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Abstract

Aquatic ecosystems represent unreplaceable sources of ecosystem services. On the other hand,
the exploitation of water resources and the influx of human activity-related pollutants in the
water bodies undermine the structure and function of these ecosystems, until the inability of all
their use. Despite the efforts in environmental monitoring and inputs management, around
the 28% of the European water bodies is nowadays affected by nutrient pollution. Among
the anthropic nutrient inputs, Nitrogen loadings are spreading with human-related loads. The
expected increase of climate change can exacerbate the negative effects of these inputs on the
aquatic environment. Unfortunately, the environmental monitoring of the anthropic Nitrogen
inputs is constrained by three main factors: the dilution process in the aquatic medium, the
assimilation by different compartments and the identifiability of their organic/inorganic
origins. To overcome all the previously cited constrains, the Nitrogen isotopic signature of
macroalgae and epilithic association is nowadays widely used. Firstly, the Nitrogen signature
of a macroalgal/epilithic sample is the result of the assimilation process of Nitrogen from the
surrounding water, solving both assimilation and dilution issues. Lastly, the value of the
macroalgal/epilithic Nitrogen signature is highly dependent by the origin of the uptaken
Nitrogen, solving the third issue. However, while for marine ecosystems a wide scientific
Nitrogen isotopic signature literature is available, for freshwater and land locked ecosystems
there is a large lack of information about method applicability for the environmental
monitoring. This dissertation investigates the changes of the epilithic association and
macroalgae Nitrogen signatures to different Nitrogen inputs affecting, three rivers (ltri,
Capodacqua Santa Croce and Garigliano) and one lake (Lake Bracciano), in Central Italy, and
the Iranian Caspian Sea littoral zones. The results confirm the applicability of the method in
land locked and fluvial ecosystems regardless the several differences between the aquatic
ecosystems considered. Both epilithic association and macroalgae Nitrogen signatures
discriminate the origin of the various Nitrogen inputs, changing according to the spatial and
temporal variability of the anthropic activities, and provide a robust determination of four well

separated Nitrogen impact classes.



Introduction

Water is a key factor for all the life forms, and for human beings, is also fundamental
for the development and flourishing of their various activities, from the primary sector to
the tertiary sector (Hadwen et al., 2005; Pimentel et al., 2004). By exploiting the water
resource ecosystem services, humanity benefits. On the other hand, the exploitation of such
services exposes the aquatic environment to potential discharges of various form of pollutants,
threatening this key factor (Vorésmarty et al., 2010). The decrease of the water quality because
of the lack of or poor human management policies, is both detrimental for the aquatic community
and for the human health and interest (Xu et al., 2010). In the worst-case scenario, pollution
can lead to the complete disruption of the ecosystem structure and functioning and to the

inability of all human-related water uses with consequent adverse effects.

The excess of human-derived nutrients, or cultural eutrophication, is a form of pollution
(Bhagowati et al., 2019; Le Moal et al., 2019) tightly related with the intensification of the
agricultural and industrial activities as well as the urban development (Maberly et al., 2002; Paerl
et al., 2014). Phosphorus has been one of the first macronutrient monitored, due to its
involvement, when no more limiting, in the increase of the primary productivity in freshwater
ecosystems (Dodds and Smith, 2016). However, several studies highlighted the role of another
macronutrient, Nitrogen, in limiting and/or co-limiting the algal blooms both in freshwater and

marine ecosystems (Paerl et al., 2016; Yao et al., 2018).

Biological reactive Nitrogen derived by natural process is estimated to range between
300 — 500 Tg (N) * year~!. Since 2000, Nitrogen derived by industrial fixation, mainly for
agriculture (Smith 2003), was estimated to be ~ 165 Tg (N) * year™?, accounting for =~33-
55% of the Nitrogen global increase (Howart, 2008). According to Glibert (2017 and literature
cited), around 60 Tg (N) * year™1! are released by rivers in other water bodies. The removal
of Nitrogen limitation promotes algal primary productivity and can give rise to the algal
blooms. Some of them are toxic for the aquatic biota and for humans (Yao et al., 2018) and
known as harmful algal blooms (HABSs). Independently by the degree of toxicity of the
algal blooms, this phenomenon ‘triggers’ waterfall effects that lead to a complete impairment
of all the aquatic ecosystem compartments, loss of ecosystem services and earnings (Le
Moal et al., 2019; Paerl et al., 2016). For example, despite the scientific evidences, the
ethical or strictly anthropocentric interests and the efforts in managing the P and N inputs,

more than the 40% of the worldwide



lakes are affected by human-induced algal blooms (Vingon-Leite and Casenave, 2019). The
causes of these percentages are manifold, spanning from the intrinsic difficulties in nutrient
input identifiability to the illegal discharges (Jones et al., 2001). Moreover, climate change can
amplify the negative effects of Nitrogen inputs on aquatic environment and ‘boosts’ the algal
blooms (Delpla et al., 2009; Paerl 2017). In some geographic areas, like the Mediterranean,
the increase in the frequency of long-lasting droughts is expected (Spinoni et al., 2018).
Due to the absence of rainfalls for long periods, inputs do not immediately reach the water
bodies and are accumulated in the soil, potentially explaining the decrease of their
concentrations in water column (Greaver et al., 2016; Hayes et al., 2015; van Vliet and
Zwolsman, 2008). However, when huge rainfalls arrive, they are released in notable amounts
(Delpla et al., 2009; Hayes et al., 2015), potentially overcoming the buffering activity of
riparian vegetation (Dong et al., 2014; Kosten et al., 2009) and N removal capacity of the water
body (Greaver et al., 2016). On the other hand, in the case of agricultural and/or wastewater
loadings that eventually enter in the water body despite the low rainfalls, drought can
potentially lead to their concentrations decreasing the water level (Brusewitz et al., 2017; van
Vliet and Zwolsman, 2008).

The first attempts in the environmental trophic status assessment were focused on the
chemical analysis of nutrient concentrations in the water column, associated with other
physicochemical and biological variables (Gartner et al., 2002). This approach has advantages
and drawbacks. On one hand, the chemical determination of nutrient concentrations is highly
precise, on the other, this kind of analysis is limited in space and time due to the diffusion in
the aquatic medium, as well as by the biotic assimilation (Dailer et al., 2010; Gartner et al.,
2002; Hadwen et al., 2005; Kaminski et al., 2018). In Europe, the Water Frame Directive
(WFD, 2000/60/EC) represents the attempt to standardize the environmental monitoring
protocol of the aquatic ecosystems for all the European countries, with the declared aim to
reach the ‘good status’ for all the water bodies by 2015. For the surface water bodies, the ‘good
status’ is a combination of the ‘good ecological status’ and the ‘good chemical status’. The
‘ecological status’ integrates the physicochemical analysis, the hydrological analysis and the
analysis of the biotic components of the aquatic ecosystems. The ‘good chemical status’ is
obtained when all the quality standards for chemical substances are met. Despite its importance,
the WFD shows practical difficulties. For the complete assessment of the ecological status, a
‘reference’ per water body typology is required, as well as the “typical” undisturbed community

(Voulvoulis et al., 2017). Even assuming if these prerequisites are met, the status estimate



is not “difficulties free’, as reported by Carré et al. (2017). Moreover, at the present state,
the ecological status determination has been inferred even if one, or more, of its components
were missing (Carré et al., 2017). Despite the objective of bringing all the surficial water
bodies to a ‘good ecological status’, for the 60% of them this goal has not been achieved
(Carvalho et al.,, 2019). As a result, a substantial number of water bodies (= 28%) are
currently affected by nutrient pollution (Carvalho et al., 2019). One of the possible causes of
this phenomenon is, as previously stated, the identifiability of the input origins. Human derived
Nitrogen inputs can be roughly classified in two main groups (Kendall et al., 2007): the
‘inorganic’ one (like the industrial chemical fertilizers obtained without the biological No-
fixation pathway) and the ‘organic’ one (like the wastewaters and manures, where Nitrogen
therein has followed a biological pathway). Once known the origin of the ‘dominant’ input,
especially in heterogenous contexts, it is likely that the subsequent management actions will
be more specifically addressed. Moreover, this kind of information can be used as an ‘early
warning’ ecological indicator, i.e. an environmental monitoring tool able to detect the
occurrence of a specific anthropic Nitrogen input even when it was a space and/or time isolated
event and before it can produce a recognizable detrimental effect on the community structure
(Dale and Bayeler, 2001).

In the context of the environmental monitoring of the Nitrogen inputs, the stable
isotopes analysis (SIA) represents a flexible tool for discriminating the origin of such inputs in
terms of their isotopic signatures, 8N (%), i.e. as deviation in parts per thousand from the
international standard (atmospheric air °N:1*N = 0.0036765, Sulzman 2007). The SIA is based
on the difference between ‘light’ and ‘heavy’ isotope physical properties. In fact, even if the
chemical properties of the light and heavy isotopes are identical, the higher energy required for
breaking molecular bounds in presence of heavy isotopes determines their ‘accumulation’ in
the biotic sample, whereas light isotopes tend to be more easily removed (Sulzman, 2007).
Nitrogen, in particular, shows a notable increase (from +2.6%o. up to +3.4%0), known as
fractionation or trophic enrichment factor (TEF), from a trophic level to the following one
(Careddu et al., 2015). Therefore, compared to the international standard, if a source of a
Nitrogen input derives from excreta or dead organic matter (‘organic pathway’), it is ‘enriched’
in heavy isotopes (Jona-Lasinio et al., 2015), whereas if the Nitrogen input derives from the
industrial atmospheric N fixation (atmospheric N percentage ~ 0.37%, Table 13.1
Katzemberg, 2008), without the involvement of N-fixers (‘inorganic pathway’), light Nitrogen

isotopes are ‘preferentially’ fixed and the resulting molecules are ‘depleted’ in heavy isotopes



(Wang et al., 2016). The major advantage of this approach is the possibility to analyze not the
human-derived input itself, but the Nitrogen isotopic signature of biological samples that have
assimilated it, bypassing the dilution of the input in the water medium (Gartner et al., 2002;
Kaminski et al., 2018).

Among the various components of aquatic food webs, the macroalgae and the
epilithic associations (Orlandi et al., 2014; Pastor et al., 2014), respectively in marine and
freshwater ecosystems, show some ideal characteristics for the environmental monitoring
thought the SIA: 1) are sessile, 2) directly uptake Nitrogen from the water column (Jones et al.,
2004), 3) their fractionation is small or null (Dailer et al., 2010; Orlandi et al., 2017) and 4) the
lag time between input exposure and isotopic signature acquisition is relatively short (Orlandi
et al., 2014). The distinction between ‘inorganic’ (-3%o < 8°N < +3%o, Cole et al., 2004;
Lapointe and Bedford, 2007), and ‘organic’ (§"°N > +6%., Jona-Lasinio et al., 2015) Nitrogen
isotopic signatures is based on the comparison between the macroalgal/epilithic 31°N signatures
and the 8N of potential Nitrogen input sources. The use of macroalgae and epilithic
associations has been proven to be successful in identifying the origin of human-derived
Nitrogen inputs in marine (Orlandi et al., 2014; Rossi et al., 2018), coastal brackish (Jona-
Lasinio et al., 2015) and few fluvial ecosystems (Bentivoglio et al., 2016; Pastor et al., 2014).
In scientific literature, no information about method applicability were known for land locked

ecosystems.

To demonstrate the applicability of the algal Nitrogen isotopic signature in land locked
ecosystems, increase the knowledge of this method on fluvial ecosystems and provide a robust
determination for the human-related and ‘non-impacted’ epilithic/macroalgal &'°N, this
dissertation focuses on three fluvial ecosystems (lItri, Capodacqua Santa Croce and Garigliano)
and on the littoral zones of two deeply different land locked ecosystems (Lake Bracciano and

Caspian Sea).

For what concerns the two land locked ecosystems, one is the littoral zone of Lake
Bracciano, a volcanic lake in Central Italy, whereas the second is the Southern littoral zone of
the Caspian Sea (Iran). Besides the various geographical and morphometric differences, the
two land locked ecosystems also differ for their fresh and brackish water ‘identity’ and for

the magnitude of the anthropic pressures.

Lake Bracciano is an oligo-mesotrophic freshwater lake (Bolpagni et al., 2016;

Mastrantuono et al., 2008), is a regional park and the main drinking water reservoir for the city



of Rome (Rossi et al., 2019). Considering the human population of Bracciano, Anguillara
Sabazia, Trevignano Romano and Manziana towns, the lake has =52,000 inhabitants (ISTAT,
2018). Along its perimeter (=32 Km, Rossi et al., 2019) are recognizable human activities
related to tourism, agriculture and fishery. A wastewater collecting system prevents the inlet
of the inputs into the water body, but local human-related nutrient inputs were recorded
(Mastrantuono and Mancinelli, 2005). The lake is particularly prone to be affected by climatic
variations (Taviani and and Henriksen, 2015), as demonstrated by the water level decreases
occurred in recent years (Mastrantuono et al., 2008; Rossi et al., 2019). In particular, the recent
2017 drought caused significant damages to the agricultural activities in the Latium Region
and in Lake Bracciano surroundings as well. Also the leisure activities around the lake were
indirectly and negatively affected by the drought. Such decrease of the water level produced
significant reductions of the aquatic vegetation, changes in associated invertebrate community
(Mastrantuono et al., 2008), and, coupled with the previously mentioned anthropic derived
nutrient inputs, threated the endemic species Isoétes sabatina (Baccetti et al., 2017; Troia and
Azzella, 2013). Moreover, the fishery activity is seriously affected by the presence of the
invasive species Micropterus salmoides, which invasive success is dependent, among the other
physical and biotic drivers, by the low coverage of aquatic vegetation (Costantini et al., 2018).

The Caspian Sea is the largest brackish water lake in the world, and it is completely
land locked (de Mora et al. 2004). The Iranian region of the Caspian Sea (Southern zone),
has a population of =7,000,000 inhabitants and 10 million of tourist presences (Abadi et al.,
2018). Recent researches reported an increase of its trophic state (Sadeghi et al., 2013), due
to the insufficient presence of wastewater treatment plants (Abadi et al., 2018) and the high
agricultural input discharges. Such inputs, in the Anzali wetlands, promoted the spread of the
fast-growing invasive species Azolla filiculoides, that nowadays covers a quarter of these
wetlands (Sadeghi et al., 2013, 2017). Moreover, water, sediment and biota quality and
‘healthiness’ are threatened by metal pollution (Dadar et al., 2016; de Mora et al., 2004;
Hosseini et al., 2013; Irankhah et al., 2016), related especially to the oil extraction, industrial
and mining activities (Jelodar et al., 2012; Sohrabi et al., 2010). In Southern Caspian Sea, the
metal pollution, in particular, caused a significant reduction of the population of the Caspian
kutum (Rutilus frisii kutum), which accounts for =70% of the fish caught (Dadar et al., 2016),
and high level of Hg were found by Hosseini et al. (2013) in caviar of Persian sturgeon

(Acipenser persicus).



The three fluvial ecosystems are all located in Central Italy. Both Itri and Capodacqua
Santa Croce (hereafter referred as ‘Santa Croce’) rivers originate by the Aurunci mountains,
and are, respectively, =14 Km and =10 Km long. Itri river crosses the Itri town and flows close
to Vindicio (Formia). Its daily flow is influenced by the presence of a wastewater treatment
plant. Santa Croce river crosses the towns of Spigno Saturnia, Minturno and flows close to
Formia. A secondary branch, (=3.5 Km), which drains an agricultural dominated area, merges
into the main channel at its upstream. The last one, Garigliano, originated by the merging of
the Liri and Gari rivers. It is 158 Km long and the main source of freshwater, organic matter
and nutrient inputs in the Gaeta Gulf. These inlets affect the water quality, the biodiversity and
the food web structures of the gulf coastal zone (Careddu et al., 2015, 2017; Cicala et al., 2019;
Rossi et al., 2018). All the three rivers cross anthropized areas that potentially cause organic
and/or inorganic Nitrogen inputs in the water bodies. Around the sampling sites, Itri river is
mainly characterized by wooded natural surface, whereas Santa Croce and Garigliano are
mainly characterized by agricultural activities surrounding the water bodies. For all the three

rivers, urban area coverages are less than or equal to 5% of the whole land covers.

The chapters of this dissertation will cover the epilithic association and macroalgal 5*°N
ability to discriminate the origins (‘inorganic’, ‘non-impacted’, ‘moderate organic’ and ‘high
organic’) of the human-derived Nitrogen inputs that affect the Lake Bracciano and Southern

Caspian Sea littoral zone and the three Central Italy rivers. In particular:

Chapter 1 is focused on the response of the epilithic 5'°N at narrow (4 days) and wide
(seasonal) time scales, highlights how the epilithic 8°N changes along the entire lake
perimeter (GAM estimates) in function of the magnitude of the human activities and proposes
a classification of the Nitrogen inputs on the bases of four monodimensional ranges of the
epilithic 3'°N signatures (‘inorganic’, ‘non-impacted’, ‘moderate organic’ and ‘high organic”).
To exclude potential effects of the specific epilithic association composition on the observed

51N signatures, a translocation experiment of the epilithon was performed.

Chapter 2 estimates the Lake Bracciano epilithic 8*°N signatures related to the touristic
activities in the May-August period. According to the results of Chapter 1, this was the
period therein the tourism had the maximum organic impact, in terms of high 5!°N signatures,

especially in the Western areas of Lake Bracciano.

Chapter 3 is focused on the littoral zone of the Southern Caspian Sea and explores the

ability of the macroalgae 5'°N signatures to detect the different human derived Nitrogen inputs



in potentially metal pollution exposed sediment and biota (macroalgae) compartments. The
effects of the cultural eutrophication of the Iranian Caspian Sea littoral zone were highlighted
by the decreasing linear relationship between the water dissolved Oxygen and the macroalgal
515N signatures, as well by the increasing linear trend between the macroalgal §'°N signatures
and water dissolved inorganic Nitrogen. Moreover, both macroalgal and sediment samples
showed, for different metals, even high level of pollution, not related with the Nitrogen
signatures of macroalgae samples.

Chapter 4 applies the monodimensional epilithic 31°N signature ranges classification
approach to highlight the sources of human-related Nitrogen inputs in three rivers. For these
rivers, the dominant sources of Nitrogen are the ‘moderate’ and ‘high organic’ inputs. These
two classes of human-related inputs affect most of the investigated areas and show a linear
relationship with the NOs™ concentrations in the water samples. In general, to the increase of

Nitrogen pollution corresponds the decrease of Gastropoda diversity and abundance.

Chapter 5 extends the research on the Lake Bracciano epilithic 51°N. A new protocol
for the epilithic 8*°N analysis is proposed. Four Gaussian distributions were estimated, by
Bayesian Gaussian Mixture Model, from epilithic 5°N field data of Chapter 1 and new epilithic
SN field data. Each distribution characterizes a Nitrogen input class (recognized in Chapter
1). This approach solved the critical issue of the robust assignment of an epilithic 5*°N to the
most appropriate class. This classification approach of the epilithic 5°N highlighted the class
shifts occurred before the drought (2015-2016, Chapter 1) and ongoing the drought (2017-
2019), at different spatial scales (sampling site and GAM estimates on the entire lake perimeter)
and time scales (among vernal seasons and among years). Moreover, the class changes of the
epilithic 8°N signatures reflected the negative effects of the drought on agricultural and
touristic activities.



Chapter 1

Epilithon 31oN signatures indicate the origins of nitrogen loading and
its seasonal dynamics in a volcanic Lake.
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ARTICLE INFO ABSTRACT

The intensification of agricultural land use and urbanisation has increased nutrient loads in aquatic ecosystems.
Nitrogen loads can alter ecosystem structure and functioning, resulting in increased algal productivity, algal
blooms and eutrophication. The principal aim of the present paper is to extend the use of epilithic §'°N sig-
natures to a lake ecosystem in order to evaluate the potential impact of anthropogenic nitrogen discharges

Keywords:

Environmental monitoring
Stable isotopes

Water pollution

Touri . . .

ourtsm (organic and inorganic) that can also reach coastal waters.
Bioindicator . AN K o . X
Freshwater Epilithic associations were collected from volcanic rocks in different seasons in shallow water along the entire

perimeter of Lake Bracciano and analysed for their nitrogen stable isotope signatures. Furthermore, some stones
were moved from an unpolluted site to a polluted one in order to verify the effect on the nitrogen signature of the
epilithic association. The epilithon’s §'°N signatures provided strong evidence of the space-time variability of N
inputs. The differing quality of nitrogen loads was reflected in high isotopic variation within the lake, especially
at the beginning of summer (1.7%o < 8'°N < 13.3%o0), while in winter, when anthropogenic pressure was
lowest, the 8'°N signature variation was less accentuated (3.1%o < 8'°N < 7.6%o). At all sampling times, spatial
variability was found to be related to the various human activities along the lake shore (especially tourism and
agriculture), while seasonal variation at all sampling sites was related to the intensity of anthropogenic pressures
(higher in summer and lower in winter).

Our results showed that epilithic algal associations and the physicochemical properties of the water did not
influence the 8'°N signature, which in contrast was strongly related to the site-specific effect of human activities
around the lake. Thus, the distribution of §!°N across space and time can be used to direct nutrient reduction
strategies in the region and can assist in monitoring the effectiveness of environmental protection measures.

1. Introduction

Inland waters account for only 2% of the Earth’s surface (Wetzel,
2001) but provide several ecosystem services of importance to human
communities (Page et al., 2012; Pimentel et al., 2004; Smith, 2003). On
the other hand, the intensification of agricultural land use, industrial
activity and urbanisation has caused an increase in nitrogen loads in
aquatic ecosystems (Derse et al., 2007; di Lascio et al., 2013; Galloway
et al., 2003; Matson et al., 1997; Vilmi et al., 2015; Vitousek et al.,
1997). Associated with phosphorus, nitrogen inputs can alter ecosystem
structure and functioning, resulting in increased algal productivity and
algal blooms (Dodds et al., 1989; Maberly et al., 2002; Page et al.,
2012). Physicochemical environmental monitoring methods only pro-
vide snapshots of ecosystem trophic conditions, and therefore several

sampling times are required, although even then, pulse inputs are likely
to be missed (Danilov and Ekelund, 2001; DeNicola et al., 2004;
Gartner et al., 2002; Vilmi et al., 2015). There is a need therefore for
improved and integrated management of N pollution in fresh waters.
Isotope analysis is widely employed in trophic ecology, microbial
ecology and nutrient cycling studies (Calizza et al., 2013a,b; Careddu
et al., 2015; Costantini et al., 2014; di Lascio et al., 2013; Mancinelli
et al., 2013; Rossi et al., 2007). In addition, the nitrogen isotopic sig-
nature, 8'°N, has been successfully used to monitor coastal marine
habitats by determining the type of nitrogen input (Orlandi et al.,
2014). Inorganic fertilisers have a 81N range of —4%o to + 4%o, while
for organic fertilisers and organic waste (including compost and animal
excretion) 8'°N can range from +6%o to + 38%o in exceptional cases
(Cole et al., 2004; Dailer et al., 2010, Derse et al., 2007; Jona-Lasinio

* Corresponding author at: Department of Environmental Biology, Sapienza University of Rome, Via dei Sardi 70, Rome 00185, Italy.
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et al., 2015; Kendall et al., 2007).

Given their ability to assimilate and store N inputs in their tissues,
macroalgae (in marine ecosystems) and epilithon (in river ecosystems)
can provide information on anthropogenic N loadings based on changes
in their isotopic signatures (Cejudo et al., 2014; Cole et al., 2004;
Costanzo et al., 2005; Jones et al., 2004; Pastor et al., 2014; Schiller
et al., 2009; Yokoyama and Ishihi, 2006), even on short time scales
(Orlandi et al., 2014), reflecting space-time variability in N availability
(Jona-Lasinio et al., 2015; Vizzini et al., 2005). Several studies have
been performed on macroalgal §'°N signatures in marine coastal eco-
systems (Cole et al., 2004; Dailer et al., 2010; Gartner et al., 2002;
Titlyanov et al., 2011) and coastal brackish lakes (Jona-Lasinio et al.,
2015) and lagoons (Vizzini et al., 2005). Recent studies have applied
stable isotope analysis to epilithic §!°N signatures to evaluate the effect
of anthropic land use on rivers (Bentivoglio et al., 2016; Cejudo et al.,
2014; Pastor et al., 2013, 2014; Peipoch et al., 2012; Schiller et al.,
2009). However, in spite of its widespread presence, epilithon is poorly
understood as an ecological indicator of nitrogen pollution.

Epilithon is defined as an association of non-planktonic algae, fungi
and bacteria immersed in a polysaccharide matrix able to colonise
stones on the bottom of lakes (Burns and Ryder, 2001; Castenholz,
1960, Harrison, 1998; Kahlert et al., 2002). Its abundance and com-
position are probably related to light (Watkins et al., 2001), tempera-
ture and nutrient availability (Maberly et al., 2002). Epilithic algal
growth reaches its maximum in spring and its minimum in summer,
with a second slightly smaller growth peak in late summer in stratifying
lakes (Castenholz, 1960; Harrison, 1998).

