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ARTICLE INFO ABSTRACT

Keywords: Continuous series of nutrient loads released into a water body are essential for nutrient budgeting, water quality
Lake watershed modelling and watershed management activities. A quintessential example of pursued data are the series of total
Ecohydrology

nutrient loads flowing from multiple tributaries into a lake. However, except for extraordinary cases in which
high-frequency monitoring (HFM) stations are installed for both discharge and concentrations, measured
nutrient loads are available on a discrete basis. Such observations are typically obtained by governmental
agencies for environmental monitoring purposes, with an at best monthly resolution, yet commonly with gaps
spanning years. Usually, monitoring activities are limited to major inflows, neglecting minor ones. However, the
latters can play a more relevant role in nutrient load budgets than in hydrological ones, in response to different
natural features and pollution among tributary watersheds. In this work, we present a methodology we devel-
oped to estimate long-term series of total nutrient loads flowing into a water body, employing as case study Lake
Como, a large deep lake in the Italian Alps with manifold monitored and unmonitored tributary watersheds. The
method uses observed long-term relationships between discharges and concentrations (Q — C) and available
discharge measurements and hydrological estimations to estimate continuous load series for the monitored
basins. For the unmonitored watersheds, Q — C relationships are estimated from those of the monitored basins,
given the observed dependence of the power-law coefficients on basin hydromorphological parameters. This
equals to extending the regionalisation approach applied in hydrology for rainfall and discharges to the eco-
hydrological field for nutrient load estimation. The application of the method to the case study led to overall
annual load estimations congruent to traditional techniques and revealed interesting Q — C watershed dynamics
at interannual time scales which could not be disclosed through previous approaches. This work represents an
exploratory development and application of ecohydrological regionalisation techniques, whose future develop-
ment is fostered.

Regionalization method
Measured nutrient load
Estimated nutrient emission
Lake numerical modelling

1. Introduction (Ferreira et al., 2007; Nielsen et al., 2012). Governmental monitoring is

generally performed by environmental protection agencies using tradi-

Lakes whose water quality is of concern are subject to monitoring by
governmental institutions, according to principles prescribed by regu-
lations such as the Water Framework Directive 2000/60/EC for the
European Union (EU WFD, 2000). Monitoring activities retrieve phys-
ical, chemical and biological data for both lakes and their inflows, given
the pivotal role of the watershed in determining the lake quality status

tional sampling methods, which produce discrete data of variable time
resolution (Bowes et al., 2015; Marcé et al, 2016; Rode et al., 2016).
Such resolution varies greatly from one lake to another, and even among
seasons for the same lake, passing from fortnightly measurements to
gaps of several months according to the relevance of the water body, to
the degree of alteration of its natural status and to local regulations (EU

* Corresponding author at: Department of Civil Engineering and Architecture, University of Pavia, Via Ferrata 3, 27100 Pavia, Italy.
E-mail addresses: andrea.fenocchi@unipv.it (A. Fenocchi), f.buzzi@arpalombardia.it (F. Buzzi), claudia.dresti@irsa.cnr.it (C. Dresti), diego.copetti@irsa.cnr.it

(D. Copetti).

https://doi.org/10.1016/j.ecolind.2023.110534

Received 7 April 2023; Received in revised form 24 May 2023; Accepted 17 June 2023

Available online 28 June 2023

1470-160X/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:andrea.fenocchi@unipv.it
mailto:f.buzzi@arpalombardia.it
mailto:claudia.dresti@irsa.cnr.it
mailto:diego.copetti@irsa.cnr.it
www.sciencedirect.com/science/journal/1470160X
https://www.elsevier.com/locate/ecolind
https://doi.org/10.1016/j.ecolind.2023.110534
https://doi.org/10.1016/j.ecolind.2023.110534
https://doi.org/10.1016/j.ecolind.2023.110534
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. Fenocchi et al.

WED, 2000; Ferreira et al., 2007; Valerio et al., 2022). In many cases,
unexpected interruptions in regular data series are present, even span-
ning years, ascribable to assorted possible inconveniences.
Governmental monitoring of lake waters is ordinarily performed to
define their ecological status and verify the suitability for multiple water
use (Ferreira et al., 2007; Skeffington et al., 2015; Fu et al., 2020). For
lake tributaries, the prevailing aim of governmental monitoring is to
keep their quality status under control, ensuring that deterioration of
lake water quality is not forthcoming. Only in rare occasions inflow
monitoring is aimed at estimating nutrient input loads to the down-
stream lake (Valerio et al., 2022), even though this would seem the most
natural application of such activity. This occurs as the sampling fre-
quency of laboratory measurements, leading to the hereinafter called
“measured nutrient loads” (Behrendt, 1996), is usually too loose for a
meaningful assessment of input loads. The theoretical estimation of
nutrient loads through published land-use-dependent unit export co-
efficients and wastewater treatment plant (WWTP; a list of symbols and
abbreviations is given in Table 1) load percentage reductions, leading to
the hereinafter called “estimated nutrient emissions” (Behrendt, 1996),
is hence often the only viable approach. This method, which is inde-
pendent from experimental discharge and concentration measurements,

Table 1
List of symbols and abbreviations.

Abbreviation = Meaning

a coefficient defining the relevance of R, over R, in the definition of
a*and b*

a multiplying coefficient of the Q — C power law

A tributary watershed area

a* transformed a coefficient of the Q — C power law

b exponent coefficient of the Q — C power law

b* transformed b coefficient of the Q — C power law

C concentration

c multiplying coefficient of the R, — a* power law

CLC Corine Land Cover

Cond water conductivity at standard 20 °C conditions

cv coefficient of variation

d exponent coefficient of the R, — a* power law

DTM Digital Terrain Model

e constant-term coefficient of the R, — a* power law

f multiplying coefficient of the S,, — b* power law

g exponent coefficient of the S;, — b* power law

GIS Geographic Information System

h constant-term coefficient of the S, — b* power law

HFM high-frequency monitoring

I, annual mean liquid inflow of a tributary watershed over a single
year

L length dimension

LLS linear least squares

LOD limit of detection

M mass dimension

max/min maximum/minimum ratio

NLS non-linear least squares

N-NH4 ammonium

N-NO3 nitrate

P p-value

P-PO4 orthophosphate

Q water discharge

Q* generic index discharge

Qq annual mean discharge of a tributary watershed over a single year

Qq ot annual mean discharge of the whole Lake Como watershed over a
single year

Qm mean 2000-2019 discharge of a tributary watershed

Qmtot mean 2000-2019 discharge of the whole Lake Como watershed

r Pearson regression coefficient

R, agricultural ratio of a tributary watershed

Ry urban ratio of a tributary watershed

SD standard deviation

Sm mean slope of a tributary watershed

T time dimension

TN total nitrogen

TP total phosphorus

WWTP wastewater treatment plant
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results however in single nutrient emission values for a watershed (Rast
and Lee, 1983). These are unconnected to the hydrological variability
and descend from the employed load indices from literature, which
hardly consider the specific features of the basin (Behrendt, 1996; Yang
et al., 2019). Furthermore, large mountain lakes, such as the European
perialpine ones (Dresti et al., 2021), typically have a multitude of in-
flows coming from multiple side valleys (Fenocchi et al., 2019). Usually,
only the most relevant tributaries, defined according to water quantity
and/or quality criteria, are monitored, precluding the estimation of total
loads. Diffuse loads, whose monitoring is largely unviable, also play a
relevant role for many lakes (Janssen et al., 2019).

Because of these limitations, data on tributaries available from
governmental agencies are generally not apt for the direct use in coupled
lake hydrodynamic-ecological numerical models, for which continuous
series of total input loads at typically daily resolution are needed
(Fenocchi et al., 2019; Dresti et al., 2021). Such total continuous series
are usually generated from available discrete data, filling temporal gaps
for monitored tributaries by linear interpolation and computing the load
series for the unmonitored ones assuming values proportional to gauged
inflows according to the watershed area (Tartari et al., 2006). These
practices can lead to relevant inaccuracies, as: (1) short-term hydro-
logical events such as floods, playing a relevant role in nutrient delivery
(Viviano et al., 2017; Salerno et al., 2018; Copetti et al., 2019), may be
missed in the performed interpolations; (2) small yet highly anthropised
unmonitored basins can bring to the lake nutrient loads per unit area
which are far larger than the mean values obtained for the monitored
tributaries.

