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Abstract: In water management plans, all human impacts on the aquatic environment are quantified
and evaluated. For this purpose, lake-related assessment methods of watersheds are needed. The
aim of this study is to present the environmental condition along the watershed–lake continuum of
Lake Baratz, located in the northeastern part of Sardinia. We provide a method to evaluate the impact
of a small watershed area on the trophic state of this ancient Mediterranean natural lake. This study
demonstrates the potentialities of coupling simple land structure-based models with empirical ones,
allowing one to hierarchize, interpret, and predict the relationships among the watershed ecological
unity and lake trophic conditions at multiple spatial and temporal scales. It also demonstrates how
the impact of single and interacting nutrient stressors can have a different impact on the trophic status
which, in particular, applies to autotrophs, constituting a key response in the ecosystem. We suggest
that the stressor hierarchy should be considered as a way of prioritizing actions in the cost-effective
implementation of conservation and management plans.

Keywords: eutrophication; watershed ecology; lake management plans; lake conservation; monitoring

1. Introduction

Eutrophication has widely increased in inland waters worldwide over the past 50 years.
Anthropogenic nutrient enrichment has been identified as the major cause for both observed
elevated inorganic or organic nutrient concentrations and modified nutrient ratios [1,2].

The main sources are the discharge of point wastewaters from urban, industrial,
and zootechnical agglomeration and non-point pollution from intensive agricultural prac-
tices [3]. As an intermediate category causing nutrient pollution, overflows from urban
septic and wastewater treatment plant systems and road or track runoff can be named [4].
Especially during recurring floods, the latter constitutes an uncontrolled and poorly inves-
tigated nutrient source that is greatly expanding due to intensified soil sealing, particularly
in urbanized areas [5].

The quantity and quality of nutrient inputs for a water body can have profound
effects upon an ecosystem’s processes and structure, ultimately altering the water quality
and influencing its biodiversity. More specifically, bioavailable loads of phosphorus and
nitrogen in inland waters can lead to unbalanced positive feedback in the system gradually
moving it away from equilibrium. The first observable effect concerns a significant increase
in primary productivity and hence autotrophic biomass that cannot be efficiently controlled
by consumers. The excess organic substance therefore enters the detritus pathway, in which
bacterial remineralization leads to oxygen depletion. This process feeds itself when, in
addition to anoxic stress, toxic secondary products such as ammonia and hydrogen sulphide
are generated, which further impair heterotrophs in the entire trophic web, generating
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anomalous changes in abundance and a reduction in diversity [2,6,7]. One of the most
detrimental effects associated with eutrophication is the increasing presence of harmful
organisms. Among these, cyanobacteria are most often responsible for the production and
release of toxins following extensive blooms and hence are of great concern [8].

Once a water body is eutrophied, it can lose its fundamental ecosystem services and
subsequently negatively influence the sustainable development of the local economy and
society in direct and indirect ways [9]. Economic costs can arise from the loss of supporting
functions (habitat refugia), provisioning functions (filtering, retention, and storage of
drinking water), regulating functions (removal, breakdown, or pollutant abatement) and
cultural functions (recreation, fishing, and boating).

Therefore, the solutions nowadays for combating eutrophication and allowing recov-
ery of the multiple functions of the aquatic system have become environmental key issues.
Various approaches have been proposed for preliminary assessment of the trophic status of
aquatic ecosystems [10] and predicting the quality of water bodies in relation to nutrient
loads from watersheds [11]. These approaches are the starting point for formulating pro-
posals to subsequent “structural” interventions based on large territorial planning or in the
use of faster (but less resolving) “symptomatic” palliative in-lake techniques.

Examples of effective and easily reached eutrophication control include sharp re-
ductions in the point source inputs of nutrients [12–14]. On the contrary, the success of
non-point nutrient source controls is less effective (e.g., [15–17]) because they are affected
by a complex continuum of processes from rural land use to the receiving waterbody (i.e.,
by the biogeochemical processes altering the bioavailability of nutrients during passage
through the landscape and the role of other random factors, e.g., floods, drought and fires).

However, if the goal is to manage land-based activities to maintain or improve a lake’s
water quality, the link between the assessment of land nutrient loading to in-lake nutrients
must be stressed [1].

