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General abstract

GENERAABSTRACT

This doctorate is focused on birds and their relationships with trace elements, including
heavy metals of environmental concern. Even thougle timain subject is biological, large
importance in this work has been given to geochemistry, because literature juxtaposing the latter
science with the life and ecology of birds is really scarce.

The Mediterranean region is a biodiversity hotspot. Bioldgicdness is well known to be
very high, but also, Mediterranean coast hosts every year millions migratory birds, which stop,
breed, and winter there. However, Mediterranean countries are among the most influenced in the
world by human pressure, in ternas urbanization, industrialization, cultivation, and tourism.

Sinceanthropogenic inputs are in some conditions capable to change the metal and trace
elements (MTES) environmental levels, and can lead to adverse effects to organisms (poisoning,
bioaccumuléon, biomagnification)there is a strong impulse by GOs and NGOs operating in the
European Union to improve methods and standardization in studies on contaminants involving
birds, and, consequently, to gain better understanding of impacts and effeqisliotion onthe
biosphere.

On one hand, birds are potential (and commonly used) biomonitors of change in the
environment. NoAnvasive sampling of feathers has proven to be a very informative tool to
unravel various physiological, ecological and toxidokigprocesses inherent to individuals and
populations. On the other hand, there is the need to improve methods in order to avoid biases
and, consequently, errors in interpretation of chemical results. It is the case of external
contamination (very often werlooked by researchers) on feathers due to the residual presence of
lithic particles adhered to the surface.

Relationships between birds and MTEs are the same we know for most organisms: intake
of MTEs naturally present in their environment, and assuamptof anthropogenic MTEs in
polluted feeding areas. Furthermore, birds are exposed to a special source of a very harmful heavy
metal: lead (Pb) of ammunition shot by hunters. Pellets and fragments can be (and, surprisingly,
are often) assumed by birds frosediments and their preswhich havelead pieces embedded in
their body.

General aim of this doctorate is to improve the possibility to use birds as biomonitors of
metal exposure through nemvasive methods, especially filling some knowledge gapmigh a
multidisciplinary approacpoorly adopted by researchers so far.

In particular, the studies included in this work achieved these objectives:
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1) some wetlands in the Northern Adriatic coast (included in the Regional Veneto and Emilia
Romagna Po Delta pajksvhich are very important for colonial waterbirds because they
are normally used as feeding and/or breeding areas, have been investigated for their
geochemical characteristics and characterized for any future ecotoxicologiceéstud

2) a new geochemical pproach has been explored and proposed for studies on MTE
bioaccumulation in feathers, in order to reduce biases caused by environmental (external)
contamination. To date, no studies have quantified and corrected for its effect on feather
trace element conentration. The model species used in this doctordbe this sectionis
the Greater flamingoRhoenicopterus roseys

3) new information about type, frequency and distribution of Pb particles embedded in two
smallsized bird species killed by hunters has megven. The analyzed species are the
European starlingSturnus vulgarjsand the Eurasian woodcocBdolopax rusticojaThese
data will be useful when the real health risk for consumers (raptors and humans) of this
kind of hunted birds will be evaluated

This work is structured in six scientific articles. For each topic, two research studies have been
carried out and reported. The last contribute is a short communication regarding a case of a
Peregrine falcon Ralco peregringsfound dead with lead shotn the digestive tract as a
consequence of ingestion dfirds with embedded lead shot-our out seven papers have been
published betweer2013 and 201y peerreviewed international scientific journals. The others

have been submitted.



1. General introduction and summary

CHAPTER-IGeneralintroduction and summary

1.1 Environmental pollution, lead ammunition shot by hunters, and birds: the aims

of the doctorate

Taking the modern concept of humans as geologic agents introduced by Wilkinson, (2005)
while discussing the magnitude of the humisadluced soil erosion, one can say that a considerable
part of anthropogenic environmental alteration regards the geochemistry of sediméitscan,
therefore, extend that attribution actually including mamong the geochemical agents, being
able to chang the geochemical profile of the surface sediments of lakes, marshes, lagoons, and
coastal environments.

From an environmental point of view, such an alteration may be worrying when the
concentrations of one or more pollutant levels in the waterbody ot swmirease up to thresholds
considered locally or regionally harmful for the ecosystem and its aspects (biodiversity, fitness of
organisms, ecosystem amenities).

Metals and many other trace elements (hereafter referred as MTES) are conservative:
bacterialattack substantially does not affect the fate of-salled conservative contaminants in a
timescale referable to the target endpoirtiowever,not all MTEs excesses in the environment are
due to the human presence on the Earth. Aluminum (Al), arsenicrg&sgury (Hg), for example,
are widely dispersed by natural processes, more than anthropogenic inputs, while cadmium (Cd),
lead (Pb), copper (Cu), and zinc (Zn) enrichments in the environment are mostly caused by human
activities (Clark, 2001). These amlyogeneral examples: each situation has to be assessed for
metal contamination by defining a clear hypothesis to be scientifically verified. However,
significant amounts of metals have been reaching coastal environments as a consequence of
human activities of some kind

Arsenic, Cd, Pb and Hg are of major concern because they are thought tonexert
biological function, but are highly toxic (Hutton, 1987). In addition, the accumulation of As, Cd,
Chromium (Cr), Cu, Pb, Hg, Nickel (Ni), Selenium (Se)nahdordigh their mutagenic ability can
cause DNA damage and carcinogenic effects in the bodies of animals or human beings through
food chain (Knasmullest al., 1998).Despite of the plethora of studies continuously published on
these topics,most propertiss of MTEs, positive or negative, have to be better or newly

understood.
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Bioaccumulation is a possible effect of a conservative contaminant (Btyan 1979). It is
the process that makes an organism reach, through time, the lethal dose of a substdnoatwi
ever introducing a single lethal dose of it. In other words, bioaccumulation is a pribe¢deads
to a higher concentration of a xenobiotic compound in an organisompared to the
concentration in the environmenin which it lives(water, sediment soil). When an organism is
consumed by its predator, the latter can accumulate in turn a part of the metal burden of the
prey. When the prey population is diffusely affected (even at low levels) by metal contamination,
the predators, unable to excrete ¢hmetal with the same rate of intake, acquire a greater body
burden. Biomagnification is such special process of bioaccumulation along the trophic web, simply
as an effect of feeding on bioaccumulators. As a consequence, the MTE concentration in tissues of
an organism may be higher than the concentration in its food. This is the case of mercury. The
biomagnification of methylmercury (the molecular form of mercury metabolized by the animals) is
demonstrated (Lindquistet al, 1991; Watras and Bloom, 1992).Is& cadmium can be
biomagnificated by organisms (Reinfelder and Fisher, 1991), while lead, even though extremely
toxic and highly bioaccumulable, is thought not biomagnificable (Hod$am. 1978). Aquatic
invertebrates and fishes are perfect exampledimaccumulatorsMost of waterbirds and humans
are good examples of bioaccumulators and top predators.

However, plants and animals evolved in contact with MTEs. On one hand, organisms
developed biological processes depending on some essential elemernts, arthe other hand,
they developed protection mechanisms against the possible toxic eftédTESKochianet al.,

2002; Revathi and Venugopal, 2013). In general, most MTEs are either unreactive and therefore
excreted as they are, or regulated to peoficiently used by the organism itself. Some metals are
more toxic than others, and even essential metals can become toxic over a very limited range and
the quantity that exceeds the natural capacity to excrete tend to be accumulated in tissues.