To reduce the shortcomings in the generation of continuous load
series from discrete monitoring data, the Q — C relationships between
discharges (Q) and nutrient concentrations (C) should be first obtained
for each basin, calibrating them from available data. This way, nutrient
load estimations could be reduced to discharge estimations. For moni-
tored tributaries, discharge measurements are usually much more
frequent than biochemical samples (Cartwright, 2020), considering that
automatic stations are typically installed for flood hazard and water
balance issues. For ungauged tributaries, discharges can be estimated
from hydrological estimation techniques. To obtain the related con-
centrations, the Q - C relationships found for the monitored basins could
be extrapolated to the neighbouring unmonitored ones according to
proper laws, based on relevant watershed properties such as land use
and morphometry. This would translate into expanding to the ecohy-
drological field the regionalisation approach commonly applied in hy-
drology (He et al., 2011; Guo et al., 2021) to estimate rainfalls and
discharges at unmonitored points, basing on the data measured in
neighbouring monitored stations. This is something which to the
knowledge of the Authors has never been organically attempted before.

Using these tools, it would be possible to obtain for lakes subject to
ordinary governmental monitoring continuous total nutrient load esti-
mations which consider the hydrological variability as well as the
peculiar Q — C relationships of each tributary basin, including unmoni-
tored ones. These estimated series, in addition to modelling activities,
could support the management of the tributaries themselves, of their
watersheds, and of the downstream lake, including algal bloom issues
(Moatar et al., 2017; Cartwright, 2020). As a matter of fact, these in-
struments could be applied not only to lake watersheds, but in all situ-
ations in which obtaining continuous load series from discrete
monitoring data on rivers and extending them to neighbouring un-
monitored basins is desired. Furthermore, availability of robust Q - C
relationships could limit the need for high-frequency monitoring (HFM)
stations for biochemical variables (Bowes et al., 2015; Marcé et al, 2016;
Rode et al., 2016; Tiberti et al. 2021) to streams of specific environ-
mental concern (D’Amario et al., 2021).

In this study, we present an exploratory attempt at developing such
an approach for total continuous input load estimation, including eco-
hydrological regionalisation principles. Application is presented to the
long-term 2000-2019 series of total nutrient loads flowing into Lake
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Como (Northern Italy). Estimations were developed from the monitoring
data available from the local regional environmental protection agency
ARPA Lombardia. The designed approach proved successful for the case
study, paving the way to future research on its improvement and on the
assessment of the applicability limits.

2. Materials and methods
2.1. General aspects of Q — C relationships in streams

The dilution behaviour, i.e. the inverse proportionality between Q
and C, has been verified to hold under most conditions for dissolved
chemical substances such as nutrients and major ions (Shanley et al.,
2011; Thomas et al., 2016; Moatar et al., 2017). The dilution chemo-
dynamic (i.e., C varies with Q) behaviour thus represents the null hy-
pothesis for such substances (Torres and Baronas, 2021) and is ascribed
to the dominance of source-limitation dynamics on solute transport. The
opposite concentration behaviour, i.e. the direct proportionality be-
tween Q and C, is linked to transport-limited dynamics and is instead
typical of suspended sediment transport (Syvitski et al., 2000; Godsey
et al., 2019). Nevertheless, the concentration behaviour has been often
observed for dissolved substances as well (Thomas et al., 2016; Moatar
et al., 2017; Cartwright, 2020). For both dilution and concentration Q —
C dynamics, there is a general agreement on the power law as the
simplest fit of data (Syvitski et al., 2000; Godsey et al., 2009), even if
more complicated fitting approaches have been proposed (Moatar et al.,
2017; Botter et al., 2019). The basic formulation of the Q — C power law
is:

C=aQ (€Y

where the a and b coefficients depend on the considered watershed,
substance and time window. For dissolved nutrients, which naturally
derive from soil weathering, —1 < b < 0 exponents have been mostly
attained, with negative values close to 0 being the most common situ-
ation. Such values imply a chemodynamic behaviour which tends to-
wards chemostasis (i.e., C is invariant with Q) (Godsey et al., 2009;
Musolff et al., 2015; Botter et al., 2019; Godsey et al., 2019; Cartwright,
2020), corresponding to the common observations in which Q varies by
more orders of magnitudes than C (Godsey et al., 2009; Moatar et al.,
2017). This way, loads are largely proportional to discharges (Moatar
et al., 2017), hence highest values are connected to flood events (Maher
and Chamberlain, 2014; Torres and Baronas, 2021).

Despite this general theory emerged from decades of research, many
open questions remain on the Q — C relationships of dissolved substances
(Moatar and Meybeck, 2005; Godsey et al., 2009; Thompson et al., 2011;
Bieroza and Heathwaite, 2015; Moatar et al., 2017) and on the role of
the basin and of the specific substance in determining the concentrations
observed in each case (Basu et al., 2011; Herndon et al., 2015; Torres
etal., 2015; Moatar et al., 2017). In fact, the same substance may behave
differently across basins (Godsey et al., 2009; Moon et al., 2014; Torres
etal., 2015, 2017) and, over the same basin, according to the considered
time window (Herndon et al., 2015; Torres et al., 2015; Botter et al.,
2019). Land use strongly shapes nutrient concentrations (Musolff et al.,
2015; Moatar et al., 2017; Abbott et al., 2018; Bieroza et al., 2018;
Botter et al., 2019), with a direct dependence on the anthropisation
degree (D’Amario et al., 2021), although a high variability of the Q - C
behaviour according to basin peculiarities has been reported (Godsey
et al., 2019). It has been proven that dilution laws are more precisely
followed by conservative substances, and much more uncertainly by
non-conservative ones such as nutrients, due to the intervention of
biochemical factors, emerging under low-flow discharges (Bowes et al.,
2015; Duncan et al., 2017; Moatar et al., 2017; Balerna et al., 2021).

A hysteretic behaviour with different Q — C trends between the
ascending and descending limbs of flood hydrographs has been often
observed in anthropised basins when HFM measurements have been
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performed, in turn different from the general dilution behaviour
observable from long-term low-frequency measurements over the same
site (House and Warwick, 1998; Godsey et al., 2009; Duncan et al., 2017;
Moatar et al., 2017; Minaudo et al., 2019; Knapp et al., 2020; D’ Amario
et al., 2021). These short-term dynamics are due to phenomena such as
the dissolution of nutrients stored within the soil for agricultural wa-
tersheds or within sewer sediments for urban ones (Bowes et al., 2015;
Moatar et al., 2017; Knapp et al., 2020). Another relevant source of
short-term Q — C anomalies in urban basins is the activation of
Combined-Sewer Overflows (CSOs), leading to the release of untreated
sewage in water bodies, enriched by the washout of polluted impervious
areas (Arthur and Ashley, 1998; Viviano et al., 2014; Copetti et al.,
2019). These phenomena may lead to short-term concentration dy-
namics, which nevertheless disappear for the most intense events, in
which exceptional discharges bring about the return of source-limited
dilution dynamics (Viviano et al., 2017). These complex phenomena
make short-term Q — C trends impossible to be parameterised, as each
flood exhibits a different behaviour according to the event hydrology
and to the pre-existing conditions of the watershed (Bowes et al., 2015;
Rode et al., 2016; Knapp et al., 2020). Furthermore, short-term dy-
namics cannot be grasped by ordinary discrete monitoring, which is
though apt at characterising the long-term Q — C behaviour (Godsey
et al., 2009; Knapp et al., 2020). When discrete monitoring intercepts
these peculiar events, outliers to the long-term trend are produced,
which were in the past attributed to measurement errors (Bowes et al.,
2015).

