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1 | INTRODUCTION

Anthropogenic nutrient loadings to aquatic environments have
resulted worldwide in a degradation of surface water quality due to
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Daniele Nizzoli?

Abstract

Deep lakes under climate change are experiencing reduced deep mixing, with a con-
sequent increase in nutrients concentration and oxygen deficit in the hypolimnion.
From this perspective, greater efforts should be made to reduce the phosphorus load
delivered to these lakes by their tributaries. An essential precondition for this action
is a reliable estimate of the loads, which is challenging due to the marked temporal
variability of the hydrologically-driven diffuse sources. In this article, we used a high-
resolution phosphorus time series measured at the mouth of the main tributary of
Lake Iseo and a machine learning algorithm to show the dominant role played by the
acute, storm-dependent transport. The results emphasize the need to control loads
strictly linked to precipitation and runoff in the drained watershed, representing 31%
of the observed events but responsible for 64% of the overall load to the lake. We
also proved evidence that the current obligations on nutrients monitoring miss the
total phosphorus dynamics, leading to a systematic underestimation of the load con-
veyed by the inflows. Accordingly, we propose a sampling methodology where the
timing and the methods for data interpolation are established according to the hydro-
logical conditions in the drained watershed. Accounting for the economical and prac-
tical constraints imposed by the monitoring authorities, we propose to integrate, at
the mouth of lake tributaries, a monthly manual sampling with an auto-sampler
programmed to fill 2 bottles in correspondence of each high flow event. Our simula-
tions showed that in this case the load estimation error was reduced below 1%,
implying, on average, 13 field surveys/year and 21 laboratory analyses/year only. It is

reasonable to expect comparable performances in hydrologically similar watersheds.
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increased  biological productivity and decomposition rates
(Wurtsbaugh et al., 2019). In lakes, this accelerated eutrophication
process has been primarily driven by point and diffuse sources of total
phosphorus (TP) and nitrogen (N), often further reinforced by the
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internal nutrient load released from the sediments (Schindler, 2006)
and by the effects of climate driven changes on hydrology, precipita-
tion patterns, water temperature, mixing regime and food webs
(e.g., Moss, 2011; Trolle et al., 2011).

Despite noticeable examples of success in North America and
Europe in reducing eutrophication, many eutrophication-related prob-
lems remain (McCrackin et al., 2017). Reduction in external TP load-
ings to eutrophic lakes has been considered the best of long-term
restoring measures, which in some cases proved effective to slow
down internal load too (Schindler, 2006; Schindler et al., 2016) and
without which treatments within lakes have minimal lasting results
(Lurling et al., 2016; Wetzel, 2001). Starting from the 70s, a rapid
decrease of TP external load was obtained by reducing the point
sources mainly by improving wastewater treatment and reducing
phosphorus in laundry detergents. However, in many cases such
effort has not yet led to the desired improvement in water quality,
likely because of the presence of unaccounted TP sources such as the
accumulation and subsequent release of nutrients in long-term stor-
age pools or the increased contribution of runoff from impervious
urban areas and overflowing discharges from combined sewers
(Clement, 2001; Goyette et al, 2018; Jarvie et al., 2013; Pilotti
et al., 2021). Accordingly, reducing eutrophication in this century will
focus on the limitation of the effect of leaching from agricultural envi-
ronments (Jarvie et al., 2013; Moosmann et al., 2005), of runoff over
urban areas and of overflowing discharges by combined sewer weirs
(CSWs) present along mixed sewers in urban areas (USEPA, 2009).

This task will be challenging for two main reasons. Firstly, changing
the agricultural practices, restoring wetlands, riparian areas and chan-
nelized streams is much more difficult than dealing with the point
sources (Jarvie et al., 2013; Schindler, 2006). Secondly, diffuse TP loads
depend on the interaction between land use and precipitation patterns
and show larger temporal variations today than in the past, when
wastewater constituted the major input (Moosmann et al., 2005). In
contrast to wastewater sources, surface hydrological pathways to the
watercourse in agricultural environments, in-stream remobilisation of
the sediments, runoff along impervious surfaces associated with urban
areas and overflows from combined sewers are hydrologically-driven
and discontinuous sources of TP (Withers & Jarvie, 2008). Accordingly,
when these diffuse sources are involved, the TP input budget may be
dominated by relatively few days of high discharge, especially in its par-
ticulate form (PP) (Correll et al., 1999). Although stream-borne PP may
not be immediately bioavailable in the receiving lake environment, it
feeds lake sediments, and could become a large, long-term nutrient
source for aquatic biota (Abell et al., 2013; Carignan & Kalff, 1980).

Experimental studies have provided evidence of a disproportionate
increase of river TP loads relative to base load during storm events
(e.g., Carpenter et al., 2015, 2018). This evidence questions the suitabil-
ity of some frequently adopted monitoring practices to estimate the
external TP loads from a catchment (Preston et al., 1992). When esti-
mating loads, time series of concentration of specific constituents are
combined with time series of flow. Whereas continuous time series of
flow are often measured with a frequency that is higher than the natural

variability of the signal at most monitoring sites, continuous series of

nutrients concentration are rarely available, because conventional labo-
ratory measurements of water chemistry are time consuming and
expensive. Moreover, no precise guidance is provided for water quality
monitoring programs aimed at computing the nutrient load delivered to
a lake (Kirchner et al., 2004). In Europe, for instance, the officially avail-
able nutrient data are typically those collected by the environmental
authorities to address the ecological status of a river according to the
water framework directive (WFD), which recommends a minimum of
four measurements per year. These low-frequency monitoring programs
could be inadequate for a representative assessment of nutrient load
because they likely miss almost all the storm events, thus failing to
reveal the very close coupling between the hydrological and chemical
dynamics (Kirchner et al., 2004) and to resolve the episodic nature of
material fluxes (Abell et al., 2013). Especially in flashy streams, continu-
ous monitoring is essential for accurate estimation of the cumulative flux
(Khalil & Ouarda, 2009). In this direction, Kirchner et al. (2004) proposed
field-deployable auto-analysers as one of the major technologies for
continuous field measurements of individual chemical constituents.
However, the overall cost of auto-analysers acquisition and manage-
ment would make prohibitive to perform continuous measurements at
all sampling locations of a regional monitoring network. Accordingly, to
extrapolate the high-frequency dataset to longer periods and more sta-
tions, some authors used these data to calibrate a physically-based
model (Vilmin et al., 2018). If particulate phosphorus is the prevailing TP
form, an alternative solution to auto-analysers is represented by surro-
gate measures such as turbidity, which can be easily measured with high
frequency in situ and which may have potential for generating high fre-
quency estimates of TP concentrations after a proper site-specific cali-
bration (Irvine et al., 2019; Robertson et al., 2018). These methodologies
were successfully used to measure nutrients at high frequencies in dif-
ferent experimental sites, confirming the relative role of chronic storm-
independent and acute storm-dependent contributions on the nutrient
load formation (Jordan et al., 2007; Ockenden et al., 2016). They also
provided insights on the mobilization and transfer dynamics of nutrients
during storm events (Bowes et al., 2015; Jordan et al., 2005; Outram
et al., 2014), which are essential to properly designing management
strategies in the catchment (Bende-Michl et al., 2013), to determine the
optimal timing and frequency of grab samples (Jones et al., 2012;
Moatar & Meybeck, 2005; Nava et al., 2019; Vilmin et al., 2018), to
quantify nutrient retention in highly flushed reservoirs (Kong
et al., 2019) and to calibrate regressive models relating P responses to
flow and precipitation (Abell et al., 2013; Rozemeijer et al., 2010). Nev-
ertheless, the unavoidable site-specific character of these studies, which
have generated recommendations specific to constituents, watersheds
and objectives, makes it difficult to extrapolate to hydrologically differ-
ent sites an acceptable sampling frequency a priori (Jones et al., 2012).
In this article, we investigate the temporal variability of the TP
loading delivered to Lake Iseo (Lombardy, Northern Italy), making use
of a high-resolution time series measured by an auto-analyser at the
main inflow mouth, and we propose the use of a machine learning
algorithm to extrapolate the data over a longer period. Lake Iseo is an
emblematic case study of a possible evolution of the other lakes in

