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Nutrient pollution is a critical issue for lakes, leading to cultural eutrophication, which damages the ecosystem and prevents water uses. Proper watershed management practices must be put into action to effectively oppose eutrophication. Because of the complexities and the multiple layers of stakeholders involved in this process, the only factual way to evaluate improvements in watershed nutrient management is to directly estimate nutrient loads at watershed closing sections through available data from environmental monitoring. The Italian deep subalpine lakes (DSLs: Lake Como, Lake Garda, Lake Idro, Lake Iseo, Lake Maggiore) suffered from extensive eutrophication from the 1950s to the early 1980s. Their water quality improved in the 1980s and 1990s after national regulations were introduced to address nutrient pollution. After the turn of the century, increasingly pressing limits on nutrient disposal have been issued, yet steady if not worsening lake water quality conditions have been observed overall. To shed light on the issue, quantifying present and past external loads to these lakes based on direct measurements is essential. In this work, we focused on the main tributaries of the Italian DSLs, employing the observed time series of flowrate and nutrient concentrations to estimate the loading levels of nitrogen and phosphorus and their temporal evolution over a period ranging between 13 and 42 years according to data availability. The LOAD ESTimator (LOADEST) software was adopted to support the load quantification process. Results show that a general decrease in external nutrient loads is still occurring, albeit at a slow pace, the fastest reduction occurring for the Oglio River flowing into Lake Iseo, which has suffered from severe nutrient pollution till recently. Increasing loads have conversely been identified for the Sarca River flowing into Lake Garda. These outcomes highlight the beneficial actions carried out to reduce nutrient pollution, although a decorrelation analysis between external loads and flowrate is suggested for a clearer evaluation of its evolution across the DSLs.
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1 INTRODUCTION
The quality of large lakes has been considered with increasing concern by several communities around the world in the last decades (Jeppesen et al., 2005). In addition to pollution on both the lake surface and its catchment, climate change and uncontrolled water abstraction contribute to endangering the water balance and the entire ecosystems (Benejam et al., 2010; Bastanov et al., 2021). As a matter of fact, the water stored in lakes and their catchments represents a precious resource for human activities, such as agriculture, industry and civil uses (Payganeh et al., 2018). During the past decades, many surface freshwater resources have been jeopardized, the ensuing effects of water usage and pollution (Kumar and Anshumali, 2019; Ramadan and Sembiring, 2020) highlighting the necessity to preserve the availability of these precious resources.
Nutrient excess is the most common form of pollution which affects lakes (Davidson et al., 2011). Phosphorus (P) and nitrogen (N) are naturally present in water environments, being essential for algal growth and food-chain supply (Fong et al., 2003). However, increased concentrations can affect ecosystem balance and lead to critical water quality conditions. Urban sewage releases (Yang et al., 2023), agricultural emissions (Noll and Magee, 2009) and enhanced atmospheric depositions due to air pollution (Rogora et al., 2001) are the main factors contributing to nutrient excess, enhancing the possibility to trigger the eutrophication process (Hutchinson, 1973). The focus on lake eutrophication has further increased recently due to the upsurge of lake-water use for drinking purposes (Mezzanotte et al., 2011).
Input loads of nutrients into lakes from their catchments can originate either from diffuse riparian sources, such as rural nearshore areas, or from point sources, such as tributaries, wastewater-treatment plants or combined-sewer overflows (CSOs). Point inputs from tributaries collecting entire catchments represent by far the most relevant contribution for large lakes, the water conditions of these water bodies thus depending on the human activities over the whole watershed (Matzinger et al., 2006; Stackpoole et al., 2021; Yates et al., 2022; Yu et al., 2023). For this reason, regulations regarding urban and industrial sewage collection, farming and livestock breeding activities must be applied over the whole catchment to enhance lake water quality. This involves procedures that connect the network of actors, including both governmental proactive directives and local reactive actions to implement practical countermeasures, with the aim of enhancing water quality (Hill, 2013).
However, the complexity of these processes makes monitoring surveys of both lakes and their tributaries essential for effectively evaluating the success of watershed management efforts. This approach allows establishing a baseline and assessing changes in nutrient loads.