2.2. Methodology to estimate Q — C relationships for monitored and
unmonitored watersheds

The developed methodology allows estimating the Q — C relation-
ships of dissolved substances in unmonitored basins from those obtained
for the neighbouring monitored ones, assuming that ecohydrological
similarity factors subsist among watersheds, such as climate and soil
characteristics, these being some of the factors which have been proven
to determine the variability of the relationships across sites (Moon et al.,
2014; Ibarra et al., 2016; Torres et al., 2017).

To obtain Q — C relationships for the monitored basins which could
hold for prognostic use, the a and b coefficients of the power law in Eq.
(1) were here estimated from monitoring data through non-linear least
squares (NLS) using MATLAB®. This was done despite the ordinary
linear least squares (LLS) having been traditionally used in studies on Q
— C relationships, in which b coefficients are estimated only for com-
parison among different substances and watersheds. In fact, the flaw of
LLS in determining the b coefficients of power laws, due to the linear fit
being obtained in the log-log space, is long known in literature (Miller,
1984; Pattyn and Van Huele, 1998; Goldstein et al., 2004; Clauset et al.,
2009; Dralle et al., 2015). For b < 0 values, such flaw would cause re-
siduals to the power law determined through LLS to diverge exponen-
tially for decreasing Q values, leading to a corresponding
underestimation of C and hence of predicted loads. Such problem is
avoided through NLS, in which the regression is performed on the var-
iables in their original domain.

Work was then done on the a and b coefficients of Eq. (1) obtained for
the monitored basins to make them dependent on some relevant
watershed ecohydrological parameters, to allow their extrapolation to
unmonitored basins.

The a coefficient was transformed into a comparison metric reflect-
ing basin characteristics by turning it into non-dimensional. As a matter
of fact, while b is natively non-dimensional and as such has been widely
considered as a comparison metric of the Q — C behaviour across wa-
tersheds (Godsey et al., 2009; Torres et al., 2015; Moatar et al., 2017;
Botter et al., 2019; Cartwright, 2020), a has the units of C/Q, i.e.
[MT? /L30+4b) |, where M is mass, T is time and L is length. Being corre-
lated to both Q and b, a cannot be directly compared across basins
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(Asselman, 2000; Syvitski et al., 2000; Mather and Johnson, 2014;
Dralle et al., 2015; Knapp et al., 2020; Torres and Baronas, 2021). In
fact, its theoretical meaning of concentration attained for a unit
discharge has no practical meaning, as a discharge of 1 m%/s can be a
high, ordinary or insignificant value, depending on the watershed.
Decorrelation of a can be performed normalising the discharge in Eq. (1)
by a Q* index value (Mather and Johnson 2014):

c 0\’ . ( 0 ) ’
=a[ =) sCc=d(= 2
@ “(Q) Tt e @
in which the decorrelated a* coefficient is thus:
d =a(Q) 3)

Egs. (2) and (3) allow removing the correlation of a from Q, whatever
is the designated Q*. Complete decorrelation from b instead requires a
proper Q¥, as can be obtained from the methodology by Bergner and
Zouhar (2000). However, that approach cannot be employed in the
present case, as Q* is estimated by Bergner and Zouhar (2000) as
function of the original a and b coefficients of the Q — C regression of the
observed values. These are clearly not available for unmonitored basins,
which we are addressing in this work. We then used as Q* the mean
watershed discharge Qp,, available for unmonitored basins from hydro-
logical estimations. Such normalisation of Q through Q, nevertheless
removes a large part of the correlation of a from b (Knapp et al., 2020).

The a coefficients of the Q — C regressions estimated for the moni-
tored basins in the case study were found to be positively correlated to
the urban ratio R, of the watersheds. A significant reduction of disper-
sion was found passing from a to a*, as detailed in the Results and
Discussion section. The obtained correlation is explained by a and
especially a* revealing the magnitude of observed concentrations
(Godsey et al.,, 2019), which largely depends on the degree of
anthropisation. The a* coefficients obtained for the monitored basins
could be suitably fitted by the following power law:

a = c(Ru)'I +e 4

where c, d, e are coefficients, depending on the considered substance.
The e coefficient physically represents the a* for a basin with R, = 0,
being that d > 0 was always obtained. Fitting was performed through
NLS, given the prognostic use of the obtained power law to find the a*
coefficients of the unmonitored basins.

For the b coefficient, Torres et al. (2015) found, comparing the Q - C
relationships for neighbouring basins, that stronger dilutions, i.e.
negative coefficients farther from zero, were obtained in flatter basins,
whereas more sloping basins were more chemostatic. This defined a
positive correlation of b with the mean slope S, to be ascribed mostly to
the high soil erosion ratio of mountain watersheds, in which source-
limitation dynamics are hence replaced by transport-limited ones. In
our case study, this correlation was partially concealed by basin ur-
banisation, almost absent in the study area of Torres et al. (2015). In
fact, the short-term rainfall dynamics previously described for urban
areas surely distort the long-term b coefficients towards values closer to
zero. To sort this issue in the simplest possible way, we introduced a
corrected b* coefficient:

b =bR, ®)

This way, if the b coefficient is drawn nearer to zero by high ur-
banisation, it is compensated by the high R, value of the watershed it-
self. Through the correction, we were able to significantly reduce
dispersion in the regressions with Sp, as detailed in the Results and
Discussion section. The b* coefficients obtained for the monitored basins
were suitably fitted by another power law:

b =f(Sn)f +h (6)

where f, g, h are coefficients, depending on the considered substance.
As g < -1 was always found, h defines the asymptotical value reached by
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b* for high slopes. Fitting was again performed through NLS.

Through the regressions developed for monitored basins through
Egs. (4) and (6), the a* and b* transformed coefficients can be computed
for unmonitored basins. The original b and a coefficients can be
computed from them reversing in sequence Egs. (5) and (3), respec-
tively, finally allowing the estimation of concentrations through
measured or hydrologically estimated discharges in unmonitored basins
through Eq. (1). Three watershed hydromorphological parameters are
then needed for the application of the elaborated method:

1) the mean discharge Qpn,, which contributes to the a coefficient;
2) the mean slope S;,, which contributes to the b coefficient;
3) the urban ratio R,, which contributes to both the a and b coefficients.

2.3. Case study

Lake Como (Fig. 1) is a deep perialpine lake at the foothills of the
Central Italian Alps. It has a remarkable environmental and economic
value, its waters being used for drinking supply by the cities of Como and
Lecco (Fig. 1b) and by other towns, fishery and highly profitable rec-
reational activities, in addition to large-scale agricultural and industrial
use of the outflowing water (Copetti et al., 2020). Lake Como is the
deepest Italian lake, with a 426 m maximum depth and a 181 m mean
depth according to the standard lake surface elevation of 198 m a.s.l.
(Rogora et al., 2018) and the 2005 bathymetry by the Italian Navy
(Regione Lombardia, unpublished data). The corresponding surface area
and volume are respectively 145.4 km? and 26.0 km® making it the
third Italian lake for both properties. The total watershed area including
the lake estimated through our GIS analysis (Fig. 1a) is 4547.5 km?,
89.4% of which lies in Italy and 10.6% in Switzerland. The watershed
has a maximum elevation of 4020 m a.s.l. at Piz Bernina and an average
elevation of 1558 m a.s.l. Lake Como, which covers only 3.2% of its
watershed, has a peculiar Y-like shape (Guyennon et al. 2014; Copetti
et al. 2020), with three narrow elongated arms. It has two main tribu-
taries, inflowing River Adda and River Mera (Fig. 1a), which enter at the
northern edge of the lake and drain the large Valtellina and Valchia-
venna valleys, respectively, which include mountain regions of perpet-
ual snow (Fig. 1b). The two rivers had a mean discharge in the
2000-2019 study period according to present estimations of 90.3 m%/s
and 33.5 m>/s, respectively. The Adda basin covers 57.5% of the total
watershed, while the Mera basin 16.3% of it. There are also 17 minor
tributaries with a discernible watershed (Fig. 1a), covering altogether
16.9% of the total basin. The remnant 6.1% of the watershed is covered
by strips surrounding the lake made up of very small, hardly distin-
guishable watersheds which drain into the lake as diffuse sources or
through ephemeral creeks (Fig. 1a). The only emissary of Lake Como is
outflowing River Adda, whose mean discharge at the Olginate regula-
tion dam (Fig. 1a) was equal to Q, = 160.0 m>/s in the 2000-2019 study
period (ARPA Lombardia, 2022). Mean annual liquid inflows (summa-
tion of rainfall and snowmelt) over the Lake Como watershed for
2000-2019 from the present hydrological estimations were 1268 mm. A
significant variability was observed between dry and wet years, with a
777 mm minimum in 2005 and a 1721 mm maximum in 2014. The
northern Adda and Mera basins are the driest ones, with 1117 mm and
1398 mm mean annual liquid inflows, respectively. The remnant part of
the watershed has similar mean annual values, ranging between 1458
mm for the Cosia basin and 1689 mm for the Albano basin (Fig. 1a).