the subalpine area, where the hypolimnetic waters are suffering a
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FIGURE 1
The area within the red frame on the left is shown enlarged on the right.

reduced deep mixing due to climate change, with nutrient accumula-
tion and oxygen consumption (Rogora et al, 2018; Viaroli
et al., 2018). This tendency, which is present even in the lakes which
best recovered from eutrophication in the past century (Salmaso
et al., 2018), requires an urgent control of the external load, that must
start from a proper TP monitoring at the mouth of their tributaries.
Despite the huge resources invested in monitoring the quality condi-
tions in surface water bodies according to the WDF in Lombardy
(367 monitoring points in the rivers and 25 in lakes), the TP load deliv-
ered to the subalpine lakes is computed on the basis of monthly grab
TP data and, so far, no physically-based study has been provided to
verify the suitability of this activity. Accordingly, the aims of this work
were: (1) to quantify TP load to Lake Iseo and study its relation with
hydrological conditions; (2) to shed light on the relative role of the dif-
ferent modes of transport of phosphorus and the consequent implica-
tions in terms of effectiveness of restoration measures in the drained
catchment; (3) to compare different monitoring strategies for TP load
estimation and the associated bias; and (4) to propose a monitoring
strategy that provides reliable load estimates with a sustainable sam-

pling frequency, which could also be replicated in similar watersheds.

2 | MATERIALS AND METHODS
21 | Fieldsite

River Oglio and the artificial Canale Industriale are the main tributaries

of Lake Iseo, a 256 m deep and 61 km? large lake located in the

0 075 .1.5km
|

Outline of the measurement stations. ST_R refers to rain stations, ST_P to phosphorus stations and ST_Q to discharge stations.

subalpine area of Italy (Figure 1). River Oglio drains Valle Camonica, a
large mountain watershed (1439 km?, constituting 83% of the whole
area drained by the lake). Total population amounts to 111 000 inhab-
itants (77 inh./km?) with an overall potential TP load of 76 tons/year.
Urban wastewater treatment is still incomplete and treated by
61 plants (for a total treatment capacity of 193000 equivalent inhabi-
tants), of which only four serve more than 10000 equivalent inhabi-
tants. The TP load exported by wastewater plants amounts to approx.
17 tons TP/year according to the data provided by the Regional
Agency for Environmental Protection (ARPA) of Lombardy Region
(ARPA-Sireacque 2014). Agricultural use accounts for 9% of the
watershed surface, mainly for pastures or rough grazing (21.4%). 80%
of the urbanized area and 70% of the agricultural surface are located
in a thin floodplain area within 0.5 km from the course of the main
river and lateral streams. Garibaldi et al. (1998) provided a first picture
of the external loads delivered to the lake until the mid 90s, character-
ized by a large overall value (91 tons TP/year) and a dominating role
played by the diffuse sources (55%). The authors estimated that the
interventions on the sewage connections and on the wastewater
treatment plants would have only reduced the load by 7%.

The effects of such a strong external pressure on a relatively small
lake have been amplified by the reduced vertical mixing and has
determined a progressive worsening of the water quality. Lake Iseo
was described as oligotrophic in the first limnological study (Bonomi
and Gerletti, 1967), showing an oxygen content of deep water
between 7.8 and 8.2 mg/L and an average value of reactive phospho-
rus at about 6 mg/m3. Since the 80s, a shift to meromixis has occurred

in Lake Iseo, determined by the accumulation of solutes from biomass
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decomposition, in combination with climatic factors. The deeper water
quality has thus deteriorated to the point that Lake Iseo now shows
the most worrying trophic condition of all large deep lakes in North-
ern Italy (Rogora et al., 2018), with an average total phosphorus con-
centration of 70 mg/m?, ranging from 10 to 150 mg/m® along the
water column, and a permanent anoxia below 100 m (Lau
et al.,, 2020). A recent field analysis by Lau et al. (2020) showed that
the release of phosphorus by the sediments is fed by sedimentation
from the upper layers of the lake. The mobile phosphorous pool in the
upper sediments is relatively small and can sustain the actual release
for only ~1.6 years without constant renewal. These results overturn
the widespread idea that the reduction of the external load is useless
in meromictic lakes and indicates the reduction in external loadings as

a fundamental long-term corrective measure.

2.2 | Hydrological data

Hourly and daily averaged discharge are available at ST_Q1 and
ST_Q2, respectively (see Figure 1). In ST_Q1 the Oglio river discharge
(Q1) is obtained through a stage-discharge relationship from an in-
stream level logger managed by ARPA. In ST_Q2, along Canale
Industriale, the discharge (Q2) is computed from the production mea-
sured at an hydropower station. Additionally, the daily average out-
flowing discharge is measured at ST_Q3 in correspondence with the
lake outlet. Together with the level of the lake, the outflowing dis-
charge is used by Consorzio dell'Oglio to provide the whole inflow to
the lake (Qin) on the basis of a mass balance. Hourly rainfall data are
made available by ARPA at five permanent stations in the watershed
(ST_R1-R5 in Figure 1).

For the purpose of connection with typical TP concentration,
hydrological conditions at ST_Q1 were classified according to the
approach by Haygarth et al. (2004) in different event types, associated
to a different nutrient response at ST_P1. A first type of event (E1) is
characterized by high discharges in the river, independent from the
rainfall. In Lake Iseo these events usually occur once per year, when
the water diverted to the Canale Industriale is delivered for about
2 weeks to the Oglio river due to the interruption of the hydropower
production for maintenance works. A second event type (E2) is a nat-
ural flood event in the Oglio river, when the recorded peak discharge
was larger than the 95th percentile of the whole time series
(Qos = 40 m®/s); we identified the beginning of the rising limb of the
hydrograph when the recorded average rate of change of the dis-
charge exceeded 2 m®/s/h in the following 4 h. The end point of the
event was instead fixed at a time that was followed by at least 6 h of
discharge lower than 18 m®/s and with a recorded rate of change
lower than 4 m®/s/h. In the instance of multi-peaks cases, the
corresponding hydrographs were grouped into a single event if the
peaks were less than 12 h apart, also considering that the concentra-
tion time of ValleCamonica is approximately 10 h. Finally, another
event type (E3) is related to limited rainfalls occurring in the water-
shed, which do not induce a detectable water rise in the river but

could locally trigger CSW overflows in the urban areas and induce

leaching from agricultural fields and farms. In this case, we refer to the
average rain intensities measured at the 5 ST_R1-5 stations, neg-
lecting events with cumulative rain height lower than 2 mm and
assuming that the event ends 6 h after the end of the average rainfall.