The Deep Subalpine Lakes of Northen Italy (DSLs: Salmaso et al., 2007) (in this study: Lake Como, Lake Garda, Lake Idro, Lake Iseo, Lake Maggiore), south of the Alps, are a relevant freshwater resource for multiple uses, endangered by pollution and climate change effects. They all suffered from severe eutrophication from the 1950s to the early 1980s. This pushed forward the activation of extensive countermeasures to limit the phenomenon (Rogora et al., 2018). This included the reduction of P in detergents, the activation of wastewater treatment plants and the improvement of sewer collection (Copetti et al., 2019). Different countermeasure efficiencies and implementation success have been obtained across lake watersheds, depending on anthropic pressures and intervention extents. The sensible improvement of lake water quality stopped in the early 2000s, after which steady if not slightly worsening water quality conditions were observed overall, also due to the effects of climate warming (Salmaso et al., 2007; Salmaso and Mosello, 2010; Rogora et al., 2018). This has been occurring despite the issuing of increasingly limiting nutrient emission regulations (Copetti and Erba, 2024). Many studies have addressed the re-oligotrophication path of the DSLs based on time series of in-lake nutrient concentrations (Mosello et al., 2001; Rogora et al., 2003; Salmaso and Mosello, 2010), also involving considerations on the existing nutrient sources in the catchments. However, the direct quantification of nutrient loads from the watersheds and lake main tributaries (MTs), including evaluation on their evolution, is a much less explored subject. This is due to the general lack of extensive monitoring campaigns on the tributaries of the DSLs in the past.
Therefore, in this study, an estimation of present and past P and N loads released by the MTs of the DSLs and of their evolution has been produced. The work focuses on the MTs for two reasons: 1) the catchments of the MTs cover a considerable part of the watersheds of the DSLs, making the quantification of their loads strongly significant for overall lake-scale evaluations (Nava et al., 2020; Valerio et al., 2022); 2) the monitoring activities prescribed by the Water Framework Directive 2000/60/EC of the European Commission (EU WFD, 2000)1 have resulted in a water quality database for the MTs with a minimum span of 15 years and a monthly resolution, suitable for scientific analyses, the same level of detail not being available for the minor tributaries (Fenocchi et al., 2023). This study is therefore a new step towards a comprehensive understanding of external nutrient loading across the DSLs, employing time series of nutrient loads long enough to draw comparisons among their catchments and make first evaluations on their evolution.
2 MATERIALS AND METHODS
2.1 Case study
The Italian DSLs Lake Como, Lake Garda, Lake Idro, Lake Iseo and Lake Maggiore are a group of lakes of glacial origin at the southern slopes of the Alpine chain (Figure 1; Table 1). They are vital for the Alpine hydrological balance and for the water uses of the Po River plain in Northern Italy, one of the most anthropized areas in Europe. They collect extensive water runoff through large catchments, which include one or 2 MTs, whose watersheds cover most of the overall lake ones. The catchments of the MTs originate from small streams, mainly fed by nival and glacial fusion, which flow rapidly from high altitudes to low-sloping plains, where they combine into larger rivers which flow into the DSLs (Salmaso and Mosello, 2010; Terzi et al., 2021). The high-mountain areas where the MTs originate are pristine environments, whereas the downstream ones are made up of urban, industrial and rural areas.
[image: Figure 1]FIGURE 1 | Considered Italian Deep Subalpine Lakes (DSLs) and main tributaries (MTs): the catchments of the MTs are highlighted.
TABLE 1 | Main hydrological and morphometric characteristics of the considered Deep Subalpine Lakes (DSLs) and hydrological features of their main tributaries (MTs) and their catchments (data from Salmaso and Mosello (2010); Dresti et al. (2021)).
[image: Table 1]The MTs considered in this study are the Adda River for Lake Como, the Sarca River for Lake Garda, the Toce River and the Ticino River for Lake Maggiore, the Chiese River for Lake Idro and the Oglio River for Lake Iseo (Figure 1; Table 1). Lake Lugano was not considered in the present study, despite being usually considered part of the DSLs (Salmaso and Mosello, 2010), because all its tributaries are small-sized, the largest one Creek Vedeggio having a mean discharge of 3.6 m3 s−1 in the 2004–2023 period (FOEN2), hence incomparable to the flowrate of the other MTs (Table 1).