Lake Como, as the other Italian perialpine lakes, underwent eutro-
phication in the 1960s, reaching peak eutrophic conditions in the early
1980s (Salmaso and Mosello, 2010). Restoration measures triggered a
slow reversal towards mesotrophic conditions, which stabilised by the
mid-2000s (Rogora et al., 2018). This was mostly allowed by the
connection of sewers of lake-facing towns to WWTPs. Pollution is
prominent in the closed south-western arm, which does not have an
emissary, is partially separated from the rest of the lake by an under-
water ridge and receives the waters of the heavily polluted Creek Cosia
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Fig. 1. (a) Tributary basins of Lake Como from the GIS analysis and relevant hydrographic elements (basin abbreviations are given in Table 2; CH = Swiss territory);
(b) map of land use groups for the Lake Como watershed from the CLC 2018 data, indicating the main urban areas.
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(1.5 m3/s 2000-2019 mean discharge) and Creek Breggia (4.0 m3/s
2000-2019 mean discharge), which drain the Como and Chiasso urban
areas (Fig. 1b), respectively (Bettinetti et al., 2000; Copetti et al., 2020).
Another peculiar tributary is Creek Rio Torto (3.5 m>/s 2000-2019
mean discharge) in the south-eastern arm, which drains a heavily
urbanised basin, a significant part of which is yet placed upstream of
Lake Annone (Fig. 1a), a twin-basin lake with total 5.5 km? surface area,
30.8 hm® volume and 11 m maximum depth (Osservatorio dei Laghi
Lombardi, 2005), of which Creek Rio Torto is the only emissary.

The sole existing proper estimations of total nutrient loads flowing
into Lake Como were produced inside the PLINIUS project for the
restoration of Lake Como (Gruppo di Lavoro Lago di Como, 2006). The
regional governmental authority Regione Lombardia considers those
estimations as reference for current environmental management activ-
ities. Both estimated nutrient emissions and measured nutrient loads
over the whole Lake Como watershed were assessed within the PLINIUS
project. For the formers, a 274 t a' value was determined for total
phosphorus (TP) (Salerno and Buraschi, 2006). For the latters, mean
annual values of 265 t a! for TP and 7871 t a! for total nitrogen (TN)
were established over the 2000-2004 period (Tartari et al., 2006). The
evaluation of measured nutrient loads assumed for the monitored basins
the mean 2000-2004 observed concentrations and discharges obtained
as follows: 1) through measurements for River Adda; 2) through re-
gressions from the formers for River Mera; 3) through a subdivision of
the remnant part of the annual hydrological balance according to area
and long-term mean precipitation for the other monitored tributaries.
For all unmonitored watersheds, a fixed identical concentration was
employed, calculated averaging the mean observed concentrations
assumed for the monitored watersheds excluding the most polluted
Cosia and Breggia basins, obtaining discharges as for the minor moni-
tored watersheds.

2.4. Available data and preliminary analyses

Hydrological delineation of the watersheds of the tributaries to Lake
Como (Fig. 1a) was performed through GIS techniques, employing the
HELIDEM HD-2 (HELI-DEM, 2013; Biagi et al., 2016) cross-border
Digital Terrain Model (DTM) with ~20 m resolution. This dataset har-
monises the DTMs produced by Italian and Swiss governmental in-
stitutions across the alpine area. The small diffuse basins were
aggregated according to the lake shore on which they are located
(Fig. 1a). The GIS analysis hence reported 24 watersheds, 11 monitored
and 13 unmonitored. The latters include the 5 diffuse basins. The mean
slopes of the watersheds S;, were also computed from the DTM.

Land use analysis on the watersheds (Fig. 1b) was performed through
the CORINE Land Cover (CLC) 2018 v.2020_20ul raster with 100 m
resolution (Copernicus, 2020), developed by the Copernicus EU pro-
gramme. The 27 land uses present in the area were assembled into 8
groups (Fig. 1b), the “Urban areas” group being considered to compute
the urban ratio R, of the tributary watersheds.

In this work, we estimated total daily nutrient loads released into
Lake Como by their tributary watersheds in the 2000-2019 period. Work
was then performed on the available water discharge and nutrient
concentration data to obtain the desired daily series.

Discharge data available for the 11 monitored basins are strongly
heterogeneous:

1) for River Adda, mean daily 2000-2019 discharges were available at
the Fuentes (Fig. 1a) station (ARPA Lombardia, 2022);

2) for River Mera, mean daily 2019 discharges were available at the
Sorico (Fig. 1a) station (ARPA Lombardia, unpublished data);

3) for the monitored minor tributaries (Breggia, Caldone, Cosia, Esino,
Pioverna, Rio Torto, Sanagra, Telo, Varrone), only instantaneous
measurements generally performed simultaneously with chemical
sampling were available, with an at best monthly resolution and
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several gaps in the series, in some cases spanning multiple years
(ARPA Lombardia, unpublished data).

To obtain mean daily discharges for River Mera for the 2000-2018
period, a linear regression against River Adda discharges was deter-
mined over the 2019 year of common availability, yielding r = 0.848 (p
< 0.001):

QMera = 0~383QAdda —1.050 (7)

This approach is legitimised by the similar morphoclimatic features
of the Adda and Mera watersheds. As regards the minor monitored
tributaries, available discharge measurements were too sparse to be
interpolated. For them and for the unmonitored tributaries, reference
was still made to the Adda complete series. However, due to the different
morphoclimatic features of their watersheds compared to the Adda and
Mera ones, relative liquid inflows with respect to the Adda watershed
were estimated from the annual values given by the BIGBANG v4.0
hydrological model of the Italian Institute for Environmental Protection
and Research (ISPRA) (Braca et al., 2021). The BIGBANG model, fed
with observed meteorological data, computes the components of the
hydrological balance for the Italian territory over a regular grid with 1
km resolution. Results are available for the 1951-2019 period (ISPRA,
2021). Liquid inflows were used instead of rainfall due to the presence of
glaciers in the Adda and Mera basins (Fig. 1b), so that snow falling over
them must be excluded from calculations, yet a proper estimation of
annual snowmelt should be included. Baseflow estimations are not
available in BIGBANG, so that the provided surface runoff variable
cannot be used to estimate discharges, being only a part of the flows
reaching the lake.