The remaining periods (E4) are dry ones with constant base flow.

2.3 | Phosphorus concentration in river water

The official analysis of TP concentration in the Oglio river is accom-
plished by ARPA at station ST_P3 (see Figure 1) on a monthly basis,
according to the sampling protocol imposed by the Lombardy region
at the mouth of lakes tributaries. In all the other upstream river sta-
tions, the surveillance monitoring is accomplished once every
3 months. On 2017 we installed a high-resolution auto-analyser (3S-
Colorimeter by 35S ANALYZERS s.r.l.) at station ST_P1 (see Figure 1),
upstream of the Oglio mouth. The choice of the ST_P1 location was
based on the consideration that a CSW and the outlet of an important
wastewater treatment plant are present downstream of the ST_P3
location. This instrument extracts stream water samples on an hourly
basis and determines their TP content by colorimetry after the con-
version of the organic fraction to orthophosphate with a nominal
accuracy of +5 ppb. Organic phosphorus is converted to orthophos-
phate through digestion with sulphuric acid followed by photochemi-
cal oxidation to orthophosphate with UV irradiation and sodium
persulfate. Orthophosphate is determined following the blu-
indophenol method. The monitoring station consists of a sampler, a
homogenization, a digestion and a colorimetry unit. The measured
data are displayed on a screen, saved in a datalogger, and sent in real-
time to a server. The reagents are locally kept in a refrigerator. Overall
the auto-analyser measured 6496 data, resulting in 271 days of mea-
surement. At the same time and location, an automatic probe (model
CS547A Campbell Scientific) monitored the water temperature and
conductivity with an accuracy of 0.1°C and + 5%, respectively.

Even though the reliability of online chemical analysis is continu-
ously improving, currently it can hardly match the dependability of
laboratory analyses on grab samples. For this reason, there is a general
agreement in the scientific community on the need for grab samples
collection on a periodic basis, to provide benchmarks against instru-
ment drift, cross-checks for unreliable readings detection, and backup
measurements during online system failures (Kirchner et al., 2004).
For this purpose, three replicated water samples were collected with a
Ruttner like bottle at ST_P1 and at the Canale Industriale mouth
ST_P2 (see Figure 1) in the period between May 2016 and October
2018. Samplings were conducted monthly during base flow and their
frequency was increased during high flow events to take into account
the impact of flow variability on water chemistry. Supplementary
event-based samples were collected in the Oglio river in correspon-
dence of 3 rain events through an automatic sampler ISCO 3700
equipped with 24 %-L bottles at a frequency of 1/h. Overall, 112 sam-
ples were collected and analysed over the 3-year sampling activity.

In order to assure a high-quality standard and the reproducibility

of TP concentrations, the sampling protocol, sample handling and

85UB017 SUOWILIOD 3A RO 8|edl|dde auy Ag pausenob a1 sajoife WO ‘8sn JO SaIn1 10} AIg1T 8UIIUO AB|IM UO (SUO 3IPUCD-PUR-SWR}LI0D AB | 1M ARe4q) | BU1|UO//SONY) SUORIPUOD PUe SWLB L 38U} 89S *[2202/2T/90] Uo Ariq auljuo AB|IM ‘el eueiyo0D Aq ZToyT dAu/z00T 0T/10p/L0d A8 | M AReiq | uljuo//Sdny woiy papeojumod ‘L ‘2202 ‘S80TE60T



VALERIO ET AL.

300

O OO ®
@
250 ®e

A

& 200
=
-

2150+

s
o
O
<

- 100
-9
=

50

R?=0.84
0
0 50 100 150 200 250 300
TP - auto-analyzer (mg/m3 )
FIGURE 2

(ST_P1) and Canale Industriale (ST_P2).

analysis were performed according to standard methods (APHA,
2012; APAT CNR IRSA 2003). After sampling, an aliquot for each rep-
licate was immediately filtered (Whatman GF/F) and stored in glass
vials for the determination of total dissolved phosphorus (TDP). A sec-
ond aliquot for each replicate was filtered on pre-weighed filters
(Whatman GF/F), with the material collected on filters being subse-
guently analysed for the measurement of total PP. TP was estimated
as TDP + PP. TDP and PP were analysed within 6 h after collection
with standard spectrophotometric (Perkin Elmer, Lambda 35) methods
as soluble reactive phosphorus after alkaline peroxydisulfate oxidation
and autoclave heating at 120°C for 1 h (Valderrama, 1981). In all sam-
ples, TP concentrations were significantly greater than the respective
assay detection limits (20 ug/L). Precision (5%) at the relevant concen-
tration ranges was estimated as the relative standard deviation of
three replicate analyses of the site water.

Following the recommendation suggested by Jordan et al. (2005)
in a similar study, we calibrated the measurements provided by the
autoanalyser using laboratory data and, consistently with Jordan
et al. (2005), we observed an average 45% underestimation of the
field data with respect to the laboratory ones likely due to an incom-
plete oxidation of the particulate component or to the presence of
heavy particulates which might be not sampled by the auto-analysers.
In order to account for these limitations, we fitted a third degree
equation between the two time series (R2 = 0.84). The resulting corre-
lation curve was applied to the continuous time series (TP, mg/m?3),
making it consistent with the laboratory results. In the following, we

will always make use of the values of TP corrected according to (1).
TP = 0.000021(TP)3 - 0.0138(TP)2 +3.2366(TP) —11.9057 (1)

Considering that Canale Industriale stems from a diversion of

the Oglio river about 20 km upstream of its mouth, we compared
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Left: Calibration of a regression curve to correct the field data. Right: Correlation between the laboratory measurements at Oglio

the measurements accomplished in the Oglio river and in the
Canale Industriale. The two datasets were well correlated
(R? = 0.88, cfr. Figure 2). Therefore, to estimate the phosphorus
load to the lake, we assumed that the TP concentrations measured
by the auto-analyser at Oglio river were the same in the Canale
Industriale.

24 | Empirical model

In order to extend the measured TP series over a continuous and lon-
ger period and to provide a more reliable picture of the role of the
annual and inter-annual variability of the hydrological variables on the
TP dynamics, we built a machine learning model that relates the mea-
sured TP concentrations at the river's mouth with the E1-E4 hydro-
logical conditions in the watershed.