The Medierranean basin hosted the development of a number of civilizations over
thousands of years. It never stopped to support a high population density (some 455 million
inhabitants, at present), a variety of anthropogenic activities, including the industrial
development, mining, agriculture, and others. The region also receives a large number of visitors:
in 2005, 246 million people 31% of all international touristg visited the Mediterranean,
particularly its coastal areas (Blue Plan, 2008). Therefoshpuld notmake surpriseif all these
factors have generated pollution capable of influencing biogeochemical cycles (physical, chemical,

and biological functioning) of the Mediterranean ecosystem. Indeed, pollution is known as one of
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the most important proltems affecting wildlife conservation in Mediterranean regiéig.(1.1).
The Mediterranean is also characterized by natural processes that can affect the distribution of
MTEs (e.g. volcanism), but the evidence of environmental changes provoked by ant@mimpog

pollution urgently need to be scientifically investigated (Hutzinger, 2005).

Habitat loss/degradation

Pollution
I "v'ammals (incl. marine)
I Cirds
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Figure 1.1. Breakdown of the major threats to animals in the Mediterranean. Pollution is known as one of the most
important problems affecting wildlife conservation.

The Mediterranean region is a biodiversity hotspot (Cutteletlal., 2008). Besides this
great richness of plants, a high proportion of Mediterranean animals are unique to the region
(Mittermeier et al, 2004; Myersetal, H nnn 0 ® ¢ KS a SRA (SDMIAESIS n6tQa A
limited to the richness or uniqueness of its resident fauna and flora: millions of migratory birds use
Mediterranean wetlands and other habitats as stopover, wintering or breeding sites (Cu#tlod
al., 2008).

Bird protectionhas be@ hardly the mostimportant issue for the European Communities
(EC, the predecessor to the European Union), to take on board one of their first pieces of
environmental legislation. The concern of the extinction of birds took the first basis in the late
ninSGSSY K OSyddz2NE Ay ( Kilént Splin§1962)2 17 Apul 19TK it a few NE 2
years after the start of an EC environmental policy in 1973, the EC adopted the Council Directive
on the Conservation of Wild Birds (79/409/EEC), th®©dof { SRR& 5ANBOGADSE s N
and renamed as 09/147/E@ollution was the driving force for starting bird conservation, but soon

the media in northern Europe blamed the cruel and ruthless hunting practiced in southern Europe,
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notably Italy (Meyer, 203). When the directive was finally enacted, tackling the fierce resistance
of French and Italian Governments, the bird protection movement had becomeEpespean,
much like the birds themselves (Meyer, 2013). Notably, Annex V of the Birds Directivetstates
actions to be advanced: 1) determining the role of certain species as indicators of pollution; 2)
studying the adverse effect of chemical pollution on population levels of bird species. Nowadays,
OG and NGO are developing sampling protocols in oraerimiprove the quality and
standardization of studies on contaminants involving birds (raptorsinktpal. 2014; seabirds:
Borghesi, 2016).

Waterbirds, seabirds and raptors are susceptible to bioaccumulation of a wide range of
chemicals, including MTERBecause they are top predators in a wide range of food webs. Such
vulnerability makes birds potential indicators of change in the environment and can be used to
monitor pollutants that bioaccumulate and/or amplified in concentration up the trophic levels
(Burger, 1993; Castret al,, 2011; Carneircet al, 2015; Furness, 1993). For birds that spend a
significant proportion of their life in terrestrial, coastal or marine environments, ingestion of food
OAYOf dzZRAY3I WTIfasSQ T22RZI araé theOriain lrodites Loff dxpgosure @ A § ¢
pollutants (Burgeland Gochfeld, 2004; Wilcoet al, 2015).However birds are not only exposed
to diffuse MTE pollution. Hunters shoot millions of birds every year, but magtieshot miss the
target and huge quanties of pellets are dispersed in hunting areas (Bellrose, 1959; Pain, 1991,
Andreotti and Borghesi, 2012). As a consequence, hunting represents an important source of lead
dispersion and lead shot that lie in soils and wetlands represent in turn a sourdeadf
contamination (and at lesser extent of other MTEs associated to the ammunition, such as barium,
antimony, nickel, copper, zinc and others) for years. Flint and Schamber (2010) estimated that Pb
pellets in the sediment of wetlands would be availaldanost species of waterfowl for at least 25
years. Hence, among toxicologically signifid@hsources (e.g., PRbased paint, mining, smelters,
and combustion residue of leaded gasoline; Bdtisal, 1999, Churctet al, 2006, Beyeret al.,

2013), spent ammunition (and lost fishing tackle) are the primary expostaetor for birds in
terrestrial and aquatic systems (Haed al, 2014). Birds in general are directly exposed to
plumbism by taking and swallowing lead pellets directly from the floor (Arcaegell., 2009,
Beintema, 2001; Jenei al,, 2015) or ingesting sediments contaminated by lead peltetargone

to chemical alteration. Furthermoregaptors and scavengers can eat wounded animals carrying
embedded lead shot and fragments (another type oédi exposure), or animals with high level of
Pb in their flesh (indirect exposure) (Fishetr al, 2006; Haiget al, 2014). Following this
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emergency, phasingut of lead ammunition actually has become one of tfealsof UNEP, and
especially within the #icanEurasian Waterbirds Agreement, AEWA (Lenten, 2005) and the
Convention of Migratory Birds (CMS, 20143. a consequence, to date this is a topical issue for
wildlife management as well as for public health (Andreotti and Borghesi, 2012).

Regarding te opportunity to use birds as bioindicators of pollution in ecotoxicological
studies, the colonial nature of many waterbirds and seabirds has several benefits (Kushlan, 1993).
Among them, an easy sampling and good quantities of data can be collected fparticular
breeding site in a relatively short period of time (Mallat al, 2006). In addition, since many
species return to the same nest and colony sites for years, contaminant loads of individuals can be
studied over time (Burger, 1993). Furthermpiriuring the breeding season birds tend to forage
within a limited range around their colony, while the fledglings usually stay close to the nesting
sites for a period after birth (Erwin, 1983). These facts allow comparisons of responses at sites in
natura experiments (Kushlan, 1993). On the other hand, lshdt ingestion by raptors often
involves single adults with common lethal effects (Rdial, 2009). Humans that usually are game
consumers also directly swallows lead fragments remained in meatsndomally with subtle
detrimental effects, especially to children and fetuses (CDC, 2005; Kosnett, 2009). Since humans
normally cook meat before consuming it, they are exposed to thedpitaminated food, passed
through high temperature and mixed to acidgredients capable tancreasethe dissolution of
lead (Mateoet al,, 2007; Mateoet al., 2011).

Normally, researchers focus on one or few chemicals in their studies. However, seabirds
are endpoints for many elements and substances and there would be okeladboratory studies
assessing mixtures of chemicals, but the complexity (and the costs)isomase limiting the
possibility to explore interactions. Consequently, additive, antagonistic, or synergistic properties of
different chemicals are generalijnknown (Burgeand Gochfeld, 2004). For example, in literature
concerning contaminants and seabirds, the effectpefrsistent organic pollutant®r Hg are
relatively frequently investigated, but very rarely in combination with HMs (Borghesi, 2015).