Annual mean liquid inflow heights were computed for all watersheds
for each year of the 2000-2019 period by spatial averaging. For the
Adda, Mera and Breggia basins, which partially lie in Switzerland, mean
values computed on their Italian fraction were assumed for the entire
watershed. Ratios between the annual mean discharges of the other
watersheds and those of the Adda basin were computed from the relative
annual liquid inflows and surface areas as:

Qui L A
Quadda  Lapdda Andda

(®

where i is the generic watershed, Q, is the annual mean discharge, I,
the annual mean liquid inflow and A the watershed surface area. The
hypothesis behind Eq. (8) is that, on a yearly basis, the runoff coefficient
can be assumed equal for all the Lake Como tributary watersheds, also
due to the lag between infiltration and baseflow occurring in large part
with smaller time scales. These annual ratios were then interpolated at a
monthly scale and then multiplied by the monthly mean discharges
observed for River Adda. Daily values were finally computed by inter-
polation. Liquid inflows at monthly resolution are available from BIG-
BANG. However, their use led to overestimated winter discharges for the
minor tributaries if they were included into Eq. (8). In fact, minor
tributaries have in winter much larger liquid inflow heights than the
Adda basin, for which a significant part of winter precipitation occurs in
solid form. Nevertheless, winter discharges of River Adda are supported
by baseflow originating from liquid rainfalls occurring during the pre-
vious months. This compensation justifies the multiplication of the
monthly interpolated results of Eq. (8) by the monthly discharges of
River Adda. A verification of this discharge estimation method for River
Mera with respect to the 2000-2019 series produced for this main
tributary led to a —3.2% =+ 6.9% mean difference in the mean monthly
discharges (a + 2.1% =+ 7.4% difference results for 2019, for which
observations are available for River Mera).

Discrete concentration series of nitrate (N-NO3), ammonium (N-
NHy), total nitrogen (TN), orthophosphate (P-POy), total phosphorus
(TP) and conductivity at standard 20 °C conditions (Cond) were avail-
able from the institutional sampling activities for the monitored basins
(ARPA Lombardia, unpublished data). As for the usually simultaneous
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discharge measurements, resolution is at best monthly, with several
gaps. Conductivity, being a proxy of the total dissolved ion concentra-
tion, was included to test if the proposed method worked for such var-
iable as well. Significant trends in measured concentrations relative to
measured discharges were not identified for any monitored tributary, so
that it was possible to build Q - C relationships valid for the whole
2000-2019 study period. This is mainly due to restoration measures on
the watersheds to revert lake eutrophication having been implemented
for Lake Como in the 1980s and 1990s, so that after 2000 only small
water quality improvements occurred on the tributaries (Salmaso et al.,
2014). Furthermore, negligible changes in land use took place over the
study period, inside which effects of climate change on watershed
nutrient dynamics can also be overlooked due to its relatively short
duration.

Table 2 reports for the monitored and unmonitored tributary wa-
tersheds of Lake Como the mean 2000-2019 discharges obtained from
the available observations and the performed hydrological estimations,
together with the properties obtained through the GIS analysis. Moni-
tored basins account for 86.1% and 88.5% of the total in terms of mean
annual discharge and surface area, respectively.

3. Results and Discussion
3.1. Q - C relationships of monitored basins

The NLS power-law Q — C regressions for the considered variables
over the monitored basins led to regression coefficients ranging —0.790
< r <-0.053 (Table 3), thus displaying a large variability. In the case
study, power-law regressions always suitably interpret the average long-
term behaviour of the observations, yet in some instances they cannot
represent the observed variability. This occurs when there is a larger-
than-usual chaotic variability of observed concentrations within a
small discharge range, such as for N-NO3 for Creek Rio Torto (Fig. 3b),
which leads to the second worst observed r coefficient. Such variability

Table 2

Mean 2000-2019 discharges obtained from the available observations and the
performed hydrological estimations and properties obtained through the GIS
analysis for the monitored and unmonitored tributary watersheds of Lake Como
(basins are listed by decreasing mean discharges and their abbreviations are
given in parentheses).

Basin Q. Mm% A Sm Ry
sl [km?] [%] [%]
Adda (AD) 90.3 2615.0 58.9 2.1
Mera (ME) 335 741.0 66.4 1.6
Pioverna (PI) 8.0 157.0 58.3 4.2
Breggia (B) 4.0 86.9 40.0 21.2
Varrone (VA) 4.0 84.0 72.8 0.5
Rio Torto (RT) 3.5 77.3 23.9 23.5
Telo (T) 1.6 33.8 44.0 9.7
Cosia (CO) 1.5 33.4 37.0 25.0
Caldone (CA) 1.3 26.8 61.0 9.3
Sanagra (S) 1.1 22.4 56.5 3.8
Esino (E) 1.0 20.0 53.9 4.0
Diffuse East external (DEE) 3.5 76.0 53.4 11.5
Diffuse South-West external 3.2 67.5 61.9 12.7
(DSWE)
Liro (L) 2.9 57.1 63.0 0.5
Diffuse North-West external 2.7 55.4 53.4 12.5
(DNWE)
Diffuse West internal (DWI) 2.5 53.2 61.7 8.0
Albano (AL) 2.4 45.9 63.8 1.1
Val di Livo (VL) 2.3 46.6 69.6 0.4
Nose (N) 1.3 27.0 46.2 1.0
Diffuse East internal (DEI) 1.3 27.2 55.6 15.9
Meria (MI) 1.0 21.3 80.7 4.1
Perlo (PE) 0.5 11.2 39.5 2.2
Gerenzone (G) 0.4 8.2 63.1 13.3
Zerbo (Z) 0.4 7.7 56.8 2.2
Total 174.0 4402.1 59.2 3.7
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Table 3

Regression coefficients of the NLS Q — C power-law regressions for the consid-
ered variables on the monitored watersheds (basins are listed by decreasing
mean discharges and their abbreviations are given in parentheses; regressions
with p > 0.05 are in italics; sample size is given in brackets).

r

Basin Cond N-NO3 N-NH,4 TN P-PO4 TP
Adda (AD) —-0.752 -0.644  —-0.615 —-0.476  —0.661 —0.591
[132] [130] [72] [102] [114] [100]
Mera (ME) —0.687 —0.355 —0.244 —-0.125 —0.146 —-0.314
[91] [86] [73] [70] [431 [86]
Pioverna (PI) -0.429 -0.359 -0.193 -0.410 —-0.437 —-0.276
[130] [128] [92] [128] [71] [106]
Breggia (B) -0.750 -0.744 -0.502  —-0.601 —0.378 —-0.376
[14] [13] [12] [14] [11] [12]
Varrone (VA) -0.299 -0.643 -0.192 -0.273 -0.749 —-0.319
[119] [124] [53] [123] [78] [90]
Rio Torto (RT) -0.736  -0.122 -0.536 —-0.397 -0.360 —0.383
[109] [102] [103] [107] [97] [103]
Telo (T) —0.524 —0.781 —0.299 —0.557 —0.790 —0.645
[27] [28] [15] [26] [27] [28]
Cosia (CO) -0.546 —0.125 -0.248 -0.392 —0.133 —0.433
[47] [36]1 [40] [42] [46] [48]
Caldone (CA) -0.396  -0.493 -0.375 -0.378 -0.598 -0.622
[123] [128] [131] [134] [130] [130]
Sanagra (S) —0.556  —0.144 -0.173  -0.053 -0.256  —0.219
[134] [134] [120] [117] [126] [130]
Esino (E) -0.690 —-0.688 —0.429 —-0.684 —0.785 —0.783
[21] [22] [12] [21] [22] [22]

should be ascribed to the described complex coexisting Q — C behaviours
of a watershed at multiple time scales intersecting discrete institutional
monitoring (Bowes et al., 2015). Small regression coefficients also result
when the sample size (Table 3) is not large enough to reveal the long-
term dilution behaviour, or when samples are unevenly distributed
across the discharge range. When non-significant regressions with p >
0.05 are found (Table 3), they are mostly due to the related low r values.
In some cases, such as for Creek Breggia, Creek Telo and Creek Esino
(Fig. 4c), they are yet due to the insufficient sample size. The weakest
regressions have been obtained for N-NHy, limit-of-detection (LOD) is-
sues impairing for some basins the precision of observations and
reducing in others the number of available samples with respect to the
other considered variables (Table 3).

