths in the water column in 
enclosures where biomanipulation techniques had been applied (Table 3). The plant 
scions at each level were 30. Height and dry weight of the macrophytes were measured 
at the beginning and at the end of the trial as in the laboratory experiment. 

During the experimental period from May to August the following elements were 
measured: pH (portable membrane pH-meter, model HI 8314, Hanna Instruments), 
electrical conductivity (conducimeter model HI 8733, Hanna Instruments), dissolved 
oxygen and temperature (OX 22, Aqualytic), transparency (Secchi disc); PAR 
(Photosynthetically Active Radiation) irradiation (Quantometer Radiation Sensor, Li-
Cor), chlorophyll-a (measured through spectrophotometric way). Samples were taken 
from the central part of Massaciuccoli Lake (three replicates for each sample), inside 
each enclosure and exclosure (APHA, 1998). 
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Measurements were performed around 12:00 h, at the hour of the day associated with 
maximum irradiation. The aquaria test lasted two years and started one year before 
experiments in the lake. The preparation before plants were planted was about 1 month, 
and the enclosure/exclosure was replicated for three years. 

 
Statistical analyses 

Two-way Anova with interaction was used to test for differences between water-
sediment combinations and between light regimes in the turbidity experiment, in which 
the average of the ten plants of each aquarium was considered as one replicate; a test for 
heteroschedasticity was run to confirm the homogeneity of variance among the different 
aquaria. One-way Anova was used to test for differences between different depth levels 
in the enclosures experiment, followed by Tukey’s Honestly Significant Difference test. 
Significance in the differences between the trends of chemical-physical parameters was 
investigated by comparing 95% C.I. error bars referred to the repeated measurements. 

Statistical analyses were run with R© software (R Development Core Team, 2005), 
graphical elaboration was made with Graph Pad©. 

 
Table 2. Five cases of different turbidity levels in the aquaria, obtained by changing the 
pump flow. The light intensity equivalent to 0 was obtained maintaining the aquarium 
completely dark without lamp, the other values of light intensity were obtained using one 
lamp per aquarium but with different turbidity levels 

Turbidity level Light intensity (µmol s-1 m-2) 
Completely dark 0 

Maximum turbidity 20 

Medium turbidity 30 

Minimum turbidity 36 

No turbidity 54 

Results 

Aquaria experiments 

The comparison between the growth of M. verticillatum in the three different water-
sediment systems shows very highly significant differences in growth responses 
depending on the sampling site (p < 0.001, one-way ANOVA) (Fig. 2). Plants grown on 
sediment and water from Centro Chiaro (CC) reached the greatest heights even at the 
lowest light levels (20 µmol s-1 m-2), because of lengthening. If we consider the 
accumulation of dry mass, the best results were obtained by plants grown on the Centro 
Lago (CL) system (water and sediment), mainly at the highest light levels. Plants grown 
on the Foce Barra (FB) system represent an intermediate situation between the two 
former ones, showing generally lower growth levels. 

Different light levels are also associated with highly significant different growth 
levels (p < 0.01). In general, plants show the best growth results not only at maximum, 
but also at medium light levels (30 – 36 µmol s-1 m-2), giving reason to hope for a good 
recovery potential also in field experiments. The effect of the combination of light 
regime and type of water and sediment is highly significant too in causing different 
growth responses (p < 0.01). 
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Figure 2.  Growth performances (dry weight and height) of Myriophyllum verticillatum L. in 
water and sediment systems from three different sites of the Lake (named Centro Lago, CL; 

Foce Barra, FB; Centro Chiaro, CC) at different irradiation levels, at the beginning (T0) and at 
the end (T4) of the experiment, after four weeks. In T0 the height of all the plants was 10 cm and 
the dry weight 0,06 g as it is possible to observe in the figure. The bars represent the mean and 

standard error out of three replicates of ten plants each 
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Enclosure experiments 

At the end of the experimentation, plants from three A enclosure replicates showed 
an average 50 % rate of survival at 1.5 m depth, 100 % at 30 cm and 100 % above the 
surface (Fig. 3); plants from enclosures C (without biomanipulation) had all 
disappeared. 
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Figure 3. Average growth and % survival of plants grown in three enclosure A replicates at 
different depth levels: bottom of the lake (1,5 m of depth, 30 cm of depth and surface of the 
water). The bars represent the mean and standard error out of thirty plants replicated twice 

 
In A enclosure replicates, plant scions at 1.5 m reached the highest values of height, 

while the minimum height was shown by the scions above the surface. Very highly 
significant differences (p < 0.001, one-way ANOVA) of height increases were related to 
the different depth levels; Tukey’s test indicated the pair surface-1.5 m as the source of 
maximum diversity (p=1,0*10-7). On the contrary, plants grown at 1.5 m showed 
minimum dry biomass production, with significant differences (p < 0.05) compared to 
plants at the surface. 