In this sense, the coupling of models based on nutrient export coefficients [17] coupled
with robust predictive models (e.g., Vollenwider’s model proposed for OECD [18]) is a
useful and essential way to calculate the mass balance of N and P, linking their external
inputs to water body concentrations in relation to the morphometric and hydrodynamic
characteristics of the lake. Model approaches are relevant not only to guiding environmental
quality assessments and subsequent development of restoration plans [19] but are also a
key feature in predicting future trends, particularly to face the worsening of eutrophication
resulting from the effect of rapid climate change [20,21].

In this paper, we evaluated the hypothesis of how the deterioration of the water
quality and ecological integrity in the ancient Mediterranean natural Lake Baratz due to
eutrophication is the result of watershed degradation from land use intensification. The
specific objectives of this study were to (1) estimate the entity of eutrophying nutrient
loads from the watershed by means of a territorial analysis, (2) experimentally assess
the in-lake conditions with a 1-year monitoring program, (3) verify the effect of external
nutrient loads on the lake’s water quality through the use of Vollenweider regression
models, and (4) provide a basis for management policies suggesting how to address the
mitigating of nutrient losses in a small watershed. Scenarios of trophic state reduction are
then proposed by proven manipulations of the nutrient inputs in order to improve the
lacustrine water quality.

Shallow lakes are considered to be among the more sensitive aquatic ecosystems
compared with deep lakes due to their own specific ecologies and the speed with which they
respond to external solicitations [22]. From a global point of view, these lake ecosystems
can be used as good sentinels to understand the consequences of environmental changes.
Our study case can be an example to be followed and a further contribution to the review of
the international literature, specifically for protecting the ecological integrity (or restoration)
of the described freshwater ecosystems.
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2. Materials and Methods
2.1. Study Area

Lake Baratz is the only natural lake in Sardinia. It is located in the municipality of
Sassari just over one kilometer from the seashore of Porto Ferro (Figure 1). The lake derives
from the natural damming of the river valley of the Rio dei Giunchi by a sandy dune. The
lake has a surface area of 0.6 km2, a coastal length of 4 km, a maximum depth of 10 m, and
an average depth of 5 m. The calculated volume is about 1.8 × 106 m3. Despite having
no emissaries, the maximum depth of the lake does not grow beyond the current level
due to the permeability of the sand dune [23]. Over the years, the depth of the lake varied
considerably from the maximum in the 1960s (14 m) to the minimum in the early 2000s
(4 m) due to water withdrawals for agriculture [24]. Currently, the level of the lake is of
particular concern due to the scarcity of rainfall in recent years.
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Figure 1. Location of Lake Baratz (a) and its watershed (b).

The watershed area of Lake Baratz extends for 12 km2. It is almost flat, with hilly
reliefs up to a maximum altitude of 120 MASL. Over the years, the watershed under exami-
nation has undergone changes due to intensive agricultural development, with consequent
qualitative degradation of the runoff water supplies, negatively affecting the wetlands
present (tributaries of the lake and the lake itself). The increase in the load of nutrients,
aggravated by the lack of emissary streams, has generated processes of accelerated eu-
trophication, which have led to extensive dystrophic crises in the warmer seasons (e.g.,
high temperatures, wind absence, and poor water exchange), with consequences that are
reflected in the entire ecosystem. A few studies have described the ecological features of
the lake in the past. The first study in 1978 [23] delineated the eutrophic conditions of the
lake, considering the trophic descriptors (total phosphorus of 55 mg P m−3; chlorophyll a
of 40 mg m−3) and relating the dominant phytoplankton taxa (Microcystis, Anabaena, and
Aphanizomenon). The eutrophic conditions were confirmed in 1994, with almost the same
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values for the total phosphorus and chlorophyll a (60 mg P m−3 and 40 mg m−3, respec-
tively) and the presence of Prymnesium parvum N.Carter, Sphaerospermopsis aphanizomenoides
(Forti) Zapomělová, Jezberová, Hrouzek, Hisem, Řeháková & Komárková, and Chaetoceros
muelleri Lemmermann [25]. The most recent assessments were made in 2011 and 2012
within the LIFE+ InHabit project, where contrasting values were detected due to a high
concentration of the total phosphorus (140 mg P m−3) and nitrogen (1345 mg N m−3)
but very low concentration for chlorophyll a (7 mg m−3). The most abundant taxa were
Lyngbia sp., Prymnesium sp., Monoraphidium convolutum (Corda) Komárková-Legnerová,
and S. aphanizomenoides. According to the European Habitat Directive, the area is included
in SIC ITB011155 “Lago Baratz—Porto Ferro”.