Figs. 2-4 report as sample the available 2000-2019 observations and
the related LLS and NLS power-law regressions for a large, a medium and
a small tributary watershed, i.e. the basins of River Adda, Creek Rio
Torto and Creek Esino, respectively. The NLS regressions lead to better
results than the LLS ones, more properly interpolating the highest con-
centrations observed for the smallest discharges. In some cases, the use
of a single power law for the regression shows its limits, such as for River
Adda (Fig. 2), for which adopting a piecewise regression segmented at
the median or mean discharge (Q, = 90.3 m>/s, see Table 2), as pro-
posed by Meybeck and Moatar (2012), would have allowed a better
interpolation in the low Q - high C range through a steeper local power
law. Such possibility could be evaluated in future developments of the
herein introduced methodology.

3.2. Q - C relationships of unmonitored basins

Transformation of the a and b coefficients of the Q — C power laws
obtained for the monitored basins into the a* and b* variables defined by
Egs. (3) and (5), respectively, led to a significant reduction of dispersion
for all considered variables (Figs. 5 and 6). The NLS power-law re-
gressions expressed by Egs. (4) and (6) are displayed in Figs. 5 and 6. The
Rio Torto basin was discarded in all regressions, the determined a* and
b* strongly deviating from the outlined power-law trends. In the re-
gressions of a* for P-PO4 and TP, the Breggia watershed was similarly
discarded. The resulting regression coefficients are exceptionally good
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Fig. 2. Q- C observations for River Adda and power-law regressions using the LLS (orange lines) and NLS (blue lines) techniques for Cond (a), N-NO3 (b), N-NH, (c),
TN (d), P-POy4 (e), TP (). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and range 0.922 < r < 0.997 for a* and 0.797 < r < 0.978 for b* (the
lower bound of the latter is 0.921 excluding N-NO3), with p < 0.01 in all
cases.

For a*, the resulting d exponents of the regressions given by Eq. (4),
expressing the concavity of the curve, are d > 1 for all nutrient sub-
stances, describing an exponential increase of nutrient concentrations
with R, (Fig. 5b — 5f). For Cond, 0 < d < 1 results instead, delineating an
asymptotical stabilisation with R, (Fig. 5a). The constant terms are all e
> 0, complying with the physical meaning of such term. For what
concerns b*, the obtained exponents of the regressions given in Eq. (6)
are all g < -1. This implies an asymptotical rise of b* for increasing Sp,
towards the threshold value given by the h constant term (Fig. 6). For the
latter, very small h < 0 values were obtained in all cases, still complying
with the physical meaning of the term.

Asregards a*, the anomaly of the Rio Torto watershed is given by the
low observed concentrations, leading to low a* coefficients (Fig. 5), in
relation to the high R, of the basin (Table 2; Fig. 1b). This should be
ascribed to Lake Annone, placed 3.9 km upstream of the outlet of Creek
Rio Torto into Lake Como (Fig. 1a), altering the ordinary Q — C dynamics
(Botter et al., 2019) by abating nutrient and solute loads. A similarly
noticeable behaviour is not observed for River Mera, which flows out of
Lake Mezzola 3.3 km upstream of the final outlet into Lake Como
(Fig. 1a). This should be first due to the Rio Torto watershed being much

more urbanised (R, = 23.5%) than the Mera one (R, = 1.6%), so that for
the former there exists a much higher abatement potential. Furthermore,
Lake Mezzola has a much lower 0.2 a theoretical residence time (OLL,
2005) than the combined 1.6 a one of both Lake Annone basins (OLL,
2005), which limits abatement processes. The anomaly of the a* co-
efficients obtained for phosphorus for the Breggia basin (Fig. 5e and 5f)
is still given by lower-than-expected values in relation to the high R,
(Table 2; Fig. 1b). These originate from much smaller observed phos-
phorus concentrations than those of the neighbouring Cosia basin,
despite the similar urban ratios (R, = 21.2% for Breggia, R, = 25.0% for
Cosia). This singularity may have to do with 61.9% of the Breggia basin,
including the Chiasso urban area, being in Switzerland (Fig. 1), in which
different regulations to the Italian ones exist on phosphorus control
(WWTPs, fertilizers, manure disposal; Botter et al., 2019).

For b*, the negative coefficients obtained for the Rio Torto basin are
much closer to zero than expected from its very low mean slope S, =
23.9% (Fig. 6), which is the lowest among the monitored and unmoni-
tored watersheds (Table 2). This slope is only marginally distorted to-
wards lower values by Lake Annone, being a horizontal surface in the
DTM, the value excluding it being S, = 25.7%. Rather, the main cause of
the b* anomaly is given by Lake Annone, which occupies 7.1% of the Rio
Torto watershed, working as a damper of solute concentration varia-
tions, thus establishing a much more chemostatic behaviour than the
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Fig. 3. Q- C observations for Creek Rio Torto and power-law regressions using the LLS (orange lines) and NLS (blue lines) techniques for Cond (a), N-NO3 (b), N-NH,4
(c), TN (d), P-POy4 (e), TP (f). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

one determined by the surrounding basin. This behaviour is not clearly
discernible again for the Mera basin, due to the much smaller residence
time of Lake Mezzola, which furthermore occupies only 0.7% of the
watershed, hence strongly limiting its damping potential.

When computing the a and b coefficients of the unmonitored basins,
the cases in which extrapolations outside the ranges of the hydro-
morphological parameters Qn, S, and R, given for the monitored wa-
tersheds were performed are few and of small entity (3 instances for Qp,
1 for S, and Ry), thus limiting possible side effects. The plots of the a and
b coefficients obtained for the unmonitored basins against R, and Sp,
respectively, are displayed in Fig. 7. Moderately high a coefficients
result for the diffuse and for the Gerenzone basins due to their significant
urbanisation (the latter flows through the Lecco urban area, see Fig. 1),
leading to high nutrient concentrations. Very low b values resulted for
the Liro, Nose, Perlo and Val di Livo watersheds, below the range ob-
tained for the monitored basins. This is due to the very low R, of such
basins not being balanced by very high Sp,, thus determining a markedly
chemodynamic behaviour (Egs. (5) and (6)). On the opposite side, the
diffuse and Gerenzone basins, due to their high R, and moderately high
Sm, are characterised by b values close to zero. For the Liro and Val di
Livo basins, the very low b values also lead to high a values, given the
dependency between the two coefficients (Eq. (3)), despite their very
low Ry,. The herein obtained b coefficients are generally lower than those
presented in literature studies, values b < -1 being obtained in some
cases, with a minimum b = -4.149 resulting for N-NH, for the Perlo
watershed. However, our values, determined through NLS, are intrin-
sically lower than the literature ones obtained through LLS, as they

weigh more correctly the low discharge range (Figs. 2-4).

Fig. 8 depicts the relationship between S;; and R, for all monitored
and unmonitored tributary basins of Lake Como. It is evident that R,
generally decreases for increasing Sp,, reflecting the land inaccessibility
principle. This inverse correlation is mirrored in the b coefficient, given
the definition of b* as function of R, adopted here (Eq. (5)) and its
regression against Sy, (Eq. (6)), and thus also influences the a coefficient.
The S, — Ry relationship obtained for the monitored basins is well
described, excluding the Rio Torto watershed, by a further power law
with constant term different from zero (Fig. 8), such as Egs. (4) and (6),
leading tor =-0.954 (p < 0.001). Unmonitored watersheds deviate more
from such relationship. As a matter of fact, unmonitored basins are
either small basins with very low urbanisation (Albano, Liro, Nose,
Perlo, Val di Livo, Zerbo) or diffuse basins with a very high R, relative to
Sm, consisting of the coastal towns and the mountains behind them.
While for the formers low input loads are expected, justifying the lack of
monitoring, the latters deliver to the lake significant nutrient masses, yet
their monitoring is made extremely difficult by their diffuse nature. The
Gerenzone basin shares similar S,,, — R, features with the diffuse basins,
leading to projected significant nutrient delivery from the Lecco urban
area (Fig. 1b) according to the present estimations.