Epilithon is a potentially interesting biological resource for mon-
itoring aquatic ecosystems thanks to its high ability to colonise diverse
substrates in all freshwater ecosystems and the ease of collection in
littoral areas (Round, 1991; Sabanci, 2011), which allows more rapid

20
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Fig 1. Bracciano (RM) land cover based on Corine Land Cover
second level. Legend: green = vegetation, yellow = crops,
blue = lake, red = built up, brown = soil, black = roads,
light blue = streams. Green points indicate the sampling
sites.

sampling procedures than those required for phytoplankton and surface
sediments (DeNicola et al., 2004). The littoral zone is a key habitat for
primary and secondary productivity (Mancinelli et al., 2007; Vilmi
et al., 2015), while epilithic associations contribute significantly to the
productivity of the system as a whole and represent a trophic resource
for benthic invertebrates (Fink et al., 2006; di Lascio et al., 2011; Hawes
and Smith, 1994; Rossi et al., 2010), providing a key link between al-
lochthonous nutrient inputs and aquatic consumers (Bentivoglio et al.,
2016).

Our study focused on the Bracciano volcanic lake in the Central
Italian Volcanic Lake District (CIVOILD; Costantini et al., 2012; Mazza
et al., 2015), because of its high diversity of anthropic activities. A
regional park since 1999, it is the main drinking water reservoir for the
city of Rome, with direct water extraction (ACEA Sustainability Report,
2015). Previous research assessed the lake as oligo-mesotrophic
(Ferrara et al., 2002; Margaritora et al., 2003; Mastrantuono et al.,
2008). Moreover, in order to prevent anthropic discharges into the
basin, in the early 80s, a centralised system was created to collect urban
waste waters for a population of up to 40,000 inhabitants. Nevertheless,
the present-day population of the CO.B.L.S. (the area served by the
system, comprising the municipalities of Anguillara-Sabazia, Bracciano,
Manziana, Oriolo-Romano and Trevignano Romano) is around 49,000
(ISTAT, 2016), which rises further in summer due to tourism, exceeding
the system’s capacity.

The aim of this study was to extend the use of epilithic §'°N sig-
natures to space-time monitoring of a tourism-oriented lacustrine eco-
system. We considered anthropogenic nitrogen input type and its var-
iation across seasons, related to the intensity of tourism and agricultural
activities in the littoral zone, on both short (i.e. week-end) and long (i.e.
season) time scales. Specifically, we tested the hypothesis that (i) var-
iations in organic and inorganic N inputs were reflected in increased or
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decreased 8'°N in epilithon, and (ii) the tourism-driven summer in-
crease in anthropogenic pressure was reflected in a seasonal increase in
isotopic signatures in tourism-impacted sites that was not seen in sites
unaffected by tourism.

2. Materials and methods
2.1. Study area

Lake Bracciano (42°07’16”N; 12°13’55”E) is a volcanic lake located
in central Italy, 32 km northwest of Rome (Lazio, Italy). It has a surface
area of 57 km? and a perimeter of about 31.5 km. Its elevation is 164 m
a.s.l. and its maximum depth is 165 m. The lake is oligo-mesotrophic,
and warm monomictic from May to October and homothermic from
November to February (Ferrara et al., 2002). It has a theoretical re-
newal time of 137 years, and is used as a drinking water reservoir for
the city of Rome and the Vatican State. The combined action of climate
change and water extraction produces dangerous water level variations
that drastically change the shape of the shoreline and inshore bathy-
metry, causing substantial loss of areas where denitrification can take
place as a result of the dry conditions during the frequently prolonged
periods of minimum depth. Land use in the surrounding area is highly
heterogeneous (Fig. 1), with the following types recorded:

e Vegetation: broadleaf woods, shrub-herbaceous vegetation, semi-
natural areas

e Crops: annual crops, mixed crops, permanent crops, orchards

® Built up: the towns of Trevignano Romano (42°09'N; 12°15E),
Anguillara Sabazia (42°05’18”N; 12°16’39”E), Vigna di Valle
(42°04’34”N; 12°12’28”E) and Bracciano (42°06’N; 12°11’E), as well
as greenhouses, campsites and beach resorts

® Soil

® Roads

® Streams

Since 1999, the lake and its surroundings have been part of the
regional park of Bracciano Martignano.

So as to cover the whole perimeter of the lake (Fig. 1), twenty
collection sites were selected in the littoral zone. The sites were located:

o In and near the towns (site 1-site 3, site 7, site 9, site 10, site 14, site
15, site 20)

® Close to tourism structures directly on the lake shore (campsites,
beach resorts, garages etc.) (site 4, site 5, site 8, site 11, site 17)

e Cultivated fields (site 16 and site 18)

e Naturally vegetated areas (site 6, site 12, site 13, site 19)

A class was assigned to each sampling site in accordance with the
dominant type of potential impact and its associated nitrogen input, on
the basis of the human activities observed in the immediate vicinity
(Table 1). We expected ‘organic’ inputs for those sites seasonally af-
fected by tourism during summer; ‘organic/inorganic’ for those sites
characterised by agricultural activity (as the type of fertiliser used was
unknown) and ‘non-impacted’ for sites in naturally vegetated areas and
in or near the towns. We expected sites in towns to be in the ‘non-
impacted’ category given that the waste waters of urban areas in the
catchment are directly channelled to the centralised collection system
and discharged downstream. In addition to the catchment land-use
classification, given that the lake is not directly served by a railway, we
considered the cash earned by parking meters in parking areas on the
lake shore used by non-residents (n = 6) to be a proxy for tourism
pressure. Earnings were measured weekly from the beginning of May to
the end of August. The parking meters do not operate from October to
March. The number of non-resident cars per week in late March, April,
and September was roughly the same as the May value, while from
October to early March it was about half (COBIS, personal
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Table 1

Expected and observed impact classes for each sampling site. The expected impacts were
assigned before sampling in accordance with the human activities in the immediate vi-
cinity of each sampling site. We considered the expected impact to be organic if it was
related to tourism, “organic/inorganic” if it was related to agriculture. The observed
impacts refer to the 8'°N measured at each site.

Site IMPACT
Expected Observed
1 Non-impacted Non-impacted
2 Non-impacted Non-impacted
3 Non-impacted Moderate organic
4 Organic Non-impacted
5 Organic Moderate organic
6 Non-impacted Non-impacted
7 Organic Moderate organic
8 Organic Moderate organic
9 Organic Moderate organic
10 Organic High organic
11 Organic Moderate organic
12 Non-impacted High organic
13 Non-impacted Non-impacted
14 Non-impacted Non-impacted
15 Non-impacted Non-impacted
16 Organic/Inorganic Inorganic
17 Organic Non-impacted
18 Organic/Inorganic Inorganic
19 Non-impacted Non-impacted
20 Non-impacted Moderate organic

communication). The cost of parking is €1 per hour per car. To relate
the number of non-resident cars to tourism pressure, one car was con-
sidered equivalent to 2.5 tourists (i.e. non-residents) as a mean value.
The number of tourists was converted into g of N per day considering: 1
tourist = 6.16 g N/day (1 day = 24 h) (Pagnotta and Barbiero, 2003).
Parking meters used by non-residents further away from the lake shore
(n = 4) were also considered and compared with parking meters near
the lake shore to confirm that the increase in car numbers was directly
related to the increase in tourism-driven pressure on the lake.

2.2. Field procedures

We sampled at six times, from June 2015 to March 2016.
Specifically, two samplings were conducted at the end of June (June 26:
early summer 1, and June 30: early summer 2). Early summer 2 fol-
lowed a public holiday for the entire municipality of Rome (June 29)
after a weekend (June 27-28) during which tourism peaked in the lake
area. Other samplings were conducted on July 28 (summer), September
23 (autumn), December 15 (winter) and March 31 (spring, 2016). At
each site epilithon was sampled by scraping smooth volcanic rocks (size
approximately 30 x 15 X 7 cm) in the littoral zone using single-edge
sterilised razors. Two 5 X 5 cm patches were collected from each of
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three rocks sampled at each site, the rocks being 25 m apart along
sampling transects parallel to the lake shore. The epilithon samples
were stored in plastic Petri dishes and conserved on ice for transport to
the laboratory. The temperature (°C), pH, total dissolved solids (ppm)
and oxygen concentration (mg/l) and saturation (%) were recorded at
each sampling site by multi-parameter probe (Hanna instruments HI
9829).

Following field samplings and data analysis, a transplant experi-
ment was performed. We moved rocks from one site to another in order
to test for site-specific effects on the epilithic 8'°N signature. Two rocks,
duly labelled, from a site with non-impacted 8'°N signatures (site 3, as
determined during previous samplings), were carefully moved to the
site with the highest observed 815N (site 10, 9.9 km from site 3). Rocks
of the same size and smoothness as those used for field sampling were
chosen. At the same time, two rocks from site 10 were moved to site 3
and labelled. During translocation, which took less than 30 min, rocks
were maintained right side up in water collected at their site of origin.
Unfortunately, rocks moved from site 10 to site 3 were removed by
persons unknown. In October 2015 (TO in the translocation experi-
ment), epilithon was sampled by scraping three replicate patches
(5 x 5 cm each) per rock. Half of the total surface of the two rocks was
then scrubbed clean and the rocks were moved to site 10. After 30 days,
in November 2015 (T1 in the translocation experiment), the epilithic
associations were re-sampled from the same two rocks moved to site 10
(three patches per rock), taking samples from both the unscraped sur-
faces (the epilithon left intact at TO and hence belonging to site 3) and
from the regrown surfaces (the epilithon that had regrown on the sur-
faces scraped bare at TO, and hence belonging to site 10). Moreover, at
T1, three epilithic replicates from three rocks in site 10 were sampled to
obtain a reference §'°N value for epilithon growing naturally at that
site. The samples were stored in plastic Petri dishes and conserved on
ice for transport to the laboratory.

2.3. Laboratory procedures

Epilithic samples were conserved at —80 °C before being freeze-
dried for 24 h and ground to a fine homogeneous powder using a ball
mill (Fritsch Mini-Mill Pulverisette 23 with a zirconium oxide ball).

For each epilithic sample, two replicates (2.0 * 0.2 mg) were sub-
sampled and pressed into ultra-pure tin capsules and analysed using an
Elementar Vario Micro-Cube elemental analyser (Elementar
Analysensysteme GmbH, Germany) coupled with an IsoPrimel00 iso-
tope mass ratio spectrometer (Isoprime Ltd., Cheadle Hulme, UK). The
obtained nitrogen (N) stable isotope ratios (*>N:*N) were expressed in
8 units, i.e. parts per thousand deviations from international standards
(atmospheric N»), in accordance with the following equations: 8R(%o)
= [(Rsampie — Rsranparn)/Rstanparn] *10% (Ponsard and Arditi,
2000), where R is the heavy-to-light isotope ratio of the element. The
internal laboratory standard was IAEA-600 Caffeine. Measurement er-
rors were found to be typically smaller than + 0.05%o. In accordance
with Cole et al. (2004), Derse et al. (2007) and Kendall et al. (2007),
four impact classes, based on observed epilithic §'°N signatures, were
identified:  ‘inorganic  input’ (8'°N < 3%o), ‘non-impacted’
(3%o0 < 8'°N < 6%o), ‘moderate organic input’ (6% < 8'°N =< 9%o)
and ‘high organic input’ (§'>°N > 9%o).

2.4. Statistical analysis

The entire data-set includes 287 8'°N observations.

Two-way ANOVA was applied to test for the effect of impact class
(i.e. non-impacted, moderate organic, highly organic, inorganic) and
season on epilithic 8'°N values. In addition, the Kruskal-Wallis test for
repeated measures was used in order to test for differences between
mean values of impact classes for the study period as a whole. In this
case, sampling times were considered to be repeated measures. Each
site was assigned to a certain impact class in accordance with its §'°N
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value at the early summer 2 sampling time. This sampling occurred
after a public holiday for the entire Municipality of Rome (the nearest
major city to the lake, 4.3 million inhabitants), and was the time when
tourism pressure and the mean and range of nitrogen isotopic sig-
natures across sites were all at their highest.

Due to the presence of non-linear relationships among §'°N sig-
natures and/or sampling sites/time, we used a Generalised Additive
Model (GAM) (significance level a = 0.05). GAM can be considered a
semi-parametric generalisation of linear regression and Generalised
Linear Models. It is able to deal with non-linear relationships (Zuur
et al., 2007, 2009) and to take account of space-time variability
(Ciannelli et al., 2008; Colloca et al., 2014; Pastor et al., 2014).
Therefore we considered the observed 8'°N epilithic signatures as a
function of space (longitude and latitude coordinates of the sampling
site) and time (sampling time). This allowed us to interpolate the 815N
values along the entire lake perimeter at each sampling time. A Mantel
test was applied to determine whether differences in 85N (in %o) be-
tween site pairs were related to the distance (in km) between sites.

All statistical analyses were performed using open-source R soft-
ware.

3. Results
3.1. Field sampling

Nitrogen isotope statistics are shown in Table 2 and physicochem-
ical parameters are shown in Table S1 in the online supplementary
material. Epilithic 8'°N was not found to be related to physicochemical
parameters (pH: R® = 0.04, p = 0.51; T: R*> = 0.00, p = 0.99; TDS:
R? = 0.14, p = 0.18; O, mg/l: R> = 0.01, p = 0.71; 0,%: R® = 0.01,
p = 0.68). Similarly, we found no significant correlation between §'°N
and%N, either at individual sampling times or considering the study
period as a whole (p always > 0.05). Distance between site pairs ex-
plained less than 5% of the observed epilithic isotopic variation be-
tween sites (Mantel Test, R? = 0.04, t = 2.53, p > 0.05). As an ex-
ample, sites 1 and 13 were 8.8 km apart but their 8'°N signatures
differed by only 0.3%o. At the opposite extreme, sites 15 and 16 were
only 0.9 km apart but their 8'°N signatures differed by 3.3%o. The
lowest average 8'°N value was observed at site 16, near greenhouses
and crops. The highest value was observed at site 10, near the tourism
lakeside of Bracciano town. The range (i.e. max-min) of 85N values
across sites was greatest in early summer 2 and lowest in winter
(Table 2). Based on the observed 8'°N values, 9 sites were classed as
non-impacted, 7 as moderate organic, 2 as high organic, and 2 as in-
organic (Table 1)

Considering the mean value of all sites within each class, epilithic
8'°N varied among both impact classes and sampling times (Two-way
ANOVA, impact class: F = 5.4, p < 0.001; sampling time: F = 20.6,
p < 0.0001; interaction between impact class and sampling time:
F = 0.8, p > 0.05). When considering the sampling times as repeated
observations, all pairwise comparisons between impact classes showed
significant differences (Kruskal-Wallis test for repeated measures,
Hc = 18.9, p < 0.001; Mann-Whitney pairwise comparisons between
impact classes, p always < 0.05) (Fig. 2). Generalised additive models
(GAM) made it possible to observe significant differences in 8'°N be-
tween sites at all times (p < 0.05) (Table S2 in the online supple-
mentary material). GAM also made it possible to include latitudinal and
longitudinal variations in 8'°N signatures, to interpolate §'°N across
sites, and hence to produce an isotopic map of the lake littoral belt
(Fig. 3). In early summer 1, there were diffuse moderate organic inputs
along all the western side of the lake, whereas high organic impact was
detected only at site 10, near the tourism lakeside of Bracciano town.
Site 10 retained its high organic impact status in early summer 2 and
summer, and then decreased to moderate organic between autumn and
spring. Inorganic N input was evident in the East-North East (near
greenhouses and crops) in early summer 1, autumn and spring, while it
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Table 2
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Epilithic 8'°N signatures for each site (rows) and sampling time (columns). In each cell, the average isotopic signature and its standard error are reported. The last column shows the
average isotopic signature, standard error and range (A, as max-min) for each sampling site. The last row shows the range (max-min across all sites) at each sampling time.

Site early summer 1 early summer 2 summer autumn winter spring mean * S.E. (A)

01 4.67 = 0.32 4.66 = 0.29 4.37 = 1.17 3.76 = 0.52 4.17 = 0.94 6.52 = 0.28 4.69 = 0.32(2.76)
02 5.23 + 0.22 5.48 + 0.36 3.36 + 0.33 2.68 + 0.42 3.10 = 0.47 2.67 * 0.05 3.75 + 0.52 (2.81)
03 5.28 = 0.33 6.23 = 0.14 6.86 = 0.67 5.44 + 0.63 3.19 + 0.03 2.46 = 0.32 491 * 041 (4.9
04 6.06 = 0.29 5.35 *+ 1.05 4.30 = 0.45 4.04 = 0.38 6.32 = 0.32 3.70 = 0.52 4.96 *= 0.31 (2.62)
05 6.29 + 0.51 6.57 *+ 0.51 7.29 + 0.63 10.08 + 0.61 5.49 + 1.02 4.30 = 0.97 6.67 + 0.50 (5.78)
06 6.22 = 0.26 6.28 = 0.27 3.66 = 0.02 2.41 * 0.06 3.69 = 0.18 1.65 = 0.39 3.98 = 0.43 (4.63)
07 7.58 = 0.23 - 7.67 = 1.48 5.99 + 0.21 4.12 = 0.23 4.59 = 0.52 5.99 * 0.48 (3.55)
08 7.08 + 0.46 6.88 + 0.16 1.88 + 0.32 7.99 + 1.04 6.20 + 0.11 4.30 = 0.29 5.72 + 0.51 (6.11)
09 8.32 = 0.15 8.48 = 0.19 8.49 * 0.31 7.71 = 0.53 7.19 = 0.23 7.37 = 0.52 7.93 + 0.18 (1.3)
10 10.86 + 0.56 13.33 + 0.42 11.35 = 1.20 8.74 = 0.27 7.60 = 1.02 8.55 = 0.17 10.07 + 0.53 (5.73)
11 - - 6.85 *= 0.46 - - - -

12 8.46 = 0.74 11.31 * 1.63 9.75 = 0.72 6.33 = 0.45 4.70 = 0.46 6.15 = 0.05 7.78 = 0.62 (6.61)
13 5.59 = 0.75 8.05 = 0.04 4.32 = 0.27 3.37 £ 0.17 3.52 *+ 0.59 4.97 = 0.49 (4.68)
14 7.43 = 0.42 6.19 = 0.12 3.87 = 1.48 6.15 = 0.38 6.70 = 1.68 4.56 = 0.41 5.82 * 0.44 (3.56)
15 - 7.38 = 0.50 4.77 = 0.48 3.90 = 0.89 - 7.00 = 0.53 5.76 = 0.52 (3.48)
16 2.15 = 0.20 1.67 + 0.09 273 + 1.37 1.35 = 0.89 4.42 = 0.25 2.37 = 0.56 2.45 *= 0.34 (3.07)
17 5.14 + 0.10 - 3.57 = 0.81 - 4.35 = 0.51 (1.57)
18 - - - 2.17 = 0.36 - -

19 - 5.14 = 0.10 1.72 = 0.39 3.57 = 0.81 7.25 = 1.94 2.24 = 0.33 3.98 = 0.65 (5.53)
20 - 6.4 * 0.23 - - - 3.26 = 0.82 4.58 *= 0.87 (3.14)
mean 6.52 = 0.32 6.73 = 0.37 5.48 *= 0.44 4.96 = 0.35 5.18 *+ 0.29 4.48 = 0.52 5.48 * 0.42

A (max-min) 8.71 11.66 9.63 8.73 4.5 6.9 7.62

was reduced in early summer and summer and was absent in winter.
Regardless of season, sites near the towns of Trevignano Romano and
Anguillara Sabazia had isotopic signatures of 3%o to 6%o.

Earnings from parking meters near tourism structures and the lake
shore increased from May to August, whereas earnings from parking
meters further away from tourism structures and the lake shore were
lower and did not vary in this period (Fig. 4 and Fig. S1 in the online
supplementary material). Rainfall in the drainage basin of the lake
varied between sampling times, being highest in autumn and lowest in
winter (Fig. 4). The mean 8'°N of sites assigned to the ‘high organic
impact’ class was directly related to earnings from parking meters near
tourism structures (Fig. 4) but was not related to rainfall (R? = 0.001,
p > 0.05). In non-impacted sites it was related to neither earnings
from parking meters nor rainfall (Fig. 4). Similarly, in moderate organic
and inorganic impacted sites it was not related to earnings from parking
meters (p always > 0.05). On the other hand, in inorganic impacted
sites 8'°N decreased with increasing rainfall (Fig. 4) and was not related
to earnings from parking meters (R> = 0.01, p > 0.05). Rainfall was
not related to 8'°N in non-impacted, moderate and high organic im-
pacted sites (p always > 0.05). Independently by the impact class,
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8'°N was never related with earnings from parking meters away from
the shore (p always > 0.05). Based on the linear regression between
earnings from parking and 85N in impacted sites (Table S3), we were
able to determine thresholds in terms of the number of tourists and g of
N per day that are expected to increase pollution levels in tourism sites
from non-impacted to moderate organic and high organic impact (Fig.
S2, on-line supplementary material).

3.2. Translocation experiment

The 8"°N of epilithon collected on rocks moved from site 3 (a non-
impacted site) to site 10 (high-organic impact) varied during the
30 days of the experiment (one-way ANOVA and Tukey post-hoc
comparisons, Rock 1: F =18.8, p < 0.001; Rock 2: F = 72.5,
p < 0.001) (Fig. 5). For both rocks, the 8'°N of epilithon that grew
back on the scraped patches (R) did not differ from that of epilithon
growing on rocks naturally present at site 10 (R vs. site 10, Rock 1:
p = 0.22; Rock 2: p = 0.11), while it was higher than epilithic §'°N
measured at site 3 before translocation (T0) (R vs. TO, Rock 1:
p = 0.02; Rock 2: p < 0.001). The 8'°N of the unscraped epilithon
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taken from site 3 but left exposed to site 10 for one month (T1) also
increased after translocation (TO vs. T1, Rock 1: p = 0.03; Rock 2:
p < 0.001) and was similar to the 8'°N of epilithon that grew back on
scraped patches (R vs. T1, Rock 1: p = 0.08; Rock 2: p = 0.14). Lastly,
there was no difference between the 8'°N of the epilithon that grew
back on the two translocated rocks (p = 0.35).

4. Discussion

Our results indicate that epilithic 8'°N signature represents a pow-
erful tool in lacustrine environmental monitoring due to its ability to
detect and record different types of anthropogenic nitrogen input in the
water body. Indeed, consistent with our expectations and with previous
research into macroalgal and epilithic 8'°N signatures in several non-
lacustrine aquatic ecosystems (Bentivoglio et al., 2016; Cejudo et al.,
2014; Dailer et al., 2010; Jona-Lasinio et al., 2015; Pastor et al., 2014),
we found that the magnitude and type of input reaching the lake littoral
zone varied strongly in space and time. Accordingly, the §'°N values
associated with these inputs were found to vary across sites and sea-
sonally. It was shown how, for a lake affected by a variety of anthropic
activities, especially tourism and agriculture, epilithic 8!°N was able to
describe both pulsed and more persistent inputs to the coastal waters.
Based on 8'°N, we were able to distinguish between N loadings of or-
ganic origin associated with short-term and seasonal pressures gener-
ated by tourism (on public holidays and in summer) and those of in-
organic origin resulting from agricultural practices, which where
dependent on runoff from agricultural areas.

Our sampling design, with six sampling times and a dense sampling
grid with sites along the whole of the lake perimeter, enabled us to
identify and describe potential sources of nitrogen in a space-time
framework. Early summer was the period of greatest pressure from
tourism, with agricultural inputs also being detected. This produced a
broad range of epilithic 8!°N signatures across sites. In the period of
lowest human presence (winter), it was possible to recognise a decrease
in the 8N values of tourism-impacted sites and in the variability of
8'°N along the lake perimeter. Indeed, tourism sites belonging to the
high-organic impact class in early summer and summer approached
non-impacted or moderate-organic impacted conditions in autumn and

winter. This suggests a meta-stable dynamics of tourism-related N
pollution in the lake and the ability of the lake to recover on a seasonal
temporal scale. In addition, the results obtained at site 10 in early
summer 2 emphasise the presence of hidden inputs of nutrients. Inputs
of nitrogen and phosphorous were also found in this part of the lake by
Catalani et al. (2006). As in studies of benthic macroalgal 85N (Orlandi
et al., 2014) and river epilithic §'°N (Schiller et al., 2009), our study
also had fine temporal resolution. Indeed, in sites with high organic
impact, 8"°N increased by 2.6%o between early summer 1 and 2, in
association with a 40% increase in tourism pressure (as measured by
earnings from parking meters), suggesting that even short-term, pulsed
inputs of anthropogenic N can be detected by means of isotopic analysis
of epilithon. As expected with an efficient basin-wide wastewater col-
lection system, the towns of Anguillara Sabazia in the South and Tre-
vignano Romano (except after the public holiday) in the North re-
mained in the non-impacted range. Lastly, anthropogenic inorganic N
inputs were observed in the East-North East near greenhouses and
crops. These inputs were evident in early summer 1, autumn and spring,
suggesting that N inputs from agriculture are of a highly pulsed nature
linked to discharge of fertiliser-derived N after rainfall. As for organic
inputs, inorganic loadings were “absorbed” by the lake over a seasonal
temporal scale and were completely absent in winter, when the agri-
cultural activity in the lake basin drops.