2.2. Sampling Strategy and Analyses

The surveys covered one annual cycle during 2016–2017, with monthly samplings
from April to March (only in December 2016 was sampling not possible due to the adverse
weather conditions). War devices from the Second World War were identified on the
bottom of the lake, hindering the sampling activities and the ecological study of the lake.
At present, the sampling was restricted to a single station around a reclaimed area where a
small platform is anchored at the point of the maximum depth, identified in agreement
with the requirements of the institutional sampling protocol [26]. Water samples were
collected at fixed depths using a Niskin bottle (volume 2.5 L) along a vertical profile from
the surface and at intervals from 1 m to 1 m off the bottom.

The water temperature (TEM), conductivity (CON), pH (pH), and dissolved oxygen
(DO) were measured in situ using a multiparametric probe (YSI model 6600 V2, Yellow
Springs, OH, USA). Water transparency was assessed by means of a Secchi disk (SD).

The water samples were stored in cold and dark conditions before laboratory anal-
yses, which were performed within 24 h from sampling. The nutrient concentrations
were analyzed for ammonium (NH4), nitrate (NO3), nitrite (NO2), total nitrogen (TN),
orthophosphate (RP), and total phosphorus (TP) according to [27]. Chlorophyll a (CHLa)
was analyzed as described by Goltermann et al. [28]. The dissolved inorganic nitrogen
(DIN) was reported as the sum of NH4, NO3, and NO2.

Samples for phytoplankton analyses were collected at the same depths as for the
physical and chemical parameters. The phytoplankton samples were fixed with Lugol’s
iodine solution and analyzed after the sedimentation of variable water volumes (5–10 mL),
depending on the phytoplankton cell density, using an inverted microscope (Zeiss, Ax-
iovert 25 [29]). Cell counts were conducted at 200×magnification for the entire bottom of
the sedimentation chamber for the larger and more easily identifiable species and replicated
at 400× on a selected number of fields for the smaller cells. The species were determined
using several taxonomic guides as reported in Mariani et al. [30,31]. Unidentified cells of
sizes 5–10 µm were categorized to be in the dimensional group of nanoplankton [32] and
indicated as “n.a.”.

2.3. Nutrient Load Calculations

The calculation of nutrient loads was estimated by means of a theoretical statistical
methodology following the export coefficient modeling approach (ECMA) [17]. The amount
of nutrient load was calculated by multiplying the entity dimension of each nutrient source
(obtained as described in detail in the following paragraphs) for a specific export coefficient
(Table 1).

Nutrient sources belong to two main categories: point and non-point sources. For
the point sources, three subcategories were considered: wastewaters from urban (UW),
industrial (IW), and livestock (LW) activities. Non-point sources are ascribed to runoff
from three macro-classes: urban (UA), agricultural (AA), and natural and seminatural areas
(NsNA). The selection of export coefficients for this study was derived from the literature.
Coefficients were quantified and made available for Italy through various empirical studies
(see references in Table 1) and successfully used and validated in the Sardinian regional
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context by previous studies [33–36]. In general, for each source, coefficients express the
rate at which the total nitrogen and phosphorus are exported. For UA, AA, and NsNA,
releases are calculated from the land use type in the catchment, while for LW, the amount
released depends on the animal weight and its origin from stock houses and grazing land
(taking into account the time each livestock type will spend in stock housing), and for UW
and IW, wastes depend on the use of detergents and dietary factors in the local population
and industrial employees, adjusted to take account of any treatment of the wastes before
discharge to a water body [17].

2.3.1. Point Sources

The watershed of Lake Baratz, being of a small size, hosts a negligible presence of
urban (UW) and no industrial (IW) settlements, which generate reduced nutritional loads
that can impact the lake system. Data for these sources were derived from the annual
national demographic census [37] and from the 9th National Industrial Census [38]. Data
for livestock activities were derived from the database of the National Registry for Animal
Husbandry (BDN) established by the Italian Ministry of Health [39].

2.3.2. Non-Point Sources

To explore the land uses of the drainage basin (i.e., to identify the extension of UA, AA,
and NsNA areas), spatial data processing was performed with the support of a geographic
information system (GIS). The analysis focused on evaluation of the land cover, using
techniques of classification to generate polygons by clipping the shape of the most recent
land use map [40], which was obtained by automatic classification of digital images of
a medium spatial resolution (1:25,000). Each segmentation analysis was measured to
obtain objects in accordance with the Corine Land Cover 2000 system’s nomenclature [41].
To accomplish the nutrient load calculations, the watershed areas were aggregated into
the three homogeneous macro-classes (UA, AA, and NsNA) in accordance with the 4th
hierarchical level (Table 1).