As anticipated before, despite the high number of studies performed on the DSLs, direct experimental assessments of the input nutrient loads from their catchments have been scarce. A quantification of the total nutrient loads flowing into Lake Como in the 2000–2019 period was carried out by Fenocchi et al. (2023), adopting a regionalization procedure to estimate loads for minor unmonitored tributaries as well. For Lake Garda, the only study on nutrient load was undertaken by Decet and Salmaso (1997), encompassing only 14 months of sampling. Some considerations on nutrient mismanagement over the Chiese River catchment were published for chemically meromictic Lake Idro in Nizzoli et al. (2018) and Severini et al. (2023). Critical nutrient loading conditions also characterize Lake Iseo, the other chemically meromictic DSL, despite the recent efforts to reduce nutrient load inputs (Pilotti et al., 2021; Scibona et al., 2022; Valerio et al., 2022). In fact, nutrient inputs from the Oglio River over 2017–2018 were experimentally assessed by Valerio et al. (2022) determining that current loading levels are still too high. Last, studies on Lake Maggiore (Rogora et al., 2001; Rogora et al., 2003) determined that N concentrations in the lake and its tributaries are strongly associated with atmospheric deposition, this being related to the comparatively low anthropization of the catchment.
2.2 Data sources
European national and regional authorities have focused on actions to reach higher water quality standards and reduce nutrient releases, conforming to the WFD3. Due to the monitoring and assessment requirements of the WFD itself, data series with a minimum duration of around 15 years and monthly resolution are available for nutrient concentrations in the MTs near their outlets into the DSLs, obtained from the analysis of water samples. Together with available daily discharge series in the same locations from gauging stations of the hydrological monitoring network (Supplementary Material S1), they allow studies on nutrient load quantification and evolution for the MTs.
Nutrient concentration and discharge series are available for Adda River and Oglio River from the local environmental protection agency ARPA Lombardia. The Oglio River is partially diverted 18 km upstream of its mouth to the Italsider industrial channel, which also flows into Lake Iseo with a comparable discharge to the residual one of the natural river, up to a 50 m3 s−1 hydraulic capacity threshold. Both the diverted discharge and the nutrient concentrations measured in such channel were considered, performing a weighted average of the resulting loads with those of the natural Oglio River at its mouth, for an overall assessment of the Oglio catchment. Daily discharges for the industrial channel Italsider were provided by Consorzio dell’Oglio4, whereas nutrient concentrations by ARPA Lombardia (yet sampled with quarterly frequency).
For the Sarca River and Chiese River, nutrient concentrations were provided by the local environmental protection agency APPA Trento5, whereas discharges are available from the Civil Protection Department of the Autonomous Province of Trento6.
For Lake Maggiore, monthly nutrient concentration sampling on the MTs Ticino River and Toce River started in 1981 within the framework of the International Commission for the Protection of Italian-Swiss Waters (CIPAIS7), work being performed by the Water Research Institute of the Italian National Research Council (CNR-IRSA) of Verbania, so that the available concentration series span more than 40 years. Daily discharges for the entire period were available for the Toce River from ARPA Piemonte, whereas for the Ticino River from the Swiss Federal Office for the Environment (FOEN). As both discharge and water quality of the Toce River are measured upstream of the junction with the Strona River, its largest tributary, which occurs 4 km upstream of Lake Maggiore, we also considered Strona River data for a weighted-average overall assessment of nutrient loads from the Toce catchment. Discharges and nutrient concentrations of the Strona River were obtained from ARPA Piemonte and CNR-IRSA, respectively.
The nutrient substances considered in this study are nitrate (N-NO3), ammonium (N-NH4) and total nitrogen (TN) for N, orthophosphate (P-PO4) and total phosphorus (TP) for P.