The absence of a linear correlation between epilithic §'°N and ni-
trogen content was explained by the contrasting types of nitrogen input
to the water body. Indeed, we would expect a positive linear correlation
between 8'°N and%N if the sole nitrogen input was organic, and a
negative linear correlation if the sole nitrogen input was inorganic. Due
to the fact that Lake Bracciano received two distinct kinds of input there
was no evidence, at any of our sampling times, that high/low isotopic
signatures were reflected in high/low epilithic nitrogen content.

Another advantage of epilithic §'°N signature, which arises from
our translocation experiment, is the independence of isotopic values
from the site-specific composition of the epilithon (MacLeod and
Barton, 1998), meaning that the signatures were purely a function of
local N inputs affecting the sampling site at different sampling times.
While our translocation experiment was based on only two sites, this
result is supported by the independence of 8'°N from physicochemical
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Fig. 4. Anthropogenic pressure, rainfall and §'°N in epilithon. a: Rainfall (as mean mm/
day during the week preceding each sampling date, grey symbols), earnings from parking
meters close to tourism structures on the lake shore (black symbols) and away from the
lake shore (empty symbols). All parking meters are for non-residents. Different letters
indicate a significant difference between sampling times (from day 0: early summer 1, to
day 278: spring) and/or parking meter locations (two-way ANOVA and Tukey post-hoc
comparisons, p < 0.05). b: Relationship between earnings from parking meters close to
tourism structures on the lake shore and §'°N in sites with high-organic impact (triangles)
and in non-impacted sites (circles). c: Relationship between rainfall and 8'°N in sites with
inorganic impact (squares) and in non-impacted sites (circles). Linear regression is not
shown when not significant (p > 0.05).

parameters and distance between site pairs. It is also consistent with
previous observations by MacLeod and Barton (1998), who found no
effect of epilithic composition on its 8'°N signature. This suggests that
using epilithon to monitor N pollution does not necessarily require its
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taxonomic identification, resulting in a less time-consuming and more
practical technique.

5. Conclusions

Freshwater ecosystems provide indispensable ecosystem services
(Page et al., 2012; Pimentel et al., 2004; Smith, 2003) but these same
services expose them to various forms of anthropic disturbance, espe-
cially nitrogen loads derived from agriculture and sewage (Dodds et al.,
1989; Matson et al., 1997; Vitousek et al., 1997). There is a strong need
therefore for an accurate, practical and fast environmental monitoring
tool. In marine, coastal, transitional water and lotic ecosystems, mac-
roalgal and epilithic 8'°N signatures have proved to be successful in
determining the types and space-time variability of nitrogen loads
(Bentivoglio et al., 2016; Cejudo et al., 2014; Cole et al., 2004; Dailer
et al., 2010; Gartner et al., 2002; Jona-Lasinio et al., 2015; Orlandi
et al., 2014, Pastor et al., 2013, 2014; Peipoch et al., 2012; Schiller
et al., 2009; Titlyanov et al., 2011; Vizzini et al., 2005), while in la-
custrine ecosystems there is a lack of knowledge concerning epilithic
815N signatures.

Our study demonstrates that epilithic §'°N signatures fully satisfy
the requirements for nitrogen input monitoring. Specifically, epilithic
8'°N signatures can detect the source of the inputs, their nature (in-
organic vs. organic, reflecting anthropic activities) and their temporal
variation, with a temporal resolution of as little as four days. In greater
detail, epilithic 8'°N identified the critical season for each type of input,
together with the main drivers linking N loading to anthropic activities
in the lake basin. We were able to recognise the greatest and most
persistent loads of organic nitrogen (from tourism) and inorganic ni-
trogen (from greenhouses and crops, transported by run-off) affecting
the lake, although nutrient concentrations in water are below legal
limits and the lake is classified as oligo-mesotrophic (Ferrara et al.,
2002). This suggests that isotopic signatures are able to detect an-
thropogenic N inputs even at low concentrations, providing a mon-
itoring tool that can detect early signs of ecological risk affecting the
lake ecosystem. The independence of 8'°N from epilithic composition
and water physicochemical parameters, together with the widespread
presence of epilithon in freshwater ecosystems, suggests that the pro-
posed method is of potentially broad application. Therefore, even in
cases where epilithon is absent, impacted or potentially impacted sites
can still be monitored by using samples obtained elsewhere.

The results of our experiment suggest that epilithic isotopic signals
represent a highly efficient and rapid method of monitoring a lake’s
nitrogen loads and that, when isotopic variation can be quantitatively
related to anthropogenic pressure, as measured here with reference to
earnings from parking meters, isotopic thresholds can be directly
translated into practical management information for decision makers.
The results of this study indicate the need for improvement of sewage
treatment facilities (with an emphasis on organic nitrogen removal),
implementation of wastewater re-use protocols, and the conservation or
recovery of healthy littoral belts of the lake ecosystem that are able to
absorb agricultural N inputs after rainy periods.
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ABSTRACT

The lakes in the Italian region of Lazio, and in particular Lake Bracciano, have suffered due to reduced
rainfall during the most recent years (1264.8 mm in 2014 vs 308.4 mm in 2015 and 883.6 mm in 2016
in Lake Bracciano). Moreover, Lake Bracciano exhibits both a direct water withdrawal (as drinkable
water for the city of Rome and several other towns), and an indirect one, by the groundwaters, for
agriculture. The 1.5 m water reduction, never observed in the last two decades, bared over 10 m of the
littoral zone with the consequent exposition of gravel shores, trashes and reduction of the bottom areas
involved in the denitrification process. This condition poses a threat to the ecosystem and to the human
profits in term of eutrophication, healthy water loss, ship handling difficulties, touristic boats included,
and tourism decline. In a previous investigation, we sampled the epilithic algae in the littoral zone of
Lake Bracciano and estimated their nitrogen isotopic signature (§'°N). We highlighted the presence
of diffuse organic and inorganic nitrogen inputs not intercepted by the wastewater collection system.
These inputs, in synergy with water-level reduction, are able to undermine the ecosystem structure and
health. In this paper, we show the nitrogen isotopic signatures, and their sources, as euros gained by
parking meters for non-residents. We highlight the role of the touristic pressure not intercepted by the
wastewater treatment plant in terms of 8'>N increase during the most critical season (i.e. summer).
The results show strong increases of euros gained and consequent 8'°N signature increases
(9%o < 8'°N < 17%o) from the end of June to the middle of August. We provide evidence supporting the
need to adopt management policies to preserve the ecosystem services and related human health and
earnings.

Keywords: Epilithon, nitrogen inputs, 6*°N, volcanic lake.

1 INTRODUCTION

Lake ecosystems represent impressive and irreplaceable sources of ecosystem services,
including drinkable water, irrigation water for agriculture, fishing and leisure activities
[1]-[3]. On the other hand, human activities can determine nutrient inputs, especially
nitrogen and phosphorus, in the water body [4]-[9] and turn them to pressures. In lacustrine
ecosystems nitrogen enrichment can enhance algal blooms with severe consequences for
ecosystem, human health and profits [10]-[12]. Therefore, the identification of the
organic/inorganic origin and seasonal dynamics of inputs is essential in order to establish
the proper management initiatives.

Lake Bracciano [13]-[16], located north of Rome in the Central Italian Volcanic Lake
District (CIVOILD), represents an interesting case of study since it: (1) is a regional park
since 1999, (2) exhibits several human activities (from agriculture and fisheries to recreation
and tourism especially in Summer), (3) is the water source for the CO.B.I.S. (Consorzio del
Bacino Idrico Sabatino, which includes the towns of Anguillara-Sabazia, Bracciano,
Manziana, Oriolo-Romano and Trevignano Romano) population and (4) is the main drinking
water reservoir for the city of Rome, by direct water extraction [17]. The latter two points are
particularly crucial. As a matter of fact, direct (as drinkable water) and indirect (for
agriculture) withdrawals together with rainfall reductions (1264.8 mm in 2014 vs. 308.4 mm
in 2015 and 883.6 mm in 2016), produced an alarming water level decline, never observed
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in the last decades [18]. In fact, the water level has reduced by 1.5 meters, thus exposing 10
meters of bare littoral zone [19]. This alarming condition of the hydrological balance can
affect the benthic community [20] and the denitrification processes [21] with consequent
nitrogen accumulation, which, in turn, can promote algal blooms [22] and boost the
deterioration of water quality and ecosystem services.

In a previous work [23], we were able to identify the different types of nitrogen inputs
(both organic and inorganic) affecting the Lake Bracciano littoral zone and their space-time
dynamics (related to the different human activity magnitudes along the whole perimeter in a
yearlong monitoring study), by the nitrogen isotopic signature of the epilithic association,
8N. Epilithic 8'°N turned out to be a very flexible, easy to collect and manipulate, and
species-specific independent monitoring tool [23]. Using the 3!°N values, we were able to
identify the organic impacted area in the western littoral side of the lake. This side, in
summer, was characterized by a high touristic pressure, partially not intercepted by the
wastewater collection system, reflected by 3'°N values over the threshold of the 6%o and 9%
and therefore classifiable, respectively, as moderate organic and highly organic impacted
[23].

Aims of this paper are to quantify the relationship between organic 3'°N and tourism
activities in this zone (in terms of parking meters earnings), to estimate the 8'°N values
especially in July and August and to provide reasonable evidence for the pressing needs for
management policies of Lake Bracciano especially during the summer season.

2 MATERIALS AND METHODS

Lake Bracciano (42°07°16”N; 12°13°55”E) is a volcanic lake located in central Italy, 32 km
northwest of Rome (Lazio, Italy). It has a surface area of 57 km? and a perimeter of about
31.5 km. Its elevation is 164 m a.s.l. and its maximum depth is 165 m. The lake is oligo-
mesotrophic, and warm monomictic from May to October and homothermic from November
to February [13]. It has a theoretical renewal time of 137 years, and is used as a drinking
water reservoir for the city of Rome and the Vatican State. To prevent the local urban
wastewater discharges in the water body a centralized collection system was built in the early
80s. This collection system is able to serve 40,000 inhabitants, but the present-day CO.B.L.S.
population is around 49,000 inhabitants and increases in summer [24].

The combined action of climate change and water extraction produces dangerous water
level variations that drastically change the shape of the shoreline and inshore bathymetry.
Since 1999, the lake and its surroundings have been part of the regional park of Bracciano
Martignano. Due the presence of a high touristic enterprise concentration [23] we chose three
sampling sites (namely, A, B and C; Fig. 1) in the western side of the lake, characterized by
a high level of anthropic activities on the lakeshore (bar, restaurants, beach resorts etc.).
Moreover, we considered the earnings of four parking meters, in parking areas on the
lakeshore used by non-residents, to be a proxy for tourism pressure. Earnings were measured
weekly from the beginning of May to the end of August. The cost of parking was €1 per hour
per car. The parking meters do not operate from October to March.

2.1 Field procedures

Samplings were performed from June 2015 to March 2016 (six sampling dates). In each
sampling date and at each sampling site (three sites: A, B and C), three small patches
(5 x 5 cm) of epilithic association were carefully scraped with a single-edge razor from three
similar and smooth volcanic rocks (approximately 30 x 15 x 7 cm) from shallow waters.
Samples were stored in Petri plates and conserved in ice for transport in laboratory.
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Jsite8

site A;

Figure 1: Location of the three sampling sites (A, B, C) in Lake Bracciano.

2.2 Laboratory procedures

Samples were conserved at —80°C before freeze-drying for 24 hours and ground to a fine
homogenous powder using a ball mill (Fritsch Mini-Mill Pulverisette 23 with a zirconium
oxide ball). For each epilithic sample, two replicates (2.0 = 0.2 mg) were sub-sampled and
pressed into ultra-pure tin capsules and analysed using an Elementar Vario Micro-Cube
elemental analyser (Elementar Analysensysteme GmbH, Germany) coupled with an
IsoPrime100 isotope mass ratio spectrometer (Isoprime Ltd., Cheadle Hulme, UK). The
obtained nitrogen (N) stable isotope ratios (15N:14N) were expressed in  units, as parts per
thousand deviations from international standards (atmospheric N2), in accordance with the
following equations: 8R(%0) = [[RSAMPLE-RSTANDARD) / (RSTANDARD)*10%] [25],
where R is the heavy-to-light isotope ratio of the element. The internal laboratory standard
was [AEA-600 Caffeine. Measurement errors were found to be typically smaller than
+0.05%o. In accordance with Cole et al. [26], Derse et al. [27] and Kendall et al. [28],
four impact classes were identified: ‘inorganic input’ (8'N < 3%.), ‘non-impacted’
(3%o < 8N < 6%0), ‘moderate organic input’ (6%o < 8N < 9%o.) and ‘high organic input’
(8 5N > 9%o).

2.3 Statistical analysis

An ANOVA (significance level a = 0.05) was applied to test the presence of significant
differences in euro earnings of the parking meters between May, June, July and August,
followed by a Tukey post-hoc test. We then performed a linear regression between the
earnings of the parking meters and the days from starting date. The records had a time lag
of 7 days, so we considered the first record as day 0 and the last one as day 119 (18 weeks).
We therefore estimated the 615N values during the whole study period as a function of
average euros earned according with our previous study [23].
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3 RESULTS

Results show an increasing anthropic presence in the lake during summer as indicated by the
increasing amount of the euro earnings (Fig. 2(a) and (b); ANOVA, F =41.94, p < 0.001)
and a consequent increase of organic N input as indicated by the estimated §'°N values. In
particular, the anthropic pressure abruptly increased at the end of June (during a public
holiday for the entire municipality of Rome, 29" June) and July, and remained high in August
with a peak on 15" August (a national public holiday; Fig. 2(a) at day 105). The Tukey post-
hoc test (Fig. 2(b)) found statistically significant differences (p < 0.001) between May/June
and July/August, but not between May and June and between July and August. The linear
regression between the euros earnings and the days from the beginning of records showed a
strong linear increasing (Fig. 3(a); t = 6.083, p <0.001, R?>=0.68) with a slope of 7.04 (£1.16)
euros*day and an intercept of 105.21 (£80.68). Estimated 5'°N signatures from the 56" day
(end of June) to the 119" day (end of August), were always over the threshold of 9%o, and
then classifiable as typically high organic input signatures (Fig. 3(b)).

4 DISCUSSION

It is widely recognized that tourism represents a strong pressure for various aquatic
ecosystems, both marine [29], [30] and freshwater [5], [6], [10]. On the other hand, a lack of
knowledge of its effect in lacustrine ecosystems persists and the lake littoral zone might be a
useful zone to sample in order to intercept the touristic pressure [31], [32]. Moreover,
physicochemical environmental monitoring methods only provide snapshots of ecosystem
trophic conditions, and therefore several sampling dates are required and pulse inputs, like
the first nitrogen isotopic peak observed in our study, are likely to be missed [33] especially
if they occur during holydays. On the contrary stable isotopes analysis is a flexible and
reliable tool employed in trophic ecology and environmental monitoring since the stable
nitrogen isotope ratio (3!°N), as sensitive indicator of N sources in many ecosystems, is
rapidly integrated, similarly to the radioisotopes, in fast growing organisms and algae and,
thus, in the benthic food webs [34]-[41].

(@) (b)

Figure 2:  Euros earned by parking meters. (a) The lines represent the euro amounts earned
by each parking meters, PKM1, PKM2, PKM3, PKM4, for non-residents from
May (day 0) to August (day 119); (b) Box plots of the earnings of parking meters
during the observed months. Different letters above the box plot indicate
significant differences between months (Tukey post hoc test, o = 0.05).
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(@) (b)

Figure 3:  Euros and estimated 3'°N (%o) trends. (a) Plot of linear model, significance level
a= 0.05, between mean euros earned by the four parking meters and days;
(b) Plot of estimated mean &N (%o): circle=mean &N signatures,
square = mean 8'°N + standard error (SE), triangle = mean §'°N — standard error
(SE). The high organic signature threshold (9%o) is reported.

Our results indicate that summer is a critical season, in terms of organic nitrogen inputs,
for Lake Bracciano. As a matter of fact, from the beginning of May to the end of June the
parking meters for the non-residents earned similar amounts, and, from the end of June to the
end of August, globally showed a linear increasing trend in their incomes. Moreover, in the
period considered, there were two peaks characterized by abrupt increases of anthropic
pressure on the lake shores both related to public holydays (29 July and 15" August). As a
consequence of the higher human pressure, in May and June the estimated §'°N signatures
were above the non-impacted range whereas during the summer season (late June, July and
August), the estimated 8'°N signatures were in the high organic input range, with a maximum
85N value comprised between 15.64%o < 5N < 18.39%o. Such nitrogen isotopic signatures
can be considered as the worst case, assuming a high response degree of 3'°N signatures to
increasing parking meter earnings (i.e. a high response degree of nitrogen isotopic signatures
and touristic pressure). Similar isotopic values, associated with tourism, had been detected in
surface sediments of eutrophic lakes [42] and in marine macroalgae [29], [43], [44], therefore
providing a proxy of the effects of tourism on water bodies.

5 CONCLUSIONS

Lake Bracciano already suffers from the effect of climate change and direct water extraction
and our results indicated that, during the late summer season (July and August), the non-
residents anthropic pressure on Lake Bracciano shores rapidly increased, threatening the
water healthiness and ecosystem health. The high estimated 8'N signatures were over
the threshold of high organic inputs in late June, July and August, in accordance with our
previous work [23].

For its high naturalistic, social and economic values, there is the necessity of management
policies adoption and, primarily, an “upgrade” of the wastewater treatment plant compared
to the current and inadequate 40,000 units, especially where the concentration of touristic
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activities is high, and especially during the public holydays, when the touristic pressure and
related 3'°N signatures reached their respective peaks.
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Abstract
The Caspian Sea hosts areas of high ecological value as well as several productive human activities that dump in the

water body different kinds of pollutants. This complexity calls for effective monitoring tools necessary to plan proper
water resource management and conservation. Here, we aimed at detecting anthropic sources of Nitrogen inputs, by N
stable isotope analysis of macroalgae, and trace metals in macroalgae and sediments along the Iranian coast of the
Caspian Sea. 3°N values in macroalgae detected both inorganic and organic pollution sources. Inorganic inputs,
especially in the eutrophic western waters, were associated with inland agricultural activities, while organic inputs were
detected in urbanized and touristic areas in association with high dissolved N and low dissolved O,. Metal
concentrations ranged from non-impacted to heavily impacted values. Localized peaks of Pb and Zn were observed in
an area potentially affected by byproducts of mining activity transported downstream by river discharge. By contrast, Cr
and Ni concentrations were high in all sampling sites, thus potentially representing hazardous elements for marine biota.
The observed differences in pollution levels suggest that isotopic biomonitoring coupled with metal analysis of
sediments and macroalgae can represent an effective approach for determining the origin and distribution of pollution
sources even in complex coastal areas. In particular, the use of macroalgae demonstrated the potential of isotopic

analysis for detecting the dominant N source of pollution also at low N concentrations.
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Introduction

Aquatic systems are often affected by anthropic activities taking place both on land and nearshore (Shahrban
and Etemad-Shahidi 2010; Sohrabi et al. 2010), which poses a threat for the structure and functioning of coastal
ecosystems (Halpern et al. 2008; Paerl et al. 2014). Indeed, industrial and agricultural activities, as well as wastewater
discharges associated with resident population and tourism, dump different types of inputs, notably nutrients (Dailer et
al. 2010; Halpern et al. 2008) and trace metals (Goher et al. 2014; Pekey et al. 2004), which can reduce the water
quality up to the inability of its use. In particular, the release of excess concentration of Nitrogen and Phosphorus can
result in coastal eutrophication (Howarth and Marino 2006; Paerl et al. 2014), and consequent algal blooms, hypoxia
and fish kills (Diaz and Rosenberg 2008; Paerl et al. 2016). In parallel, metals can directly and indirectly affect the
aquatic biota (Adel et al. 2017) and, through biomagnification along food chains (Goher et al. 2014; Saghali et al.
2014), can reach humans with consequent risks for health (Agah et al. 2011; Dadar et al. 2016; Hosseini et al. 2013).
Among others, closed seas represent peculiar habitats of high ecological value, which are highly exposed to pollution
impacts due to confinement and a long residence time of their water mass (Bastami et al. 2015; de Mora et al. 2004).
Situated in the western Asia, the Caspian Sea is the largest closed water body on our planet. Due to its long isolation
time, it shows a high level of endemism and offers a wide range of ecological niches (Bastami et al. 2015). On the other
hand, being a land-locked system (Sohrabi et al. 2010), pollutants resulting from human activities persist in the water
body, undermining the water quality and associated ecosystem services (de Mora et al. 2004). Various sources of
pollution, such as river discharge, onshore industrial and municipal wastewater and offshore and onshore oil extraction,
threaten the Caspian Sea. Its water quality is also influenced by the water level fluctuations, which can increase water
pollution from the flooded coastal zones, when water level rises, and can determine strong impacts on coastal
settlements and agriculture. In recent decades the water mass is reducing due to increasing evaporation rate (Chen et al.
2017), mainly affecting the shallow northern side, but having also adverse effects on the southern part of the water body
where the majority of the water mass is dislocated (Chen et al. 2017). This sector hosts areas of high ecological value
(Sadeghi et al. 2012), and represents a crucial area for human activities, including tourism, fish farming, agriculture,
manufacturing and oil extraction (Abadi et al. 2018; Ebadi and Hisoriev 2017, Hasani et al. 2017). In this complex
context, a proper description of potential pollution sources, origin and dispersion is challenging but mandatory to
address management and mitigation actions aimed at preserving the quality of the water resource and the integrity of the
underlying ecological system. Indeed, while long range transport of pollution may represent a major issue for the
management of the water resource in wide and transnational water basins (as it is the case for the Caspian Sea), the
identification of local pollution sources is necessary to achieve an effective management by regional and national
Authorities (Zonn 2005).

Recently, Nitrogen stable isotope signature (3'°N) of primary producers, especially macroalgae in brackish and
marine ecosystems (Orlandi et al. 2014, 2017; Rossi et al. 2018; Jona-Lasinio et al. 2015; Vizzini et al. 2005) and
epilithon in freshwater ecosystems (Bentivoglio et al. 2016; Fiorentino et al. 2017), has been recognized as a robust
technique for the environmental monitoring of organic and inorganic inputs in waters (Dailer et al. 2010; Heaton, 1986;
Korom, 1992; Kreitler and Jones, 1975; Kreitler 1979; Mariotti et al., 1982; Rossi et al. 2018). On the other hand,
macroalgae are widely recognized as a powerful tool for the monitoring of metal pollution in marine ecosystems due to
their ability to bind metals (Astorga-Espana et al. 2008), leading their concentrations to several orders of magnitude
higher than that measured in waters (Villares et al. 2001). Macroalgae are common in polluted sites and easy to sample
(Astorga-Espaia et al. 2008; Dailer et al. 2010). Their use was thus successful in order to obtain spatial and temporal

information on bioavailability of these pollutants (Chakraborty et al. 2014). However, a complete description of
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pollution pathways in coastal areas needs to take into account pollutants’ concentration in the sediments (Bastami et al.
2017), which are sink for metals released into an environment and provides a stable record of deposition history (Agah
et al. 2012; Bastami et al. 2014; Goher et al. 2014; Villares et al. 2001).

Aim of the present study is to test the effectiveness of stable isotope monitoring in algae, combined with
sediment analysis, to locate pollution sources and thus disentangle the complex mosaic of land and marine inputs of
Nitrogen and trace metals affecting heavily anthropised coastal areas. More specifically, in this case study we
investigated the anthropogenic sources of pollution in the southern littoral zone of the Caspian Sea, a unique ecosystem
threatened by multiple anthropogenic stressors (Zonn 2005). We focused on the Gilan province, near the city of Bandar-
e Anzali, and the Mazandaran province. The first one, with its wetlands, is an important site for migratory birds (Zamani
Hargalani et al. 2014; Sadeghi et al. 2012), while the second one is the most densely populated Iranian province (Ziarati
et al. 2014). We hypothesized that inorganic and organic anthropogenic N inputs were reflected respectively in a
decrease and increase of 3'°N values measured in algae (Calizza et al. 2015; Jona-Lasinio et al. 2015; Orlandi et al.
2014; Rossi et al. 2018). In parallel, we measured metal concentrations in algae and sediment in order to (i) compare
pollution levels in these two basal food sources supporting the coastal food web, and (ii) provide a comprehensive

description of anthropogenic pollution affecting the coastal area.

Materials and methods

Study area

The Caspian Sea, denoted as a sea or a lake, is the largest inland water body in the world (de Mora et al. 2004),
with a total surface of ®371,000 Km? and a maximum depth of 1025 m. It accounts for =40-44% of the total lacustrine
waters in the world (Bastami et al. 2015), and it is surrounded by Azerbaijan, Federation of Russia, Islamic Republic of

Iran, Kazakhstan and Turkmenistan.