For this purpose, we followed the approach by Rozemeijer
et al. (2010) who identified a set of hydrological events in the mea-
sured time series and statistically related the variables characteriz-
ing the nutrient-response and the hydrological characteristics, in
turn calibrating a model of the NO3 and TP concentration in wet
periods based on the rainfall discharge and groundwater character-
istics. In the same line of thought, for each of the E1-E4 event
types we firstly identified an analytical relationship of the TP tem-
poral trend, that is, the pollutogram, parametric of several variables
(“response variables™), marked in the following equations with the
apex “M”. In dry periods with low flow (E4), the phosphorus does
not show any relevant temporal variation, therefore we assumed it
equal to the average measured in the E4 dry periods
(TPo =52.1mg/md).

TPE4 =TP, (2a)
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TABLE 1
model.

Explanatory and response variables included in the

Response variables
M Peak concentration of TP (mg/m?)

t"n’]’ax Time of peak concentration of TP (days)
t‘;"o Time when the maximum increase in the TP
concentration with respect to the base value

decreases below 50% (days)

TPM Average concentration of TP (mg/m°)

ave

Explanatory variables

Heum Cumulative precipitation height (mm)

e Maximum rain intensity (mm/h)

dQ Maximum increase of the discharge with respect to the
initial value (m3/s)

Qave Average discharge (m®/s)

dist_ev2 Elapsed time from the previous E2 event (days)

dist_ev3 Elapsed time from the previous E3 event (days)

D Duration of the event (days)

time_Qmax  Time of maximum discharge (days)

time_linax Time of maximum rain intensity (days)

time_Q50 Time when the maximum increase in the discharge with

respect to the initial value decreases below 50%
(days)

Functional relationships

TPM = f(Heum Imax, dQ, dist_ev2,dist_ev3)

max
M = f(time_Qmax-to, time_lmax-to)
tM) = f(D, time_Quax-to, time_lmax-to, time_Q50-to )

TPM = f(Heums Imaxo Qave, dist_ev2,dist_ev3)

We assumed a constant TP response also in dry periods with high
flow (E1). Conversely to E4, this value may change from one E1 event
to the other, depending on the hydrological conditions that are pre-
sent in the period when the water is diverted from the Oglio river to
the Canale Industriale.

TPEL =TP)

ave (2b)
Finally, in correspondence of the E2 and E3-type events, we observed
a TP response that well fits a linear increase followed by an exponen-
tial decay, in agreement with Rozemeijer et al. (2010). We thus mod-

elled the phosphorus dynamics in time t as:

TPM TP
TP0+%_to(t—to) to<t<tM
TPE2ES = max 70 () (2¢)
(e
TPo+ (TPM, —TPo)e Gt t>tM

where to is the starting time of the event, while TPY_, TPM. tM  and

t¥) are the response variables of the nutrient concentration detailed in
Table 1.

We thus looked for a model to link the response variables with
the explanatory ones listed in Table 1, that would characterize the
temporal evolution of the hydrological conditions in correspondence
with the same event and that were computed from the hydrographs
measured at ST_Q1 and from the hyetographs measured at ST_R1-5.
There is a wide range of candidate models that can be used for such
an analysis: for example, generalized regression models, time series
regression models and non-parametric regression models (for a com-
parison, see Linder et al, 2017). In this study, we successfully
employed the Random Forest (RF), a flexible non-linear and non-
parametric machine learning algorithm. RF has proven to be among
the best performers in many fields of application (Desai &
Ouarda, 2021). Each decision tree in the ensemble is trained on a
random bootstrap sample of the data (typically two thirds of the
observed data) and the results are tested against the remaining
observations (“out-of-bag” subset, OOB). This enables RF to esti-
mate the generalization error without using an external test set
(Rodriguez-Galiano et al., 2014). The function Random-
ForestRegressor of the Python package Scikit-learn (Pedregosa
et al., 2011) was used in this study. The number of variables ran-
domly selected as candidates for each node split was set to the loga-
rithm of the total number of features, while 500 were selected as
the number of trees to be fitted.

The RF analysis was set up during the observation period, using
the overall 137 events to model the average phosphorus concentra-
tion in dry periods and the 50 E2 and E3 events to model the
response variables in wet periods. For each response variable, the
model was first trained on the entire set of the explanatory variables,
in order to identify the ones with the highest explanatory power: the
importance of a given variable is determined by applying the feature
importance analysis, that computes how much each feature contrib-
utes to the decrease of the weighted impurity in each decision tree.
Once the most important hydrological variables were selected, the
model was then re-built for each response variable and the modelling
accuracy was assessed through the coefficient of determination (R?)
computed using the OOB predictions.

The good modelling performance allows to use the resulting
model in order to predict the TP time series at ST_P1 in any period of
time when the rainfall in the watershed and the discharge at ST_Q1
are available, independently from the functioning of the auto-analyser.
In this contribution, we used the model to predict the TP time series
from January 2016 to December 2020, providing a more reliable pic-
ture of the role of the annual and inter-annual variability of the hydro-

logical variables on the TP dynamics.

2.5 | Computation of the actual TP load to the lake
The hourly (At =1h) time series of the n measured and modelled TP
concentrations (c;) were used to estimate the actual TP load (L) to the
lake delivered by the Oglio river and the Canale Industriale, which
provide on average 83% of the overall inflowing waters to
the lake:
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n
LOino = Z QlejAt (33)
j=1
n
LCanale = Z szCjAt (Sb)
j=1

Given the absence of TP measurements in the other minor tribu-
taries, we therein assumed the same TP concentrations of the Oglio
river in order to provide an estimation of the overall TP load to
the lake:

n
L=>"QingaAt (3c)
j=1

where Q;, is the overall discharge delivered to the lake by the tribu-
taries, provided by Consorzio dell'Oglio.

We compared these results with the TP load that can be esti-
mated on the basis of N concentrations C; of the grab samples, which
were manually collected at lower-frequency. Among all the possible
methodologies (see for example Quilbé et al., 2006) we computed the
TP load associated to each discrete sampling with the following two
approaches:

(42)

> Q (4b)

where Q; is the hourly time series of either the Oglio, Canale or the
overall discharge to the lake depending on the evaluation under con-
sideration. In Equation (4a), which implements the period-weighted
method (PWM in the following), C; is the concentration measured dur-
ing the i-th sampling. In the same equation (C; was kept constant for

. . Ati_qi+At;
the time interval S0 20x

, where At;.;; and At ;; are the time inter-
vals between the (i-1)-th, i-th and (i+1)-th samping. During the same
time interval, the delivered load L; is obtained using the hourly dis-
charge ranging between Q,; and Qy, being ui and fi the end-points of
the discharge values corresponding to the same time interval in the
measured discharge series. In Equation (4b), which implements the
flow-weighted mean concentration method (WAM in the following),
Q; is the discharge flowing at the i-th sampling time and C is the dis-
charge-weighted mean of the concentration during the whole mea-

surement period.

3 | RESULTS

3.1 | Temporal variability of hydrological
conditions and TP concentration

Figure 3 provides a picture of the hydrological conditions from
February 2017 to September 2018 during the operation of the auto-
analyser. Due to operational problems, the auto-analyser provided
high-resolution data for only 271 days, with values ranging from 4 to
489 mg/m® and with the 10th, 50th and 90th percentile equal to
20.8, 53.4, and 144 mg/m°®, respectively. The operational period of
the auto-analyser is shown in Figure 3a-c with black dots sup-
erimposed on the continuous lines of discharge, conductivity and rain-
fall. The TP time series shown in Figure 3d exhibits a strong
variability, with peaks occurring frequently and rapidly in response to
rainfall events and to large discharges.