2.3 Load estimation
For this study, the LOAD ESTimator (LOADEST8) freeware software by the United States Geological Survey (USGS9) was employed to estimate daily nutrient load series from daily discharges and monthly concentration samples. LOADEST has been widely applied and validated over a multitude of case studies (e.g., Chen et al., 2015; Park and Engel, 2016; Yu et al., 2023; Song et al., 2024). This software infers daily load series through a regression analysis on input data, generating a model that fits them, and employing it to turn the available daily discharge series into a load series. LOADEST reports statistical indicators of the goodness-of-fit of the regression, as well as the regression parameters themselves.
The expression for observed load computation considered by LOADEST is reported in Equation 1, where Lτ is the measured transported load, τ is the considered integration period, equal to 1 day if daily discrete loads are produced, Q and C are the measured flowrate and the nutrient concentration, respectively.
[image: image]
LOADEST then applies the regression models on the series of discrete loads obtained from Equation 1, expressing them in the logarithmic form and considering the inferences of discharge, of seasonality and of temporal trends. LOADEST includes ten different fitting models, which include a variable portion of the terms on the right-hand-side of Equation 2 with increasing complexity. These span from the simplest model, which includes only the first two terms, leading to the well-known power-law dependence on discharge (Godsey et al., 2009), up to the most complicated possible regression model expressed by the full Equation 2.
[image: image]
As per Equation 2, through LOADEST dependence on discharge can be considered up to a quadratic regression, dependence on seasonality is expressed by the two terms including trigonometric functions, whereas the last two terms on the right-hand side of Equation 2 express possible temporal trends, up to a quadratic relationship. The variable dtime expresses time in a decimal form, the variable being centered on the midpoint of the considered time series.
LOADEST allows choosing among the ten different regression models, depending on the specific goal of the calibration, or it can select the best-performing model itself, according to the Akaike Information Criterion (AIC) (Mohammed et al., 2015). This last possibility was followed in this study, to obtain the most accurate possible load series. The software automatically computes the AIC value for all ten fitting models (which depends on likelihood, number of records and number of estimated parameters) and selects the one associated with the lowest AIC value. Depending on the features of the observed series, LOADEST selected different fitting models for different MTs and for different substances for the same MT, aiming at the best fit.
The Adjusted Maximum Likelihood Estimation (AMLE) method was herein selected to obtain the regression model parameters in LOADEST. The load estimation process was applied homogenously for all nutrient substances on all the MTs, obtaining daily series of nutrient loads starting from the daily discharge data series and adopting the obtained specific regression parameters.
3 RESULTS AND DISCUSSION
3.1 Analysis of measured discharge and nutrient concentration data series
Table 2 reports the mean and standard deviation, the maximum and the minimum annual discharges for the considered MTs, obtained from available time series. The annual flow variability which surfaces out of the statistics highlights the influence of interannual precipitation variation, resulting in an up to an order-of-magnitude difference between minimum and maximum annual values. This variability plays a fundamental role in nutrient delivery (Stackpoole et al., 2021; Yates et al., 2022).
TABLE 2 | Statistical features of the discharges of the considered MTs in the available time series.
[image: Table 2]As N and P concentrations can show either a dilution behavior (source-limited), a concentration behavior (transport-limited) or an uncertain behavior with discharge (Godsey et al., 2009; Fenocchi et al., 2023; Yu et al., 2023; Song et al., 2024), sampled concentration data series were analyzed in relation to the flowrates, to determine the specific Q-C (Flowrate–Concentration) behavior of each catchment for each considered nutrient substance (Table 3). The catchment of the Oglio River stands out as the only one in which the transport-limited concentration behavior is clearly observed from Q-C data. This is a signal of enduring nutrient pollution reaching the river waters during rainfall periods, being either excess fertilizers, resuspended sewer sediments, uncollected sewage or untreated sewage from the activation of CSOs, confirming the evaluations of Valerio et al. (2022).
TABLE 3 | Q-C behavior of nutrient substances for the MTs in the available time series (DIL = clear dilution behavior; CONC = clear concentration behavior; NC = not clear on a visual interpretation).
[image: Table 3]An unclear behavior emerges for all nutrient substances for the Chiese River, potentially showing that nutrient pollution is still considerable on this catchment as well, as per the judgement of Nizzoli et al. (2018) and Severini et al. (2023). The other MTs instead display a clear dilution behavior, indicating a less dramatic anthropogenic nutrient pollution, with an essentially steady ordinary input being diluted by surface runoff in rainy periods.