Samplings were carried out between May and June 2016 along the Iranian coast, in the Southern Caspian Sea.
Sampling sites included the city of Bandar-e Anzali (37°48'07"N and 49°47'15"E) in the Gilan Province, and 4 sites in
the Mazandaran Province (Fig. 1): the urbanized beaches of Hachirud (36°69'11"N and 51°34'54"E), Radio Darya
(36°68'16"N and 51°43'64"E), Nowshahr (36°65'40"N and 51°50'61"E), and the beach of Sisangan (36°58'62"N and
51°79'03"E), located in front of the Sisagan forest National Park. The sampling site at Bandar-e Anzali (hereafter
Anzali) was located in the sandy shoreline of the city (around 150000 inhabitants) and it was potentially exposed to
wastewater and agricultural inputs, as well as pollution derived by the harbor and local industry (Sadeghi et al. 2012,
2013). This area is affected by the discharge of the Sefid-Rud River (the ‘White River”), which is the second river in
Iran, 670 km-long and with a drainage basin of 13450 km?. Along its lowland stretch (around 55 km in length), the river
crosses a heavily cultivated area, where crops cover the majority of the drainage basin and reach the river banks.
Hachirud, Radio Darya and Nowshahr were located in the urbanized area of Chalus (around 70000 inhabitants). In this
area, urban aggregates are surrounded by agricultural activities, especially tea and rice fields, which are more abundant
at Hachirud than at Radio Darya and Nowshahr that are popular touristic destinations (Irankhah et al. 2016). The area of
Chalus is affected by the discharge of Chalus River, which is 92 km-long and has a drainage basin of 1710 km?. Along
its upstream stretch Chalus River crosses an industrial area. Here, the Sorb Dona mine is dedicated to mineral extraction
and represents a potential source of metal pollution affecting water quality (Jelodar et al. 2012; Amini Rad et al. 2013).
Sisangan beach was a narrow beach separating the Sisagan National forest from the sea, in the Sisangan National Park,
established in 1965, where human activity is regulated. The sampling site at Sisagan was expected to be the less

affected by direct anthropogenic inputs among all sampling sites.
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Field sampling procedures

For each sampling site, five sampling stations, 50 m apart from each other, were selected. At each station,
samples of algae and sediments were collected. Specifically, at each station three samples of Enteromorpha spp. were
randomly collected by hand, between 0.5 and 1 m depth, and used for the isotopic comparison between sampling sites.
Occasionally, Spirogyra spp. and Sargassum spp. were also found and collected to compare metal concentrations among
algal species. After collection, algal samples were placed in clean plastic bags, labelled and carried to laboratory in ice-
boxes. Then, samples were washed up to remove mud, clay and salt, and air dried. For the analysis of trace metals,
surface sediments (0-5 cm) were collected by using an Ekman grab. After collection, sediment samples were stored in
clean polyethylene plastic bottles, labelled and carried to the laboratory in ice-boxes for further treatment. The sediment
samples were lyophilized, sieved and fractions smaller than 63 pm were transferred in clean dark glass bottles and kept
frozen (at —20 °C) prior to chemical analyses (Wolf-Welling et al. 2002). Water samples were also collected for
Nitrogen and Phosphorus analysis. During sampling, the pH, dissolved oxygen (mg/l,) and temperature (°C) in water

were recorded by using portable field probes.

Laboratory procedures

Dissolved Nitrogen (TN as NH4" + NO,™ + NOs", mg/l) and total Phosphorus (TP, mg/l) were determined by a
spectrophotometer (DR-2500 Model HACH, USA). Samples of macroalgae were processed and analyzed for stable
isotope analysis in the Laboratory of Trophic Ecology, Dept. of Environmental Biology, Sapienza, University of Rome
(Italy). After freeze drying, samples were conserved at 60° C in an oven for 72 h and then ground to a fine homogenous
powder using a ball mill (Fritsch Mini-Mill Pulverisette 23 with a zirconium oxide ball). For each sample, two sub-
replicates (2.0 + 0.2 mg) were weighed, pressed into ultra-pure tin capsules and analyzed using an Elementar Vario
Micro-Cube elemental analyser (Elementar Analysensysteme GmbH, Germany) coupled with an IsoPrimel00 isotope
mass ratio spectrometer (Isoprime Ltd., Cheadle Hulme, UK). The Nitrogen stable isotope ratio ('’N:'*N) was expressed

in  units, i.e. parts per thousand deviations from international standards (atmospheric N,), in accordance with Ponsard

and Arditi (2000) equation (Eq. 1):

SR (o) = |sampte Rstandara)] 103 (. 1)

Rstandard

Where R is the heavy-to-light isotope ratio of the element. The internal laboratory standard was IAEA-600 Caffeine.
Measurement errors were found to be typically smaller than £0.5%o.

In accordance with the literature (Calizza et al. 2015; Dailer et al. 2010; Fiorentino et al. 2017; Lapointe and
Bedford 2007; Risk et al. 2009; Titlyanov et al. 2011; Wang et al. 2016) we derived four impact classes based on the
macroalgal 8"°N values, indicative of different N inputs: ‘inorganic input’ (§'>N <3%o), ‘non-impacted’ (3%o < 8'°N <
6%o), ‘moderate organic input’ (6%o < 3'*N < 9%o) and ‘high organic input’ (§'N > 9%o).

The analysis of metals in sediment and macroalgae were performed by the Institute for Nano Science and
Nanotechnology at Sharif University of Technology (Iran). Samples of macroalgae for metal analysis were grinded
using a porcelain mortar and kept frozen until analysis. One g-dry sample was digested by 10 ml HNO3 and 1 ml H>O»
(30% Merck, suprapur) for 2 hours at 90°C. The digested samples were cooled at laboratory temperature, filtered
through a Whatman filter paper (No. 42) and diluted to 50 ml with distilled deionized water. Metal concentrations were

determined by ICP-OES (series No ICAP6000, Spectro Arcos Amatek, Termo Company, England). For each element,
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the BioSediment Accumulation Factor (BSAF), i.e the bioavailability of the element, was evaluated according to the

following equation (Eq. 2, Alahverdi and Savabieasfahani 2012):

BSAF = Xmacroalgae (Eq 2)

Xsediment

Where X is the concentration of a given element.

The grain size of sediment was measured using laser (Laser scattering particle size distributer analyzer LS-950

Model by Horiba) and shaker (FRITSCH analysette 3 PRO) instruments for silty-muddy and sandy sediments. 0.5 g of
sediment sample were weighed in a Teflon vessel and digested using HNO3 (65% Merck suprapur) and HCI (1:3 v/v) at
85 °C for 3 hours (Al-Mur et al. 2017). The acidified samples were cooled for 1 hour at laboratory temperature, filtered
through a Whatman filter paper (No. 42) and diluted to 50 ml with distilled deionized water. For each digestion
program, a ‘blank’ was also prepared.
Metals (Al, Ba, Ca, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Ti, V and Zn), as well as some other elements (P and S),
were analyzed using inductively coupled plasma optical emission spectrometry ICP-OES after acid digestion.
Quantification of elements was based upon calibration curves obtained from different standard solutions prepared at 2,
20, 200, 500, 1000 and 2000 pg/l (Merck, code No. 1.11355.0100).

For Cr, Cu, Ni, Pb and Zn, it was possible to compare the observed concentrations with values proposed by the
sediment Standard Quality Guidelines (SQG, Perin et al. 1997), also utilized by Pekey et al. (2004, Marmara Sea) and
Agah et al. (2011, Caspian Sea). This classification provides threshold values for three different classes of impact: Non-
polluted (NP), Moderately polluted (MP) and Heavily polluted (HP). Observed concentrations were also compared with
the ‘threshold effect level’ (TEL, Long et al. 1998). The TEL provides threshold values which can be related with

potential toxic effects of each metal on the marine biota (Long et al. 1998).

Statistical analysis

Data analysis was performed with the open source software R 3.4.2 (R Core Team, 2017) and ade4 R package
(Dray and Dufour 2007). 8'°N in macroalgae was considered as a dependent variable and analyzed by a linear model
against ‘Site’ as explicative ‘dummy’ variable (James et al. 2013). The confidence level was set at o= 0.05. A principal
component analysis (PCA) was performed to assess the distribution and associations of metals in surface sediments. In
order to explore potential coupling between metal and nutrient inputs in different ecosystem compartments, we also
tested the presence of significant linear correlation between (i) metal concentrations in macroalgae and sediments, and
(ii) 8'°N and metal concentrations in algae. In order to explore the potential relationships between 3'°N and dissolved
Nitrogen (hereafter referred as ‘TN’) and between O, and 8'°N, we performed linear regressions (confidence level was

set at a= 0.05).

Results
6N in macroalgae and physico-chemical parameters in water

85N values of macroalgae detected inorganic and organic N inputs, which affected differently the study areas
(Fig. 2). In the western coast of the southern Caspian Sea (Anzali, Gilan province) Nitrogen signatures fell in the
inorganic range, with a mean 8'>N (+ standard error) of 2.22 %o (£0.60). 8'°N values were higher in the central coast and

in particular in the Chalus county, where they reached the highest values falling in the ‘moderate organic’ and ‘high
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organic’ ranges near the beaches of Hachirud and Radio Darya respectively, with means of 7.30 %o (£0.47) and 8.41 %o
(+0.88) (Fig.2). East of this area, Nitrogen signatures fell in the ‘non-impacted’ range with means of 5.12 %o (+0.19)
and 4.81%o (£0.64) near Nowshahr and Sisangan (Mazandaran province) respectively. Differences between areas were
statistically significant (F-value= 15.76, p <0.05) and the linear model for the 3'°N values of macroalgae explained ~
70% of the deviance. In particular, the values found in the inorganic impacted site (Anzali) were statistically different
from those of the other sites (Tukey’s pairwise comparisons, p always <0.05). Furthermore, values in the two non-
impacted sites were similar (Nowshahr and Sisangan, p>0.05) and significantly different from those of organic
impacted sites (p<0.05 both).

3!5N values in macroalgae were positively correlated with dissolved Nitrogen (TN) and negatively with O
concentration in waters (Fig. 3). O» concentration did not vary with water temperature (p>0.05), which was rather
constant between sampling sites (Table 1). Total Phosphorus was high in the inorganic and organic impacted sites, and

low in the two non-impacted sites.

Metal concentrations in sediments

The sampling locations were all characterized by sandy-silty sediments. Overall, metals ranked with the
following mean concentration (ppm) decreasing pattern: Fe (71929) > Ca (68607) > Al (30488) > Mg (22365) > Ti
(9283) > K (6954) > Na (6517)>Mn (2182) > V (462) > Cr (433) > Ba (186) > Zn (140) > Ni (58) > Pb (42) > Co
(29) > Cu (24). The mean concentration of each element varied across sampling sites (Table 2).

The principal component analysis grouped elements in three groups, each of them including positively
correlated elements (Table 3). The first two groups included metals and were separated along the first PCA axis (=83%
of total variance explained), whereas the non-metal elements (P and S, group III) mainly scattered on the second PCA
axis (=12% of total variance). Notably, group II included all those metals that are expected to potentially affect marine
biota depending on the concentration (Table 3).

According to the SQG (Table 4), high levels of Cr and Ni were present in all sites and TEL was exceeded. In
the inorganic polluted area concentrations of Cu, Pb and Zn were below the level of pollution, whereas in the organic
polluted sites (Hachirud and Radio Darya) high levels of Pb and Zn were found, exceeding the corresponding TEL, and
Cu was in the moderate pollution class (Table 4). Cu exceeded the TEL both in the organic and inorganic polluted sites
(Table 4). Although in Sisangan metals did not reach concentrations as high as those observed in remaining sites, values
fell in the high pollution range for Cr, and in the moderate pollution range for Ni and Zn. Here, Zn concentration was

below TEL.

Metal concentrations in macroalgae

On average, element concentrations (in ppm) in macroalgae decreased according to the following order (Table
5): Ca (21025) > Mg (2522) > Fe (1755) > Al (1750) > P (503) > K (427) > Mn (75) > Zn (56) > Ti (38) > Cu (27) > Cr
(3.2)>V (2.7) > Ni (2.6) > Co (0.6).

Concentrations of elements differed between macroalgal species (Table 5). Specifically, Enteromorpha showed
the highest concentration for Al, Cr, Fe, Ni, P, Ti, V (maximum values observed in Anzali), while Cr and Ni, which were
abundant in the sediments, were present in low concentrations in all the other macroalgal species. The BSAF values
were generally lower than 1, implying that the concentration observed in algae was lower than that observed in

sediment for the corresponding element. No significant linear correlations were found between a specific element in
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macroalgae and the same element in sediment (p always > 0.05). Furthermore, 3'°N and metal concentrations in algae
were not related (p always > 0.05).
Among other elements, high Fe concentrations in Enteromorpha were found at all sampling sites, and high Cu

levels were found also in front of the Sisangan National Park.

Discussions

The results from stable isotope and metal analyses show considerable spatial variation of water quality in the study area
that derives from various human activities, carried out both at sea and on land, and that can impair water resources and
human health. Integration of the two techniques was crucial for depicting more fully this anthropic impact complexity.
On one hand, the §'°N analysis of macroalgae was a useful monitoring tool allowing classification of the coastal waters
on the base of the predominant sources of anthropogenic N inputs. On the other hand, analysis of sediments revealed
potentially hazardous elements for marine biota and indicated distinct and spatially variable inputs of natural and
anthropogenic trace metals into the sea.

As regards the N inputs into the water body, the low 8'°N values of the macroalgae found in the western
Iranian coast (Gilan province) were indicative of anthropogenic inorganic N sources (Dailer et al. 2010; Rossi et al.
2018), seemingly associated with inland agricultural activities (Sadeghi et al. 2012, 2013; Ziarati et al. 2014). Indeed,
this area is affected by the discharge of the second Iranian river, which crosses several kilometers of an intensively
cultivated area before entering the Caspian Sea. In spite of the low levels of dissolved Nitrogen detected in seawater, the
isotopic biomonitoring through macroalgae was able to identify clearly the inorganic dominant N source of pollution in
that area. On the contrary, the higher 8'°N values of macroalgae found near the beaches of Hachirud and Radio Darya,
associated with higher dissolved Nitrogen levels in seawaters, indicated respectively moderate and high organic N
pollution in these two central sites (Dailer et al. 2010). Due to urbanization and the importance of this area as touristic
attraction, the N organic inputs can be mainly attributed to tourism and municipal wastewaters (Rossi et al. 2018). East
of this area, 5'°N values indicated ‘non-impacted’ conditions, according to current literature classification (Calizza et al.
2015; Dailer et al. 2010; Fiorentino et al. 2017; Lapointe and Bedford 2007; Risk et al. 2009; Titlyanov et al. 2011;
Wang et al. 2016), which are consistent with the site location in front of the Sisagan National Park, where human
activities are strongly regulated.

The increasing dissolved N concentration in the southern Caspian Sea coasts was related with increasing §'°N
values of macroalgae indicating the organic source of the N pollutants. In such conditions, oxygen concentrations in
water decreased (even close to the hypoxic threshold of 2 mg/l, Jessen et al. 2015), plausibly due to heterotrophic
microbial respiration that is expected to increase with organic matter degradation (Diaz and Rosenberg 2008).

As regards metals in sediments, concentrations of Co and Cu were comparable with relatively recent studies in
the area, whereas higher concentrations of Ni, Pb and Zn were found (Sohrabi et al. 2010). According to the SQG
classification, most of the sampling sites fall in the ‘moderately impacted’ and ‘highly impacted’ classes for various
trace metals reflecting the human pressure on the study area (Karbassi et al. 2008; Vesali Naseh et al. 2012; Sohrabi et
al. 2010). As observed for N pollution, the measured variability of most metal concentrations across sites suggests
spatial differences in anthropogenic pollution affecting the southern Caspian Sea, and provides site-specific baseline
values of present conditions for future comparisons. Metals clustered in two sets negatively correlated: one of them
included all those metals that are considered potentially hazardous for the marine biota. This suggests opposite trends
between background (group I) and hazardous (group II) metal sources, and points to independent inputs of these two

types of metals. Notably, the highest concentrations of hazardous metals in sediment (corresponding to highly impacted
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conditions) were measured in the coastal tract affected by the discharge of Chalus River. In particular, this river is a
potential source of Pb and Zn, due to the presence of the Sorb Dona mine in its upstream sector (Amini Rad et al. 2013;
Jelodar et al. 2012) and data suggest that the upstream industrial activity produced a localized ‘footprint’ clearly
detectable in the coastal marine ecosystem. Pb and Zn can be transported downstream after absorption by sediment or
suspended particles, mainly due to flood events (Amini Rad et al. 2013; Jelodar et al. 2012), but fast particle
sedimentation rate in the coastal area may explain the detection of high metal concentration only in those sites directly
affected by the river discharge. By contrast, while high concentrations of Ni were found in Anzali, where there is the
most important port in the southern Caspian Sea, and in the two most touristic sites (Hachirud and Radio Darya), high
concentrations of Cr were found in all sampling sites. These two elements are commonly used as anti-fouling agents in
marine paints (Tabari et al. 2010) but they can be also related to oil extraction (Alahverdi and Savabieasfahani 2012;
Naser 2013). Thus, although the exact source of pollution may be difficult to determine, our results suggests that the
intense anthropic activity taking place at sea exposes the coastal waters to high levels of metal pollution even in the area
facing the Sisagan National Park, the expected non-impacted site.

No significant relationships were found between metal levels in algae and sediments. Furthermore, concentrations in
algae were lower than those observed in sediment for most of the elements. This indicates a divergent translocation of
metals from water to these two basal compartments of the food web and implies different effects of the herbivore and
the detrital energy pathways on the transfer of these pollutants to upper trophic levels. As regards metals in algae,
marked variations across sites and algal species were observed. Overall, Enteromorpha displayed the widest distribution
and the highest concentration for the majority of metals, thus ranking as the best bioindicator among the sampled
macroalgae. Some metal concentrations found in Enteromorpha can be considered indicative of impacted conditions
according to literature (Fe: Caliceti et al. 2002, Zn: Villares et al. 2001, Cu: Chakraborty et al. 2014). Together, high
concentrations of Fe, Cu and Zn are usually associated to oil drilling, while Cu inputs can be associated also to
antifouling products (Secrieru and Secrieru 2002; Tabari et al. 2010; Naser 2013). In addition, the lower levels of Cu in
macroalgae and Fe in sediment, sampled between the Sisangan National Park and the Chalus river mouth, suggest that
the high metal concentrations observed in macroalgae at Sisangan are not associated with the transportation of inland
pollutants by the river, further confirming their marine origin.

In conclusion, the analyses of nutrient and metal pollutants, affecting two basal resource compartments
(benthic primary producers and sediments) that support coastal food webs, allowed us to classify different areas subject
to various anthropic impacts as well as to describe differences in concentration of metals accumulating in macroalgae
and shallow-water sediments.

Nitrogen isotopic signatures of macroalgae detected N inputs of both inorganic and organic origins.
Furthermore, they allowed us to associate the organic impact with the dissolved N values and, thus, with the low values
of dissolved oxygen up to observed hypoxic values critical to the marine life (Jessen et al. 2015). In parallel, the
analysis of potentially hazardous metals showed that sediments were enriched in many elements, and in particular Cr,
Ni, Zn and Pb, in relation with human activities taking place on land or at sea. We found that concentrations of metals
were higher in comparison to relatively recent observations (Sohrabi et al. 2010), suggesting an increasing trend of
pollution in the southern sector of the Caspian Sea. This was particularly evident in correspondence of river mouths and
included elements able to spread along food chains up to fish consumed by man (Agah et al. 2007; Mashroofeh et al.
2013), thus representing a threat for human health (Hosseini et al. 2013; Mashroofeh et al. 2013). This further indicates
the need of a more comprehensive monitoring able to include upper trophic levels and to explicitly take into account the

spatial variability of anthropogenic pressure described in this study.



©CO~NOOOTA~AWNPE

As concluding remarks, the significant differences in pollution levels measured across sampling sites suggest
that biomonitoring at the local scale can represent an effective approach for identifying the dislocation and origin of
local pollution sources even in complex coastal marine areas potentially affected by long-range transport of pollutants,
as it is the case for the Caspian Sea (Zonn 2005). In this perspective, integration between stable isotope analysis and
heavy metal analysis can be very helpful in unraveling the main sources of pollution. The marked differences between
algae and sediment in terms of metal concentrations highlights the need to characterize multiple ecosystem
compartments to achieve a comprehensive monitoring of coastal pollution, a complete description of the anthropic

pressure affecting each area, and its potential effects on the aquatic food web (Signa et al. 2019).
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Tables

Table 1. Water parameters (mean = standard error) at various sampling sites in the Southern Caspian Sea. TN and TP

indicate the concentration of dissolved Nitrogen and Phosphorus respectively.
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Site 0, (mg/l) TN (mg/]) TP (mg/l) pH T (°C)
Anzali 10.6+0.31 2.44+0.08 0.68+0.18 7.62+0.04 25.05+0.04
Hachirud 4.65+0.96 4.19+0.47 0.63+0.34 8.30+0.01 25.20+0.12
Radio Darya 3.73+£0.96 4.49+0.38 0.90+0.27 8.17+0.14 24.83+0.10
Nowshahr 7.10+0.20 3.22+0.04 0.03+0.003 7.75+0.02 25.10+0.04
Sisangan 6.10+0.11 3.51+0.09 0.04+0.002 7.79+0.01 24.96+0.02
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Table 2. Average + standard error of element concentrations (in ppm) in sediment at various sampling sites in the

Southern Caspian Sea. “Maximum” indicates the site (first letter of site name, as indicated in brackets) where the

highest concentration of each element was recorded.

Element Anzali (A) Hachirud (H) Radio Darya (R) Nowshahr (N) Sisangan (S) Maximum
Al (D) 4531542235 15649+554 11366+490 428244242 37285+1579 A
Ca (D) 9887542786 4398942584 26054+883 9027844248 83869+2390 A
Fe (1) 63213+2111 9138445700 97957+4364 40370+2500 66721+3367 R
Mg (D) 305001766 16792+680 9185+475 265111379 28838+1738 A

Mn (IT) 2214+149 34474221 2970+168 778+46 1503+83 H
Na (D) 9997+373 2550+72 1487452 9847+260 8703+307 A
Ti () 15740+781 3622+112 6316+340 13890+645 68461244 A
K@ 103784324 19674113 1463+74 11802+439 9162+441 N
S (IIT) 72627 461+8 404+16 415423 450+22 A
P (110 751+30 812439 689+39 634433 644+31 H
Ba () 244+12 87+4 118+5 267+9 213+10 N
Cr (II) 303+14 699+35 692423 169+6 301+16 H
V(1) 264+12 811+39 874+28 94+4 266+9 R
Ni (1) 5142 76+3 76+7 40+1 47+2 H
Pb (1) 27+1 61+2 62+3 27+1 31+1 R
Zn (I1) 8143 253+8 223+6 44+2 97+6 H
Co (1) 25+1 43+2 41+1 15+1 22+1 H
Cu (1) 23+1 44+2 26+1 11£1 14+1 H

I, 11, and III associated to each element indicate different groups in which metals were grouped according to the PCA
analysis. A=Anzali, H = Hachirud, R= Radio Darya, N= Nowshahr, S= Sisangan.
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16
17
18
19
20
21 Table 3. R values associated to linear correlations between elements. Grouping of metals is well reflected by positive correlations between elements of the same group, and by

22 negative correlations between elements of two different groups.

gg Al() Ba(l) Ca(l) K() Mg() Na() Ti() Co(l) Cr(ly Cu(l) Fe(l) Mn(l) Ni(ly PbQl) V) zn(l P Sl
26 Al(l) - 096* 099 099 096% 099* 083 -0.92~ -0.96*~ -0.70 -0.91* -0.81 -0.94%~ -099* -0.97* -0.96% -040 052

27
28 Ba (1) - 0.92*  0.98* 084 0.96* o087 -097* -098 -08  -094* -0.90* -0.96* -097* -0.97* -0.99* -0.60 0.36

29 Ca(l) - 0.97* 0.98* 0.99* 078 -0.89* -0.94* -0.63 -0.89* -0.76 -0.92*  -0.98* -0.95* -0.92* 0.55 -0.18
30

31 K (1) - 0.92* 099 082 -097* -0.99* -0.78 -0.96*  -0.89* -0.98* -0.99* -0.99* -0.99* -0.52 0.37
32
33
34 Na (1) - 080 -0.94* -0.97* -0.73 -0.92* -0.84 -0.96* -0.99* -0.98* -0.97* -0.44 0.47

35
36 Ti (1) - -073 -078 -059 -077 062 -072 -080 -0.76 -0.83 -028 061

Mg (1) - 0.96*  0.66 -0.84  -0.88*  -0.56 -0.81 -0.70 -0.88*  -0.94* -091* -0.86 -0.26 0.55

g; Co (1) - 0.99* 0.88* 0.96* 0.97* 0.99*  0.95*  0.98* 0.98* 0.69 -0.16

39 Cr (1) - 0.84 0.97* 0.94* 0.99*  0.98*  0.99*  0.99* 0.61 -0.27

40
41 Cu (I) - 0.76 0.93* 0.85 0.78 0.80 0.87 0.92* 0.06

42 Fe (I1) - 092%  096% 092* 097 095 055 -0.18
43

44 Mn (1) - 095 086 092 093* 082 006
45
46
47 Pb (11) - 0.98* 0.98* 050 -0.44

48
49 V(1) - 098* 056  -0.30

Ni (11) - 097*  099* 098* 064  -0.21

50 zn (1) ; 063  -031
51

52 P (111) - 0.42
53
54
55
56 *: p <0.05.1, II, and III indicate different groups in which elements were grouped according to the PCA analysis.
57
58
59
60
61
62
63
64
65

S (1) -
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Table 4. Average + standard error of metal concentrations (in ppm) for those metals included in the Sediment Quality

Guidelines (SQG)

Sediment SQG classification
Threshold effect level (TEL); Non polluted (NP); Moderately polluted (MP); Heavily polluted (HP)

Element Site ppm TEL Classification Class
Cr Anzali 303+14 52.3  Cr <25 Non-polluted HP
Hachirud 699+35 25 < Cr <75 Moderately polluted HP
Radio Darya 692+23 Cr > 75 Heavily polluted HP
Nowshahr 16946 HP
Sisangan 301+16 HP
Cu Anzali 23+1 18.7  Cu <25 Non-polluted NP
Hachirud 44+2 25 < Cu <5 0 Moderate polluted MP
Radio Darya 26+1 Cu > 50 Heavily polluted MP
Nowshahr 11«1 NP
Sisangan 14+1 NP
Ni Anzali 51£2 159  Ni <20 Non-polluted HP
Hachirud 76+3 20 < Ni < 50 Moderate polluted HP
Radio Darya 76+3 Ni > 50 Heavily polluted HP
Nowshahr 40+1 MP
Sisangan 47+2 MP
Pb Anzali 27+1 30.2  Pb <40 Non-polluted NP
Hachrirud 6143 40 < Pb < 60 Moderate polluted HP
Radio Darya 62+3 Pb > 60 Heavily polluted HP
Nowshahr 27+1 NP
Sisangan 311 NP
Zn Anzali 81+3 124.0  Zn <90 Non-polluted NP
Hachirud 25348 90 < Zn < 200 Moderate polluted HP
Radio Darya 223+6 Zn > 200 Heavily polluted HP
Nowshahr 44+2 NP
Sisangan 97+6 MP
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Table 5. Descriptive statistics of metal concentrations (in ppm) measured in macroalgae along the Iranian coast of the

Caspian Sea. Superscript letters above maximum values indicate the algal species where the maximum was observed.