The four classes of hydrological events were characterized by a clear
difference in TP dynamics. In Figure 4 we show 4 representative types.
During E4 events TP concentration remains relatively constant (average
value = 52.1 mg/m?, ranging between 4.0 and 252.9 mg/m?). During E1
events, characterized by an increased discharge of the Oglio river
because of the closure of the Canale Industriale, the larger shear stresses
on the riverbed mobilize the sediments, enhancing the suspension of par-
ticulate phosphorus, thus keeping the TP in the river higher than
100 mg/m® for the whole duration of the event (median
value = 218.1 mg/ m®, ranging between 38.5 and 501.3 mg/m°3). The
reduced value of the conductivity is due to the lower salinity of the water
ordinarily conveyed by Canale Industriale. During E2 events, typical of
river floods, the temporal trend of the TP (median value = 90.7 mg/ m°,
ranging between 6.4 and 311.5 mg/m®) matches the hydrograph one,
having a peak in correspondence of the maximum discharge. It is inter-
esting to observe the opposite decrease of the normalized conductivity,
which indicates a dilution of the river flow with less saline rainfall waters.
Finally, during the rain events that do not induce any relevant increase of
the discharge or variation of the conductivity (E3 events), the trend of
the TP (median value = 100.0 mg/ m? ranging between 5.2 and
277.0 mg/m?) appears to be strongly correlated with rainfall, with maxi-

mum TP concentrations following the maximum rain intensity.

3.2 | Estimation of the actual TP load to the lake
3.2.1 | Estimation based on the TP data measured
by the auto-analyser

The 271-day time series was used to estimate the annual phosphorus
load to the lake from all the tributaries, resulting in 129.6 tons
TP/year. To quantify the role of the 4 different hydrological periods
to the load transfer to the lake, we divided the dataset in 4 separate
time series and compared their duration and contribution to the over-
all TP load. Table 2 highlights the relative duration and load, with the
E4 dry periods covering 65% of the whole period and providing only
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FIGURE 3 Time series of: (a) discharge measured at ST_Q1 in Oglio river, (b) 25°C conductivity at ST_P1, (c) averaged rain intensity (right
axis) at the stations ST_R1, ST_R2, ST_R3, ST_R4 and ST_R5 and related cumulative height (left axis), and (d) TP concentration measured at
ST_P1. The grey lines indicate the whole time series, while the black dots mark the values that were measured in a period when the auto-analyser

was correctly working at ST_P1.

33% of the TP load, while the wet E2 + E3 periods covering 30% of
the whole period and providing more than half of the TP load. A large
relative contribution is also from E1 periods, which are associated
with 15% of the TP load in only 5% of the whole duration.

322 |
sampling

Estimation based on the monthly data

The obtained annual phosphorus load was firstly compared with the
one obtained from the monthly-based samplings measured by ARPA
at ST_P3. In the period February 17 to October 18, ARPA collected
21 samples, at an average distance of 26 days, ranging between 8 and
311 mg/m?®, and having an average value of 44.14 mg/m°.

PWM and WAM provided an overall TP load of 96.2 and
73.9 tons/year, respectively, being 26% and 43% lower than the one
derived from the continuous time series. The computation based on
ARPA data strongly underestimated all the contributions from wet
events. With reference to 4 representative periods, Figure 4 highlights
that the PWM ARPA series completely misses the TP dynamics. In
particular, the largest errors occur in correspondence of the high dis-
charge events (E1 and E2), when PWM evaluation misses 30.8 tons
TP/year, so almost 24% of the whole load to the lake. Conversely, the
estimations during dry periods are in well agreement (45.6
vs. 43.4 tons/year during E4 events by ARPA data and the auto-ana-

lyser, respectively).

3.2.3 | Estimation based on the RF model

The RF model was run for each response variable over the measure-
ment period, obtaining a fit between observed and modelled variables
shown in Figure 5, where the reported R? resulted acceptable
according to Moriasi et al. (2007).

As a comparison, the validated RF model was then used to esti-
mate the TP load to Lake Iseo, distinguishing the contributions of the
different event types. In the 271 days of operation of the auto-
analyser the overall TP resulted 130.7 tons/year and Figure 4, fourth
row of each inset, shows the measured time series of TP concentra-
tion superimposed to the RF one, with reference to some representa-
tive event types. With respect to the evaluation based on the
interpolation of the ARPA values, the model succeeded in the reliable
estimation of the TP load during wet periods (E2 and E3) when the
main features of the TP dynamic are correctly captured (see Figure 4).

Accordingly, the RF model was extended from January 2016 to
December 2020, to describe the dynamics of TP in response to a lon-
ger times series of hydrological events, extending measurements to
ungauged periods. Firstly, we extracted all 4 event types with the
same criteria described above. Later, we applied the validated RF
model and quantified the different load contributions, as detailed in
Table 3. The overall value is 128.5 tons TP/year, only 2% lower than
the one obtained during the period of the field campaign. According
to this evaluation, the inflows to the lake during wet periods in the

watershed (E2 and E3 events), lasting on average 106 days/year,
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FIGURE 4 Same as Figure 3, but referred to 4 particular time periods which are well representative of event types (E1, high discharges in the
river, without rainfall, E2, natural flood event, E3, limited or local rainfalls in the watershed without significative increase of discharge and E4, dry
periods with constant base flow). In the last row of each set, the measured TP time series (thick black) is superimposed to that obtained from the
interpolation of the sampling data by ARPA (thin blue) and from the RF model (thin red).

TABLE 2 Contribution of the identified event-types to the overall TP load during the 271 days of measurements.

Measurements by the auto-analyser

Oglio river Canale Industriale Overall inflows

Event type Duration (days) Duration (%) TP load (tons) TP load (%) TP load (tons) TP load (%) TP load (tons) TP load (%)

El 131 5% 13.0 32% 0.0 0% 14.8 15%
E2 35.7 13% 124 30% 13.9 33% 27.7 29%
E3 45.6 17% 6.1 15% 9.9 24% 214 22%
E4 176.2 65% 9.4 23% 18.0 43% 32.2 33%
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FIGURE 5 Predicted versus actual
values of the explanatory variable and
resulting R? values.
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TABLE 3 Contribution of the identified event-types to the overall TP load during the 5-year period.

Estimation by the RF model 2016-2020

Canale Industriale Overall inflows

Oglio river
Event Duration Duration TP load TP
type (days) (%) (tons/year)
E1 40 2% 5.7 12%
E2 255 14% 24.0 49%
E3 278 15% 7.1 14%
E4 1242 68% 12.4 25%

provide 59% of the TP load, with the larger contribution being associ-
ated with high-discharge events (E2 events).