The main aim of this doctorate is to give a scientific contribute to improve the possibility to
use birds as biomonitors of metal exposure through #mvasive methods. Doing that, an
extensive multdisciplinary approacihas beenadopted in order to fill someaps in knowledge
about: 1) the abiotic system of several key sites for birds in Nanthfedriatic coast, 2) the

available methods that can be applied for interpretation of metal concentrations in feathers, 3)
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information useful fothe evaluation of the ptential healthriskfor consumers both raptors and

humang eating shot small and medium birds which received poor or no attention so far.

1.2 Biomonitoring metals in the environment by using feathers: the importance to

meet biological and geochemical infmation

Presence of feathers is among the characteristics that define the belonging of a living
organism to the Class of Birds. Although feather morphology, chemistry, and coloration vary
dramatically among species, they are basically keratinaceous stascthat provide protection,
thermoregulation, enable flight, as well as decoration necessary for species recognition,
camouflage, aggression, and matif®ettenheim, 2006)

Throughout the life of a bird after its hatching event, the skin produces featfrem a
determined number of follicles, distributed on the body in patches more o less similarly in all
species.However, ulike hair, which grow continuously, feathers only grow during a certain
period of time(Lucas and Stettenheimdi972. As a consequence, feather cycles can be divided
into two phases: growing phase and resting phdsecés and Stegnheim, 1972). Inbetween the
two phaseghere is moulting. The firstgeneration (or natal down) is produced during embryonic
life, and is already on the skin at the time of hatching as fluffy down. Within their first few weeks
of life birds develop a s®ndgeneration (or juvenal feather) and pushes the natal down out of
the follicle on its tip. In some species, as flamingos, a second down can replace the natal down
before starting the juvenal featheringdohnson and Cézilly, 2007)

The new feather is gihtly furled inside a sheath while it formg/hen a feather grovs,
blood vessels and nerve fibers enter thiesheathed portiorof feather(pulp) where keratinization
process occurand provides nutrition to the growing feather folliclesn this moment, fathers are
strictly connected to the bloodstreanThe pulp progressivelsecedes A feather fully grown is
entirely free of sheath and has pulp completely resorlfethet al., 2013) Therefore, vinen fully
grown, featheris a non living tissueA fully fomed feather iscomposed by the calamus or quill
inserted in the skin, the rachis or shaft as prolongation of the calamus outward the body, inner
and outer vane (which constitutes the main aerial portion of the feather) supported by the rachis,
several firs-level branches fused to the rachis (rami or barbs), second levels of microscopic

branches, of the barbs, named radii or barbules (Lucas and Stettenheim, Hgjz 2)2).


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3620027/#R16
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3620027/#R16
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Figure 1.2; Structure of a flight feather (from Van Tyne and Berger, 1971)

Dueto the particular structure and significance of featherssearchers have tried to use
them for many applications, and a comprehensive review of the various uses of feathers in science
was published by Smitlet al., (2003). Among the uses mentioned by &met al, (2003),
assesment of metal exposure in birds by using feathassvery frequentin literature, as it was
approachedfor the first time several decades ag@and then exploredwith greater impulse in
1980sand through following yearsThe state of the knowledgeup to 1991 was outlined and
reviewed by Burger (1993From then onmany studies followed most of them reportingmetal
concentrationginterpreted as bioaccumulain) in sone feathers, species, and sites.

However, in spite of their attitiveness as a potential bioindicatdedthers can reflect the
circulating levels of metals in tHedoodstream duringeather growth, are easy to collect, easy to
store, and represent anon invasive sampling methoalowing to gain data from potentiallylla
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specie$ (Furness 1993) feathers are not simple to be used in ecotoxicological studiesto, at
least, three reasons

First,it must be taken in account thaglumageis composed bylifferent types of feathers:
flight feathers (primary, secondary, arertiary remiges and tail feathersor rectrices) and body
(contour) feathers dll the others). Moulting, occurring once or twice per year (depending
species) can involve all or part of contour and flight feathers, according to the strategy evglved b
aLISOASEAY YR RSLISYRAYy3I 2y oO0ANRQa F3Sod CfAIK
sequentially, while body feathers and in most cases tail feathers are moulted with an
unpredictable sequence always allowing the bird to remain nearly completelizdesd. In many
speciesthere B a prebreeding partial moultanda postbreeding moult(Howell, 2000)Moulting
can be started in a geographic area and completed in anothe(Baergeois and Dromzée, 2014).
As strategies in seabirds can be rather vdaadt species level,nowledge of moult strategpnd
movementsin the year ofeach species is necessarysilect the most convenient target feathers
and correctly interpret the levels of metals in feathers and their sources (Burger,; B398geois
and Domzée, 2014)

Second,studies assessing metals in bird tissues (including feathesanally do not
contextually investigate the environmental levels of the pollutants in the areas used by birds
during feathering. Onlyecently, this approachhas been sonemes undertaken(e.g. Louet al,
2013).Nevertheless, inds acquire heavy metals through intake of food, drinking, and geophagy
(Furness, 1993; Beyet al,, 1999) We can assume thahe rate of heavy metal absorption varies
depending on species physgly, metal properties, and biavailability in the environmentAnd
we can be confident that,feer absorption, metals circulate in the bodgnd thencan beexcreted
or can be accumulated in tissues and orgaos sequestered in feathers (Furnessal., 1986).
However, studies focused assimilation andiochemistry of metals in birds are scarcespite
the high number of studies which assessed concentrations in bird tissuesiumber of studies
focused on the mechanisms of accumulatermd remobilization of metals in birdsand especially
in feathers, in relation to the environmental levels of the pollutanssso small that the subject
can be onsidered virtually unexplored.

Third, feathers are in contact with airborne pollutants, water, soil andirsent, and
uropygial oil (secreted by the uropygial gland and distributed on feathers to make the plumage
waterproof) from eruption to loss (Dauwet al, 2002). This implies that featheihaving an

extraordinaryentangling structurelarry two kind of nformation concerning trace elements: a)
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the result of bioaccumulation andonsequent storagen feathers of part ofthe elements
circulatingin blood during feather growtBurger, 1993)b) external contaminatioas an effect of
the adhesion of variousudstances onto the feather surface (&kal., 2004).For Hg, the external
contamination is considered irrelevant if compared to the bioaccumulatitket al., 2004) and
many recent studies onlassessedhis metal (eg. Borghesiet al, 2011; Rubioet al., 2016)
However, the need to biomonitor inorganic pollutants is high worldwide and, despternal
contamination represents a confounding factor most elements sinceno washing procedure is
able to ensure theotal removal of the surface contamitian from feathers (Cardiadt al,, 2011)
studiesoverlooking this problem are stpublished with considerable frequency.

All this considered, featherare still a potential bioindicators but probably notin any
conditions On one hand, itseems appropate to reduce as much as possible the external
contamination, especially the soil/sediment particles attached and/or entangled in feathers (a
thorough washing procedure has to be always carried euen when only Hg is asseskedn the
other hand, it nust be taken in account that a residual external contamination rem@asdielet
al.,, 2011) and developing methods which allows to validate and better interpret the analytical
resultis highly desirableTo do this,obtainingtrace element concentrationfrom feathers could
be not enough andurther information regarding the abiotic component of ecosystem may be
essentialwhen we evaluatethe exposure of birds to harmful trace elements by using feathers.
fact, thef Ay 1 @&l Y&l B KRLID A shdld beNdays well clear and defined, because
the goal of an ecotoxicological study assessing pollutantsoil to identify anomalies in the
studied organisms and locate the source of the prob(&erbesand Forbes 1994) Taking birds as
biomonitors, that link is not a trivial matter, as birds can flgampling chicks or unfledged birds
represents a good choide achieve this conditionTherefore, gochemicalcharacteristicof the
habitat frequented by birds (especially feeding areesyild beusedto make more sound the
interpretation of the analytical data obtained from feathewshich arelikely affected by external
contaminaton despite athorough wasing treatment

In order to better understand the importance of external contamination causedhby
persistence of sediment particles attached on the feather surface, and then develop a method
which controls for external contaminatiom iboth studies included in this doctorate assessing
many trace elements in feathergchapters 4 and 5)only fledgings (of Greater Flamingohave
been sampled&nd geochemical dataere obtained by sampling the surroundings of theeeding

site. Thesemultidisciplinary studies alloweds to put a light onthe recurrent methodological
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problemrepresented by the externalontamination,and suggest a possible solutior correctly
interpreting datg applicable in many contexts.