Samples belonging to the genus Spyrogira were excluded since with the lowest metal concentrations.

Ca Mg Fe Al P K Mn Zn Ti Cu Cr A\ Ni Co

Minimum 15378 1493 756 886 352.0 217.0 32.8 28.9 20.9 11.5 1.7 0.01 1.1 001
1** Quartile 18026 2176 1119 1245 386.5 290.8 51.6 40.8 25.4 15.2 2.0 24 2.1 0.1
Median 20990 2508 1862 1744 4455 353.5 77.8 51.3 27.7 17.7 2.5 2.8 2.5 0.5
Mean 21025 2522 1755 1750 503.5 426.6 75.3 56.5 37.9 26.7 32 2.7 2.6 0.6
3 Quartile 23982 2720 2203 2266 582.0 544.8 98.8 70.6 32.0 20.7 29 33 3.0 0.9
Maximum 27304* 3898  3354> 2697  942.0°  860.0° 113.10° 93.8°  153.8° 785" 122°  6.1° 46" 1.9°

a= Sargassum, b= Enteromorpha.
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Figure legends
Fig. 1 Map of the study area. (a) General view of the Iranian coast of the Caspian Sea, including the Gilan and
Mazandaran Provinces. (b) Focus of the Gilan Province showing the sampling site of Anzali. (¢) Focus of the

Mazandaran Province showing the sampling sites of Hachirud, Radio Darya, Nowshahr and Sisangan

Fig. 2 Bar plots of mean (+standard error) §'°N values in macroalgae at different sampling sites. Isotopic thresholds
denoting different sources and levels of anthropogenic N pollution are indicated in the background of the image.
‘inorganic’ pollution: §'>N <3%o, ‘non-impacted’: 3%o < 8'>N < 6%o), ‘moderate organic’ pollution: 6%o < 8'°N < 9%,

‘high’ organic pollution: 8N >9%o

Fig. 3 Linear regressions between 8'°N (%o) values in macroalgae against dissolved Nitrogen (TN, mg/l) in water (a),

and Oxygen concentration (mg/1) against §'°N (%o) in macroalgae (b).
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The dynamic and hierarchical structure of rivers, together with disruption of the natural river continuum by
human activities, makes it difficult to identify and locate sources of nutrient pollution affecting receiving waters
and observe its dispersion, thus impairing monitoring efforts. The identification of reliable indicators of anthro-
pogenic nitrogen inputs in catchments is therefore key to achieving effective management of polluted rivers.
We tested the capacity of N isotopic signatures (5'°N) of epilithon and snails to provide useful indications of or-
ganic and inorganic anthropogenic N inputs in three Mediterranean rivers differing in terms of surrounding land
use and physicochemical conditions. We used a combined approach based on (i) analysis of nutrient concentra-
tions in water, (ii) CORINE land cover classification and drainage patterns in catchments and (iii) isotopic analysis
of river biota to verify whether isotopic variations were indicative of anthropic activities in the watershed, the as-
sociated alteration of water quality, and the consequent impact on snail abundance and diversity.

Variation in the 5'°N of epilithon within and between rivers reflected localised and diffuse N inputs from inor-
ganic and organic sources. Negative epilithon 8'°N values (<0%.) indicated inorganic pollution from agriculture.
Values between 4%, and 8%, and those above 8%. respectively indicated moderate organic pollution from urban
areas, and high organic pollution, mostly from waste waters. The diversity and abundance of snails decreased
with increasing water pollution. While their isotopic variations reflected between-river differences, they failed
to indicate within-river variations in anthropogenic N inputs, since the proportion of epilithon in their diet varied
along the rivers. Concluding, epilithon was a reliable indicator of anthropogenic N sources across a wide range of
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nutrient concentrations and anthropogenic inputs, and the proposed approach allowed us to determine the na-
ture of nitrogen pollutants, their sources, location and dispersion along rivers embedded in complex human

landscapes.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Anthropic activities affecting lotic ecosystems, in combination with
the geomorphology of catchment areas, can result in rivers with local-
ised and/or diffuse disturbance that impairs water quality and disrupts
the natural river continuum (di Lascio et al., 2013; Vannote et al.,
1980; Winemiller et al., 2011; Woodward and Hildrew, 2002; Zeug
et al., 2009). In anthropised landscapes, agriculture and urbanisation
are the dominant sources of nitrogen loading to surface waters
(Anderson and Cabana, 2006; Cole et al., 2004; Dalu et al., 2019; De
Brabandere et al., 2007). Such inputs affect rivers and the receiving
coastal waters (Bentivoglio et al., 2016; Ouyang et al., 2014; Rossi
et al,, 2018), increasing the risk of eutrophication, algal blooms, fish
kills and habitat and biodiversity loss (Caporn et al., 2014; Le Moal
et al,, 2019; Vander Zanden et al., 2005). The most common anthropic
N inputs in rivers are fertilisers, livestock manure and urban wastewa-
ter. Nevertheless, the dynamic and complex nature of rivers, as well as
their dependence on external factors including land use and climatic
factors (Alvarez-Cabria et al., 2016; Poole, 2002; Vannote et al., 1980;
Ward, 1989; Woodward and Hildrew, 2002), makes it difficult to iden-
tify the nature and location of nutrient sources and to determine their
dispersion, impairing management efforts. The identification of a reli-
able indicator of anthropogenic nutrient sources and dispersion is thus
essential to effective river management aimed at the reduction of nutri-
ent load and the implementation and monitoring of mitigation mea-
sures. In aquatic systems, isotopic analyses of nitrogen (8'°N) are
increasingly used to detect and distinguish between N inputs affecting
surface waters (Bentivoglio et al., 2016; Dailer et al., 2010; di Lascio
et al., 2013; Fiorentino et al., 2017; Jona-Lasinio et al., 2015; Orlandi
et al.,, 2014; Rossi et al., 2018). Indeed, synthetic fertilisers display
lower §'°N values than natural N sources (Dailer et al., 2010; Heaton,
1986; Kendall, 1998; Mayer et al., 2002; Y. Wang et al., 2016), while N
inputs derived from animal manure and wastewater display higher
values (Fiorentino et al., 2017; Jona-Lasinio et al., 2015; Kendall, 1998;
Orlandi et al., 2017). Accordingly, N isotopic analysis has been success-
fully applied in coastal (Calizza et al., 2015a; Dailer et al., 2010;
Orlandi et al., 2014; Rossi et al., 2018; Viana and Bode, 2013), transi-
tional (Jona-Lasinio et al., 2015) and lentic waters (Fiorentino et al.,
2017) to provide reliable bioindicators of anthropogenic N inputs,
mostly based on aquatic algae (Dailer et al.,, 2010; Orlandi et al.,, 2017).
However, while preliminary evidence of the applicability of isotopic
monitoring to rivers exists (Bentivoglio et al., 2016; di Lascio et al.,
2013), isotope-based methods for the systematic biomonitoring of
river courses and mapping of nitrogen pollution have not yet been
developed.

Given its ubiquity, tolerance of a wide range of conditions, quick re-
sponse to changes and low tendency to drift, epilithon has been consid-
ered a good indicator of water quality in rivers (Burns and Ryder, 2001;
Fernandes et al., 2019; T. Wang et al., 2016). Like macroalgae, algae in
the biofilm matrix are able to assimilate N directly from the water and
store excess N in their tissues (Bentivoglio et al., 2016; Fiorentino
etal., 2017). Because of this characteristic and because species composi-
tion has no influence on isotopic signature (Fiorentino et al., 2017;
MacLeod and Barton, 1998), epilithon is believed to reflect the availabil-
ity and isotopic composition of N sources in lotic ecosystems. It also rep-
resents a nutrient source for higher trophic levels. Thus, given that the
isotopic signatures of consumers reflect those of their food sources
(Calizza et al., 20154, 2015b, 2018; Carrozzo et al., 2014; Post, 2002;
Rossi et al., 2015), animals feeding mainly on epilithon (e.g. gastropods)

could represent useful indicators of nitrogen pollutant transfer along
food chains (Bentivoglio et al.,, 2016; Mancinelli and Vizzini, 2015).

The aim of this study was to develop a new, widely applicable bio-
monitoring approach to N pollution in rivers. To achieve this, we
(i) assessed the variation of '°N in epilithon and snails in three geo-
graphically close Mediterranean rivers characterised by differing levels
of anthropisation in their catchment areas, and (ii) tested their reliabil-
ity as bioindicators of anthropogenic nutrient pollution of organic and
inorganic origin. The three rivers are the main contributors in a complex
mosaic of anthropogenic inputs discharged into a coastal area used for
tourism, fishing and fish farming (Cicala et al,, 2019; Rossi et al.,
2018). Discerning the anthropogenic inputs carried by each river is
thus essential for effective river management and mitigation of pollu-
tion, which is hard to characterise once mixed and diluted in coastal
waters.

[sotopic signatures were compared both between rivers and along
each river. We analysed land use and drainage patterns in catchment
areas (Bentivoglio et al., 2016; Calizza et al., 2016; Fiorentino et al.,
2017), and we assessed the capacity of '°N in epilithon and snails to
provide useful spatial information about allochthonous N inputs and
to distinguish between the nature and origin of N sources. Specifically,
we tested the hypothesis that the 5'°N values of epilithon and snails in-
creased in the presence of organic inputs and decreased in the presence
of inorganic inputs along upstream-downstream sampling transects,
reflecting variations in land use and N concentration in waters
(Bentivoglio et al., 2016; Fiorentino et al., 2017; Jona-Lasinio et al.,
2015; Rossi et al., 2018). In addition, to understand whether and to
what extent water pollution affected snails, a key component of river
ecosystems (Wallace and Webster, 1996, and literature cited therein),
the abundance and diversity of Gastropoda between and along rivers
were compared.

2. Materials and methods
2.1. Study area

The study was carried out in the hinterland of the Gulf of Gaeta
(41°15’ N 13°40’ E), on the west coast of Central Italy in the Mediterra-
nean Sea. The Gulf is delimited to the North-West by the town of
Sperlonga and to the South-East by the Garigliano river estuary and it
is characterised by varying levels and density of anthropogenic pressure
(Careddu et al., 2015, 2017; Orlandi et al., 2014; Rossi et al., 2018). This
study examined the three main river systems discharging directly into
the Gulf, whose catchment areas were affected by contrasting human
activities: the Itri, the Capodacqua Santa Croce (hereafter: Santa
Croce) and the Garigliano (Fig. 1).

Under the K6ppen-Geiger climate classification (K6ppen, 1936; Beck
et al., 2018), this area is characterised by a temperate climate with hot-
dry summers (Csa) and average rainfall amounting to 1036.9 +
66.1 mm/year in 2012-2018 (source: Centro Funzionale Regionale,
Lazio Region; data prior to 2012 are not available for the study area).
On average, rainfall was highest in November (155.8 + 4.2 mm/
month) and lowest in June (31.4 £+ 1.6 mm/month). Data are expressed
as mean = standard error. Due to their geographical proximity (15 km
maximum linear distance between river mouths), mean rainfall in the
three catchment areas is highly similar. Specifically, mean annual rain-
fall amounted to 938.99 + 77.19 mm for the Itri, 1162.89 + 99.20 mm
for the Santa Croce and 1008.90 + 88.19 mm for the Garigliano. Rainfall
data are from monitoring stations near upstream sites in each river.
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Fig. 1. Panels a-c: 3D maps showing the location of sampling sites in the three rivers, the geographical coordinates (X, y) and the altitude above sea level (z, from green to dark brown and
white). Sites are listed in alphabetic order from upstream to downstream, and the most downstream site indicates the river mouth. Panels d-f: superimposed maps of catchment area (red
line), digital elevation model, land use and drainage direction/intensity (arrow orientation/length) for the three rivers. Three main classes have been identified: (1) Natural areas (i.e.
woods) in dark green; (2) Agricultural areas (i.e. permanent and semi-permanent crops) in light green; (3) Artificial areas (i.e. urban areas) in brown.

The river Itri rises in the Aurunci Mountains. It is 13 km long and
drains an area of 55 km?. The river crosses the city of Itri and flows
into the Gulf of Gaeta near the beach of Vindicio (Formia). The river out-
flow decreases in summer and is affected on a daily basis by a wastewa-
ter treatment plant (WWTP) in its upstream reach. In the absence of
rainfall, the WWTP flow rate is estimated to be 5-10 L/s.

The river Santa Croce originates from the Capodacqua spring at the
foot of the Aurunci Mountains (Spigno Saturnia). It is 10 km long and
drains an area of 40 km?. The river crosses the towns of Spigno Saturnia,
Minturno and, near the mouth, Formia. Its mean flow rate is 1000 +
300 L/s (maximum 2500 L/s, in winter, and minimum 500 L/s, in sum-
mer). A secondary river branch 3.5 km long, crossing an area consisting
mainly of farmland, flows into the main channel of the river in its up-
stream reach. To differentiate between the two upstream branches, in
the text we will refer to them as ‘main’ and ‘secondary’.

The river Garigliano starts at the confluence of the rivers Liri and
Gari. The Liri-Garigliano is 158 km long with a catchment area of
5020 km?, which makes it the sixth largest river basin in Italy. The
mean flow rate is estimated to be 120000 L/s. The river represents the
main direct source of freshwaters in the Gulf of Gaeta, and its nutrient
and organic matter inputs affect the quality of surface coastal waters
and biodiversity and food web structure in marine communities
(Careddu et al., 2015, 2017; Cicala et al,, 2019; Rossi et al., 2018).

To determine the intensity and direction of drainage into each river,
a detailed digital elevation model was created (Bentivoglio et al., 2016;

Calizza et al., 2016; Rossi et al., 2019). The 3D model was generated by
digitising regional technical maps. Where missing data and topographic
inaccuracies could have affected interpolation, field campaigns with
GPS equipment were conducted to correct and update the morphology
and river courses. Kriging interpolation methods were used to obtain
contour maps. Specific 3D software was used to: 1) model the morphol-
ogy, 2) calculate the surface area, and 3) evaluate terrain slope, terrain
aspect, profile and plan curvature (Calizza et al., 2016; Rossi et al., 2019).

2.2. Field sampling

Within each river, a set of sampling sites was selected, reflecting var-
iation in land use and hydromorphology within the catchment areas
(Bentivoglio et al., 2016). In detail, eight sites were selected for the
Santa Croce, nine sites for the Itri and six sites for the Garigliano, the lon-
gest river (Fig. 1a-c). Due to its extension, the Garigliano river basin
straddles two different climate classes, i.e. “temperate no dry season-
hot summer” (class: Cfa) in its upstream and intermediate sectors and
“temperate dry-hot summer” (class: Csa) in its lowland sector
(Koppen-Geiger climate classification system, Képpen, 1936). Thus, to
avoid the potential confounding effects of the contrasting climatic con-
ditions, we focused on the stretches of the three rivers included in the
Csa class, which generally characterises Mediterranean coastal areas.
For the Itri and the Santa Croce, this included the whole river course,
while for the Garigliano it included the last 25 km, characterised by



4 E. Calizza et al. / Science of the Total Environment 706 (2020) 136081

more homogenous land use and drainage patterns than the other two
(see Results).

Samplings were performed monthly from May to July 2014. In these
months, agriculture and tourism in the river catchments peaked, as gen-
erally observed in coastal Mediterranean areas (Aguzzi et al., 2012).
Thus, sampling during these months allowed us to test the ability of iso-
topic variations in epilithon and snails to provide information on a range
of anthropogenic N inputs potentially affecting the three rivers
(Fiorentino et al., 2017).

In each sampling site, we collected epilithon and snails, its main pri-
mary consumers. Epilithon was sampled by carefully scraping 3 x 3 cm
patches from three submerged rocks per site collected 10 m apart from
each other. Impurities were gently removed from the vegetal compo-
nent of the samples, which was separated from macrobenthic fauna.
To avoid desiccation, samples were stored in sterile and refrigerated
plastic containers before being transferred to the laboratory. Snails
were sampled with a hand net (0.5 mm mesh size) by sampling 10 ran-
domly chosen rocks of similar size in the proximity of the rocks selected
for the collection of epilithon. The samples were then transferred in re-
frigerated plastic bags to the laboratory, where the contents were care-
fully sorted and separated. Samples of epilithon were checked again
under a stereoscope to further remove impurities. All snails were
counted and identified at the genus or species level and stored before
isotopic analysis. In addition, dead leaves of the most representative
local plant species were sampled from the riparian belt, together with
undifferentiated detritus from the riverbed, in order to characterise
the isotopic signatures of the snails' potential allochthonous food
sources.

Physicochemical parameters including pH, temperature (in °C), tur-
bidity (measured as total suspended solids, TSS, in ppm), dissolved ox-
ygen (DO, in mg/L) were measured at all sampling sites with a
multiparametric probe (Hanna instruments HI9829). Aliquots of water
(1.5 L) were also collected at each site and analysed for their nutrient
concentrations (i.e. NO3, NO3, NHZ, Total Dissolved Nitrogen-TDN,
POz, Cl). Nutrient concentrations in water were assessed by lonic Chro-
matography using a DIONEX system (ICS-90, Dionex Sunnyvale, CA,
USA).

2.3. Stable isotope analysis

All samples were stored at —80 °C for at least 24 h before analysis.
After freeze-drying, all samples were homogenised to a fine powder
using a ball mill (Mini-Mill Fritsch Pulverisette 23: Fritsch Instruments,
Idar-Oberstein, Germany). Snails were manually deprived of their shell
and only soft tissues were considered for isotopic analyses. Samples
were weighed into tin capsules with an electronic balance and analysed
for SIA by continuous flow mass spectrometer (IsoPrime100, Isoprime
Ltd., Cheadle Hulme, UK) coupled with an elemental analyser
(Elementar Vario Micro-Cube, Elementar Analysensysteme GmbH,
Germany). Each sample was analysed in two replicates, and isotopic sig-
natures were expressed in 6 units (6'°N; '3C) as the per mil (%o) differ-
ence with respect to standards:

8X (%o) = [(Rsample - Rstandard)/Rstandard] x 103, where X is 3C
or >N and R is the corresponding ratio of heavy to light isotopes
(13C/*2C or '>N/'N). The reference materials used were the interna-
tional Vienna PeeDee Belemnite (PDB) standard for carbon and atmo-
spheric nitrogen (N,) for nitrogen. Measurement errors were found to
be typically smaller than 0.05%..

24. Data analysis

Differences in 6'°N values among sampling sites were tested by one-
way ANOVA and Tukey HSD test post hoc comparisons. Levene's test for
variances was used to test differences among rivers in the variance of
the 5'°N values of epilithon and snails. The relationship between &!°N
and both the physicochemical parameters (i.e. T, pH, DO, turbidity)

and the dissolved N forms was determined by multiple linear regression
analyses. The correlation between snail and epilithon 5!°N values was
tested with a bivariate linear model. Pearson statistical significance
was evaluated at oo = 0.05.

For epilithon, we considered 5!°N values between 0%, and 4%. to be
indicative of the absence of anthropogenic N inputs. This range derived
from previous observations of unimpacted conditions (Kohzu et al.,
2009; Pastor et al., 2014; Peterson et al., 1993) and was compared to
values obtained in a reference site (Site A1 on the Santa Croce) located
upstream of any anthropogenic pollution source based on land use
and drainage patterns in the watershed. Thus, we categorised four im-
pact classes: 8'°N < 0% (inorganic impact); 0%. < 6'°N < 4% (absence
of impact); 4% < 6'°N < 8%: (moderate organic impact); and
8'°N > 8%, (high organic impact). CORINE Land Cover was used to clas-
sify the areas surrounding the rivers.

Isotopic mixing models were applied to the §'°N of snails, organic
detritus and epilithon in order to quantify the proportional contribution
(f) of each of the two potential food sources to the N assimilated by
snails at each sampling site, in accordance with the formula:

15 15 15
6 Ngpait = fepilithon *0 Nepilithon + fdetritus # 0" Neetritus

where fepilithon + faetritus = 1.

Using two endmembers in the mixing model, this formula provides f
values with no uncertainty (Post, 2002). Based on the literature (Calizza
etal, 2017; McCutchan et al., 2003), a trophic enrichment factor (i.e. the
expected difference in isotopic signatures between trophic levels due to
the metabolism of consumers) of 2.3%. was applied.

Snail species diversity was expressed by the Shannon diversity index
(Hs). For each river, the similarity of snail assemblages (SIMPER analysis
based on the Bray-Curtis similarity index) and snail 3 diversity were
also calculated in order to quantify the variation of snail species across
sampling sites (Whittaker, 1960). Hs values were compared across riv-
ers using a bootstrap procedure available in the Past 3.0 software pack-
age (Costantini et al., 2018).

Data in the text are reported as mean + standard error (s.e.). At the
river scale, we refer to the mean and s.e. of sampling site values. At the
sampling-site scale, we refer to the mean and s.e. of the values of the
three consecutive monthly samplings.

3. Results
3.1. Land use and anthropic activities

The CORINE Land Cover inventory identified three main land-use
classes for the areas surrounding the sampling sites: Woodlands (in
class 1: Wooded and natural areas); Crops (in class 2: Farmland and
permanent or semi-permanent crops); and Urban areas (in class 3: Ar-
tificial and urban areas) (Fig. 1). The Itri was characterised by extensive
woodland (covering 80% of the catchment area), with smaller percent-
ages characterised by agricultural areas (15%), and urbanised areas
(5%). The wooded areas were mainly found on the relatively steep ter-
rain characterising the external portion of the catchment, while agricul-
tural areas were in the narrow river valley. Thus, the sampling sites
were subject mainly to the influence of classes 2 (Permanent or semi-
permanent crops) and 3 (Urban areas). The upstream sites A1 and A2
were directly affected by discharge from the wastewater treatment
plant, while the intermediate sites were potentially affected by the
town of Itri and the downstream sites were surrounded by agricultural
areas (CORINE class 2).

Agricultural and natural areas accounted for 95% of the catchment
area of the Santa Croce (30% natural, 65% agricultural and 5% urbanised
areas). Specifically, natural areas influenced the headwaters of the main
river branch (site A1), while both natural areas and permanent crops in-
fluenced site A2, on the secondary upstream branch. Permanent crops
were identified around sites B1, C, D and E, while sites B2 and F were
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under the influence of urban areas. On the Garigliano, agricultural areas
accounted for 90% of the catchment area of the river stretch investi-
gated, natural wooded areas 8% and urbanised areas only 2%. Specifi-
cally, sites A and B received direct runoff from woodland and site D
from an urban area, while the others were located within extensive ag-
ricultural areas.

3.2. Water temperature, turbidity and N concentration

In the Itri, temperature (on average 21.10 4+ 0.39 °C) and turbidity
(342.50 + 42.74 ppm) did not vary across sampling sites (Table S1,
one-way ANOVA, F< 1.5 and p > 0.05 for both). In contrast, NO3™ concen-
trations (2.92 + 0.53 mg/L) and Total Dissolved Nitrogen (TDN, 5.96 +
1.05 mg/L) were lower downstream from the WWTP (one-way ANOVA,
F>4.8, p<0.01 in both cases) (Tables 1 and S1).