3.24 | Accuracy of load estimation based on
different discrete sampling frequencies

The non-uniform distribution of the phosphorus concentration that
characterizes the measured time series highlights the importance of
the sampling frequency on the accuracy of the overall load estimation.
To better highlight this point, we made use of the modelled time
series of TP delivered to Lake Iseo from 2016 to 2020 by the 2 main
inflows, along with the measured series of discharge. We then simu-
lated the effect of the discrete grab sampling procedure by generating
10000 different yearly series of discrete TP concentrations, each gen-
erated by randomly subsampling the measured series at an assigned
frequency, ranging from one grab sample each day to one grab sample
every 3 months. To simulate realistic samplings, we imposed a mini-
mum distance of 15 days for the samples collected with frequencies
lower than 1/month. Eventually, for each yearly series we computed
the corresponding TP load delivered to the lake with the PWM
method. In the following, we will refer to this sampling strategy as Al.

The resulting TP load distributions are reported in Figure 6

(first row), showing increasing standard deviation and decreasing

load (%)

TP load TP TP load TP
(tons/year) load (%) (tons/year) load (%)
0.0 0% 6.9 5%
20.2 34% 47.6 37%
14.1 24% 28.1 22%
24.3 41% 46.0 36%

mode in correspondence of lower sampling frequencies. As a statis-
tical interpretation of the results, we fitted a log-normal pdf to each
distribution (black line in Figure 6), and we used it to quantify the
expected error e as the normalized difference between the modal
value (and accordingly most probable pick) of the computed pdf and
the actual load L. We also evaluated the probability p of estimating
the correct load by integrating each pdf distribution in a range *
10% around L (96.9-118.5 tons/year). Both e and p are reported in
Table 4, together with the number of field surveys and laboratory
analysis required by each sampling methodology. The errors
obtained range from 2% to 14% for a daily and 1/3 months sam-
pling frequency, respectively. The standard monthly sampling,
which is applied in Italy by ARPA according to the regulation by
Lombardy Region at the mouth of the main lakes' tributaries, under-
estimates, on average, the TP load by 10% and provides the actual
load L + 10% with a 52% of probability only. It is important to
stress that if the field surveys are carried out in a “lazy way”, limit-
ing sampling to low-flow periods only (A2), the error e in the L load's
estimation systematically increases (e.g., 19% of underestimation in
A2 vs. 10% in A1 for a monthly sampling), while the probability p to
correctly estimate L + 10% decreases (e.g., from 52% in Al to 7% in
A2 for a monthly sampling), along with the standard deviation, due
to the limited temporal variability of the TP concentration in dry

periods.
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FIGURE 6 Probability distribution f=1/day f=1/3days f=1/week f=2/month f=1/month f=1/2months f= 1/3months
of the overall TP load estimation 012
delivered by Oglio and Canale 0.10
Industriale (tons/year in the x-axis)
based on the discrete sampling 0.08
strategy with an assigned frequency. Al
The first row (A1) makes reference to 0.06
random surveys with an assigned 0.04
frequency over the whole observation '
periods, whereas in the second 0.02
(A2) the samplings are limited to low 0 ﬂ ﬂ
flow periods only. The third and the 50 100 150 50 100 150 50 100 150 50 100 150 50 100 150 S0 100 150 50 100 150
fourth rows show the results of the
simulation of the (A3) and (A5) 012
sampling strategies, which include
additional data during the E1 and the 0.10
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to the same frequency of the ordinary A2
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time series. The curves refer to the A4 0.04
case superimposed to that of A5. 0.0
0 e
50 100 150 50 100 150 50 100 150 50 100 150 50 100 150 50 100 150 50 100 150
0.12
0.10
A3 008
0.06
0.04
0.02
0
50 100 150 50 100 150 50 100 150 50 100 150 ~50 100 150 50 100 150 50 100 150
0.12
0.10
0.08
AS 0.06
0.04
0.02 '
0 A.

3.2.5 | Accuracy of load estimation based on
optimized sampling strategies

A precision below 5% cannot be reached with a manual collection. A
possible technological solution is the installation of a refrigerated
auto-sampler with a sufficient amount of pre-added H,SQO4 in storage
bottles to bring pH <2 and conserve the samples after collection. We
considered the installation of an auto-sampler equipped with 24 bot-
tles, which can be programmed to fill 1 bottle/ day (see A1l results in

50 100 150 50 100 150 50 100 150 50 100 150 50 100 150

correspondence of this frequency: e = 2%, p = 100%), to be recov-
ered by the monitoring authorities during the ordinary monthly sur-
vey. In terms of feasibility, an auto-sampler is much cheaper and much
easier to be installed and managed than an auto-analyser. However,
the proposed strategy implies 365 additional analyses of TP in the lab.

To overcome this limitation, we simulated alternative monitoring
programs which account for the hydrological conditions occurring in
the river. Our hypothesis states that taking into consideration in the

sampling strategies the observed hydrologically-driven variability of
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(Continued)

TABLE 4

NR field survey n (%)

NR lab analysis n (%)

1/

2/

1/

2/

1/3 month?®

1/2 month?®

month?®

1day 1/3days 1/1 week month

1/3 month?

1/2 month?

month?

1/3days 1/1week month

1 day

Sampling strategy

samplings on E.1

and E.2 (1 sample/

event)

25 13

53

12

15

21

33

61

Fixed frequency with

A5

additional

samplings on E.1

and E.2 (2

samples/event)

Note: In the second box, the strategies are compared in terms of average number of yearly laboratory analysis and field surveys. The yellow and pink boxes highlight the sampling strategy applied in Lombargy by

ARPA and the minimum value prescribed by the WFD, respectively. The orange box is the alternative strategy proposed in this article for the Oglio river.

2t indicates that a minimum distance of 15 days is imposed between consecutive samplings.

the TP load could improve the actual load estimation, allowing to limit
the number of additional samples. A first interesting alternative
(A3) to the uniform sampling frequency monitoring program—specific
to the test case considered in this article—can be obtained thanks to
an additional survey during the shut-down of the Canale Industriale
(E1 events). The measured value was then assumed constant for the
whole duration of the shut-down and substituted to the interpolated
time series for the corresponding time interval. As shown in Figure 6,
the estimation of the TP load improves. Despite the continued large
standard deviation of the distribution, the underestimation of the TP
load associated with the monthly program would decrease from 10%
to 8%, while the probability to estimate the correct L with a maximum
error of 10% would increase from 52% to 60%.

To further reduce the error on the estimated TP load, we consid-
ered the possibility of integrating the samplings A3 with those col-
lected in correspondence of E2 events in the river. This could easily
be obtained by means of an auto-sampler, whose activation would be
triggered either by water level or turbidity gauge over a certain
threshold, or remotely on the basis of the measured discharge at the
upstream monitoring stations. We thus introduced other scenarios,
where the planned field surveys are completed with the maximum
addition of 24 samplings during E2 events. As a first hypothesis, we
considered the possibility of one sample/event only, and simulated
this scenario by randomly selecting one TP value for each E2 event
and assuming it to be constant for the whole duration of the event
(A4). In the Oglio case this strategy would imply on average only
8 additional analyses of TP in the laboratory each year and the
obtained error in the TP load estimation would be lower than 1% for
the monthly frequency. The probability of estimating the correct TP
value L with a maximum error of 10% would increase up to 91%.