Secchi depth and PAR irradiation (measured at 30 cm depth) remarkably differed 
among the three sets of enclosures and the two open water sampling sites (Punta Grande 
and Centro Lago, exclosure) (Fig. 4). In A replicates, in particular, Secchi depth and 
PAR irradiation increased sharply during the first two months, and decreased in the 
second part of the experiment. The maximum clarification of water was reached in A 
replicates at the end of June, when Secchi depth was about 70 cm and PAR irradiation 
was 600 µmol m-2 s-1; these values successively dropped down to 35 cm and 300 µmol 
m-2 s-1, respectively, at the end of August. In B and C enclosure replicates the values of 
Secchi depth and PAR irradiation were significantly lower than in A replicates 
(p < 0.001), the transparency fluctuating between 30 and 50 cm in B and between 40 
and 55 cm in C; the light intensity was between 250 and 350 µmol m-2 s-1 in B and 
between 250 and 400 µmol m-2 s-1 in C. In Punta Grande and Centro Lago these 
parameters showed even lower values. 
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Figure 4. Trends of Photosynthetic Active Radiation (PAR) and Secchi depth in the three 
replicated enclosures of A, B, C and two open water sampling sites:  

“Punta Grande” (PG), “Centro Lago” (CL) 
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The chlorophyll-a content followed the opposite tendency regarding Secchi depth 
and PAR irradiation. At all the sampling sites chlorophyll decreased during the first two 
months, to rise again starting from the end of June (Fig. 5). A enclosure replicates 
showed chlorophyll-a values which were constantly lower than the other stations. The 
differences of the chlorophyll-a values in A replicates as to B replicates and A replicates 
as to C replicates were very highly significant (p < 0.001, Tukey’s test), and significant 
between A replicates and Centro Lago (CL) (p < 0.01) and A replicates and Punta 
Grande (p < 0.05). 
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Figure 5. Trends of clorophyll-a content in enclosure replicates water of the five sampling 

sites; the water analyses were carried out twice a month from May to August.  
Data are the averages out of three replicates 

 
The state of PAR radiation in A replicates, shown in Fig. 6, was measured at 

different depths along the water column. PAR intensity on the surface was constant 
during the whole trial. The values at 30 cm depth showed a similar trend to those of 
Secchi depth and opposite to those of chlorophyll-a, starting from 300 µmol m-2 s-1, 
reaching a maximum of 600 µmol m-2 s-1 at the end of June and dropping at the end of 
the experiment to values lower than at the beginning. The PAR radiation at 50 cm was 
less variable, and at the lowest levels it remained almost flat, showing no correlation 
with the clarification of the upper layer. 

The physical and chemical parameters of water followed trends that were quite 
similar among the five stations (Fig. 7), with the exception of water pH in Centro Lago 
(CL), which was constantly higher than the other sites during the whole year. 

Discussion 

The in vitro experiment showed different growth responses at the same light levels 
according to the different medium used. These results are meaningful if we explain 
them on the basis of the chemical analyses of water and sediments from the different 
locations: in fact the water and sediment chemistry of Centro Chiaro (CC) and Centro 
Lago (CL) are contrasting (Table 1). Water from CC shows the lowest nutrient levels, 
while its sediment is the richest one, especially for total N (20.39 µg l-1 in water against 
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696.08 µg l-1 in sediment). Since CC is a closed shallow area surrounded by close 
emerged vegetation, the low nutrient levels of its water are in accordance with the 
action of phytodepuration performed by botanical associations which are typical of 
peaty soils (Farahbakhshazad et al., 2000; Farahbakhshazad and Morrison, 2003), e.g. 
Phragmites australis (Cav.) Trin., Cladium mariscus L., Typha angustifolia L. 
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Figure 6. Intensity of PAR radiation at different depths in A enclosure replicates; the analyses 
were carried out twice a month from May to August 

 
On the other hand, the high nutrient levels of the Centro Chiaro sediment are due to 

the accumulation of organic matter deriving from the degradation of plant residues 
which naturally sink to the bottom, as well as the organic matter deriving from the 
submerged vegetation which was present until some years ago. This shows that the 
different chemistry causes different growth responses at the same turbidity levels 
(Bachmann et al. 2002). 

The higher dry matter content in plants grown in waters with higher nutrient levels 
Centro Lago can be evidence of a preferential foliar absorption acted by submerged 
plants (Brinx, 1997; Wen-Yuan et al., 2004); in fact, the lengthening of plants in the 
Centro Chiaro, water and sediment, at low light intensities is a symptom of stress. 
Moreover, since the availability of inorganic carbon has been shown to have a major 
effect on the interrelationship between light intensity and photosynthesis of submerged 
macrophytes (Van den Berg et al., 2002), further studies should be carried out to 
correlate information about pH, alkalinity, calcium content and bicarbonate 
concentrations of water and sediments with the substantial differences in macrophyte 
growth when incubated in sediments taken from different parts of a lake. 