In the Santa Croce, temperature (16.00 4 0.64 °C) and turbidity
(266.62 £ 32.54 ppm) did not vary along the river (one-way ANOVA,
F = 2.7, p>0.05), but they differed between the ‘main’ and the ‘second-
ary’ upstream branches (Table 1, t-test, t > 4.3, p < 0.01 for both). Simi-
larly, NO3 (046 4+ 0.11 mg/L) and TDN (0.71 + 0.20 mg/L)
concentrations were lower in the ‘main’ than in the ‘secondary’ branch
(Table 1), although the differences were not statistically significant
(p>0.05 for both). Both parameters (NO3™ and TDN) increased from up-
stream to downstream (Table 1 and Table S1, one-way ANOVA, F > 3.7,
and p < 0.05 for both).

In the Garigliano, temperature (18 4+ 0.27 °C), turbidity (358.03 +
2.33 ppm) and TDN (0.95 4+ 0.07 mg/L) did not vary among sites
(Tables 1 and S1, one-way ANOVA, p always >0.05). By contrast, NO3~
(0.71 £+ 0.03 mg/L) was higher downstream (Table 1, one-way
ANOVA, F = 4.7,p = 0.01).

3.3. Isotopic variation in epilithon

3.3.1. Variations within each river

In the Itri, epilithon &!°N values (on average 8.16 + 0.35%.) were
lower downstream from the WWTP (Table 1, one-way ANOVA, F =
6.9, p < 0.001), with the lowest values in the intermediate section of
the river (Fig. 2). Accordingly, sites A1, A2, D and F were included in

Table 1

the high organic impact class, while sites AB, B, C and E were included
in the moderate organic impact class (Table 1).

In the Santa Croce, the 8'°N of epilithon (on average 1.92 + 0.43%.)
differed between the ‘main’ and ‘secondary’ upstream branches (1.63 +
0.74%. and 6.23 + 1.61%. respectively) (Table 1 and Fig. 2, one-way
ANOVA, F values = 43.52, p < 0.001). With the exception of site C, at
the confluence of the two upstream branches, the upstream and inter-
mediate sections of the main channel were not impacted (Table 1).
Downstream, inorganic impact was detected at site E, where the river
crossed a permanently cultivated area (Table 1). In the urban area (i.e.
site F, at the river mouth), organic inputs were probably mixed with in-
organic inputs from the cultivated area, as indicated by intermediate
5'°N values and high N concentrations in the water (Tables 1 and S1).

In the Garigliano, the 8'N of epilithon (7.90 + 0.33%) did not vary
significantly along the river (one-way ANOVA, p > 0.05), remaining near
the boundary between the moderate organic (sites B, C, D and F) and
high organic (sites A and E) impact classes (Table 1 and Fig. 2).

Within each river, the 6'°N of epilithon was correlated with neither
physicochemical parameters (T, pH, DO and turbidity; multiple linear
regression models, Itri: F = 1.95, p = 0.30; Santa Croce: F = 1.16,
p = 0.46; Garigliano: F = 8.29, p = 0.25) nor the concentrations of
the various forms of dissolved N (Itri: F = 0.66, p = 0.65; Santa Croce:
F = 0.63, p = 0.67; Garigliano: F = 2.80, p = 0.42) (see also Table S2
for associated linear regression statistics).

3.3.2. Comparison of 8"°N between rivers and nutrient concentrations be-
tween impact classes

Mean epilithon 8'°N did not differ between the Itri and the Gari-
gliano (one-way ANOVA post hoc Tukey Test, p > 0.05), while it was
lower in the Santa Croce (one-way ANOVA post hoc Tukey Test,
p<0.001) (Fig. 2). The variance (0®) of 8'°N values differed between
rivers, being lower in the Garigliano (0% = 3.4%.) than the Itri
(0% = 7.2%.) and the Santa Croce (0° = 12.0%.) (Levene's test,
p <0.05).

Pooling data from all three rivers, a significant positive correla-
tion was observed between NO3 (the dominant dissolved N form)
concentrations in water and the &'°N of epilithon (y =
2.59x + 2.88, r = 0.48, p < 0.05). The intercept of the model was
within the non-impacted isotopic range (i.e. between 0%. and 4%.).

NOj3 concentration in water (the dominant dissolved N form), 5N of epilithon (E.) and snails (S.) measured at different sites within three rivers. “-” indicates that snails were not found at
that site. km indicates the distance of each site from the river mouth, while “Epilithon in diet” represents the % contribution of epilithon to the diet of snails. HO (high organic, 5'°N > 8%.),
MO (moderate organic, 4%. < 5'°N < 8%,), NI (not impacted 0%. < 8'°N < 4%o), and INO (inorganic, 5'°N < 0%.) indicate different impact classes to which each site has been assigned ac-
cording to the 6'°N value observed in epilithon. MIX indicates the mixing of inorganic and organic inputs.

River Site km NO3 (mg/l) 5'°NE. (%) 5'°N'S. (%) Epilithon in diet Impact class
Al 73 533 4+ 041 8.25 + 1.78 6.66 + 0.48 47% HO
A2 7.0 5.20 + 0.36 12.57 + 0.79 7.92 + 043 40% HO
AB 45 231 4+ 0.60 430 + 1.31 7.16 + 0.34 100% MO
B 2.2 0.82 4+ 0.23 7.92 + 0.59 7.50 + 0.39 34% MO
Itri C 0.7 194 + 0.57 745 + 0.67 - MO
D 0.4 2.00 + 0.26 9.14 + 0.28 7.96 + 0.47 58% HO
E 0.2 2.10 + 0.35 797 + 0.72 - MO
F 0.1 143 £ 0.13 8.93 + 1.99 392 + 0.23 9% HO
G 0.0 1.30 £ 042 744 4+ 043 4.50 + 0.31 19% MO
Al 8.2 0.17 4 0.09 0.89 + 0.05 1.93 + 0.40 100% NI
B1 3.8 0.20 &+ 0.12 237 + 0.27 5.40 + 0.24 30% NI
A2 6.9 0.38 + 0.10 4.62 + 0.51 6.05 + 0.20 54% MO
Santa Croce B2 3.6 024 4+ 0.11 7.84 + 2.19 9.44 + 0.84 86% MO
C 33 0.17 &+ 0.07 421 + 0.23 5.48 + 0.39 31% MO
D 13 0.77 + 0.16 228 + 0.39 4.61 + 0.11 93% NI
E 0.6 093 4+ 0.12 —3.75 £ 040 4.14 + 0.24 14% INO
F 0.0 0.84 &+ 0.15 1.84 £ 0.73 444 + 0.13 66% MIX
A 254 0.65 + 0.14 8.58 + 0.35 6.43 + 1.27 27% HO
B 17.3 0.62 + 0.13 5.76 + 0.16 7.87 + 0.35 94% MO
L C 5.6 0.71 &+ 0.16 794 4+ 0.73 8.51 4+ 0.76 68% MO
Garigliano 5
D 0.8 0.73 + 0.11 7.59 + 0.64 6.49 + 0.50 33% MO
E 0.5 0.89 + 0.15 9.43 + 0.36 6.77 + 0.71 71% HO
F 0.0 094 4+ 0.21 7.54 + 0.53 6.32 4+ 0.94 69% MO
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Fig. 2. Isotopic values of epilithon in the upstream (U), intermediate (I) and downstream (D) sections of each river. In the Santa Croce, the ‘main’ (U1) and ‘secondary’ (U2) upstream
branches of the river are shown separately. Different superscript letters indicate significant differences within each river (one-way ANOVA and post-hoc comparisons, p < 0.05).

Furthermore, the concentrations of PO; and Cl were positively cor-
related with those of NO3 (r = 0.98, p < 0.0001, and r = 0.46,
p < 0.05 respectively).

Significant differences in the concentration of dissolved N forms,
POZ and Cl were observed between sites assigned to different im-
pact classes (Fig. 3 and Table S1). For all the nutrients analysed,
the non-impacted and the highly organic impacted sites showed
the lowest and the highest concentrations respectively (Fig. 3;
Kruskal-Wallis test, Hc at least = 9.5, p always <0.05). CI concentra-
tion was low in the inorganic impacted and non-impacted sites,
while it was high in the moderately and highly organic impacted

3.4. Isotopic variations in snails

In total, 1681 snails belonging to 10 genera were sampled. Both the
biodiversity (as number of genera) and the abundance of the snails
were higher in the Santa Croce and lower in the Itri (Table 2). Bithynia
and Physa dominated the snail assemblages in the Garigliano and the
Itri respectively, while several taxa were found at relatively high densi-
ties in the Santa Croce (Table 2). Accordingly, the Shannon diversity
index (Hs), B diversity and % dissimilarity between sites of snail assem-
blages were higher in the Santa Croce and lower in the Itri (Table 2). Dif-
ferences in snail diversity remained at the sampling site and river scale

sites (Fig. 3).

(Table 2).
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Fig. 3. Mean (4 s.e.) river water concentrations of N forms, PO; and Cl measured in sites assigned to different impact classes on the basis of epilithon 6'°N values (NI: not impacted
0%, < 815N < 4%,.; MO: moderate organic impact, 4%. < 5'°N < 8%,; INO: inorganic impact, 8'°N < 0%.; HO: high organic impact, 5'°N > 8%o). Grey bars and numbers indicate the ratio
between the mean concentrations observed in the high organic impact class and the non-impacted class.



E. Calizza et al. / Science of the Total Environment 706 (2020) 136081 7

Table 2

Abundance and diversity of Gastropoda in the three rivers. Mean and c.v. refer to the mean
abundance of snails and its coefficient of variation across sampling sites. % refers to the
percentage of dissimilarity in snail assemblage between sites explained by each genus
within each river (SIMPER analysis). (> diversity measures the species turn-over across
sites according to Whittaker (1960). “Hs site” refers to the Shannon diversity of snail as-
semblages measured at each site (Mann-Whitney pairwise comparisons, different super-
script letters imply a significant difference for p < 0.05), while “Hs river” refers to their
Shannon diversity measured considering the overall abundance of each genus within each
river (Bootstrap pairwise comparisons, different superscript letters imply a significant dif-
ference for p < 0.05).

Genus Itri Santa Croce Garigliano

mean c % mean . % mean c %

V.

Bythinella 1.7 24 93 843 2.1 298 04 14 238
Potamopyrgus 0.5 1.7 6.0 559 22 216 04 14 28
Teodoxus 0.0 - - 339 19 184 0.2 22 28
Emmericia 0.0 - - 203 23 129 00 - -
Bithynia 0.0 - - 10.6 14 45 124 1.6 45.6
Ancylus 0.2 24 23 54 24 3.7 22 1.7 171
Planorbis 0.0 - - 19 22 06 00 - -
Lymnea 0.0 - - 0.6 26 04 00 - -
Physa 12.8 1.3 469 0.1 26 0.1 00 - -
Valvata 0.0 - - 0.1 26 0.1 42 20 136
{3 diversity 13 1.8 15
Dissimilarity — 64.4% 92.2% 84.4%

04 1.1 0.8
Hs site + 0.1% +02° + 02
Hs river 1.2 2.1° 1.6°

The mean 6'°N values of snails differed between rivers, being lower
in the Santa Croce (6'°N = 5.20 < 0.24%.) than the Itri (6'°N = 6.83 &
0.26%.) and the Garigliano (6'°N = 7.22 + 0.28%.) (one-way ANOVA
post hoc Tukey Test, p < 0.001). Overall, 5'°N values were not related
to the concentrations of the different N forms in water, either when con-
sidered together (multiple linear regression, F = 2.7, p = 0.13) or in iso-
lation (p always >0.05). Within each river, isotopic variance (0%) was
lower in snails (2.1 in the Itri, 4.2 in the Santa Croce and 0.9 in the Gari-
gliano) than epilithon (F test for equal variances, F at least = 2.85, p at
least <0.05).

Pooling data from all three rivers, the 5'°N of snails and epilithon
were positively correlated (r = 0.59, p < 0.01). However, the §'°N of
snails and epilithon were related in the Santa Croce (r = 0.76,
p < 0.05) but not in the Itri and Garigliano (p > 0.05 for both) when
the rivers were considered singly. Indeed, N assimilation from epilithon
by snails varied greatly, showing evident mixing with organic detritus
(8'°N of detritus: Itri: 0.93 4 0.21%., Santa Croce: 2.72 + 0.61%., Gari-
gliano: 2.48 4+ 0.10%.) (Table 1). Overall, epilithon accounted for
54.0 £+ 0.1% of snail diets.

4. Discussion
4.1. Epilithon

This study provides experimental evidence of the usefulness of
epilithon 8'°N as an indicator of anthropogenic nitrogen pollution in
rivers. Furthermore, it allows us to relate increasing levels of N pollution
to decreasing abundance and diversity of freshwater gastropods, a key
macroinvertebrate group promoting nutrient transfer and productivity
in river food webs (Calizza et al., 2013; Wallace and Webster, 1996).

The sampling was carried out during the late spring-early summer
period, allowing us to test the effectiveness of epilithon and snail !°N
in recording the diverse anthropogenic N inputs potentially affecting
the rivers at a time when anthropic activities in the catchment areas
are at their peak. Accordingly, the variation of 5!°N in epilithon within
and between rivers reflected localised and diffuse N inputs of both or-
ganic and inorganic origin, consistent with human activities in the
catchment areas and nutrient concentrations in the waters.

The lack of correlation between 6'°N and temperature, pH, turbidity
and dissolved oxygen in the waters indicates that epilithon signatures
were not influenced by physical factors, as previously demonstrated in
lentic waters (Fiorentino et al., 2017). In contrast, the significant corre-
lation between NO3 (the most abundant dissolved N form) and 6'°N in
epilithon suggests that organic anthropogenic inputs dominated N load-
ing in the three rivers. This is consistent with (i) the organic N pollution
recorded in coastal waters affected by the studied rivers (Careddu et al.,
2015; Orlandi et al., 2014; Rossi et al., 2018), and (ii) the expected dis-
proportionately higher contribution to N loading of the human popula-
tion (64.6% of the total affecting surface waters in the Gulf of Gaeta)
compared to inputs from agriculture (11.5%) and industrial activities
(7.0%) (Aguzzi et al., 2012).

Previous studies have used stable isotopes of nitrogen to examine
the role of epilithon and biofilm in aquatic food webs (Bentivoglio
et al., 2016; Costantini et al., 2014; di Lascio et al., 2013), and their me-
tabolism has been used as a measure of river ecosystem function (Bunn
et al,, 1999; Burns and Ryder, 2001). However, unlike lakes (Fiorentino
et al.,, 2017), transitional waters (Jona-Lasinio et al., 2015) and marine
coastal waters (Calizza et al., 2015a; Costanzo et al., 2001; Dailer et al.,
2010; Orlandi et al., 2014; Rossi et al., 2018), no experimental test of
8'°N variations in the biota as a reliable indicator of anthropogenic pres-
sure is available for rivers. The combined approach based on the de-
scription of land use, drainage patterns in watersheds and isotopic
variation in epilithon was key to determining the sources of nitrogen in-
puts along the rivers (i.e. natural, urban, agriculture, WWTP), and their
dispersion downstream. The marked variations in isotopic signatures
made it possible to discriminate between moderate and high organic
impact (indicated by 5'°N values higher than 4%. and 8% respectively)
in comparison to non-impacted conditions, reflecting differences in dis-
solved N concentration (Fiorentino et al., 2017; Jona-Lasinio et al.,
2015). In addition, the lowest isotopic variance was observed in the Ga-
rigliano, although the river stretch investigated was longer than the
other rivers. This suggests that differences in the spatial scale investi-
gated did not affect the isotopic variations observed within each river.

Previous studies indicate that the 5'°N of epilithon in unpolluted riv-
ers varies from ~0%. to ~4%. (Kohzu et al., 2009; Pastor et al., 2014;
Peterson et al., 1993). This is consistent with values measured in this
study in the reference site, which was located upstream of any potential
anthropogenic input, and with values expected from the linear regres-
sion between 6'°N in epilithon and NO3 in water in the absence of an-
thropogenic NO3 inputs. In addition, high 6'°N values indicating N
input of organic origin were observed near the WWTP. In contrast,
5'°N values were lower 2.5 km downstream from the plant, suggesting
that inputs were diluted, as also indicated by decreasing N concentra-
tion. Both !°N and NO3™ were higher at sites close to the river mouth,
in association with the urbanisation affecting the lowland stretch of
the rivers. Localised inputs were also identified by negative 5'°N values,
indicative of inorganic pollution, and were associated with sites
surrounded by permanent crops. However, in some cases we cannot ex-
clude that the 6'°N in epilithon could be affected by a local mix of N
sources, including organic inputs from the urban area and inorganic in-
puts flowing downstream from agriculture-affected sites (Orlandi et al.,
2017). This hypothesis is supported by the ability of epilithon to inte-
grate N inputs from a range of sources (Fiorentino et al.,, 2017). In this
case, the combined analysis of land use, N concentration in water and
815N values was key to discriminating between a mix of pollution
sources (indicated by high N concentration) and the absence of pollu-
tion impact.

When comparing nutrient pollution among sites belonging to differ-
ent impact classes a posteriori, the level of impact as determined on the
basis of 5'°N values in epilithon reflected nutrient concentrations in wa-
ters. This demonstrates that the proposed isotopic thresholds for impact
classes actually reflect significant changes in water quality due to an-
thropic activities. The low Cl and PO; concentrations characterising
the inorganic impact class further support the hypothesis that negative
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6'°N values in epilithon reliably reflected inorganic inputs from agricul-
ture (Bentivoglio et al., 2016; Orlandi et al., 2017). Indeed, as a sub-
stance commonly used for water disinfection, Cl is expected to be
present in urban waters, but not waters from cultivated lands, where
chlorination and salinisation of soils are not desired outcomes. In paral-
lel, it has been calculated that 73.9% of the total POy input affecting sur-
face waters in the Gulf area derives from the human population,
compared to only 3.7% from agriculture and 3.1% from industrial activi-
ties (Aguzzi et al,, 2012).

4.2. Snails

The diversity and abundance of Gastropoda varied between rivers,
both decreasing with increasing overall N pollution. Water pollution
also decreased 3 diversity. This suggests a negative and homogenising
effect of anthropogenic inputs on the spatial structure of river
biodiversity.

While the mean isotopic differences between rivers reflected what
was observed for epilithon, the 6'°N of snails within each river showed
lower isotopic variability and less correspondence with land use. This
suggests that at a finer spatial scale (i.e. upstream-downstream varia-
tions), snails were not able to provide a reliable description of anthropo-
genic N inputs affecting the river course. At this scale, we lost important
information obtained from the isotopic analysis of epilithon, including
the organic pollution measured downstream from the discharge of
waste waters and the inorganic drainage associated with permanent
crops.

Previous studies have shown that 6'°N in snails reflects "N in
epilithon (Bentivoglio et al., 2016; Kohzu et al., 2009), providing in-
formation on N pollution transfer across trophic levels. Here, while
anthropogenic pollution affected snail diversity, the non-exclusive
use of epilithon by snails may explain the observed isotopic mis-
match between the two trophic levels. Indeed, snails indiscrimi-
nately fed on both epilithon and organic detritus, thus mixing the
isotopic signatures of these two food sources in their tissues. Or-
ganic detritus, mainly composed of terrestrial plant species, can be
redistributed along the river course over long distances by wind
and currents, and therefore may not reflect local conditions
(Bentivoglio et al., 2016).

4.3. Concluding remarks

The innovative aspect of this study lies in combining land use
and drainage pattern analysis with stable isotope analysis in
epilithon and snails not only to determine the nature of nitrogen
pollutants, but also as an indicator of the entry point of nitrogen pol-
lutants along rivers embedded in complex landscapes. In this con-
text, epilithon was a reliable indicator of anthropogenic sources of
nitrogen in riverine systems across a wide range of nutrient concen-
trations and anthropogenic inputs. Isotopic bioindication provided
reliable results at both the catchment area scale (within-river com-
parisons) and the landscape scale (between-river comparisons), the
two monitoring scales providing different but complementary infor-
mation. In the first case, we were able to identify the location of ni-
trogen inputs, their nature and their dispersion type. In the second
case, we were able to compare the rivers with reference to the
mean and variance of isotopic signatures measured within each
water body, which represented a good indicator of input variability,
consistent with the description of anthropic activities. Notably, con-
sidering the complexity of lotic systems and the close link between
them and land use in the surrounding areas, this method proved to
be efficient and broadly reproducible. Indeed, given the ubiquity of
epilithon and snails in aquatic systems, this approach should also
be applicable in non-Mediterranean flowing waters.
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Abstract

Nitrogen inputs in aquatic ecosystems are increasing and climate change is likely to exacerbate
cultural eutrophication. The recovery of aquatic ecosystem functionality requires strenuous efforts
and entails considerable costs. Therefore, the development of early warning ecological indicators
that can help arrest the phenomenon in its early stages is highly desirable. Stable isotope analysis of
Nitrogen in algal primary producers has proved useful in determining the origins of Nitrogen inputs
in several marine and freshwater ecosystems. Nitrogen signatures are often assigned to impact or
non-impact classes by comparing the Nitrogen signature of samples with the Nitrogen signature
ranges of potential sources, which can hinder objective ecological evaluation when sample
signatures are close to the upper/lower boundaries of source ranges. To overcome this problem, we
obtained the Nitrogen signatures of the epilithic associations collected in the littoral zone of Lake

Bracciano (Central Italy), covering a pre-drought (2015-2016) and ongoing drought (2017-2019)


mailto:calizza.edoardo@uniroma1.it
http://ees.elsevier.com/ecolind/viewRCResults.aspx?pdf=1&docID=41864&rev=0&fileID=658526&msid={C46CE3D4-34D6-477B-B083-648ABC1069E4}

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

period. The Bayesian Gaussian Mixture Model determined four probability distributions, each
associated with a Nitrogen impact class, and assigned the observed epilithic signatures to the most
appropriate classes. Application of the approach at various spatial and temporal scales allowed us to
compare the pre-drought and ongoing drought Nitrogen input dynamics. At each spatial and
temporal scale, we observed differences in the input dynamics arising from the side effects of the
drought on human activities, which were reflected in changes in the probability of Nitrogen
signatures belonging to one or the other impact class. Based on the probability of samples belonging
to one of the impact classes, the proposed analytical protocol provided a useful tool for prioritizing
specific management measures in areas affected by specific Nitrogen inputs. Moreover, with a few

recalibrations, the model proposed for Lake Bracciano can be extended to other contexts.

Keywords
Nitrogen input; Environmental monitoring; Lacustrine ecosystem; Epilithon; Stable isotope

analysis; Bayesian modelling

1. Introduction

A major challenge in the environmental monitoring of lacustrine ecosystems is the detection of
stressors before they produce a substantial reduction of the water body’s ecological status
(McCormick and Cairns, 1994; Singh et al., 2013). Restoring a compromised ecosystem requires a
complex mixture of scientific and social interactions, it is expensive, and it takes time (Hilderbrand
et al., 2005; Hobbs, 2007). The development of ‘early warning’ ecological indicators (Dale and
Beyeler, 2001) is thus highly desirable.

Among the anthropic pressures that affect aquatic ecosystems, cultural eutrophication caused by

Nitrogen inputs from untreated wastewater discharges, manure and chemical fertilizers (Hayes et
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al., 2015; Maberly et al., 2002; Paerl et al., 2014; Schmale et al., 2019) favours algal blooms and
impairs aquatic ecosystem structure and functioning (He et al., 2019; Le Moal et al., 2019; Paerl
2017). In addition to anthropic inputs, these phenomena can be ‘boosted’ by climate change (Delpla
et al., 2009). Specifically, in the Mediterranean area, long dry periods, interrupted by extreme and
time-concentrated rainfall events, are expected to increase (Pal et al., 2004; Spinoni et al., 2018).
During a drought, soil leaching is reduced, meaning that nutrients tend to accumulate and do not
immediately enter water bodies (Hayes et al., 2015; van Vliet and Zwolsman, 2008). However,
when heavy rainfall occurs, nutrients are mobilized from the soil and released in considerable
amounts (Delpla et al., 2009; Greaver et al., 2016; Hayes et al., 2015), potentially exceeding the
buffering capacity of aquatic vegetation (Dong et al., 2014; Kosten et al., 2009) and the water
body’s capacity for N removal (Greaver et al., 2016). On the other hand, in the case of agricultural
and/or wastewater loadings that eventually enter the water body despite the low rainfall, drought
can potentially cause their concentrations to rise as a result of the reduced water volume (Brusewitz
et al., 2017; van Vliet and Zwolsman, 2008). Coupled with higher water temperatures, these high
amounts of nutrients, especially Nitrogen, favour algal blooms (Paerl et al., 2016 and literature cited
therein). Chemical analysis of Nitrogen concentrations in the water column is affected by dilution
and biotic assimilation (Dailer et al., 2010; Gartner et al., 2002; Hadwen et al., 2005; Kaminski et
al., 2018), and does not provide information on the origin (‘biological’ vs. ‘chemical’) of the inputs.
Stable Isotope Analysis (SIA) is a widely employed technique relevant to several aspects of
ecological and environmental research, including the detection of N sources (Careddu et al., 2017,
Cicala et al., 2019; Rossi et al., 2019; Titlyanov et al., 2011; von Schiller et al., 2009). Indeed, the
differing origins of Nitrogen inputs (‘biological’ or ‘chemical’) are reflected in their *>N:*N ratios
(Orlandi et al., 2017). Macroalgae in marine and brackish ecosystems (Jona Lasinio et al., 2015;
Orlandi et al., 2014; Rossi et al., 2018) and epilithic associations in freshwater ecosystems
(Bentivoglio et al., 2016; Fiorentino et al., 2017, Pastor et al., 2014) directly take up Nitrogen from

the water column, and thus reflect the origin of the N input in the water body (Jones et al., 2004),
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since their isotopic fractionation is small or null (Dailer et al., 2010; Orlandi et al., 2017). Despite
the growing use of aquatic primary producer §"°N signatures in N input monitoring, to our
knowledge, a robust determination of the probability distributions of algal and epilithon §"°N values
within the ‘inorganic’, ‘non-impacted’, ‘moderate organic’ and ‘high organic’ signature ranges
(Fiorentino et al., 2017) is still lacking. For this reason, the assignment of a given "°N value to a
specific impact class, for values close to the boundaries between neighbouring ranges, is
problematic. In order to improve classification, ensuring samples are placed in the most likely
impact class, determining the probability distributions associated with each class is thus necessary.
Specifically, substantial improvement can be obtained with ranges adjacent to the ‘non-impacted’
class, providing useful suggestions for effective management and, when the algal 8"°N signature
classification returns equal membership probability for two classes, indicating the required focus of
further investigations.