Table 1. Nutrient load export coefficients and category descriptions.

Type Group 1 Description References Units

Export
Coefficients

TP TN

Point UW Permanent residents [42,43] kg × inhabitant y−1 0.33 2.25

Point UW Floating population
3/12 (3 months per

year) the coefficient of
permanent residents

kg × inhabitant y−1 0.0828 0.5544

Point IW [33] kg × employee y−1 0.45000 2.24840

Point LS Sheep

[44]
adjusted as in [33]

kg × unit y−1 0.01000 0.06125

Point LS Cows kg × unit y−1 0.09250 0.68750

Point LS Horses kg × unit y−1 0.10875 0.77500

Point LS Pigs kg × unit y−1 0.04750 0.14125

Point LS Poultry kg × unit y−1 0.00730 0.02555
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Table 1. Cont.

Type Group 1 Description References Units

Export
Coefficients

TP TN

Non-Point UA
All areas identified in the preceding
subdivision 1 (artificial surfaces) of

the 4th-level CORINE LC

[43,45]

Kg × ha y−1 0.20 7.00

Non-Point AA

All areas identified in category 2
(used agricultural surfaces), except
category 244 (agroforestry areas) of

the 4th level CORINE LC

kg × ha y−1 0.60 16.00

Non-Point NsNA

All areas identified in category 3
(forests and semi-natural areas)

except the category 3315 (beds of
streams wider than 25 m) +

category 244 (agroforestry areas) of
the 4th-level CORINE LC

kg × ha y−1 0.10 2.00

1 Abbreviations in the text.

2.4. Predictive Modeling

To verify the causes of lake productivity and trophic responses to nutrient loads, the
OECD predictive model in the variant for shallow lakes and reservoirs [18] was applied.
This model, already proficiently tested in various regional contexts of Sardinian lakes,
provides a robust tool to assess the impact of the watershed structure on lakes [33–36,46,47].
The model was limited to P, which is the most important key nutrient in controlling the
primary production in Sardinian reservoirs [8,48,49] and for which this modeling tool can
be confidently used. This model synthesizes the standard OECD equations for the relations
between the average phosphorus inflow concentration (Pi) and the expected phosphorus
lake concentration (Pexp) and chlorophyll a (CHLexp) as a function of the average water
residence time (tw), as calculated by two equations:

Pexp = 1.22 × [Pin/(1 +
√

tw)]0.87 (1)

CHLexp = 0.18 × [Pexp]1.09 (2)

The Pi concentration was determined considering the sum of the phosphorus loads,
calculated as in Section 2.3 (i.e., multiplying the quantity entity of each nutrient source
present in the watershed by a specific source export coefficient), reported as the value of
the multiannual average of the water in-flow into the lake (as estimated in a previous study
by Giadrossich et al. [50], considering the years from 2009 to 2014).

Again, using the data reported by Giadrossich et al. [50], the multiannual average
value of the water residence time (tw) was calculated considering the years from 2009
to 2014.

If the concentration of the in-lake total phosphorus (TP) measured during the monitor-
ing year turned out to be significantly similar (∆ < 5%) to the expected phosphorus lake
concentration (Pexp) by the OECD model, then a hypothesis of nutrient loading reduction
was performed in order to propose management strategies to guide lake restoration. We
evaluated the theoretical variation of the trophic states of Lake Baratz, resulting from a
selective reduction in the phosphorus load (Pi) from the different sources. The resulting the-
oretical trophic state was evaluated according to OECD Probability Distribution Diagrams
(OECD, 1982).



Hydrology 2022, 9, 7 7 of 16

3. Results
3.1. Environmental Conditions

The annual average TEM in the water column was 18.9 ◦C. The values varied between
a minimum of 9.1 ◦C (January) and a maximum of 26.6 ◦C (August) (Figure 2a). Due to
the reduced bathymetry, the water column presented uniform values typical of complete
mixing, with a maximum variation from 9.23 ◦C on the surface to 9.13 ◦C at the bottom in
January and from 26.62 ◦C on the surface to 25.80 ◦C at the bottom in August.

Hydrology 2021, 8, x FOR PEER REVIEW 7 of 16 
 

 

the reduced bathymetry, the water column presented uniform values typical of complete 
mixing, with a maximum variation from 9.23 °C on the surface to 9.13 °C at the bottom in 
January and from 26.62 °C on the surface to 25.80 °C at the bottom in August. 