With specific reference to the case of the Oglio river, a disadvan-
tage of A4 strategy is that, on average, it does not exploit all the avail-
able bottles, since the number of E2 events between two regular
monthly samplings is always less than 24. We thus evaluated the pos-
sibility of taking more samples during each E2 event and analysing
their mixture in the laboratory. This strategy provides a more repre-
sentative value of concentration for a given flood event but could
allow the analysis of fewer events due to limited availability of bottles
in the auto-samplers. According to the results of several configura-
tions of frequencies and number of samples, the best performance
would be obtained by means of a regular monthly manual sampling
complemented by an auto-sampler programmed to fill 2 bottles in cor-
respondence of each E2 event (A5). With this strategy and only 8 addi-
tional laboratory analyses with respect to A3 strategy, we obtained
1% of average error in the load estimation and 95% of probability to

estimate the correct TP value L with a maximum error of 10%.

4 | DISCUSSION

The current experimental study allowed to quantify and update the
estimates of TP load delivered to a deep subalpine lake using high

temporal resolution measurements. The survey period, while not
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covering an entire calendar year, included the main hydrological
periods such as autumn and summer, allowing for a calibration of a RF
model. The modelled concentrations provide a picture of the temporal
variability of the water quality over 5 years and of the different loads
exported during different hydrological conditions.

In the following, we will discuss the physical reasons and the
management implications at a watershed level of temporal variability
of TP concentrations which arose in the results. Moreover, we use it
as a rational basis to suggest different sampling strategies in order to
reduce, in a cost effective way, the bias in the load estimation to

a lake.

4.1 | Temporal variability of TP concentrations

The accomplished measurements show a high temporal variability of
the TP concentrations and of the corresponding loads. This is not a
surprise as previous studies have highlighted that watershed hydrol-
ogy can have dramatic effects on TP dynamics. With reference to the
Mississippi river, Royer et al. (2006) showed that nearly all nutrient
export occurred when discharge was larger than the median discharge
and that extreme discharges were responsible for more than 86% of
the TP export. Carpenter et al. (2015, 2018) showed that most of the
TP load to Lake Mendota (~74%) was delivered over a span of
29 days, during heavy rains or snow melt. With reference to an agri-
cultural catchment, Jordan et al. (2007) showed that storm-dependent
events transferred more than 90% of the TP load in 39% of the total
period. In a similar environment, Ockenden et al. (2016) observed that
80% of the TP and 70% of the soluble reactive phosphorus loads were
exported from both catchments during high flows. Studies conducted
in the Po river in the period 2003-2007 showed that up to 40% of
the total annual load of TP is exported to the Adriatic Sea with short-
term flood events and in no more than 40 days (Viaroli et al., 2013).
The TP load in the Po river is also subjected to inter-annual variability
linked to the hydrological variability with highest peaks (up to 17000
tons) measured in 2000, a year characterized by heavy rainfall and
minimum TP loads in dry years (Viaroli et al., 2013).

Our results highlighted that TP concentrations did not follow a
seasonal pattern but were subjected to sudden and rapid changes
accompanying the increase in flow rate. The analysis of the temporal
variability of the TP concentration resulted in 2 opposed modes of
transport: an almost steady transport in dry periods (E4), characterized
by the lower TP concentrations versus an acute storm-dependent
transport in which high TP concentrations occurred over short dura-
tions (E1, E2, E3). Over the period January 2016 - December 2020
under analysis, the acute storm-dependent transport, representing
31% of the observed events, was responsible for 64% of the overall
TP load.

These trends can be explained in part by the predominantly sedi-
mentary cycle of phosphorus which implies a strong dependence of
the TP load on the sediment yield of the river (Viaroli et al., 2013).
The high TP load carried during high flow events (E2) can therefore be

explained by the average bed shear stress increase, that triggers ero-
sive and resuspension processes and the transport of particulate mat-
ter (e.g., Yalin, 1977). However, the strong dependence of TP
concentrations on short term rainfall events (E3), that do not signifi-
cantly increase the water flow, suggests the presence of different P
sources. Previous studies have shown that impervious urban surfaces
and rainfall intensity are significant predictors of combined sewer
overflows and consequently of the water quality of the receiving
water body in a subalpine catchment (Salerno et al., 2018) and in lake
Iseo sub catchments (Pilotti et al., 2021). If one considers that urban-
ized surfaces for about 65 km?, mostly served by mixed sewers, are in
the proximity of the Oglio River, one can expect an important contri-
bution from CSWs during local rainfall events. Therefore, a likely
explanation of the E3 events is that they heavily depend on runoff
from impervious surfaces and overflows from combined sewer sys-
tems. The relevance of this contribution also shows that sediment set-
tling in the sewer system could be a systemic problem that currently
is not adequately faced. The actual knowledge of the hydraulic behav-
iour of CSWs along the drainage network is insufficient. An ad-hoc
monitoring would be needed to quantify their contribution to the
overall nutrient load and to identify the location and types of best
management practices to mitigate it.

In the same line of thought, the assessment of the impact of
the different types of events on the overall TP load to the lake sug-
gests the need of consideration of the potential effectiveness of
possible restoration measures in the drained catchment. Although
the improvement of the wastewater treatment plants in Valle Cam-
onica is a mandatory step in the restoration process of Lake Iseo
and to reduce the dissolved P fraction that directly feeds its epi-
limnetic waters, our results suggest that these types of interven-
tions will mostly decrease the concentration of TP during low-flow
conditions only. Considering that the E4 events contribute to only
36% of the whole TP (according to the RF model of the 5-year
period) and the actual value of 128.5 tons/year, the utopian goal
of eliminating the punctual source of TP in dry periods without
dealing with the causes of the E3 events will probably be insuffi-
cient to lower the load to the 30 tons/year suggested by the model
of Vollenweider (1975) for this lake, considering the scenario of
restoring the natural conditions described by Bonomi and
Gerletti (1967).

Therefore, the action on the wastewater treatment plants is a
necessary first step that will not be sufficient to stop eutrophication
without an integrated approach in the entire watershed (sewer system
and impervious surfaces) to control loads strictly linked to precipita-
tion and runoff. In this perspective, also considering the potential
worsening of the meromictic status of Lake Iseo under climate change
(Valerio et al., 2015), we believe in the need to implement parallel
actions that are aimed at reducing acute storm-dependent transport
of TP to Lake Iseo during storms, such as periodic sewer flushing
applied to combined sewers in dry periods, first rain tanks or con-
structed wetlands in correspondence of CSWs and wetlands or ripar-

ian corridors in the tributary mouth.
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4.2 | Accuracy in TP load estimation

The advent of the WFD and its requirement to evaluate the ecological
status of rivers has greatly increased the amount of available data of P
concentration, but in our opinion the monitoring plans are not often
tuned to the different hydrological phases of the watercourses in
question. Our results highlight that a “hydrologically blind” grab sam-
pling leads to a systematic underestimation of the P loads. This result
is in line with the outcomes of several studies in other lakes' tribu-
taries. For instance, a simulation study for some Great Lakes tribu-
taries (Richards & Holloway, 1987) revealed that data from a monthly
sampling program gave load estimates which were biased low by 35%
or more half of the time. With reference to the quantification of the P
load to Lake Champlain, Meals et al. (2013) concluded that quarterly
and monthly concentration observations are generally inadequate,
and even weekly observations may not be satisfactory if very accurate
load estimates are required. Similarly, Cassidy and Jordan (2011), with
reference to the inflows to Lough Neagh in Ireland, showed average
underestimation of the P load, up to 60%, and high variability for all
feasible sampling approaches independently from the grab sampling
strategy (either random or storm-event triggered). On the other hand,
Rozemeijer et al. (2010) for the Hupsel catchment in The Netherlands
showed that an improvement of the load estimates from 63% to 5%
bias for P was possible taking into account the sub-daily variability
during flood measurements.