As regards River Oglio and the industrial channel Italsider, nutrient concentration data sampled in the same day showed significant differences between the two streams (Supplementary Material S2). Such discrepancy should be attributed to different nutrient delivery to the two streams downstream of their fork, enforcing the weighted-average approach employed in this study for overall nutrient load estimation from the Oglio catchment.
3.2 Analysis of nutrient load series estimated with LOADEST
The Pearson correlation coefficients (R) between the observed daily nutrient loads and those estimated with LOADEST for the MTs are reported in Table 4. All values are R ≥ 0.39, highest values with R > 0.98 resulting for N-NO3 and TN, likely due to pollution sources and transport dynamics for nitrates being simpler (TN is primarily made up by N-NO3 for the studied catchments). Lower correlation coefficients result for N-NH4, to which analytical errors due to the low observed concentrations surely contribute, and for P-PO4 and TP, which have multifaceted pollution sources and more complex transport dynamics.
TABLE 4 | Pearson correlation coefficients between observed and estimated daily loads (all correlation coefficients are statistically significant with p-value <0.05).
[image: Table 4]Estimated loads of the considered nutrient substances for the studied MTs, cumulated over an annual basis, are reported in Figures 2–6, together with the linear trends of the series.
[image: Figure 2]FIGURE 2 | Time series of the cumulated estimated annual load of N-NO3 for: Adda River (A), Chiese River (B), Oglio River (with Italsider industrial channel) (C), Sarca River (D), Ticino River (E), Toce River (with Strona River) (F) (the red dashed lines report the linear trends of the load series; the trends for the Oglio River and Toce River do not consider the industrial channel Italsider and the Strona River, respectively).
[image: Figure 3]FIGURE 3 | Time series of the cumulated estimated annual load of N-NH4 for: Adda River (A), Chiese River (B), Oglio River (with Italsider industrial channel) (C), Sarca River (D), Ticino River (E), Toce River (with Strona River) (F) (the red dashed lines report the linear trends of the load series; the trends for the Oglio River and Toce River do not consider the industrial channel Italsider and the Strona River, respectively).
[image: Figure 4]FIGURE 4 | Time series of the cumulated estimated annual load of TN for: Adda River (A), Chiese River (B), Oglio River (with Italsider industrial channel) (C), Sarca River (D), Ticino River (E), Toce River (with Strona River) (F) (the red dashed lines report the linear trends of the load series; the trends for the Oglio River and Toce River do not consider the industrial channel Italsider and the Strona River, respectively).
[image: Figure 5]FIGURE 5 | Time series of the cumulated estimated annual load of P-PO4 for: Adda River (A), Chiese River (B), Oglio River (with Italsider industrial channel) (C), Sarca River (D), Ticino River (E), Toce River (with Strona River) (F) (the red dashed lines report the linear trends of the load series; the trends for the Oglio River and Toce River do not consider the industrial channel Italsider and the Strona River, respectively).
[image: Figure 6]FIGURE 6 | Time series of the cumulated estimated annual load of TP for: Adda River (A), Chiese River (B), Oglio River (with Italsider industrial channel) (C), Sarca River (D), Ticino River (E), Toce River (with Strona River) (F) (the red dashed lines report the linear trends of the load series; the trends for the Oglio River and Toce River do not consider the industrial channel Italsider and the Strona River, respectively).
3.3 Assessment of nutrient load correlation with flowrate
Dependence of nutrient loads on rainfall is evident from Figures 2–6, as revealed by the high and very low values obtained for almost all nutrient substances and MTs in 2014, which was a very rainy year (Corsini et al., 2017), and in 2022, which was an extremely dry year (Koehler et al., 2022; Avanzi et al., 2024), respectively.
Such dependence is fully disclosed in Figure 7, in which the Pearson correlation coefficients between the series of annual mean discharges and of cumulated annual nutrient loads are displayed for all considered nutrient substances and MTs. All correlation coefficients are in fact positive, nutrient loads largely depending on flood events (Moatar et al., 2017; Torres and Baronas, 2021), this being due to discharges varying by more orders of magnitudes than concentrations (Godsey et al., 2009; Moatar et al., 2017).