 
Figure 2. Temporal and water column trend for (a) TEM, (b) pH, (c) DO, (d) RSi, (e) TP, (f) RP, (g) 
TN, and (h) DIN during the years 2016–2017. 

The pH was high and equal to a mean of 8.3 units, typical of a condition of sustained 
productivity (Figure 2b). 

The DO was generally above saturation, and no evident anoxia events were found 
except sporadically near the bottom (40.3% in August). The average saturation was equal 
to 109%. This condition, in agreement with the pH values, indicates a system strongly 
under the control of the autotrophic component (Figure 2c). As for the temperature, the 
DO values were found to comply with a mixing condition with a maximum variation from 
199% on the surface to 179% at the bottom in September and from 108% on the surface to 
87% at the bottom in February. 

Figure 2. Temporal and water column trend for (a) TEM, (b) pH, (c) DO, (d) RSi, (e) TP, (f) RP, (g) TN,
and (h) DIN during the years 2016–2017.

The pH was high and equal to a mean of 8.3 units, typical of a condition of sustained
productivity (Figure 2b).

The DO was generally above saturation, and no evident anoxia events were found
except sporadically near the bottom (40.3% in August). The average saturation was equal
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to 109%. This condition, in agreement with the pH values, indicates a system strongly
under the control of the autotrophic component (Figure 2c). As for the temperature, the
DO values were found to comply with a mixing condition with a maximum variation from
199% on the surface to 179% at the bottom in September and from 108% on the surface to
87% at the bottom in February.

The TP, as the main trophic descriptor, showed an average value of about 118 mg P m−3

and a sporadic but pronounced peak of 770 mg P m−3 (in October) (Figure 2e). RP repre-
sented about 28.5% of the TP (average concentration of 33 mg P m−3) (Figure 2f). The TN
showed an average value of 2018 mg N m−3, ranging from a minimum of 839 mg N m−3

(May) to a maximum of 3429 mg N m−3 (July) (Figure 2g).
Dissolved inorganic nitrogen (DIN) represented a small share of the TN, being about

13.8% on average (Figure 2h). Consequently, the TN was almost all organic N. In the DIN
composition, NO3 prevailed, with an average value of 146.8 mg N m−3.

3.2. Chlorophyll and Phytoplankton

Regarding the autotrophic component, the seasonal dynamics of CHLa and the total
phytoplankton density (TPD) were almost synchronous and hence correlated (Pearson
r = 0.675; p < 0.05) (Figure 3). The mean annual value of CHLa was 5.5 mg m−3, with a
maximum peak of 18.9 mg m−3 in September. The mean annual value of the TDP was
24 × 106 cells L−1, with a first maximum peak of 99 × 106 cells L−1 in May and a second
one of 73 × 106 cells L−1 in September, coinciding with the CHLa peak. Cyanophyceae
were the class that contributed most to the TPD throughout the study period, especially
in the summer seasons, when the percentages exceeded 90% (Figure 4). This class was
mainly represented by Microcystis flos-aquae (Wittrock) Kirchner and Sphaerospermopsis apha-
nizomenoides and in a sub-order by Pseudanabaena sp. An important contribution to the TDP
was also given by the class of Bacillariophyceae with Cyclotella spp., by Cryptophyceae with
the species Plagioselmis lacustris (Pascher & Ruttner) Javornicky, and by Chlorophyceae with
Ankira sp. and Carteria sp. in the winter–spring period. In this period, the Cryptophyceae
class contributed between 5 and 50% to the TDP, the Bacillariophyceae class contributed
between 5 and 40%, and the Chlorophyceae class contributed between 10 and 20%.
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3.3. Trophic State

The trophic classification, evaluated according to Vollenweider [51], confirmed that
Lake Baratz expressed a highly variable trophic condition (Table 2). According to the OECD
Probability Distribution Diagrams, the lake showed a probability of 55% to express a whole
eutrophic-hypereutrophic condition and of 40% to reflect a mesotrophic state. Using TSI,
the average value of the different metrics (TP, CHL, and SD), was 54, indicating a reliable
meso-eutrophic condition. As we observed, the TSI indices based on CHLa and SD were
close together, but both fell below the phosphorus value (TSI(TP) > TSI(CHL) = TSI(SD)). As
proposed by Carlson [52], this might suggest that intense zooplankton grazing, for example,
may have caused the CHLa and SD indices to fall below the TP index as zooplankton can
remove algal cells from the water, and the SD index may fall below the CHLa index if the
grazers selectively eliminate the smaller cells.