Furthermore, two comprehensive geochemical studies (chapters 2 and 3) were carried out
in several important feeding and breeding areas for manyeviard species living in the Po Delta
area. Only a few of these sites have begeochemicallyinvestigated in the pastand
environmental information about them are scarcebecause they aregyenerallydifficult to be
acceded The results of the studies e¢ad out during this doctorat@crossthe wetlands of the Po
Delta may provide a useful basis for future biomonitoriragd ecotoxicologicastudies on trace

elements using birds, and especially feathers.

1.3 Embedded lead: game birds are the carriers, iishraptors (and humans) are

the endpoints

Relationships between heavy metals and vertebrates aomtinuous andincredibly
diverse, butsources and pathwayseemsrather similar for all classescluded inthis large
taxonomic group (Foulkes, 2000; Bht#charya, 2001) Iron, cobalt, copper, manganese,
molybdenum, and zinc agenerallyrequiredto certain amounts, butlhametals are toxic ahigher
concentrations(some at very lowevels, e.g. Pband ecessiventake can damagethe organism
(Singhet al., 2011). In birds, mtals can benhaledwith air or dust, enter into the body through
skin, introduced in the digestive system together with food and watEurness, 1993)
Furthermore, & said in this introductory par{paragraph 1.1) birds (and theirconsumes,
including humans) areprobably the mostexposed vertebrates to a special source of Pb
represented by lead ammunition dispersed in the environment or carried by anishals by
hunters (vhich arenot recovered orescaped after beingvounded) (Scleuhammer and Norris,
1996)

Since the invention of firearms, Pb wiee metal selected for ammunition, thanks to its
ductility and malleability (which make production easy), and high specific weight enhancing the
ballistic properties of the shot. Howevesuchproperties determine the fate of metal whete
shot hitsits target. Both Pb pelletgused for hunting to small and medium sized animals) Pb
gunshot(used for hunting to Ungulatesleform and fragment, causing shock and serious wounds
to the vicim. Furthermore, shot tend to remain in the body of thamemore than other types of

ammunition (Mori, 1997)Nowadays Pb is still largelythe most used metal for ammunition In
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pellets a percentage of antimony is added (&,5%) to make the shot hardeand some arsenic
(03¢O0p ::0 Aa I faz pheri ShBpefrnicdsondt Indcgssarly when the pellet is
moulded instead of being drippe(De Florentiis, 1987). To date, replacement of Pb shot with
alternative ammunitioris still occasionaldnly wherehunting withPb ammunitionis banned)and
hunters widely prefer to us&b shot whenever possibl&teel shot is the favourite alternative,
mainly due to the relatively low cost (Andreotti and Borghesi, 2012).

Birds can assum@b of hunting orign through two main ways primary and secondary.
When birds ingest shot pellets dispersed in the envirenin assumption is told primary.
Secondaryassumption occurs when eating contaminated meat (feeding on animals carrying
embedded or ingestedPb shot or having high Pb concentration in their flesh) (Andreotti and
Borghesi, 2012). Primary assumption is known since the first half of 1800 and the first strong
impulse to the study of the problem is dated back 1950 and continued thereddding to the
phasingout effort in course in Europe and North America (Andreotti and Borghesi, 281&ide
literature attests thatprimaryingestion of Pb pellets occurs tonade number of waterbird species
(ducks, geese, swans, waders, flamingos, rails)taradhighpercentage of individuals (Mateet
al.,, 1997), causing the death of millions of birds every year (Beintema, 2001). Ingestion of Pb
pellets has been also demonstrated for terrestrial birds such as Galliformes and Columbiformes
(Kendalket al.,, 1996; Larsen2006).

However, exposure to secondary assumption is not rare as one could imagine and can
affect birdseven at population level.indeed, enbedding of Pb shot in living birds is far from
uncommon and several studies demonstrated that a considerable peage of living medium
sized waterbirdsarry embedded Pb pellets in their body {43% adults and-21% young) (Eisler,
1988; Scheuhammer and Norris, 1996; Miéeal., 2000).

Recently, the dramatic decline of the California Condayrinogyps californiaus caused
by secondary assumption of spent Pb ammunition (Cade, 26@Mjrmed the possibility of an
effect at population level for birds of prey (especially scavengers) feeding on hunted animals or
their part abandoned by hunters (such as entrails).isitwell known that a considerable
fragmentation of lead bullet occurs during the impact with flesh and boaesl many large,
mediumsized and tiny fragments are retained in the flesh (Cornagzeal, 2009). In fact, in the
last decade studies assessedthe frequency of lead pellets and fragments in wild boar
(Dobrowolska and Melosik, 2008) and deer meat (Hairdl, 2006), and venison (Cornatzet al.,

2009). Copper has been adopted as a good alternative to Pb for bullet,agatn,Pb is still
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preferred by most hunters worldwide, and especially for hunting to wild boar in Italy (Andreotti
and Borghesi, 2012).

On the contrary, the frequency and type of Pb particles embedded in small birds has been
scarcely explored by researchers so far. Sgwhe hunting (to birds) is traditional in
Mediterranean countries, buonly little played in mostof the northern European countries and
North America (Andreotti and Borghesi, 2012). This may explain why knowledge is only partially
achieved for smakized gameThe third part of this doctorate is focusezh the problem of
embedded pellets and their possible fragmentation in small bird game, and the risk of ingestion by
consumersr@ptors,scavengersand humans).

Irrespective to the primary or secondary assumpti@ence ingested and attacked by the
gastric acitf birds part of the metallic lead enters in the blood (Beintema, 20G1)ot expelled,

a single pellet can be completely dissolved H6 2veeks (Plouzeaat al, 2011). Through blood
circulation, Pb reehes liver, kidneys, and bones, where it can be accumulated (Scheuhammer,
1987). Depending on the target tissue, Rim cemain some weeks to morgh(in kidneys, marrow,

brain and nervous system), causing immediate toxic effects, or even years (in baortbs)ldtter

case, Pb can be remobilized later and return into the bloodstream, when the body requires higher
amounts of calcium. Fetuses and developing organisms are even more prone to the adverse
effects of plumbism (Scheuhammer, 1987). Normally, wildlsbiaffected by acute plumbism
become predated before death. In some cases, they are able to nestle somewhere and die, being
unable to search for food or water. Those birds which survive after an acute episode of plumbism,
hardly can find a partner, build nest, lay eggs, and raise chicks (De Franeiseh, 2003). For

birds chronically poisoned by lead, frequency of fatal events (e.g. collisions to vehicles, windows,
wires, wind turbines) or predation ligher (Helandeet al., 2009).