Considering jointly the results of the two in vitro experiments provides evidence that, 
at present, the PAR intensity along the water column of the lake is not sufficient to 
allow the existence of submerged vegetation, particularly near the bottom, where 
rooting of macrophytes occurs. This phenomenon is due to the turbidity of the lake, 
caused by a resuspension phenomenon due to the absence of vegetation and by an 
excessive amount of phytoplankton consequent to eutrophication (Pensabene et al., 
1997; Mason, 1997). 
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Figure 7. Trends of pH (a), oxygen saturation (b), conductivity (c) and water temperature (d) at 
the investigates sites of the Lake, during one year from September to September The months are 

indicated in abscissa 
 

In the aquaria experiments the different levels of irradiation were simulated at known 
chemical-physical conditions of water and sediment; the results indicated that the 
optimal light conditions for growth are, at present, available at about 30 cm of depth in 
the lake (Table 2). Since the average depth is 2.5 – 3 m, this means that the present 
conditions cannot allow spontaneous recovery of submerged vegetation. According to 
this evidence it can be seen in what way these values could be reached at the bottom, 
allowing plant recovery, if higher penetration of light through the water column could 
be achieved. 

The in vivo experiments, showed the positive effect of biomanipulation on the 
growth of our model species, which was able to grow even at 1.5 m depth, although the 
scarceness  of light present caused abnormal lengthening. The increase in length 
combined with a low weight increase at low light conditions indicates shoot elongation 
to be a valid strategy activated by M. verticillatum to compensate conditions of light 
scarcity. This indicates M. verticillatum as being particularly fit for the primary 
colonization of the bottom of turbid lakes (Ciurli et al., 2008). This species provides a 
first clarification of the water column and allows the subsequent setting of plants such 
as Elodea canadensis, which in virtue of their tendency to form dense carpets could 
provide a stabilization of the bottom in the medium-long term (Ciurli et al., 2008). 

We retain that the grazing effect carried out by D. magna (data not shown) together 
with fish removal caused the phytoplankton population to drop, leading to a remarkable 
clarification of water in the treated enclosures; evidence of such an effect of 
clarification carried out by zooplankton has been provided also by other authors 
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(Perrow et al., 1994, 1997; Darchambeau et al., 2005). The decline over time of the 
effect of D. magna, in terms of water clarification, can find an explanation in its 
seasonal dynamics, especially in the contest of a forced predator-prey system (Scheffer 
et al., 1997). The disappearance of plants from C enclosure replicates, even on the 
surface and at 30 cm depth, provides evidence of an actual difference between in vitro 
an in vivo conditions, and suggests the concomitant effect in the lake of an additional 
factor contrasting plant growth, such as an excessive development of epiphyton due to 
the lack of organisms capable of grazing it in the space of the enclosure (Brönmark, 
1985). This factor appears to be fully counterbalanced by D inoculation. Nevertheless, 
an effective recovery of Massaciuccoli Lake cannot be obtained until an integrated 
approach, ranging from the reduction of pollutant sources to partial dredging of the 
sediment, is adopted. The constant nutrient charge, and the long term phosphorus 
release from the sediment, are in fact a serious obstacle in returning the lake to a clear 
water state. 

Several authors (Van der Does et al., 1992; Kleeberg and Kohl, 1999; Meijer et al., 
1999; Søndergaard et al., 2001) have shown the benefits of (partial) dredging the 
sediment and biomanipulation projects accompanied by P load reduction to allow the 
recovery of submerged vegetation. Further long term experiments will be conducted, in 
particular by removing part of the sediment from inside the enclosures, in order to 
demonstrate the negative effect of long term nutrient release. Plastic enclosures will be 
used to prevent the surrounding water from affecting the phosphorus concentration in 
the above standing water. 

 
Table 3. Mean light intensities (over the year) at different depths in the water column of 
Massaciuccoli 

Water depth (cm) Light intensity (µµµµmol s-1 m-2) 
Surface 120 

15 54 

30 30 

50-60 20 

100 2 

150 0 

250-300 0 

Conclusions 

The aquaria experiments, with water and sediment coming from three different parts 
of the lake, show the feasibility of macrophyte M verticillatum to grow in controlled 
conditions. 

The minimum threshold of light necessary for the survival of the macrophyte has 
been characterized in aquaria with sediment resuspension to simulate the natural lake 
conditions. This device permitted us to reproduce the turbidity at different depth levels, 
using water and sediment lake. 

The mesocosms represented by the enclosures placed in the lake give a realistic, 
small scale simulation of what can happen on a larger scale if systematic intervention of 
macrophytes reintroduction were performed. Being M. verticillatum the last one to 
disappear, its partial recovery in the experimental context can represent, on a whole-
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lake scale, the first step to provide adequate conditions for the recovery of the other 
macrophytic species, in order to restore the equilibrium in the lake ecosystem. 

The present situation can not allow spontaneous recovery of aquatic macrophytes 
because of the insufficient amount of light reaching the bottom; nevertheless, conditions 
compatible with plant life can be achieved on the medium period if combined 
interventions aimed at the clarification of the water column are put into action. 
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worked so hard on this project, especially the park guards. 
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