Table 2. Results of OECD and TSI trophic classification.

OECD Model

Trophic Classes Med TP Med CHLa Max CHLa SD
Mean118 mg P m−3 6 µg L−1 21 µg L−1 3.4 m

hyper-eutrophy 60% 1% 10% 8% 20%
eutrophic 37% 24% 35% 44% 35%

mesotrophic 3% 61% 54% 42% 40%
oligotrophic 0% 14% 1% 6% 5%

ultra-oligotrophic 0% 0% 0% 0% 0%

TSI 73 47 - 42 54

3.4. Nutrient Loads

Generally, the nutrient load modeling showed that the point sources were of minor
importance compared with the non-point sources for the nutrient load transported into the
lake (Table 3).

The greater part of the point sources load could, however, be attributed to the LS,
which annually produced on average 0.033 t P y−1 and 0.185 t N y−1. The UW load was
of lesser impact, being 0.005 t P y−1 and 0.034 t N y−1. Among the non-point sources in
particular, the AA added up on average to a load of 0.365 t P y−1 and 9.527 t N y−1. The
NsNA provided a load of 0.058 t P y−1 and 1.186 t N y−1 on average. The export from
the UA was negligible and equal to 0.002 t P y−1 and 0.060 t N y−1. The total sum of the
average annual nutrient loads therefore equaled 0.455 t P y−1 and 10.992 t N y−1.
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Table 3. Nutrient loads from the Lake Baratz watershed for P and N.

Type Group P
(t y−1)

N
(t y−1)

P
(%)

N
(%)

Point

UW 0.005 0.034 1.1 0.3

LS 0.033 0.185 7.2 1.7

IW 0.000 0.000 0.0 0.0

subtotal 0.038 0.219 8.4 2.0

Non-point

UA 0.002 0.060 0.4 0,5

AA 0.356 9.527 78.4 86,7

NsNA 0.058 1.186 12.8 10,8

subtotal 0.417 10.773 91.6 98.0

Total 0.455 10.992 100 100

3.5. Phosphorus Mass Balance and Predictive Modeling

In a subsequent step, the nutrient load model was coupled to the OECD predictive
model in order to estimate the expected TP concentration in the lake. The application
of the model required information on the morphometric and hydrodynamic features of
the lake system. In the 6 years prior to this study, on average, the lake volume was
about 1.789 × 106 m3, with an inflow of 1.129 × 106 m3 and a water residence time of
1.811 years (661 days). From the final calibration of the predictive model, an expected
nutrient concentration of 122 mg m−3 for TPexp and 33 mg m−3 for CHLexp was estimated
in the lake. As for the TP, the data detected by modeling were close to the measured
concentration (118 mg P m−3), with a difference of only 3.3%. The modeled CHLa values,
however, differed considerably from the measured in-lake concentration of 5.5 mg m−3

(difference of 22%).
This coupled model set-up can provide simulations to propose a measure of recovery

of the system, such as to bring the system back at least close to a threshold of mesotrophy,
working primarily on the containment of the TP load and on the hydraulic levers (i.e.,
ensuring an adequate water input).

It is therefore a question of calibrating the variables of the predictive model so that
the expected result is lower than a better tolerable threshold below the class limit that
marks the transition towards eutrophy (i.e., <35 mg P m−3 for the TP and <8 mg m−3 for
CHLa) [51].

One of the possible scenarios resulting from manipulation should bring the quota of
the TP loads to 0.204 t P y−1, which is a reduction of the AA non-point sources by 70%
and LS by 50%. The hydrological input must be such that it ensures a lake volume of
2.5–3 × 106 m3 and a water residence time of 1.1 y−1.

According to this modeling set-up, the lake could be brought back to a concentration
of TPexp at 33 mg P m−3 and a CHLexp of 8 mg m−3, leading to the transition of the lake
from a eutrophic state to at least a mesotrophic one, with the consequent recovery and
improvement in water quality.

Any further lowering of the nutrient loads or speeding up of the water residence time
leads to a further possible lowering of the expected concentrations.

4. Discussion

The picture that emerges from the monitoring survey reported in this study high-
lights an ongoing trend in which a high nutrient input in combination with a reduced
water supply results in a high nutrient concentration, which severely limits the quality of
the system.