In humans,until recently, the risk associatedo game consumptiorwas considered low,
because it was thought that people are able to avoid swallowing of hard fragments (Gatbalrn
2005). Actually, some important studies were carried out on populations of Alaska, @anad
Greenland, and northern Russia. Hunted animals are an important component of diet for these
populations and one study showed a correlation between consumption of wild birds and
mammals and blood levels of Pb (Nielssnal,, 1998; Bjerregaarat al, 2004; Johanseret al,

2006; Verbrugget al., 2009). After theban of lead ammunition in Canada, Pb levels in blood of
Inuits (an Eskimacommunity) decreased about 55% over 12 years (Fontagteal, 2008).

Moreover, a study on native peoples of Canada skdva correlation between the amount of
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game consumed by pregnant women and Pb level in the umbilical cord of their babies and Pb
levels in blood of breastfeldabies (Hanningt al., 2003).

Even though big fragments could be occasionally ingested by humamsinghealth
problems (Gustavsson, 2005)prmally they are discharged during preparation of food, or
mastication. On the contraryswallowing of tiny fragments is unavoidable (Scheuhametesl,,

1998; Johanseet al., 2001; Huntet al., 2006) During he transit through the digestive system,
small Pb particles are partially or completely dissolved by gastric acids and very subtle effects can
occur. Moreoverbig fragments can contaminate the meduring cookingpecause subjected to

high temperature andmproved acidity (when using wine or vinegabepending on the recipe,
concentrations of Pb in food containing Pb pellets after cooking can be harmful for human health
(Mateoet al., 2007; Mateoet al, 2011).

Assimilation of Pb from game was demonstchten pigs fed with venison cooked by
microwave oven (Hunét al., 2009) and laboratory experiments showed a potential capacity of
humans to assimilate Pb from shot (Matebal., 2011).

Literature on effect of plumbism derived from diffuse pollution on fasns wideand the
socialconsequences provoked by Pb on humans are of high concern, like the reduction of learning
ability (Needleman, 1990; Ma, 1996), up to serious mental retardation (Kosnett, 2009).

Therefore, until phasing out of Pb ammunition is re@mpletely achieved, consuming
game involves a risk to health of consumers (humans and animals) and all possible information
useful to assess such risk should be scientifically obtained.

The gap in knowledge about embedded lead in small game has beeneckdubit by
including two studies on hunted birds. An investigation on a raptor little inclined to feed on
carcassesa(Peregrine falcofound dead with pellets in the digestive tradtgs been alsscluded
in this doctorateas a demonstration of a pos#e effect of secondary assumption of embedded Pb

in prey(chapters 6, 7, and 8).

1.4 Thesis summary

Part 1. Two geochemical studies concerning thgeochemical characterization ofurface
sediments of severaddriaticcoastal wetlands used hyaterbirdsfor feeding and/or breeding are
reportedin chaptes 2 and 3. The study area includeistorical Po deltaic systeareas belonging

to both Regional Po Delta Parks (Veneto and Emilia Romagna). The firstcengists ofan
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assessment of thgeochemical comosition of the surface sediments of 7 wetlands aedults

have been compared taleep core samplesn the area analysed with the same methods. In
addition, the influence of anthropogenic activities on the total concentration of metals in
sedimentshave ben evaluated by using an index commonly used in literatlitee study has
been publishedn the Journal of Geochemical Exploration in 2015. The second study has been
submitted on the 3® December 2015 and i® date under review by the same journal. Inish
study, pseudeotal concentrationsof sediments from 4 wetlands in the same area were
investigated Multivariate statistics have been applied to data obtained aftgua regiadigestion

With respect to the first study, four out of the 7 sites and 2@Har elements were analyzed.
Where the real total contents were available from the previous study, a comparison with pseudo
total concentrations was carried out, and reference levels provided by legislation and national

guidelines also compared with thesults of this study.i@Gtions of thesewo manuscripts are:

Migani, F., Borghesi, F., Dinelli, E., 20@eochemical characterization of surface sediments from
the northern Adriatic wetlands around the Po river delta. Part I: Bulk composition andmefatio
local background.  Journal of Geochemical Exploration 156, -8R
DOI:10.1016/j.gexplo.2015.05.003

Borghesi, F., Migani, F., Dinelli,Esubmitted). Geochemical characterization of surface sediments
from the northern Adriatic wetlands around the Pweri delta. Part 1l: Bulk composition and

relation to local backgroundAqua regiaresults Under revision on Journal of Geochemical

Exploration

Part 2.Feathers are frequentlysedas a bioindicator of trace element pollution. However, results

of most meals, except mercury, are difficult to be interpreted because the presence of external
contamination, even after thorough washinghis difficulty is perceivable throughout literature,
but rarely researchers tried to overcome the problem. chaptes 4 and 5, two new studies
assessing trace elements in feathdrg using the Eurasiagreater flamingo (Phoenicopterus
roseug are presented. A geochemical approach based on geochemical data obtained from
sediment samples collected in tHamingobreeding siteshas beenproposed in order to better
understand the raw chemical results. In the first study, whole featlveese used and data
analysiswere performed by using multivariate statistics. This study has been published by the
journal Science of the Total Eromment in February 2016. In the second study only shafts were

analyzed and a new method has been proposed to tackle the problem of external contamination
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and validate the bioaccumulation. This stubdgs beensubmitted on 24th March 2016 to the

journal Methods in Ecology and Evolutid@itations of thesewo manuscripts are:

Borghesj F,, Migani, F., Andreotti, A., Baccettj N., Bianchj N., Birke M., Dinelli E., 2016Metals
and trace elements in feathers: a geochemical approach to avoid misinterpretttianalytical
responsesScience of the Total Environmesd4, 476494

Borghesi, F., Dinelli, E., Migani, F., Béchet A., ReAdamntos, M., Amat, J., Sommer S.,
Gillingham M., (submitted).Assessing environmental pollution in birds: a new methodological
approach for interpreting bioaccumulation of trace elements in feather shafts using geochemical

sediment dataSubmitted toMethods in Ecology and Evolution.

Part 3. The problem represented by the embedded lead in game meat is developed in chapters 6,
7,and 8. Two studiegdported inchapters 6 and 7, respectively) are focused on the amount and
characteristics of lead fragments embedded in small and mediimed game birds, respectively
the Europearcommon starling Sturnus vulgarisand the Eurasiawoodcock §colopax rusticoja

In both studies, already publishday scientific journal§European Journal of Wildlife Research in
2013, and Italian Journal of Animal Science in 2016, respectigalgstimation of the embedded
lead has been made for edibéand non edible partseparately(relate to human consumers), and
the risk of a considerable exposure to plumbism raised for all consumers, including scaviesger
and birds of preyand human consumerfegarding raptors, a case of intoxication of a Bene
falcon Falco peregrinydikely caused by the ingestion of a bird carrying many lead pellets in its
body is reportedThe latter study is near to be submitted to the Journal of Ornithology in the first

days of April, 2016The citations of thehree manuscripts are:

Andreotti, A., Borghesi, F., 201Embedded lead shot in European starliggsrnus vulgarisan
underestimated hazard for humans and birds of pieyropean Journal of Wildlife Resea&®,
705712.