Although there is growing evidence that the acquisition fre-
guency should be controlled by the watershed hydrology, it should be
equally evident that there cannot be a single optimal acquisition fre-
quency for every watershed. This can be easily shown considering the
E2 hydrologic events, when the TP concentration is related to a rain-
fall event that presumably acts at the synoptic scale. In this case the
time scale of the rising limb of the hydrograph (where the bed shear
stress is growing in time) is provided by the concentration time T, of
the watershed. In turn, T, is proportional to the main stream length |
and inversely proportional to the average flow velocity or, according
to Manning's equation, to the square root of the main stream bed
slope, Sp. Accordingly, one can expect that a suitable frequency of
grab sampling for an E2 event is a fraction of %C: K+/Sp/I, where K is
approximately a constant. Accordingly, the optimal frequency of grab
sampling will be lower for long rivers and/or for small average bed
slopes. For the Oglio river T, = 10 h and, consistently, the averaged
time of maximum TP concentration foreseen by the model (tM.)) is
0.54 days. According to our measured data, the TP concentration
along the rising limb is faithfully reproduced with a sampling fre-
quency f = 0.2 [1/h]. Therefore, fT,2~ 6 so that, as a first temptative
guess for similar basins, one could use f:%. This value could be used
as a rule of thumb for programming a continuous auto-analyser.

Finally, our simulated discrete sampling strategies clearly demon-
strate that the underestimation associated with the sampling proce-
dure grows when measurements concentrate in low flow periods. In

absence of flood events, the variability in the TP concentrations is

much lower, so that the resulting load is less affected by the fre-
quency in the manual sampling (see A2 results). Paradoxically, in these
periods the reduced standard deviation of the time distribution of the
loads would erroneously lead to conclude that the temporal variability
of the load is not relevant. Conversely, the estimation is affected by a
systematic underestimation, regardless of the sampling frequency.
Therefore, when field surveys are constrained to dry days, a monitor-
ing strategy alternative to manual samplings should be seriously

considered.

43 |
a lake

Alternative sampling strategies at the inlet of

According to the results shown in previous sections, sampling fre-
quencies in rivers comparable to the minimum value imposed by the
WEFD to surveillance monitoring (1/3 months) are unsuitable to cor-
rectly estimate the TP load. For this reason we propose a sampling
methodology specific for the tributaries of lakes, where a special
attention must be dedicated to the monitoring of the cumulated nutri-
ent load. These stations must be treated differently with respect to
the riverine ones, as the measured values are essential to evaluate
loads and the effectiveness of the restoration measures in the drained
watershed from the point of view of the receiving water body (Jordan
et al., 2005). The installation of auto-analysers in these sites comes up
against very high costs both for purchase, management and complex
calibration and stability procedures, therefore we do not believe that
it could be a generalized choice in a short-term perspective. The sta-
tistical analysis of our modelled time series allowed to evaluate the
potential benefits and constraints of alternative monitoring strategies,
taking into account the economical and practical constraints imposed
by real applications.

According to our results, an effective solution would be that of
integrating the monthly samplings with those collected in correspon-
dence of high-discharge events in the river by means of an auto-
sampler. We expect that the same sampling strategy will be success-
ful in all tributaries characterized by an acute storm-dependent
transport of TP due to leaching and sediment resuspension. In partic-
ular, we recommend introducing this practice in the sampling activi-
ties at the mouth of all the tributaries of the subalpine lakes in Italy
and in other similar situations, wherever a careful monitoring of the
incoming nutrient load is imposed by the reduced deep mixing and
the consequent accumulation of nutrients in deeper waters (Rogora
et al., 2018; Viaroli et al., 2018). The number of bottles/event cannot
be generalized to other watersheds, although characterized by a sim-
ilar hydrological regime, due to the different transport time scales.
When a site-specific evaluation based on the frequencies and dura-
tion of the hydrographs is not possible, a first attempt to extrapolate
the results is made to scale it to the concentration time T, [h], so
that the number of samples to be programmed for each E2 events

could be ZTe.
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5 | CONCLUSIONS

The WFD dictates that a good quality status should be obtained for
all inland waters. Deep lakes are fundamental resources in Europe and
elsewhere for which the WFD target is particularly difficult to meet.
Therefore, we believe that it is fundamental to tailor suitable sampling
strategies of the pollutants delivered to these fragile ecosystems,
focusing the effort on the river stations at the entrance of a lake.

A field activity conducted at the mouth of the main inflows of
deep Lake Iseo sheds light on the temporal variability of the TP load
delivered to the lake. Over 5 years, we provided evidence of a dispro-
portionate increase of TP loads relative to base flow during storm
events, with wet or high discharge periods covering 31% of the inves-
tigated period and contributing to 61% of the load. These discontinu-
ous sources of TP are in-stream remobilisation of the sediments,
runoff along impervious surfaces associated with urban areas and
overflows from combined sewers. This result emphasized that the res-
toration of Lake Iseo ecosystem requires an integrated management
approach in the entire watershed, which needs to include the control
of the diffuse loads linked to precipitation and runoff.

On a statistical basis we showed that this temporal variability
leads to an unavoidable underestimation of the TP load when based
on manual sampling collected at a fixed monthly (or lower) frequency,
with an average error in the range between 10% and 14% and further
growing when measurements are concentrated in dry periods.
Accordingly, the sampling protocol imposed by Lombardy region at
the River Oglio mouth, where the frequency of the surveillance moni-
toring was tripled (1 sample/1 month vs. 1 sample/3 months), is still
unsuitable to properly quantify the TP load to lake Iseo and its evolu-
tion in time.

Our results showed that the intensification of random and
“hydrologically blind” nutrient samplings could be ineffective to
improve the TP load estimation at the entrance of a lake. Con-
versely, an improvement can be obtained by prescribing an ad-hoc
protocol, where both the sampling timing and the methods for data
interpolation are defined on the basis of the watershed hydrology.
With regards to situations similar to the subalpine lake considered
in the study, our results suggest integrating a monthly manual sam-
pling with an auto-sampler programmed to fill 2 bottles in corre-
spondence to each high flow event. In the case of Lake Iseo, this
sampling strategy reduces the error in the load estimation to 1%,
implying, on average, 13 field surveys/year and only 21 laboratory
analyses/year.
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