In fact, by means of the trophic status evaluation models, we were able to validate
the attribution of the lake as eutrophic. In correlation with the eutrophic state, high photo-
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synthesis activity as a result of phytoplankton blooms during the spring and summer was
assessed, leading to oxygen oversaturation in the surface waters and depletion in the deep
waters. It has long been argued how autotrophs have a key role in reflecting the state of
the ecosystem and how the phytoplankton abundance and structure is closely associated
with the water quality. As was assessed, the nutrient concentrations exceeded the amount
required for phytoplankton’s maximum growth. The concentrations of the bioavailable
N and P in Lake Baratz averaged 250 mg N m−3 for the DIN and 32 mg P m−3 for RP.
The explosive growth of phytoplankton and especially of cyanobacteria in the spring and
summer is one of the most dangerous effects of eutrophication [53,54]. In Lake Baratz,
this is becoming evident, with Cyanobacteria exceeding 90% of the total phytoplankton
density with peaks over 280 × 106 cells L−1. The concentration of chlorophyll a was lower
in average terms if compared with the nutrient availability and the average density of
phytoplankton. The coupling of the phytoplankton density and chlorophyll a concentration
was quite evident and sustained in conjunction with the late summer and autumn peak
periods, while the response of both autotrophic descriptors with respect to the nutrients
seemed to apparently be obscured in the other seasons, where productivity was less
abundant. This may be due to several factors, but it is plausible that internal nutrient
recycling and release from sediment in the late summer period is a boost to phytoplankton
that reduces nutrient dependence in the water column [55].

Clearly, the high availability of nutrients was the main causal factor for the evolution
of eutrophic processes in the lake. It was substantially derived from the high loads, as is
discussed in the following.

In the catchment area, the presence of human settlements is scarce. Almost all the
eutrophicating loads derive from non-point sources and, to a lesser extent, animal hus-
bandry. The territory results were equally divided between the AA (5.95 km2) and NsNA
(5.92 km2). The livestock consistency was also low; at the time of the analysis, 78 cattle,
2227 sheep, 74 pigs, and 9 horses were identified.

This structure of the watershed can generate a theoretical total load of 0.471 t P y−1 and
10.992 t N a−1 almost completely attributable to non-point sources (91.9–98%). The coupled
application of the OECD management model [18] to predict in-lake TP concentrations on
the basis of theoretical loads and the residence time in the lake provided an estimate of the
concentration equal to the experimentally measured value. The model therefore simulates
the processes leading to eutrophication very well by considering the interrelationships in
the river basin–lake continuum. As such, the coupled model approach is a validated tool
for proposing management strategies. In fact, it is possible to advance possible corrective
scenarios of the trophic state conditions by simulating, for example, the contingency of the
different sources (where possible) or by varying the hydrodynamic data.

As phosphorus is generally recognized as being a key nutrient in controlling primary
production [22], the regulation of P export by the sources contributing the most is the pre-
rogative to mitigating eutrophication. In particular, mitigation actions should immediately
focus on reducing the exports from agricultural and animal husbandry areas as much as
possible. We evaluated that a reduction of 70% from AA and 50% from LS is essential to
bring the lake back to at least a condition of mesotrophy.

Among the measures that can be implemented in agricultural areas are improvements
in fertilizer management, association with measures to reduce soil erosion, transitioning
to species requiring fewer fertilizers and pesticides, and adoption of organic farming.
Compared with the point sources, the implementation of animal husbandries should be
discouraged because they are responsible for the majority of the amount of soluble P that
enters the lake system [56,57]. Other strategies combined with the previous measures
include modifying the P and N paths in the drainage basin by building small wetland
systems and restoring large ribbons of riparian vegetation along the tributaries, which can
be an effective filter for nutrient runoff in the lake and provide other ecological services
locally. Some of those interventions can fall in the field of the green-blue infrastructures,
also called “Nature-Based Solutions” (NBS). NBS is an umbrella definition that indicates
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all-natural solutions aimed at generating ecosystem benefits, generally of multiple types.
Several reports in 2020 on evidence of NBS in different European projects demonstrated
the high potential of this field [58].

In the agricultural context, and as such applying to the example presented here, we
can consider three suitable NBS approaches: (1) phytoremediation, (2) re-vegetation of
drainage ditches, and (3) buffer strips.