Andreotti, A., BorghesiF., Aradis A., 2016.Lead ammunition residues in the meat of hunted
woodcock: a potential health risk to consumeisalian Journal of Animal Scienc®oi.:
10.1080/1828051X.2016.1142360

Andreotti, A., Fabbrj 1., Menotta, S.,Borghesi, F.(submitted). Embedded leath game birds: the
case of a Peregrine falcdtalco peregrinuound dead with lead shot in the digestive trata be
submitted to the Journal of Ornithology.
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CHAPTER -2Geochemical characterization of surface sediments
of someAdriatic coastal wetlands Part I: bulk composition and
relation to local background

2.1 Abstract

The impact on coastal wetlands is a matter of concern worldwide. In the Po Delta (Italian
North Adriatic coast) the human presence around wetlands increagesiderably in recent years.
This study assessed the geochemical composition of the surface sediments of several wetlands
included in the historical Po deltaic system, and the influence of anthropogenic activities on the
metal levels in the sediments. Etgimine samples were collected from 7 sites, and analysed for
major and 16 trace elements usingra§ fluorescence comparing the results with background
values obtained from bottom cores drilled near the wetlands. The Enrichment Factors (EFs) were
calculaed to evaluate metal contamination. In general, the sediments resulted a mixture of
carbonate and clay, in agreement with the background, except for some organic matter (OM)
enrichments and sporadic samples richer in carbonate. The bulk composition ily mhauen by
the fine grained fraction. The concentrations of Ba, Cr, Cu, Pb, Rb, Sr, Zn, and V exceeded
background values in one or more sites. Copper and Zn enrichments resulted of anthropogenic
origin, while high concentrations of Ba, Rb, Sr, and \hasffact of natural processes. Chromium
peaks were ascribed to both causes, depending on the site. Lead was generally over the threshold,
reaching some unexpected high median EFs and a number of peaks. Lead in many sites, and Cu
and Zn enrichments in the ost polluted sites are preferably controlled by OM. One of the most
polluted sites showed worrisome peaks of Cr, and contamination of Cu and Zn involves the
southern lagoons, due to industrial inputs from Ravenna and local settlements. Lead shot widely

dispersed in all wetlands but one may explain the highest levels found.

2.2 Introduction

Coastal wetlands represent a critical environment by definition being located at the
boundary between continental and marine settings, freshwater and seawater envinotsnéth
the additional pressure represented by strong anthropogenic activities. Indeed, the human
presence around coastal wetlands increased considerably in recent years, and the impact on these
environments became a matter of concern (e.g.: Yamamurokanthi, 2005). Moreover, coastal

wetlands are transitional environments that can accumulate, temporarily or permanently, many
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contaminants carried by several pathways (Aketaal., 2008). Such pollutants, and in particular
metals, are not necessarily permently linked to the sediment, but once adsorbed, can be
mobilized by chemical or biological agents within the sedimentary layer or may return in the water
column (Salomons and Forstner, 1984). Due to their persistent and bioaccumulative nature in the
agqudic ecosystem, trace metals are of major concern (Arnason and Fletcher, 2003). These
elements are mostly derived from natural sources, influenced by bedrock geology of the drainage
catchment and by weathering processes (Karbassal, 2008), but are alsantroduced to the
aguatic environment by a number of anthropogenic processes (Addah, 2008).

Sediments have been widely used as environmental indicators and their ability to trace
contamination sources and to monitor pollutants is largely recogniZéey play an important role
in the assessment of metal contamination in natural wat&eazzinet al, 1988 Lietz and Galling,

1989 Jheet al., 1990; Pardeet al,, 1990;Goncgalve®t al, 1991, Huanget al, 1994 Borovec, 1996
Wardaset al, 1996). Indeed, sediments reveal a high capacity to accumulatgister and
eventually integrate through the time trace element presence in the water and, therefore, they
allow to assess environmental metal levels even if the water concentrations are almost
undetectable.

The largest alluvial plain in ltaly, naméiyt A I y dzNJ t I Ryl ¢ 6t 2 wA@S
the alluvial deposits of the Po River, the major river in Italy, and by its tributaries. The whole
catchment, except for the mountain area, is characterized by heavy industrialization, extensive
agricultural practices, diffuse animal husbandries and high density population. The coastlines
north and south of the Po River mouth are also affected by a considerable touristic pressure. The
Po delta, although heavily modified by human intervention such as drainciggnnelling,
embankments and reinforcement of river channels, presents a considerable number of brackish
wetlands distributed along a 130 km stretch of the northern Adriatic coast. The natural
components of these environments have been affected at varidegrees by management
practices such as agriculture, fish farming, salt production, and various kinds of recreational
activities (e.g. fishing, hunting, tourism), in many cases in combination. Only few of the wetlands
included in the Po delta area havedreheavily affected by urban and industrial development with
significant discharges of nutrients and pollutants (the Pialassa Baiona according to dtaddbri
1998, 2000, 2003; Trombiet al., 2003; Covellet al, 2011; Guerra, 2012), but at presentette

inputs are less conspicuous.
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The literature on the geological setting and palaeogeographic evolution of the area is
extensive (Amoroset al., 1999a, b, 2003, 2004, 2005, 2008; Vincenzi and Stefani, 2005), especially
after the recent impulse given ihe CARG geological mapping project to sdal&0,0000f the
Geological Survey of Italy, promoted in the southern Po plain by the Geological Survey of Regione
EmiliaRomagna. Also geochemical aspects were investigated and the data esurgabe soils
and deep cores give essential information on the local background levels for selected elements
(e.g. Amoroset al., 2002, 2007, 2008; Curzi al, 2006; Dinellet al,, 2007, 2012). Conversely, the
inorganic geochemistry of the Po delta coastal wetlandsrkasived poor attention, except for
GKS atALFfl aal A2y EET O fF3A22y YySIEN GKS (2
contamination (e.g.: Fabbgt al., 1998; Trombiniet al,, 2003; Matteucciet al., 2005; Donninet
al., 2007; Guerraet al, 2009). Consequently, more information on sediment composition is
desirable. To improve that knowledge, the inorganic composition of sediments from seven Po
delta coastal wetlands has been investigated. The main aims of this study were to gain insight into:
1) the geochemical composition of the surface sediments, including major and trace element
concentrations, their distribution, and sources; 2) the influence of anthropogenic activities on the
metal levels in the sediments, by using the Enrichment FactQr(#Bang and Liu, 2002; Zhagtg
al., 2007) having at our disposal a wide dataset relative to the element abundances in bottom
sediments sampled around the investigated sites (Amoebsil., 2002, 2007, 2008; Curet al,

2006; Dinellet al., 2007, 2012 Dinelli, unpublished data).

2.3Materials and methods

2.3.1Study area and sampling sites

¢tKS aS@Sy Ay@SadaA3alriSR ¢gSaGftlyRa | NBY a=xl ff
RA / 2Y OOKA2é¢ 08hadOQO0KIAM2SLY SO .ROA[ ®&! bau+sl f d tSA I af || yaF
CFA2YEE 0.1 LOZ YR at Al24)Al thed saniplBdsites are2pHiDa? ieh € O
historical Po deltaic system along the stretch of the northern Adriatic coastline between the towns
of Ravenna and Chioggia (Bondesdiral, 1995a). At present, they are all included in the Emilia
Romagna Po Delta Regional Park, except ROS that is included in the Veneto Po Delta Regional
Park. The main characteristics of the sampling sites and the number of saropliexted are
summaized inTable2.1.