In order to model the distributions within the §"°N impact classes and improve 8*°N as an N
indicator, we used two different datasets based on the epilithon of Lake Bracciano. The first dataset
covers a pre-drought period (2015-2016) and the second corresponds to a drought (2017-2019) that
affected the lake (Rossi et al., 2019) and caused variations in N inputs.

The field data covering the 2015-2019 period were combined with evidence from the scientific
literature (Dailer et al., 2010; Jona Lasinio et al., 2015, Lapointe and Bedford, 2007) in order to
estimate: 1) in a Bayesian framework, the posterior probability distribution of each Nitrogen impact
class (Jona Lasinio et al., 2015), 2) the probability of each observation belonging to each impact
class and 3) the potential changes in classification during the interval 2015-2019, which includes a

period of drought. In these analyses, we considered various spatial and time scales.

2. Materials and methods

2.1 Study area
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Lake Bracciano is a sub-circular oligo-mesotrophic volcanic lake (Bolpagni et al., 2016;
Mastrantuono et al., 2008), located 32 Km Northwest of Rome (Italy). It has a surface area of <57
Km?, a perimeter of ~32 Km, an elevation of ~163 m a.s.l, a maximum depth of ~165 m and a
theoretical renewal time of 137 years (Ferrara et al. 2002). It has a catchment area of 147.483 Km?
with 24 sub-basins and a small number of low-flow springs (Rossi et al., 2019). Rainfall is the main
water source for the lake and the groundwater system is able to buffer only short dry periods
(Taviani and Henriksen, 2015). The lake is part of the Bracciano-Martignano regional park and is
the main drinking water reservoir for the city of Rome (Rossi et al., 2019). There is a wide range of
human activities around the water body, with agriculture mostly located in the North-Eastern zone
and leisure activities mostly located in the Western and North-Western zones. Three major towns
(Anguillara Sabazia, Bracciano and Trevignano Romano) face directly on to the lake. Despite the
presence of a sewer system that prevents the discharge of wastewaters into the water body, local
organic and inorganic inputs arising from human activities not connected to the sewer system have
been recorded (Fiorentino et al., 2017; Mastrantuono and Mancinelli, 2005). Currently, the lake is
threatened by invasions of alien species (Costantini et al., 2018), falling water levels (Mastrantuono
and Mancinelli, 2005; Rossi et al., 2019; Taviani and Henriksen, 2015), reduction in aquatic
vegetation (Mastrantuono et al., 2008) and loss of N removal capacity (Rossi et al., 2019).

In order to take account of drought (Rossi et al., 2019) and the effects of low rainfall on aquatic
ecosystems (Greaver et al., 2016; Paerl et al., 2016), we performed a sampling campaign over a
longer period (2017-2019) than our previous study (2015-2016; Fiorentino et al., 2017).
Specifically, we sought to highlight potential changes in epilithic 8*°N signatures as a result of
falling water levels. In order to model the distributions of 8*°N impact classes, a Hierarchical
Bayesian Gaussian Mixture Model (Marin and Robert, 2014) was used to obtain a probabilistic

description of epilithic 8*°N signatures in the two different periods.

2.2 Field and laboratory procedures
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Samples of epilithon were collected in accordance with the procedure described in Fiorentino et al.
(2017) from April 2017 to April 2019 from fourteen sites around the lake perimeter (Fig. 1). Eleven
sites replicated those of a previous study (Fiorentino et al., 2017). The sampling dates and sites are
described in the Supplementary materials (Table S1 and Table S2). Epilithic samples were
conserved at -80°C and then freeze-dried for 24 hours. The samples were pulverized to a fine and
homogenous powder with a ball mill (Fritsch Mini-Mill Pulverisette 23 with a zirconium oxide
ball). For each epilithic sample, two replicates (2.8 +0.2 mg) were sub-sampled and placed in ultra-
pure tin capsules and analyzed using an Elementar Vario Micro-Cube elemental analyser (Elementar
Analysensysteme GmbH, Germany) coupled with an IsoPrime100 isotope mass ratio spectrometer
(Isoprime Ltd., Cheadle Hulme, UK). The Nitrogen signatures were obtained in accordance with
Ponsard and Arditi (2000) and expressed as per mil deviations (%o) from the international standard
(atmospheric N2). The internal laboratory standard was IAEA-600 Caffeine. Measurement errors

were found to be typically smaller than & 0.05%e..
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Fig. 1. Sampling sites along the shore of Lake Bracciano in the 2017-2019 campaign. Sites labelled with the letter ‘C’

were sampled in both the 2015-2016 and 2017-2019 campaigns. Sites labelled with the letter ‘N’ were sampled in the

2017-2019 campaign alone.

2.3 Statistical analysis

2.3.1 The classification model

The classification model (a Bayesian Mixture Model) was estimated with reference to the mean
epilithic 8"°N values at each sampling site and on each sampling date (hereafter referred as ‘raw

data”) of the 2015-2016 campaign. The model is a finite mixture of k Gaussian densities (letters in
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bold indicate vectors), one for each group. This is a convex combination

f(X|k,p,0) = T¥_, p; f(X16,), where X = (X, ..., Xp) is a set of identically distributed
observations, k is the number of groups, f(X|8) is a Gaussian density function, p; is the probability
of belonging to the j"-group, with the constraint Ejle p; = 1 (so each observation has to be
included in at least one group, Marin and Robert, 2014) and 6, is the set of parameters (mean and
variance) of the Gaussian distribution in the j"-group. In a Bayesian setting it is necessary to specify
a set of prior distributions describing prior knowledge of the group parameters. For any set of such
prior distributions 7 (@, p), the joint posterior distribution of the parameters and the probabilities of

(6, p), given the observations and the impact classes, can be written as

(8, pIX, z) o« [T, pz, f(x16,,)]m (6, p). In this formulation, each x; is associated with a label z;
that represents the group to which x; belongs. Thus, given the set of p;, we can write

z;|p ~ My (py..,px ), Where Myis a discrete distribution describing the clusters, and

X;|z;,0 ~ f(. |6'z!.). This approach simplifies both the model and its estimation.

We assumed four groups, each associated to a normal density and these densities differing only in
their means. For computational reasons, we chose to model normal distributions using their
precision (the inverse of variance T = 1/02), and we assumed equal precision across groups.

In our study, the following prior distribution settings were chosen:

p ~Dirichlet (1,1,1,1), 8 = (,uj,r, rs), U wN(mj-,r) and 17,7, ~ Gammal(a, b).

The choice of a Dirichlet distribution (1,1,1,1) for p assumes that there are four groups and all the
groups have a probability of 1/k to be found, where k = 4 (Arima et al., 2013). The means of the
prior distributions of m; were considered to represent the central values of the ‘inorganic’, ‘non-

impacted’, ‘moderate organic’ and ‘high organic’ classes (-0.1%o, 4.5%o, 7.7%o and 11%o). The

distributions of 7 and z, were assigned modes of around 5 (resulting in a variance for each group of
0.2), allowing for wide variance of the prior distribution (¢Z = 1/”53) (a = 2,b = 0.2). Estimation

of the model, which was implemented in JAGS (Plummer, 2003), required the use of the Monte
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Carlo Markov Chain (MCMC) algorithm. We used two chains of 250,000 iterations and the first
50,000 were discarded as burnin. For each chain, one in ten samples was kept for the inference to
reduce samples autocorrelation. Model estimation convergence was assessed by visually inspecting
the MCMC traces and calculating convergence statistics (Potential Scale Reduction Factor and
effective sample size, Gelman and Rubin, 1992). Due to possible asymmetry in the posterior
distributions, 95% credibility intervals were calculated as Highest Posterior Density intervals (HPD,
Lee, 1997). The estimated model (Fig. 2A) makes it possible to classify any new §°N value by
computing the probability of it belonging to each class.

Site classification was based on raw data. The probability of belonging to each impact class (Fig.
2A) was computed for each §"°N value of the sampling sites analyzed during each survey (2015-
2019). Each §'°N signature was then assigned to the class returning the highest probability of
belonging to it. For sites sampled in both surveys, in order to detect potential input shifts between
surveys, the results of the classification were compared. For each site and for each Nitrogen input
class, we computed the mean of these probabilities over time and used it to determine the overall

classification of the site.

A Raw epilithic §°N

¥

Classify the raw epilithic 8N values estimating the
Bayesian Gaussian Mixture Model

| Do the raw epilithic 8'°N show spatial patterns? |

YES G ). NO
Interpolate the epilithic &!°N values for | Are there any non-linear trends?
unsampled locations by geostatistics
YES e (0]
Interpolate unsampled locations using Linear interpolation for unsampled
GAMs locations

After interpolation check model assumptions. IF model assumptions are met go on.
OTHERWISE go back (T) and improve the model

Classify the interpolated epilithic &!°N values for unsampled locations on the basis of the
Bayesian Gaussian Mixture Model classifier estimated in A

v

Produce thematic maps.with: (1) the probabilities of belonging to the four Nitrogen input classes.
(2) the maximum probability of belonging to a given Nitrogen input class




190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

Fig. 2. Workflow for the assignment of epilithic 8*°N signatures to the most probable Nitrogen impact class. In panel A
the raw data are used to estimate the Normal probability distributions of the impact classes in accordance with the
Bayesian Mixture Model. In panel B the raw data are checked for spatial patterns. If spatial patterns emerge, the most
appropriate way to estimate the 5'°N values of unsampled locations is geostatistics. Otherwise the data should be
checked for non-linear trends (Generalized Additive Models, GAMSs). If there are not non-linear trends nor spatial
patterns, the data can be processed using Linear Models. In any case, whatever model has been estimated, model
assumptions must be met, otherwise a model improvement is necessary. In panel C, the estimated epilithic >N values
of a region are classified in accordance with the results of the Bayesian Mixture Model in A, and the probabilities of

belonging to each Nitrogen input class can be plotted to produce thematic maps of the regions.

2.3.2 Classification model validation

To validate the classification model, we ran it with different subsets of the available raw data (see
Supplementary materials), seeking to understand which time window allowed the ‘best’ estimate of
the four distributions. In other words, we wanted to find four well-separated classes, each described
by a Gaussian distribution. Specifically, the model was run five times, using the raw data from the
first sampling campaign (2015-2016), the raw data from the second sampling campaign without the
2019 sampling (2017-2018), the raw data from the 2019 sampling date alone, the raw data for the
period 2015-2018 and the raw data for the period 2015-2019. Once the convergence issues had been
solved, running the model with all the data (2015-2019) returned very similar results to running it
with the 2015-2018 data, while models run with the 2017-2018 or 2019 data returned very poor
behaviour (asymmetric mean distributions, overlapping HPDs). The models based on data from
2015-2016 and 2015-2018 readily converged. Once convergence was achieved, in order to choose
the final reference time scale we considered a) the shape of the four class mean distributions
(unimodal symmetric is preferred), b) the highest posterior density of the class means (checking that
they were well separated), c) variance estimates and d) overall class separation. As a reference time

scale we chose the 2015-2016 period as the results were stable, the classes well separated and the
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distribution unimodal and symmetric. Details of the results of the validation procedure are given in

the Supplementary materials (Fig. S1, Fig. S2, Fig. S3 and Table S3).

2.3.3 Generalized Additive Model (GAM) and classification

To obtain the epilithic 5'°N values for unsampled locations (Aalto et al., 2013) and to classify them
according to the proposed protocol (Fig. 2B and Fig. 2C), Generalized Additive Models, GAM,
(Zuur et al., 2007, 2009) were estimated (one for each survey). The "N values were modelled as a
function of a bivariate thin-plate spline including the geographical coordinates (Fig. 2B). The
normality of residuals was checked using the Shapiro-Wilks test and their homoschedasticity was
checked visually (Wood, 2017).

The estimated epilithon *°N values from the 2015-2016 and 2017-2019 sampling campaigns were
then classified (Fig. 2C) using the procedure described in 2.3.1 for the sampling sites. To check for
possible changes between the campaigns in the classification in the littoral zone, the average
probability of belonging to a class was computed and compared across sampling dates. In addition,
single samplings and samplings made before and after the drought were compared. All the statistical
analyses were performed using open-source R software (R Core Team, 2019), the GAM was
estimated using the mgcv R package (Wood, 2011), and the R2jags package (Su and Yajima, 2015)

was used to run JAGS within R (JAGS and R codes are available as Supplementary materials).

3. Results

3.1 Exploratory data analysis

In both 2015-2016 and 2017-2019, the mean (+ SD) 8N value of epilithon in the littoral zone
varied. Information on 2015-2016 is available in Fiorentino et al. (2017) while the 2017-2019 data
are shown in Table 1. For classification of the unprocessed data, we considered the following four
Nitrogen impact classes (Fiorentino et al. 2017): ‘inorganic’ (§°N< 3%o), ‘non-impacted’ (3%o <

8N < 6%o), ‘moderate organic’ (6%o < 8"°N < 9%o) and ‘high organic’ (§"°N> 9%,). Based on the
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unprocessed data, in 2017-2019 one site (CO1, Anguillara Sabazia) was affected by moderate

organic inputs, with values only slightly above the upper boundary of the ‘non-impacted’ class

(8"°N = 6.31%o on average). Another two sites, C10 (outside Trevignano Romano) and C11 (outside

Anguillara Sabazia), were on average in the inorganic class (8°N = 2.47%o and 8N = 2.65%o

respectively). Since in each of these sites epilithic 8"°N was close to the limit of the corresponding

Nitrogen impact class, classification of the unprocessed data based on mean values alone could not

be considered robust.

Cco1 6.31+1.42%0 MO
C02 3.68+1.48%o NI
C03 4.08+1.75%o NI
Co4 3.59+2.16%eo NI
NO1 4.53£1.72%o NI
C05 5.75£2.08%o NI
C06 4.81+1.80%o NI
Cco7 5.33£1.34%o NI
Cco8 4.69+2.29%o NI
C09 4.60£1.18%o NI
NO2 4.65+1.12%o NI
C10 2.47+1.25%0 INO
Ci11 2.65+1.48%0 INO
NO3 4.66x2.00%o NI

Table 1 Mean epilithon §"N values (+ standard deviations) from the 2017-2019 sampling campaign and classification

based on unprocessed data (MO = ‘moderate organic’, NI = ‘non-impacted’, INO = ‘inorganic’).

3.2 Model estimation
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The Hierarchical Bayesian Mixture Model estimated on the basis of the raw epilithic 5'°N data from
2015-2016 returned the means of the four normal densities associated with the impact classes, in
addition to the variance and its 95% HPD [ respectively,2.37,95% HPD:(0.02; 2.50)] (Fig. 3A,
Table 2). The classes were clearly separated (Fig. 3B) and the data were easily classified with little

uncertainty.

CLASS HPD Lower (2.5%) Mean HPD Upper (97.5%)
Inorganic -0.60%o 0.73%o 3.32%o
Non-impacted 3.10%o 4.30%o 5.70%o
Moderate organic 6.33%o 7.15%0 8.08%o
High organic 9.97%o 11.04%o 11.96%o

Table 2 Bayesian Mixture Model results for the raw data 5N from 2015-2016. For each impact Normal distribution

(CLASS), the lower HPD (2.5%), mean and higher HPD (97.5%) are shown.

0.4 -
A B 13 4
12 4
0.35 - INO NI MO HO y +
~ 10
0.3+ 2 ol
Z 8-
5 * CLASS
w7
= & 6l A no
%) (o]
5 o 51 & N
& @ 4 W vo
< o ® o
O 2
g i
I O_
-14
24
0 el
321012 3 4 5156 7 8 91011121314 1516 |N'O f\'ll M'O H'O
0 "N (%0) CLASS

Fig. 3. (A) Densities of the four Nitrogen impact classes. (B) Highest Posterior Density (vertical line) and mean
(shapes) of each impact class. Each shape represents a specific 5'°N signature class (INO = ‘inorganic’, NI = ‘non-

impacted’, MO = ‘moderate organic’, HO = ‘high organic’).
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3.2.1 Classification of sites

The proposed classification model allowed us to identify changes in eleven sampling sites
monitored in two sampling periods (Fig. 4).

On average, during 2017, we observed a decrease in ‘moderate organic’ inputs. By contrast, in
Spring and Early Summer 2018, eight of the eleven sites were characterized by ‘moderate organic’
inputs (C01, C02, C03, C04, C05, C06, CO7 and C09). ‘Inorganic’ sites were more frequent in

2017-2019 than the preceding period, affecting half the sites by Spring 2019.

C11
C10
C09 A
CO08
co7

C06
CO05 A
CO04 4
Cco3
co2
Co1

SITE

(5102) | Jowwng Ape3
(5102) 2 sewwng Ajre3
(S102) Jewwng
(5102) uwniny
(9102 / G102) J181UIM
(9102) bunds
(9102) Jowwng
(9102) uwniny
(2102 /9102) JoUIM |
(£102) Bunds
(£102) sowwng
(£102) uwniny
(8102 / £102) 1auIM
(8102) Bunds
(8102) | Jowwng Ape3 |
(8102) 2 1ewwng Aueg |

(8102) Jewwing

(8102) uwniny
(6102 /8102) JBUIM |

(6102) Bunds

Fig. 4. Plot of the site classification in the time frame considered. Colours represent Nitrogen impact classes (NS = ‘not
sampled’, INO = ‘inorganic’, NI = ‘non-impacted’, MO = ‘moderate organic’, HO = ‘high organic’). White squares

represent missing data.

In accordance with the proposed classification approach, the exposure of each sampling site to the
various Nitrogen input sources was also evaluated in terms of the overall mean probability of the

site belonging to each of the impact classes in 2015-2019 (Table 3). As a whole, more than half the
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sampling sites considered were most likely to belong to the ‘non-impacted’ class and all of these are

located in the Southern and Northern areas.

Site P (Inorganic) P (Non-impacted) P (Moderate Organic) P (High Organic)
Co1 0.03 0.49 0.45 0.03
Co2 0.28 0.57 0.14 0.00
Co03 0.18 0.56 0.26 0.00
Co4 0.25 0.51 0.24 0.00
CO05 0.06 0.33 0.57 0.04
CO06 0.07 0.39 0.49 0.05
co7 0.03 0.35 0.45 0.17
Co08 0.10 0.40 0.40 0.10
C09 0.10 0.56 0.34 0.01
C10 0.54 0.43 0.03 0.00
Cl1 0.37 0.51 0.12 0.00

Table 3 Mean overall (2015-2019) probability (P) of each site belonging to the four Nitrogen impact classes

3.2.2 GAM estimate for unsampled sites and classifications at different temporal scales

Epilithic 8N values were estimated for unsampled locations using GAM models. The deviance
explained by the GAM models (Supplementary materials, Table S4) ranged from a minimum of
35.3% (Early Summer 2 2018) to a maximum of 83.2% (Spring 2016). A significant spatial effect
on epilithic 8"°N was detected for both sampling periods, except for Winter 2017-2018 (F-value =
2.08, p-value = 0.08). The residuals of the estimated models were normally distributed (Shapiro-
Wilks test, p-value >0.05) and homoschedastic.

All interpolated 5'°N values (hereafter referred as ‘points’) were classified using the procedure

described in 2.3.1 and assigned to the class to which they had the highest probability of belonging.

Here we show the assignment to classes of the interpolated 5'°N values from the Spring surveys

2016 to 2019 (Fig. 5 and Table S5).
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Fig. 5. Plot of the classified GAM estimates for spring in each year. Different colours represent different classes (INO =

‘inorganic’, NI = ‘non-impacted’, MO = ‘moderate organic’)

With respect to 2016, 45.53% of the interpolated points changed classification in 2017: the ‘non-

impacted’ points in 2017 mostly derived from what had previously been ‘moderate organic’ points,

while the ‘inorganic’ points were more numerous in 2017, mostly deriving from what had
previously been ‘non-impacted’ points (Table S5). Comparing 2017 and 2018, 83.89% of the
interpolated points changed classification. We observed a general shift from ‘non-impacted’ to
‘organic’, while the ‘inorganic’ class was not observed. In 2019, 92.3% of the points changed
classification relative to 2018. Many points that had been ‘moderate organic’ became ‘non-
impacted’ and ‘inorganic’, but a considerable percentage of ‘non-impacted’ points moved to the
‘inorganic’ class.

On an annual scale, the classifications showed that in 2015-2016 the Western and South-Western
zones had a high average probability of belonging to the ‘moderate organic’ class (Fig. 6C),

whereas the Northern and the Southern zones had a high average probability of belonging to the
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‘non-impacted’ class (Fig. 6B). By contrast, the Eastern zone and a narrow Northern area, close to
the town of Trevignano Romano, were in the ‘inorganic’ class (Fig. 6A).

In 2017-2019 (Fig. 6E-H), the Northern and Southern areas still had a high average probability of

belonging to the ‘non-impacted’ class (Fig. 6F), while ‘inorganic’ inputs persisted in the East (Fig.

6E) and the ‘moderate organic’ class was dominant in a narrow zone in the South-West (Fig. 6G).
Comparison between the two periods (Table S6) highlights the general stability of the classified
points. Indeed, =77% of the total points maintained the same classification. About 21% of points
changed from ‘moderate organic’ to ‘non-impacted’ in 2017-2019. Thus, considering the entire
period, on average, the lake was likely to be affected by ‘moderate organic’ and ‘inorganic’ inputs
on the West and East sides respectively (Fig. 6K and Fig. 61), whereas the remaining areas were

likely to be unaffected by human-derived Nitrogen inputs (Fig. 6J).
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Fig. 6. Mean probability of the lake shore belonging to each of the four Nitrogen impact classes during the first

sampling campaign (A-D), second sampling campaign (E-H) and entire time period considered (I-L).

4. Discussion

In this study, we addressed three main research questions, the first two concerning the creation of an
effective classification tool for epilithic §°N values: (1) estimation of the probability distributions
associated with the Nitrogen impact classes and (2) assignment of the §*°N signatures to the most
appropriate classes. The third research question concerned (3) shifts in impact class as a result of

drought.

4.1 The model

These crucial issues were solved by means of the proposed protocol. Indeed, identifying impact
classes and assigning data to classes are standard practice in environmental monitoring as they
reduce judgment subjectivity (Bhagowati and Ahamad, 2019; Costanzo et al., 2005; Jona Lasinio et
al., 2017). The Bayesian procedure allowed us to base the definition of classes on quantitative prior
information and thus to produce an unambiguous final classification. The estimated probability of
belonging to a specific class provided a rigorous quantitative tool with which to evaluate the
uncertainty associated with class membership. Thanks to this approach, the impact ranges in the
lake can be clearly depicted on the basis of epilithic 8*°N signatures.

Fiorentino et al. (2017) published an updated land-use map of Lake Bracciano that allowed us to
verify the consistency of this 8*°N-based classification with the observed input sources. In the North
and North-eastern zones, Corine Land Cover data (Copernicus Land Monitoring Service) was
consistent with the ‘inorganic’ classification resulting from the epilithic signatures, which indicated
that the potential anthropogenic Nitrogen inputs (Fig. S4) were mainly derived from agricultural
activities. The ‘moderate’ and ‘high organic’ Nitrogen inputs found in the West, in particular at the

northern end of the recreational area on the shore near the town of Bracciano where there are no
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farms or cultivated fields, were associated with intense tourism and leisure activities. This result
suggested that tourism is the main local source of Nitrogen inputs on this side of the lake and
confirmed the usefulness of epilithic 3*°N signatures as an ecological indicator able to detect the
dominant Nitrogen sources (Fiorentino et al., 2017).