Phytoremediation consists of constructed wetlands that have significantly lower op-
erating costs than conventional technological systems, such as wastewater treatment
plants [59]. Constructed wetlands, thanks to various physical, physiological, and bio-
logical processes that are specific to each type of pollutant, offer significant potential to
control and optimize the desired removal performances [60]. The downside is the exploita-
tion of an extensive system area. Innovative phytoremediation systems such as Forced Bed
Aeration (FBA™) and French Reed Beds (FRBs) can reduce the system area by 4–5 times.
These recent plant solutions, in addition to guaranteeing good purification yields and
being characterized by management simplicity and low construction and management
costs, are particularly advantageous because they reduce the surfaces required and energy
consumption and have a greater regulation capacity compared with conventional activated
sludge systems, which allow coping with very significant increases and fluctuations in
load [61,62].

Re-vegetation of drainage ditches yields low retention capacities, being conceived as a
free-flow constructed wetland, but among their benefits is that of significantly increasing
the self-purification capacity of rivers [63,64]. This practice is often opposed by citizens
who do not look favorably on the presence of vegetation within the watercourse, believing
that this can represent a risk in the case of floods.

Regarding buffer strips, in 20 years of studies, it has been understood how different
configurations of vegetation, varying from simple grass to combinations of grass, trees,
and shrubs, can significantly reduce surface flow and suspended solids, nitrates, and
phosphates originating from agricultural run-off. With this approach, even 2–4-m strips
are enough to intercept more than 70–80% of nutrients. Buffer strips must, in any case, be
designed to maximize the purification yields, paying attention, for example, to the riverbed
to intercept groundwater, intercept any bypasses, integrate with small wetlands to smooth
the flow, and eventually place stages with high phosphorus absorption capacities. Other
advantages of buffer strips include the possibility of retaining and treating up to 60% of
pesticides used in agriculture and integrating with short-rotation forestry systems for the
production of biomass [65,66].

Those types of NBS also lend themselves to the involvement of the main stakeholders
(i.e., farmers) who, thanks to a “land–steward” partnership, can actively take care of the
riparian areas around their territorial plots [67].

Another necessary action is the maintenance of adequate water inputs to minimize the
hydraulic residence time, with the constraint of the endorheic peculiarity of the lake. In fact,
in recent years, Lake Baratz has undergone serious water crises that are more identifiable
in the upstream water abstraction as well as by the evident superimposed effect of the
climate changes underway in the Mediterranean area [68,69]. As in the case of Lake Baratz,
the increase in summer temperatures and the decrease in rainfall, in fact, are translating
into desertification processes linked to the decrease in soil moisture and to the increase in
evapotranspiration rates, further aggravated by an intensification of the use of groundwater
for agricultural purposes. In addition to the significant supply of nutrients, the trophic state
conditions are further altered due to a hydrological imbalance of the system. In relation
to the recurring water level changes, the lake as a whole tends to behave almost like an
artificial lake. The lowering of the lake level induced by the increase in air temperatures and
subsequent increase in evapotranspiration rates can interfere with the thermal zoning of the
water body and, in extreme cases, cause the premature breakdown of the thermocline and
“out of season” water circulation. Moreover, the high summer temperatures can establish
phenomena of atelomysis (daily stratification) with the creation of an ephemeral and
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shallow thermocline but, in the most productive lakes, sufficient to generate phenomena of
hypolimnetic anoxia, with the consequent mobilization of phosphorus from the sediments.
The thermocline generally forms, in the absence of wind, during the hottest hours of the day
and lasts until late afternoon. These few hours are sufficient to consume the hypolimnetic
oxygen and to establish reducing conditions that release the phosphorus trapped in the
sediments [70].

These factors, if not adequately contained, will further negatively affect the quality
of the water and surrounding area. The control of pollution sources must go hand in
hand with the adoption of solutions for the renaturation of terrestrial systems such as
those suggested. A monitoring program must also be envisaged to verify the success of
the interventions and the maintenance of the environmental standards proposed [71] to
preserve a unique ecosystem in the Mediterranean area.

5. Conclusions

This study shows the importance of incorporating the regulating factors for eutroph-
ication along the entire watershed–lake continuum in order to come up with predictive
management plans to mitigate the unfavorable ecosystem state. The strength of the ecosys-
tem’s functional responses varies between its different compartments in patterns that
cannot be explained by analyzing the different ecosystem compartments. In the specific
context of the Baratz system, the results of the lake, even if small in size, are profoundly
altered by a complex, artificially modified and very climate-sensitive drainage basin. The
implementation of coordinated and unified recovery actions, such as those based on Nature-
Based Solutions, is the best strategy to improve the trophic state condition of the lake in a
lasting perspective.
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