3.3. Input loads to Lake Como
Daily concentration series of TN and TP obtained from the Q — C

relationships estimated for monitored and unmonitored basins were
corrected to avoid having TN values lower than N-NO3 + N-NHy
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Fig. 4. Q- C observations for Creek Esino and power-law regressions using the LLS (orange lines) and NLS (blue lines) techniques for Cond (a), N-NOs (b), N-NH,4 (c),
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concentrations and TP values lower than P-PO,4 concentrations. These
corrections involved only 3.9% and 0.9% of the overall TN and TP daily
values, respectively, cumulated over all watersheds. The adjustments
were necessary for 8 basins for TN and 3 basins for TP and were related
to very low and/or very high discharges, for which Q - C relationships
are less robust due to lack of data and higher fitting uncertainty. They
caused negligible 0.3% and 0.02% increases of total mean annual
2000-2019 TN and TP loads delivered to Lake Como, respectively.

The resulting total annual mean discharges Qg and total input
loads flowing into Lake Como each year for the 2000-2019 period are
listed in Table 4. The total annual mean discharge has mean and stan-
dard deviation (SD) Qutor = 174.0 £+ 43.6 m3/s over 2000-2019, thus
with a relevant coefficient of variation CV = 25.0%, originating from
rainfall variability across years. This high variability is further high-
lighted by the ratio between the maximum and minimum Qg values
max/min = 2.8 obtained for the study period. The total annual loads of
N-NO3z and TN follow very closely the variations of Qg s, With regression
coefficients r = 0.988 and r = 0.993, respectively (p < 0.001). This is
echoed also by their barely smaller CV and max/min ratios than those of
Qq, o~ This behaviour is explained by the b values very close to zero
obtained for most watersheds for N-NOs and TN (Fig. 7b and 7d),
determining an almost chemostatic behaviour. A smaller variability in
terms of CV and max/min results for P-PO,4 and TP, for which r = 0.957
and r = 0.969 regression coefficients against Qg were attained (p <
0.001). This is ascribed to the higher slopes of the dilution curves

10

obtained for phosphorus (Fig. 7e and 7f), leading to a partial equal-
isation of higher discharges by smaller concentrations. For all the
aforementioned solutes, the entity of loads therefore mostly depends on
discharges, with a transport-limited behaviour. Interannual variability
almost completely vanishes instead for N-NHy, for which the lowest b
coefficients were obtained (Fig. 7c), with CV = 4.3% and max/min =
1.2. This highlights an almost perfect chemodynamic source-limited
behaviour, with a virtually constant N-NH4; load among years with
widely different Qq o A weak, non-significant (p > 0.05) inverse cor-
relation with r = -0.190 against Q. is even obtained for N-NHy.

The mean 2000-2019 total annual load of TP of 219.1 t a! obtained
here (Table 4) is 20.0% smaller than the 274 t a™ estimated nutrient
emission obtained by Salerno and Buraschi (2006). This is expected, as
literature export coefficients typically represent the maximum likely
values for a given population or livestock unit or soil use per unit area.
Considering the 2000-2004 period, the mean 227.7 t a* TP load and
8368.4 t a”! TN load resulting from the present estimations are respec-
tively 14.1% smaller and 6.3% larger than the mean 265 ta™ and 7871 t
a’! measured nutrient loads assessed by Tartari et al. (2006) over that
period. The small difference between the presently established
measured nutrient loads, averaged over a 5-year base, and those
determined through a more traditional approach, in which Q — C dy-
namics were not considered, surely validates the proposed methodol-
ogy. However, this also suggests that for a multi-year average the
present method could not offer a superior precision, while it could be
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Table 4
Estimated total annual mean discharges Qu: and total annual loads of the
considered nutrient substances flowing into Lake Como over 2000-2019.

Annual load [t]

Year Qq, ot N-NO3 N-NH4 TN P-PO4 P
[m®/s]
2000 236.1 6194.1 596.5 9892.3 136.3 254.2
2001 256.1 6169.4 558.3 9999.2 130.9 247.8
2002 207.3 5816.3 593.0 9180.2 132.3 243.1
2003 135.6 4004.0 563.3 6428.9 106.6 199.1
2004 131.7 3935.3 556.4 6341.3 105.3 194.5
2005 91.5 2997.1 622.0 4925.9 98.2 183.9
2006 112.3 3473.8 589.6 5641.4 101.6 189.7
2007 103.7 3313.3 598.0 5371.8 100.2 186.6
2008 176.0 4995.1 603.1 7981.8 122.4 226.8
2009 183.2 5175.9 559.5 8212.3 122.1 2259
2010 206.0 5717.3 570.0 9039.1 129.3 238.9
2011 176.9 4787.2 524.6 7704.7 112.9 211.1
2012 185.4 4972.7 550.8 7996.3 117.2 218.8
2013 189.2 5256.2 551.0 8355.0 121.9 225.4
2014 242.2 6572.5 591.1 10389.3 142.1 262.1
2015 169.7 4819.9 548.7 7691.0 116.3 216.1
2016 166.1 4729.1 551.7 7545.3 115.1 213.7
2017 144.2 4200.3 558.1 6726.3 108.7 201.3
2018 174.1 4827.5 540.5 7703.8 114.8 214.0
2019 192.8 5338.3 560.2 8477.9 123.4 228.7
Mean 174.0 4864.8 569.3 7780.2 117.9 219.1
Qm, +43.6 +959.8 +24.3 +1490.5 +12.0 +22.1
t()t)
+ SD
cv 25.0% 19.7% 4.3% 19.2% 10.2% 10.1%
Max/ 2.8 2.2 1.2 2.1 1.4 1.4
min

significantly better at a single-year scale, or even at shorter ones, pro-
vided that more accurate hydrological estimations than the presently
employed ones are included.

The mean 2000-2019 estimated loads delivered by each tributary
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watershed into Lake Como are reported in Table 5. While unmonitored
basins contribute by 13.9% and 11.5% of the total in terms of mean
annual discharge and surface area, respectively, their impact in terms of
nutrient loads is greater, reaching 30.2% for P-POy, i.e. respectively 2.2
and 2.6 times larger. This is due to the highly urbanised diffuse and
Gerenzone basins being among the unmonitored ones. That points out
the limit of the common simplifying approach of considering nutrient
loads for unmonitored basins proportional to those assessed for moni-
tored basins on the base of discharges, or, when estimations of the latters
are not available, of watershed areas, as done in the previous estimations
by Tartari et al. (2006). The methodology presented here thus enables a
potentially more reliable distribution of overall loads among tributary
watersheds, keeping into account land use, even if presently only in
terms of R,. Actually, Tartari et al. (2006) determined for the unmoni-
tored basins a 12.3% contribution for TN and a 10.9% contribution for
TP over 2000-2004, instead of the 21.8% and 25.0% ones respectively
obtained here for the same period. As a matter of fact, higher differences
emerge between the present estimations and the past ones for individual
basins than those presented before at the overall Lake Como watershed
scale.

Mean 2000-2019 annual loads of TN and TP per unit area for all
tributary basins of Lake Como are displayed in Fig. 9, in which the
spatially weighted average values of 1.77 ta™ km 2 for TN and 0.05 ta™*
km ™2 for TP are also represented. The Breggia and Cosia basins stand out
in terms of high TN unit loads, while the condition of Breggia improves
greatly in terms of TP, as already highlighted. Among the other water-
sheds, the Diffuse East Internal basin emerges, being estimated to be the
third and second most contaminated watershed in terms of TN and TP,
respectively. Such basin includes all the municipalities on the western
shore of the south-eastern arm and those on the mountains behind and is
the fourth most urbanised basin after Cosia, Rio Torto and Breggia
(Table 2; Fig. 1b). As a matter of fact, phytoplankton blooms have been
frequently observed on that shore, ascribable to high diffuse loads
(ARPA Lombardia, personal communication).

Another relevant basin is the Gerenzone one, which drains a portion
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Table 5

Mean 2000-2019 estimated loads of the considered nutrient substances deliv-
ered to Lake Como for the monitored and unmonitored tributary watersheds
(basins are listed by decreasing mean discharges and their abbreviations are
given in parentheses).