Regarding the statistical modelling, the Mixture Model classifier based on the Bayesian framework
represented the most consistent theoretical approach. The model considered a convex combination
of a finite number of k densities, which in our case were four Gaussian densities (Scrucca et al.,
2016), each with its own specific weight. For each observation, the model returned the probability
of belonging to each class. Following the Maximum Likelihood approach (Scrucca et al., 2016), it
was not possible to identify the ‘high organic’ class, as only a small percentage of the observed §°N
values were above 9%o. On the other hand, ignoring the ‘high organic’ class produced a bimodal
‘moderate organic’ distribution. Furthermore, not considering the ‘high organic’ impact class might
lead to a large human-derived organic input being incorrectly assessed (Risk et al., 2009), which in
turn would lead to unsuitable policy decisions. The Bayesian approach solved the problem by
allowing us to add (a priori) information on the class centers and the variability of the associated
Normal distributions solving estimation/identification issues. The four distributions differed clearly
in terms of their means and were well separated. The uncertainty of the distribution means was
measured using the 95% highest posterior density intervals (HPD), which highlighted only one
small overlap between the ‘inorganic’ HPD upper bound and the ‘non-impacted’ HPD lower bound.
These intersections were expected because the change between classes is naturally smooth, as we

have already observed (Fiorentino et al., 2017).

4.2 Effects of the drought
Some areas of Lake Bracciano are known to undergo seasonal variation as an effect of tourism and
agricultural activities (Fiorentino et al., 2017). The former induces oscillation between ‘non-

impacted’ and ‘moderate organic’ classes, and the latter between ‘non-impacted’ and ‘inorganic’
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classes. Changes in the probability of belonging to these classes thus probably reflect fluctuations in
human activities around the water body. The proposed classification approach answered our
question concerning potential spatial variation in terms of Nitrogen impact class. These shifts
occurred during the drought and were of variable magnitude, being seen at local, seasonal, and
whole-lake annual scales. At local and seasonal scales, in 2017 the lake was characterized by the
absence, for most of the sampling sites, of ‘moderate organic’ inputs due to the fall in tourism
(Calizza et al., 2017). With the mitigation-of the drought, ‘moderate organic’ inputs were recorded
but for a shorter period than in the past. In 2017-2019 the ‘inorganic’ inputs were no longer limited
to a few sampling sites as in the previous years, although the total absence of these agriculture-
related inputs during Spring-Summer 2018 can be seen as the effect of the drought. In contrast, the
absence of tourism-related ‘organic’ inputs and the presence of ‘inorganic’ inputs in Spring 2019
may be related to the intense rainfall (Fiorentino et al., 2017; Agenzia Regionale per lo Sviluppo e
I’Innovazione dell’ Agricoltura del Lazio, ARSIAL 2019). Local changes were reflected in inter-
annual differences at the whole-lake scale. Over time, an increasing percentage of the interpolated
points changed class, resulting in shifts in the spatial distribution of both ‘organic’ and ‘inorganic’

inputs.

4.3 o™N classification at the local and whole-lake scale as an informative tool for monitoring and
planning

In the context of environmental monitoring and planning, our lake classifications are useful
informative tools. At the local scale, the mean probabilities of belonging to each of the impact
classes highlighted: (i) sites that are mainly ‘non-impacted’ and (ii) sites that are mainly affected by
human-related Nitrogen inputs. At the whole-lake scale, the mean probabilities of belonging to each
impact class showed spatial separation of the two types of human-induced Nitrogen inputs.
Specifically, the ‘moderate organic’ and ‘inorganic’ classes and the corresponding Nitrogen inputs

affected distinct areas, confirming the differing nature of the influences on opposite sides of the
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lake, i.e. tourism (on the West side) and agriculture (on the East side). In areas adjacent to the town
of Trevignano Romano, the stability of its ‘non-impacted’ status explains the recent ‘blue flag’ of
excellence (Foundation for Environmental Education, FEE 2018) awarded to the town’s beach. On
the other hand, a stable presence in one of the impacted classes suggests persistent inputs. Such
stability can be useful for concentrating sampling efforts, prioritizing improvements to the
wastewater collection system and planning mitigation strategies. Finally, despite our model being
developed for a specific lacustrine ecosystem, studies in other aquatic ecosystems have found
similar macroalgal and epilithic 5'°N signatures, indicating human-derived organic (Bentivoglio et
al., 2016; DeBruyn and Rasmussen 2002, Fry et al., 2011; Wang et al., 2016) and inorganic
(Bentivoglio et al., 2016; Derse et al., 2007; Wang et al., 2016) Nitrogen inputs. It is thus likely that

only a few re-calibrations will be required for this bioindication system to be adopted more widely.

5. Conclusions

Our empirical modelling approach improves the use of epilithic *°N signatures as an ecological
indicator of human-related Nitrogen inputs. Indeed, it provides a probabilistic and statistically
robust operating protocol for assigning specific epilithic §*°N signatures to appropriate classes and
running comparisons at various spatial and temporal scales.

The switch from classification based on raw epilithic 8*°N data to the probabilistic protocol not only
represents a solid basis for planning environmental monitoring programmes, but also helps
environmental scientists to prioritize the location and timing of management measures based on the
probability of belonging to specific Nitrogen impact classes. For ecologically and economically
important littoral zones, probabilistic classification provides information on potential threats even at
low probabilities of exposure. Lastly, this is an effective method for informing stakeholders,
because not only does the protocol return simple thematic maps, but it also expresses shifts between

classes as percentages and degrees of exposure to anthropic Nitrogen inputs as probabilities.
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Fig. S1. Histograms of the Nitrogen impact class averages for the classification model ran with the: 2015-2016 (A) raw

data only, 2017-2018 raw data (B), 2019 raw data (C), 2015-2018 period raw data (D) and 2015-2019 period raw data
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Fig. S2. Nitrogen impact classes HPD (95%) for the classification model ran with the: 2015-2016 (A) raw data only,
2017-2018 raw data (B), 2019 raw data (C), 2015-2018 period raw data (D) and 2015-2019 period raw data (E).

Different shapes represent a specific 8"°N signature classification (triangles="inorganic’. rhombuses="non-impacted’.

squares="moderate organic’. circles="high organic’)
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2017-2018 classification (B), 2019 classification (C), 2015-2018 classification (D) and 2015-2019 classification (E).

Different lines represent different Nitrogen impact classes.
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Fig. S4. Corine Land Cover (2018) of the area surrounding the water body of Lake Bracciano (the black line indicates
the lake perimeter) and GAM estimate for the Early Summer 2 (2015) sampling date (Fiorentino et al., 2017). Here, for
simplicity, GAM estimated values were categorized according with the unprocessed &N epilithic signature

classification proposed in our previous work (Fiorentino et al., 2017).



Table S1 Sampling dates for the 2015-2019 surveys.

Survey Sampling date Month
2015-2016 Early Summer 1 2015 June 2015
2015-2016 Early Summer 2 2015 June 2015
2015-2016 Summer 2015 July 2015
2015-2016 Autumn 2015 September 2015
2015-2016 Winter 2015-2016 December 2015
2015-2016 Spring 2016 March 2016
2017-2019 Spring 2017 April 2017
2017-2019 Summer 2017 July 2017
2017-2019 Autumn 2017 (12/5) December 2017
2017-2019 Winter 2017-2018 February 2018
2017-2019 Spring 2018 May 2018
2017-2019 Early Summer 1 2018 June 2018
2017-2019 Early Summer 2 2018 July 2018
2017-2019 Summer 2018 July 2018
2017-2019 Autumn 2018 September 2018
2017-2019 Spring 2019 April 2019




Table S2 Table reports the eleven sampling sites in common between the two surveys.

2015-2016 survey 2017-2019 survey

s01 co1
S02 Co2
03 Co3
S04 Co4
S08 Co5
S09 C06
510 co7
s12 Cco8
S14 Co9
516 C10

S19 Cc11




Table S3 Table of the estimated variance of the Nitrogen classes by different raw data subsets.

Raw data subset 02
2015-2016 only 2.37
2017-2018 only 3.22

2019 only 11.11
2015-2018 1.00

2015-2019 1.00




Table S4 Table of the GAM models results. The first column reports the survey time frame, the second the sampling

date, the third reports the estimated intercept and the thin-plate spline (TPS), the fourth the t-value for the intercept and

the F-value for the spline, the fifth the p-value for the intercept and for the spline, the sixth the explained deviance by

the GAM models.

: Intercept t-value .
rv mplin -val Dev. explained
Survey Sampling date TPS E-value p-value p
Early Summer 1 6.52 +0.17 38.19 <0.05 0
(2015-2016) (2015) s(long. lat.) 15.68 <0.05 76.7%
(2015-2016)  Early Summer 2 6.74+0.18 36.24 <0.05 20.4%
(2015) s(long.,lat.) 17.75 <0.05 '
(2015-2016) Summer 5.48 + 0.31 17.42 <0.05 404%
(2015) s(long.,lat.) 5.00 <0.05 '
(2015-2016) Autumn 4.90+ 023 21.23 <0.05 66%
(2015) s(long.,lat.) 5.23 <0.05
(2015-2016) Winter 5.14 + 0.22 23.68 <0.05 .
(2015/2016) s(long. lat.) 3.85 <0.05 57.8%
(2015-2016) Spring 441+0.16 27.45 <0.05 53,20
(2016) s(long. lat.) 12.48 <0.05 e
) Spring 418 +0.23 18.01 <0.05 o
(2017-2019) (2017) s(long. lat.) 5.02 <0.05 70.1%
Summer 353+0.18 19.36 <0.05 .
(2017-2019) (2017) s(long. lat.) 6.37 <0.05 78.6%
Autumn 4.04+0.16 25.29 <0.05 .
(2017-2019) (2017) s(long. lat.) 8.85 <0.05 79.3%
Winter 4.27+0.18 23.72 <0.05 0
(2017-2019) (2017/2018) s(long. lat.) 2,08 0.08 48.2%
Spring 6.16 £0.14 44.00 <0.05 0
(2017-2019) (2018) s(long. lat.) 4.03 <0.05 54.5%
rme Sogmen GONE sk 3,
(2018) g
Ealry Summer 2 5.60+0.21 26.92 <0.05 0
(2017-2019) (2018) s(long. lat) 236 <0.05 353%
Summer 4.72+0.22 21.42 <0.05 0
(2017-2019) (2018) s(long. lat.) 3.18 <0.05 51.8%
Autumn 3.45+0.17 20.62 <0.05 .
(2017-2019) (2018) s(long. lat.) 5.74 <0.05 5%
o209 T S(ongJat) o3 o0 62.69%




Table S5 Comparison of Spring interpolated surfaces in 2016, 2017,2018 and 2019. Percentage values.

Classification Spring 2017

Inorganic Non-impacted Moderate
organic

Inorganic 18.27 6.83 0.00
Classification i oacted 15.97 35.46 0.40
Spring 2016

Moderate 1.96 20.37 0.74

organic

Classification Spring 2018
Non-impacted Moderate
organic

Inorganic 19.54 16.66
Classification Nor-i ted 14.97 4760
Spring 2017 on-impacte ' :

Moderate 0.00 1.14

organic

Classification Spring 2019

Classification
Spring 2018

Inorganic Non-impacted
Non-impacted 26.74 7.77
Moderate 19.25 46.24

organic
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JAGS code

model {

# Likelihood:

for( i in 1 : N ) {
y[i] ~ dnorm( mul[i] , tauy )
mul[i] <- muOfClust[ clust[i] ]
clust[i] ~ dcat( pClust[l:Nclust] )

}

# Prior:

tau~dgamma (2, 0.2)
tauy~dgamma (2,0.2)
for ( clustIdx in 1: Nclust ) {

muOfClust[clustIdx] ~ dnorm( m[clustIdx] , tau )

}
pClust[1l:Nclust] ~ ddirch( onesRepNclust )



R code
# load required packages #

require
require
require
require

R27jags)
xtable)
DescTools)
coda)

—_—~ e~ o~ —~

# X is a one column data.frame with the observed epilithic d15N #
# Bayesian Gaussian Mixture Model #

Nclust=4 # number of clusters #

y = X

clust = rep(NA, length(y))

N=length (y)

clust[which.min(y) ]=
]

# smallest value assigned to cluster 1#
clust[which.max (y) #

highest value assigned to cluster 4#

# datalist is a list with the data elements to be passed to the JAGS model
#

datalist = list(

y =y , # observed d15N signature for the model estimation #

N = length(y) , # number of the observed data #

Nclust = Nclust , #number of the clusters #

clust = clust ,

#vector of length equal to N. In this vector, all the positions are NA
except for the positions corresponding to the smallest and largest wvalues
in y #

onesRepNclust = rep(l,Nclust), # hyper parameters of the Dirichlet
distribution used as prior distribution for the clusters labels in the
JAGS model #

m=c(a, b ,c ,d) # replace a,b,c,d with the mean of the Gaussian prior
distributions associated to the means of the Nclust=4 clusters #

)

partosave<-c ("clust","tau", "tauy", "muOfClust", "pClust") # which parameters
need to be saved #

# check that the JAGS code is in your working directory #
# fit the model #

fit=jags (data=datalist,parameters.to.save=partosave,

n.chain=2, # number of markov chains that will be used for
estimation #

n.iter=250000, # iterations #

n.thin=10, # retain every 10 observations to reduce autocorrelation
in the saved chains #

n.burnin=50000, # discard n.burnin observations before start saving
samples to ensure that the chains are close to convergence #

jags.seed=56789, # simulations seed set for replicability #



model.file="replace with JAGS model filename.txt") # name of the
JAGS model file #

#create a pdf where traces of Markov chains are saved #
pdf ("model traces.pdf")

traceplot (fit, ask=F)

dev.off ()

#save summary of the model and convergence checks (That and neff) #

print (xtable (round (fit$BUGSoutput$Ssummary, 3),digits =
3),file="model summary.tex")

# extract tau, to build the point estimates of the precisions (and then of
the variances) of clusters distributions and the residuals#

tau.sim=fitS$BUGSoutput$Ssims.matrix[,grep ("tau",colnames (fit$BUGSoutput$Ssim
s.matrix))] #samples

tau.sim=round(tau.sim,digits=2)

tau.hat=apply(tau.sim,2,Mode) # tau mode i.e. the maximum a posteriori
estimate #

## we build the variances as well#
var.sim<-tau.sim
var.sim[,1]1<-1/tau.sim[, 1]
var.sim[,2]<-1/tau.sim[, 2]
var.hat<-apply(var.sim, 2, Mode)

## standard deviation of the clusters
sd clusters<-sqgrt (var.hat[1l])

# plot tau #

par (mfrow=c(1,2)) # two plots per page #
apply(tau.sim,2,hist) # histograms for the precisions#
apply(var.sim,2,hist) # histograms for the variances#
fextract averages of clusters#

mu<-—
fit$BUGSoutputS$Ssims.matrix[,grep ("muOfClust", colnames (fit$BUGSoutput$sims.
matrix)) ]

mu.hat<-apply(mu,2,mean) #posterior means as point estimation #

#plot mu #
par (mfrow=c(2,2)) # four plots per page #
apply (mu,2,hist) # histograms for the clusters means #

par (mfrow=c(1l,1)) # one plot per page #
#compute the HPD using the coda package#

Meanl<-mcmc (mu, start=1,end=5000, thin=1)
Meanl<-mcmc.list (Meanl)



hpd.mean<-HPDinterval (Meanl,prob = 0.95) # 95% highest posterior density
intervals for the clusters means

## 95% highest posterior density intervals for the precisions and the
variances

hpd. tau<-
HPDinterval (mcmc.list (mcmc (tau.sim, start=1,end=5000, thin=1)),prob=0.95)

Hpdvar<-HPDinterval (mcmc.list (mcmc (var.sim,start=1,end=5000,thin=1)))

# return the probabilities of belonging for observed/ new data according
to the estimated model. It uses a for loop #

# K is a one column data.frame with observed epilithic d15N #
obs new data<-matrix(K,ncol=1) #matrix of the data to be classified #

clust.fit.prob<-matrix (0,nrow=length (obs new data), 4)

# matrix to save the membership probabilities to each Nitrogen impact
class for each new observation. Each column of the matrix represents a
Nitrogen impact class #

# variable2 is a convenience variable to temporary store values associated
to the i-th row #

# the dnorm function returns the density of a value according to a Normal

distribution identified by its mean (mean) and standard deviation (sd) ###
see the R help for details#

# mu.hat[3] (3=1,2,3,4) is the mean of the Normal distribution associated

to the jth Nitrogen impact class #

# sd clusters is the standard deviation of the Normal distributions of the
Nitrogen impact classes #

### Membership probabilities computation ####

# each element of variable2 is the Gaussian density computed at the i-th
observation for each Nitrogen impact class #

# the j-th cluster membership probability of the i-th observation is
obtained as the ratio between variable2[]j] and the sum over j of all
elements in variable2.

# the probabilities of membership to each Nitrogen impact class are then
stored in the i-th row of the clust.fit.prob matrix #

# the following loop runs trough the rows (i) of the obs new data matrix
#
for(i in l:nrow(obs new data)) {
variable2=c (dnorm(obs new data[i],mean=mu.hat[1l],sd=sd clusters),
dnorm (obs new data[i],mean=mu.hat[2],sd=sd clusters),



dnorm (obs new datal[i],mean=mu.hat[3],sd=sd clusters),
dnorm (obs new data[i],mean=mu.hat[4],sd=sd clusters))

clust.fit.prob[i, ]=matrix(variable2/sum(variable2))

}

# to visualize
head (clust.fit.prob)

heatmap (clust.fit.prob,Colv=NA)



Discussion

Nitrogen inputs in aquatic ecosystems showed a dramatic increase in the last two
decades (Glibert, 2017; Howart, 2008), with consequent ecosystem services losses, threats for
ecosystem stability and for human interests and health (Le Moal et al., 2019; Paerl et al., 2016;
Yao et al.,, 2018). Despite the management efforts, a notable percentage of the aquatic
ecosystems are currently affected by nutrient inputs (Carvalho et al., 2019). The recovery and
the preventions of these ecosystems is highly dependent on the identification of such nutrient
input origins (organic vs inorganic). The Nitrogen stable isotopes analysis, applied to
macroalgae and epilithic associations, has proven to be effective for this purpose in several
marine and a few fluvial ecosystems (Bentivoglio et al., 2016; Jona-Lasinio et al., 2015;
Orlandi et al., 2014; Pastor et al., 2014; Rossi et al., 2018), turning into advantage the
assimilation, from the aquatic medium, of Nitrogen into the biotic samples (Gartner et al.,
2002; Kaminski et al., 2018). For freshwater and land locked ecosystems, however, there was
a general lack of researches on the applicability of this methodology on their environmental
monitoring. All the case studies of this dissertation contributed for filling up this notable gap.
The split of the macroalgae/epilithic *®N signatures in four categories (‘inorganic’,’non-
impacted’,’moderate organic’ and ‘high organic’) allowed us to highlight wide/narrow,
organically/inorganically or non-impacted areas. In all the study cases, epilithic and macroalgal
signatures revealed the occurrence of industrial fertilizer Nitrogen inlets into the water bodies
due to the presence of agricultural activities. The principal cause for these Nitrogen inputs in
Lake Bracciano were the rainfalls that leached the agricultural fields (diffuse sources),
whereas diffuse sources in the Caspian Sea were associated to the ‘White River’ (Sefi- Rud)
input transport along its lowland =55 Km long stretch, which crosses heavily cultivated areas.
For the Santa Croce river, the ‘inorganic’ inputs represent a minor threat to the water body,
compared to the wide organic inputs recorded, affecting only one sampling site.

In parallel, the epilithic and macroalgal Nitrogen signatures, in all the water bodies,
recorded the typical traces of organic inputs. In Lake Bracciano and Caspian Sea, the §©°N
organic signatures were attributed to the touristic activities due to their high concentrations in
in the most popular touristic areas. For Lake Bracciano, the touristic derivation of these high
epilithic 3*°N signatures (which fell up to the ‘high organic’ range) were confirmed by the
strong seasonality of the phenomenon. In fact, the higher organic 5'°N values corresponded
to the Summer season (June-July 2015) with a peak (after a public holyday, 29" June, for the

entire municipality of Rome) corelated the incomes of parking meters.
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In the Iranian Caspian Sea, the macroalgal 8*°N signatures were related to the total
dissolved inorganic Nitrogen concentration. This positive linear relationship, coupled with
a decrease of the dissolved Oxygen concentrations in anthropic-derived Nitrogen impacted
areas, confirmed the concerns of the water quality of the Caspian Sea due to the cultural
eutrophication (Sadeghi et al., 2013). The ‘moderate’ and ‘high organic’ inputs are dominant
in the three studied rivers, affecting more than % of the sampling sites as a result of the

persistent effects of the wastewater treatment plant and urban Nitrogen loadings.

Except in rivers, there were also areas non-affected by human derived Nitrogen inputs.
These ‘non-impacted’ signatures, in the two land locked ecosystems, highlighted how the

management of human activities buffered the inlets of the human-related Nitrogen inputs.

In Lake Bracciano, the non-homogenous distribution of human activities around the
water body and their seasonal magnitudes played a major role for the input dynamics. In fact,
different areas switched between ‘non-impacted’- ‘moderate organic’ and ‘non-impacted’ —
‘inorganic’ monodimensional classes (Chapter 1), with epilithic §°N values, sometimes, close
to the upper/lower boundaries of consecutive classes. This aspect represents an issue both in
the objective assignment of an epilithic signature to the most appropriate Nitrogen impact class
and in the ecological interpretation of the classification results. The Bayesian Gaussian Mixture
Model solved both these aspects. The model estimated four Gaussian distributions, each one
associated to a previously recognized class (Chapter 1) and returned the probabilities of
belonging of the ‘raw’ epilithic 8N signature for each Nitrogen impact class, so the most
appropriate class is the class with the highest probability of belonging. Moreover, model results
canactasan early warning signal for the cultural eutrophication when there is equiprobability
between ‘non-impacted’ and ‘inorganic’ or ‘'moderate organic’ classes or when human-related
impact classes have non zero probabilities to affect ecologically or economically important
zones, so further environmental monitoring can be more specifically planned. A second
advantage provided by the robust assignment of the epilithic 31°N signatures to specific
classes is the possibility to follow the temporal dynamics of the class at different spatial
scales and produce thematic maps for the probability of belonging to different Nitrogen
impact classes. From these analyses emerged that the human-related Nitrogen input dynamics
changed as a side effect of the drought. At sampling site (across seasons) and at entire perimeter
(across vernal seasons in different years) there were: (i) a significant reduction of the ‘moderate
organic’ class (2017) and (ii) an increase of the ‘inorganic’ class. These results, for the
‘moderate organic’ class, can be explained in terms of tourism decrease compared with the

previous observations (Chapter 1), whereas the ‘inorganic’ inputs can be explained as an
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increase of industrial fertilizers use in surrounding areas.

The studies presented in this thesis showed that the algal §'°N signature is a flexible
tool for the environmental monitoring of Nitrogen inputs affecting the fluvial and land locked
ecosystems. Notably, the 5'°N signature ranges were coherent in discriminating the human
derived origins of the inputs (organic vs inorganic) despite: (1) the differences in biotic samples
(epilithon and macroalgae), (2) the morphological differences and (3) the different magnitude
of human pressures. For all the water bodies, it is advisable to increase the sampling efforts
in areas impacted by human-derived Nitrogen inputs and proceed, for Lake Bracciano, an
update of the wastewater collecting system, for the Iranian Caspian Sea littoral zone, to
increase the number of such wastewater plants (Abadi et al., 2018) and for the three Central
Italian rivers, to manage the urban and wastewater treatment plant organic Nitrogen inputs.
The wide applicability of this Nitrogen input indicator is further enhanced by the
determination of the probability distribution, that represent a more robust approach for the
assignment of tight/wide areas to the most appropriate Nitrogen impact class compared to the
monodimensional ranges. The analytical protocol proposed in Chapter 5, allows the
prioritization for more detailed analyses or specific interventions based on class probability of
belonging at different space-time scales. Furthermore, the protocol is an easier method to
inform stakeholders, because it not only returns simple thematic maps, but it also expresses the
shifts among classes as percentages and the exposures to the anthropic Nitrogen inputs as
probabilities. Lastly, the coherence among the observed field data of oligo-mesotrophic and
eutrophic ecosystems, as well as the similarity with the observed macroalgae and epilithic
SN signatures in scientific literature (Bentivoglio et al., 2016; DeBruyn and Rasmussen
2002; Derse et al., 2007; Fry et al., 2011; Wang et al., 2016), suggests that the proposed
protocol can be extended to other aquatic ecosystems. Considering the notable percentages of
water bodies still affected by cultural eutrophication (Carvalho et al., 2019) and the
increasing trend in human-derived Nitrogen loadings (Glibert, 2017; Howart, 2008), the proven
ability of the epilithic/macroalgal §*°N signature to properly discriminate, in different aquatic
ecosystems, the origins of the human-related Nitrogen inputs at different spatial and temporal
scales, can substantially contribute to the cultural eutrophication management. Therefore, it can
be considered to add this informative biomonitoring tool to the environmental monitoring
legislation and to add it to the standard protocols, as already happens in Australia for the marine

coastal areas monitoring (Costanzo et al., 2001, 2005).
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