The evolution of the Po Delta was determined by the combination and the overlap of a set

of complex geological, sedimentological and meteorological processes, both terrestrial and coastal
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marine, to which the human intervention has beewded over the years. The most recent
geomorphological evolution was mainly controlled by three concomitant factors: the progressive
eastward shift of the coastline, eustatic variations in sea level and subsidence (Ciabatti, 1967;
Nelson, 1970; Bondesaat al., 1995a; Simeonet al., 2000; Simeoni and Corbau, 2009). Recent
investigations associated with an extensive drilling campaign promoted by the Geological Survey
of Regione Emililomagna as part of the geological mapping project of Italy, have prowdeel

data for a better characterization of the late Quaternary deposits in the area.
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The recent sediments have a structure €elysrelated to the climatic events that occurred
since the last glacial period, known agivt glaciation (started approximately 75,000 years ago).
Above the Last Glacial Maximum (LGM) alluvial deposits, the Ravenna and Comacchio coastal
plains, as well ashe subsurface of the modern Po Delta, display a common stratigraphic
framework: a transgressiveegressive depositional cycle of Holocene age (approximately 30 m
thick) made up of retrogradational baddarrier, transgressive shoreline and offshdransition
deposits, overlain by a shallowhugpward succession of prodelta, delta front, delta plain and
alluvial plain sediments. This stratigraphic architecture reflects the landward migration of barrier
lagoonestuary systems, followed by extensive deltaid aoastal plain eastward progradation
(e.g. Amoroset al, 1999; 2007; 2008; Curet al,, 2006; Stefani and Vincenzi, 2005he presence
of a series of beach ridges of various age is an evidence of the latter process, as showrein Fig
2.2. However, tie delta progradation has stopped in the 1950s caused by the progressive
reduction of sedimentary inputs related to heavy anthropogenic alteration of rivers and gravel and
sand extraction from their bed. This process led to the gradual and still ongoireptretf the
coastline (Dal Cin, 1983; Dal Cin and Simeoni, 1984; Simeoni and Bondensan, 1997 eSaheoni
2000). As the coast gradually was moving eastwards, the subsidence gave rise the formation of
extensive marshes and lagoons (Capettal,, 1970;Bondesan and Simeoni, 1983; Bondestal.,
1995b; CENAS, 1997). Simultaneously, the need to allocate new land for agricultural activities led
to the onset of reclamation activities since ancient times, particularly intense from the second half
of 1800 unil the end of the 1960s, causing the deposition of a fynained surface layer where

drainage was difficult (Stefani and Vincenzi, 2005).
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completely isolated from the Adriatic Sea and in this case the water salinity is due only to the
saltwater intrusion, a phenomenon than recent years, heavily affects the aquifers of the entire
deltaic area (COSTA21, 2004; Regione ERdraagna, 2004; Antonellini, 2006, Antonelénial.,
2006; ARPA, 2006). All the seven sites receive freshwater from a regulated system of rivers and
OKIFyySta 6KAOK RNIAY GKS adz2NNRdzy RAy 3 | INA Odzt
effluents from industrial and municipal treatment plants. In the 1960s and 1970s high quantities of
chemical compounds were discharged in BAI through theéhernmost channel, carrying waste
waters from the chemical settlement near the city of Ravenna (e.g.: Ancenallj 1980; Angelini
and Strumia, 1994; Fablet al,, 1998, 2000; Miserocclet al,, 1990).

With the exception of BEL and MAN, all the séngpsites are used for human activities,
such asfishing or regulated hunting, or both (TaB.l). at A2Yo06 2y Aé¢ Aa | LJ- NJi
important industrial settlement (harbour) that includes a Special Protected Area (SPA). Actually,
the construction ofan embankment is in progress in order to separate the two different parts, but
at the time of the sampling there was no separation at all. Among the investigated wetlands, COM
is relatively the most important site for its extension, whereas P10, BEL aNg &ié&the smallest.
The latter two sites although quite small, have been included in this study because of their

importance as protected areas intended primarily for biodiversity conservation 2rgpb.

Tale 2.1 ¢ The seven study sites ordered fromrtio to south, including some of their geomorphological and
management characteristics, and the number of samples collected from (n).

ID. EXTENSION TYPE of SEA RIVER
SITE SITE (km?) WETLAND CONN. | INPUT PRESENT USE | SAMPLING | n
Valli _d| ROS 13.4 brackish yes absent extensive flshmg, 2012 6
Rosolina lagoon regulated hunting
Valle _ BER 19.2 brackish no Po di extensive flshlng, 2012 7
Bertuzzi lagoon Volano | regulated hunting
Valli di . COM 112.3 brackish yes Reno extensive f|sh|ng, 2008-2012 | 34
Comacchio lagoon regulated hunting
Vene d'. BEL 1.8 saltmarshes yes absent naturalistic and 2008 4
Bellocchio protected area
VaII_e MAN 29 freshwater no Lamone naturalistic and 2013 10
Mandriole swamp protected area
Pialassa brackish astime fishin
della BAI 11.5 intertidal yes | Lamone | P 9. | 2007-2008 | 22
; regulated hunting
Baiona lagoon
Pialassa brackish Slent(tjlléf]:gfllt
dei PIO 3.1 intertidal yes absent ISP 2013 6
. . extensive fishing,
Piomboni lagoon -
regulated hunting
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2.3.2Analytical procedures

2.3.2.1Sediment sampling ahpreparation

A total of 89 samples of surface sediments were collected from the seven wetlands (details
in Tab.2.1). Where the depth of water was minor than-80 cm, sampling was carried out using a
small plastic shovel, whereas a small grab samplerusad in deeper waters. Sediment aliquots
were washed with distilled water, then centrifuged to eliminate any excess of salt, removing also
coarse remains of animals and plants. After that, samples were dried at 60°C and homogenized by

grinding in an agatenortar, for further investigations.
2.3.2.2Analytical procedures

Major oxide (Al, Ca, Fe, K, Mg, Mn, Na, P, Si, Ti) and trace element (Ba, Ce, Co, Cr, Cu, La
Nb, Ni, Pb, Rb, Sr, V, Y, Zn, Zr, and S) concentrations were determinecybyIXorescence
Sectrometry (XRF) at the Department of Biological, Geological and Environmental Sciences
(BiGeAg University of Bologna), using a Philips PW 1480 spectrometer equipped with a Rh tube.
All analyses were made on pressed powder pellets following matrix ¢cmmemethods of Franzini
et al, (1972, 1975), Leoni and Saitta (1976) and Lesinal, (1986). International reference
materials were used for the calibration and as internal standard to monitor precision and accuracy
and to ensure homogeneity in the nadés between different analytical batches. Estimated
precision and accuracy for trace element determination was better than 5%, except for those
elements at 10 ppm or lower (£25%).

The total volatile content (including humidity, organic matter, watezorporated in the
lattice of clay minerals, and carbon dioxide in the carbonate minerals) was determined by the
weight loss recorded at 950 °C, defined as Loss Of Ignition (LOI). On the majority of samples this
was done by thermal analysis using a SetardiG24 double furnace apparatus, with
simultaneous registration of thermogravimetric (TG), derivative thermogravimetric (DTG) and
differential thermal analysis (DTA). A fmosphere was used to increase the temperature of
carbonate decomposition and thaonate content was estimated by quantifying the weight loss
at temperature higher than 700 °C. Organic matter content has been evaluated considering the
weight loss between 110 and 550 °C. On a small number of samples it was not possible to use the
instrumentation and it was determined as overall loss after overnight heating at 950°C in platinum

crucibles.
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2.3.2.3 Statistical analysis

In order to establish intet6f SYSy i NBfIFGA2yas {LISINYIyQa
major and trace elements weranalysed{ G G AaGAOlIf | ylfeasSa o6RSaoON
coefficients, pvalues) and graphs were carried out using SPSS 14.0 and GCDkit 2.3 software
(Wl y 2 da0&.,12006) Map processing was performed using Quantum Gis 2.2 software
downloadableat the QGis website(http://www.qgis.org/it/site/).