Mean annual load 2000-2019 [t a™]

Basin N-NO3 N- TN P- TP
NH, POy
Monitored basins
Adda (AD) 1653.0 196.7 2549.1 42.5 69.9
Mera (ME) 622.3 66.6 1403.5 10.4 34.7
Pioverna (PI) 359.1 12.1 406.6 3.2 7.0
Breggia (B) 428.4 81.2 726.0 7.3 15.7
Varrone (VA) 115.2 4.4 171.8 1.3 2.4
Rio Torto (RT) 106.4 17.4 174.8 1.7 7.2
Telo (T) 76.3 3.8 105.1 2.2 3.1
Cosia (CO) 206.3 64.3 300.9 10.1 17.9
Caldone (CA) 78.4 6.5 101.8 2.1 2.8
Sanagra (S) 42.3 6.1 78.7 0.8 1.8
Esino (E) 26.8 1.1 36.2 0.8 0.8
Unmonitored basins
Diffuse East external (DEE) 215.7 11.6 309.6 6.7 9.2
Diffuse South-West external 216.8 12.6 312.2 7.2 10.0
(DSWE)
Liro (L) 71.8 15.5 118.7 2.2 4.5
Diffuse North-West external 179.2 10.3 258.2 5.9 8.2
(DNWE)
Diffuse West internal (DWI) 117.6 6.5 168.0 3.0 4.1
Albano (AL) 58.7 6.7 94.6 1.0 2.3
Val di Livo (VL) 54.2 18.1 95.1 1.6 4.8
Nose (N) 38.5 7.8 59.7 1.7 2.2
Diffuse East internal (DEI) 109.1 9.0 160.1 4.2 6.2
Meria (MI) 34.5 2.5 50.9 0.6 1.1
Perlo (PE) 16.4 6.1 43.0 0.5 1.4
Gerenzone (G) 27.6 1.7 39.9 0.9 1.3
Zerbo (Z) 10.1 0.9 15.7 0.2 0.3
Fraction of the total mean annual load
2000-2019 [%]
Monitored basins 76.4 80.8 77.8  69.8 74.6
Unmonitored basins 23.6 19.2 222 30.2 25.4

of the Lecco urban area (Fig. 1b), estimated to be the fourth most
contaminated watershed in terms of both TN and TP unit loads. This
projection is however not confirmed by visual observations, the waters
of Creek Gerenzone being much clearer than those of Creek Caldone
(ARPA Lombardia, personal communication), the other urban stream of
the Lecco city (Fig. 1). The main reason for this likely mismatch should
be the alteration done by the sewer network on the natural slope-based
drainage assumed by the GIS watershed delineation. Differences be-
tween natural and actual watersheds are common in urban areas and
should be carefully considered by future studies. This is especially
relevant for unmonitored basins, for which anomalies cannot be detec-
ted, as we have done here for example for the monitored Rio Torto and
Breggia watersheds.

The nutrient load abatement operated by Lake Annone is clear from
Fig. 9. Despite the Rio Torto basin being the second most urbanised one
(Table 2), it is far from being the most contaminated watershed in terms
of unit loads of TN and TP. It is worth highlighting that the Adda basin,
which leads to Lake Como by far the largest nutrient loads (Table 5) due
to its prevailing size, results in the smallest unit loads of TN and TP, far
smaller than the average ones of the whole lake watershed. The other
major Mera tributary basin is also among the least contaminated ones.

3.4. Achievements and limitations of the present study

Regionalisation methods have long been applied in hydrology for
rainfall and discharge estimations. However, to the knowledge of the
Authors, this is the first time that a methodology based on ecohydro-
logical principles is proposed to extend the regionalisation concept to
nutrient load estimations. Results obtained by developing such
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techniques would be strongly beneficial to the environmental manage-
ment of watersheds, nutrient budgeting being one of its core needs,
especially when water bodies vulnerable to eutrophication are involved.
In addition, ecohydrological regionalisation methods would provide
data to be used as input of water quality models or as comparison against
other techniques to obtain nutrient loads in unmonitored basins. These
include the estimated nutrient emission method and physically based
models modelling the water-soil interaction, such as the Soil & Water
Assessment Tool (SWAT+) model (SWAT, 2023). Development of eco-
hydrological regionalisation methods is therefore supported, being
based on actual observations on neighbouring watersheds, opposite to
the literature-based estimated nutrient emission method. Furthermore,
they are of relatively straightforward application and do not involve
building a full coupled hydrological-ecological watershed model, such
as SWAT + applications.

The proposed methodology has shown good results in the present
application to the Lake Como watershed. The obtained results are
overall in line with those obtained from previous estimations based on
traditional techniques. Anomalies of individual monitored basins with
respect to the trends identified for the transformed a* and b* coefficients
could here be explained by physical motivations. Anomalies of un-
monitored watersheds, such as the one foreseen for the Gerenzone basin,
cannot be detected as easily. In such cases, discussing results with local
experts could be the only way to avoid errors. Application to other case
studies, being both basins of other subalpine lakes, sharing many fea-
tures with the Lake Como watershed, and completely different basins,
would be compelling. It would allow first evaluating the applicability
range of the proposed methodology and then studying the general-
isability of the regressions between hydromorphological parameters and
the transformed a* and b* coefficients, defining the boundaries of the
regionalisation approach. Validation studies involving measurements on
unmonitored basins for which the Q — C curves have been forecasted,
including those of the present Lake Como case, would also be strongly
beneficial.

This work is a first step towards the development of a thorough
ecohydrological regionalisation method for nutrient and solute loads
and has high margins of improvement. This is evident in the formulation
of the b* coefficient, for which the simplest possible approach was
chosen (Eq. (5)). Future studies should also more properly investigate
the influence of different land uses, only the urban ratio R, having been
employed here. For the case study, replacing R, in Egs. (4) and (5) with a
linear combination R, = Ry + aR,, where Ry is the agricultural ratio
and « is a coefficient to be optimised for each substance and equation,
did not lead to a significant improvement in the regression coefficients
of a* and b*. The agricultural ratio was evaluated including both the
“Farmed areas” and the “Pastures and scattered cultivations” groups in
Fig. 1b, weighting the latter by 0.5. Furthermore, some resulting optimal
a values were hardly explicable. This may be due to the predominance of
urban point sources over diffuse agricultural ones for the case study, in
addition to the good correlation between R, and R, for the monitored
basins, returning r = 0.525 (r = 0.462 including all tributary watersheds;
p < 0.05 in both cases). In all future developments, conflicting benefits
of simplicity and accuracy should always be carefully evaluated. The
proposed method refers to long-term Q — C curves, such as those ob-
tained from long-term discrete monitoring data series available from
environmental protection institutions. Availability of HFM monitoring
data would allow evaluating ecohydrological regionalisation methods in
the short term as well, suggesting specific improvements.

4. Conclusions

In this study, a method functional to the generation of continuous
series of nutrient loads for monitored and neighbouring unmonitored
basins, based on discrete monitoring data obtained from environmental
protection institutions, has been presented. The approach exploits the
power-law Q — C curves obtained for the monitored basins to extract
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Fig. 9. Estimated 2000-2019 mean annual input loads of TN (a) and TP (b) per unit area from the tributary basins delivered to Lake Como and related average values
over the whole lake watershed (blue lines) (basin abbreviations are given in Table 2). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

trends of properly transformed power-law coefficients with respect to
watershed hydromorphological parameters and infer the Q — C curves of
the unmonitored basins. This work represents a first step in the devel-
opment of ecohydrological regionalisation techniques for the estimation
of nutrient and solute loads. Application to the Lake Como watershed
case study over the 2000-2019 period gave promising results and
allowed evaluating the interannual variability of total nutrient loads
with yearly precipitation, something which is not possible with the
estimated nutrient emission method, which assumes constant export
coefficients based on population equivalent and land use taken from
literature.
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