[image: Figure 7]FIGURE 7 | Pearson correlation coefficients between the mean series of annual mean discharges and of cumulated annual nutrient loads for all considered nutrient substances and MTs (the circled point (Sarca river, N-NH4) is the only R coefficient with p-value >0.05)
Correlation coefficients close to unity mostly result in Figure 7 for N-NO3 and TN, echoing their more straightforward dependence on rainfall due to both atmospheric deposition and higher solubility from agricultural soil wash-off. A larger dispersion of correlation coefficients, with lower overall values, results for P-PO4 and TP, likely due to a more evident source-limited behavior, which affects also N-NH4. Similar results among nutrient substances were obtained for the correlation coefficients between mean annual discharge series and total nutrient loads delivered to Lake Como from its major and minor tributaries in Fenocchi et al. (2023).
The Toce River and the Oglio River show the highest correlation coefficients overall among the nutrient substances, highlighting a stronger dependence on discharge variations. This could be due to the higher side slope of the valley for the Toce River, favoring nutrient delivery to the stream with rainfall. For the Oglio River, instead, the cause could be a relevant amount of dispersed nutrients being stocked in the soil and sediments and being subsequently released with flood events, although this last hypothesis would need direct observations to go beyond the speculation stage.
The correlation coefficients for Adda River, Sarca River and Ticino River display a higher variability of the coefficients among the nutrient substances, still abiding to the general behavior with higher N-NO3 and TN values and lower N-NH4, P-PO4 and TP values. This could be due to higher withdrawal of P by vegetation for these basins, due to the higher relevance of agriculture inside them. Finally, the R values are lower for the combined Oglio River and Italsider channel than for the individual streams, the same happening for separate Toce River and Strona River. This issue must be ascribed to the intuitively more straightforward dependence of nutrient loads on rainfall over simpler catchments.
3.4 Assessment of nutrient load evolution
Past and present nutrient reduction interventions have been performed in the catchments of the MTs. However, the decreasing trends visible in Figures 2–6 must be considered in light of trends in mean annual discharges, as given in Supplementary Material S1, also given the outcomes in Figure 7.
Decreasing loads result for the Adda River and the Ticino River for all nutrient substances except N-NO3 and TN, even though with concurrent mean annual discharge decrease. For both basins, such increasing trends for N could be due to increasing agricultural pressures. Specifically, for the Adda River, the slight increase in estimated TN annual loads complies with the higher concentrations measured in recent years, which could be attributed to rising organic nitrogen from agricultural waste in the catchment.
For the Chiese River, estimated loads show a general increase for all nutrient substances in the first half of the time series, peaking on the rainy year 2014, followed by a decreasing trend. The cumulated annual loads for this MT markedly oscillate with discharge for all nutrient substances, with high correlation coefficients between them (Figure 7). This could be due to the steeper and smaller nature of the Chiese catchment compared to those of the other MTs (Table 1; Figure 1), which enforces a behavior which depends more on transport limitation (Torres et al., 2015; Fenocchi et al., 2023).
As regards the Oglio River, it should be noted first that the annual loads from the Italsider channel are in the same order of those from the natural river for all nutrient substances, being even higher overall for P-PO4 (Figure 6). This highlights the relevance of the industrial channel in terms of nutrient delivery to Lake Iseo, due to both discharges being slightly higher than those of the natural river under ordinary conditions and to the usually higher nutrient concentrations (Supplementary Material S2). Broadly speaking, external nutrient loading to Lake Iseo is known to be still relevant, leading together with chemically induced meromixis (Ambrosetti and Barbanti, 2005) to critical water quality conditions with deep-water anoxia and bottom nutrient accumulation (Scibona et al., 2022). Efforts to tackle this situation have been undertaken only recently on the watershed (Valerio et al., 2022), and a decreasing trend can be indeed seen from Figures 2–6, even though simultaneous with the decrease of mean annual discharge (Supplementary Material S1). It should be last mentioned that the water quality sampling location for the Oglio River is placed upstream of the Pisogne wastewater treatment plant outlet, so that a minor load underestimation is furthermore expected.
The cumulated annual loads of the Sarca River are the only ones which seem to increase through the time series, especially for TP and P-PO4 (Figures 5, 6), yet together with a rising trend in discharges (Supplementary Material S1). A longer time series and further assessments would be needed to fully state if such an increase in nutrient loading depends solely on discharges or if the pressures are indeed rising. Figure 7 reveals that the lowest correlation coefficient between annual loads and discharges results for N-NH4 in the Sarca River. This may highlight the presence of a steady, possibly rising, pollution source, more independent than others from discharge. As a matter of fact, increasing N-NH4 concentrations have been observed throughout the time series (Figure 3). This could also explain the comparatively low correlation coefficients obtained for TP and P-PO4 with flowrate in Figure 7.
The annual nutrient loads of the Toce River show a slow steady reduction over the last 40 years, still echoing the behavior of mean annual discharges (Supplementary Material S1). The Toce catchment is characterized by a lower degree of anthropisation compared to those of other MTs, especially in the riparian areas, which are largely occupied by natural vegetation, which also works as a buffer to nutrient pollution. The Toce valley is also quite narrow and steep, therefore urban development is limited by morphology (Bach et al., 2003). Furthermore, industrial activities in the Toce catchment are mostly of chemical nature (Riva et al., 2010), producing little nutrient pollution to the surrounding environment.
To properly compare the nutrient loads and their evolution among the considered MTs, the statistical features and the linear trends of cumulated annual loads for all nutrient substances and of mean annual discharges were computed over the common period of data availability 2008–2022 for all the MTs (Supplementary Material S3, Figure 8). To make trends truly comparable among catchments of different sizes, they have been normalized by the mean annual values over the common period 2008–2022.
[image: Figure 8]FIGURE 8 | Normalized trends of mean annual discharge and cumulated annual nutrient loads over the common period of data availability 2008–2022 for the considered nutrient substances over the MTs.
From Figure 8, it is clear that all MTs exhibited a decreasing nutrient load trend in the 2008–2022 period, except for the Sarca River, for which significantly increasing normalized trends were found for N-NH4, P-PO4 and TP. Mean annual discharges have been similarly decreasing over the same period for the MTs, the normalized reduction being negligible for the Sarca River, likely due to its basin being at the eastern boundary of the DSL region, hence being exposed to a slightly different meteorology. Despite this, such a result deserves further analyses and represents a reason of concern for catchment management, as the N-NH4, P-PO4 and TP nutrient substances for which the positive trend is present are those more closely associated to sewage pollution. On the opposite side, the most relevant decreasing normalized trends over 2008–2022 result for N-NH4 and especially P-PO4 and TP for the Oglio River, likely reflecting the awaited actions on wastewater collection and treatment improvement undertaken in the last decade on the catchment, as highlighted in Valerio et al. (2022). For the Oglio River, the relevance of interventions to reduce nutrient loading from the catchment is further proven by the reducing trend in normalized discharge not being the largest one among the MTs.
4 CONCLUSION
A timely study on the external nutrient loads delivered to the Italian DSLs by their MTs has been performed, making use of the available multidecadal experimental data, also originating from the growing water quality database from WFD monitoring. The assessment disclosed the present loading levels, their annual variability with rainfall and allowed drawing some considerations on nutrient load evolution in the MTs, making comparisons among them. The everlasting increase in the length of the available data series would allow even more solid assessments in the future. The LOADEST software has proven a valuable support for this kind of analyses, the external load series obtained in this study being also available as an input for water quality studies on the DSLs themselves, or for the calibration and validation of ecohydrological models of the catchments of the MTs.
The strong dependance of nutrient loads on discharges suggests that decorrelation of trends from the flowrate would allow more meaningful evaluations of nutrient pollution evolution, both over individual basins and on a comparative basis. The decorrelation procedure should correctly keep into account the Q-C relationships of each basin and nutrient substance. Future studies could also address how the estimated loads to the lakes compare against those generated on the catchments according to land use and occupation, determining the nutrient load abatement efficiencies across the catchments of the DSLs, also investigating their interannual variability. Finally, the nutrient abatement efficiencies of the DSLs themselves could be analyzed, comparing the inflowing and outflowing load series.
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