2.3.24 Evaluation of sediment contamination

A number of methods have been suggested for quantifying metal enrichment in aquatic
sediments. The central concept is to produce a numerical result comptréenmetal content of
each sample with a background level. The choice of the background values is crucial. Many
authors have used the average shale values or the average crustal abundance data as reference
baselines (Wedepohl, 1995). The best alternativetds compare concentrations between
contaminated and uncontaminated sediments, provided that they have similar mineralogy and are
texturally comparable (Covelli and Fontolan, 1997; Ruabial., 2000; Sakaret al., 2009). In the
present study, we used refence values calculated from Holocene lagoon deposits sampled from
several deep cores drilled in the Po river coastal plain. In addition, these observations will be
included in many of the graph presented to facilitate the comparison and the evaluatidmeof t
peculiarities of the lagoon sediments.
The Enrichment factor (EF) represents an useful tool in determining the degree of anthropogenic
heavy metal pollution and the status of environmental contamination. The EF values were

calculated using the formul@.1) given in Zhanet al., (2007):

(Metal/ Al

sample

(Metal/ Al) (21)

background

Ef =

Normalization of element contents against an immobile element is a common practice to
accommodate grain size effects and dilution by phases such as quartz and ateshd@urrently,
Al is the most frequently used geochemical normalizer in estuarine and coastal sediments, based
on the assumption that Al is held exclusively in terrigenous aluminosilicates (Chen and Selvaraj,
2007; Karageorgist al, 2009; Heet al, 2010). Values of 0-8.5 suggest that the trace metals may

be derived entirely from crustal materials or natural weathering processes (Zhang and Liu, 2002),
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whereas values greater than 1.5 suggest that a significant portion of trace metal has been

deliveredfrom anthropogenic sources (Zhaagal., 2007).

2.4. Results and discussion

2.4.1 Derivation of local background
Taking advantage of extensive geochemical studies carried out in the area it was possible

to separate representative samples to be used toe talculation of regional background values.
Thanks to the multidisciplinary studies performed, it was possible to separate samples deposited
in lagoon environment, thus providing a more sound reference for the studied sites. The chemical
analyses were péormed using the same analytical technique by the same laboratory so direct
comparison is possible. Considering the known geochemical differences related to sediment
provenance (Amorost al., 2002; Amorosi and Sammartino, 2007; Amorosi, 2012) that ifiett
a major geochemical boundary coincident with the present day Reno rive2(Eigwe calculated
two different background values one for the area North of the Reno River (Background N) and one
for the area South of it (Background S). For the areghnwe used 18 samples taken from
Amorosiet al, (2002, 2007, 2008), Curet al, (2006) and Dinellet al,, (2007) while for the
southern area we used 30 samples from Amoresial, (2002), Dinelliet al, (2012) and
unpublished data from the authors.

As background references we used the@5centile of these two anthropogenically non
influenced datasets (Matschullat al, 1999), and theeasults are reported in Tab@2.

The two background show some differences, as concern the major element coioposit
the Background N has higher Si&hd MgO, whereas the Background S has highg):AFeOs,
CaO and ¥0O. Well known differences are those concerning Cr and Ni that are the clearest
indicators of sediment provenance that are much higher in the Backgrdu Other elements (V,
Zn, Rb, La, Ce, Sr) are higher in the Background S population possibly for the higher content of clay
minerals, and also carbonates, as the results suggest. Copper and Pb are slightly higher in the
Background S, although less evitlg than Zn. The differences for these metals are also confirmed
by the 95%percentile of normalized data for Ak content.

In the following elaboration we considered the Background N as reference for the sites
ROS, BER, COM, and BEL, while for MANaBARIO we used the Background S.
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TaHe 2.2 ¢ Background levels calculated on the element abundances in Holocene lagoon deposits sampled from
several deep cores drilled in the Po river coastal plain. For each study sites median (MED), minimum andhmaxim
(MIN, MAX), 9%ercentile (95%), and number of samples (n), are reported. In addition;p@seentile of AJOs-
normalized data used for EF calculations, are given for Cu, Cr, Ni, Pb, and Zn.

BACKGROUND N (n=18) BACKGROUND S (n=30)

95% 95%

MED MIN MAX 95% (Al-n) MED MIN MAX 95% (Al-n)
SiO, Wt%) 47.69 43.09 5358 52.48 41.44 3385 4820 43.74
TiO, 060 050 067 066 063 050 078 0.74
Al,O4 13.75 11.62 1521 14.67 1358 10.18 16.88 16.25
Fe,0s 547 452 624 582 6.00 429 711 6.75
MnO 012 009 016 0.14 013 008 019 017
MgO 429 347 504 503 387 341 428 4.22
CcaO 9.78 6.88 1228 12.25 12.14 372 2110 16.35
Na,O 1.84 115 226 2.23 1.00 059 541  1.07
K20 227 193 249 242 268 197 337 3.07
P20s 011 008 019 013 012 006 017 017
Lol 1350 4.81 18.04 18.62 18.12 1528 2151 20.50
V  (mglkg) 96 60 114 110 121 70 158 154

Cr 169 124 268 223 13.71 131 87 164 163 10.66
Co 17 6 22 21 15 9 25 23

Ni 118 59 171 154 11.62 84 58 104 100 6.78

Cu 30 12 48 40  2.86 39 23 50 48  3.60

Zn 87 49 98 98 6.82 105 61 134 127 850
Rb 119 56 155 139 141 83 205 187
Sr 271 210 331 309 302 150 479 414
Y 28 17 43 36 24 12 36 29
zr 148 99 206 188 90 60 134 113
Nb 16 7 22 18 17 3 25 23
Ba 303 244 411 378 345 280 409 407
La 27 9 a7 33 30 19 44 40
Ce 56 14 83 65 65 34 92 87

Pb 17 12 28 25 173 20 11 29 27 188
S 1340 561 7339 2171 559 29 15218 1900

2.4.2 Major and trace element abundances in wetland sediments
A sunmary statistics, subdivided according to sampling site is presented in TaBle
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TaHle 2.3 ¢ Oxides, thermal analysis and trace element results. For each studyasitametic mean (M), median (MED), minimum and maximum (MIN, MAX) and number of

sampleqn), are reported.

Si{eX
(Wt%)
TiO,
Al,04
Fe,03
MnO
MgO
CaO
Na,O
K20
P.Os
LOI
H>0 hum
oM
H,0 clay
CO,
\%
(mg/kg)
Cr
Co

Ni

Cu
Zn
Rb

Sr

Y

zr

Nb
Ba
La
Ce
Pb

S

ROS (n=6) BER (n=7) COM (n=34)* BEL (n=4) MAN (n=10) BAI (n=22)* PIO (n=6)

M MED MIN MAX M MED MIN MAX M MED MIN MAX M MED MIN MAX M MED MIN MAX M MED MIN MAX M MED MIN MXA
39.1 40.2 31.8 420 42.4 429 31.0 54.7 39.8 41.6 185 66.4 459 459 452 46.7 32.3 33.1 18.7 41.2 41.3 424 323 48.1 38.2 40.6 283 449
0.51 051 043 0.56 0.46 0.43 0.40 0.57 0.50 0.50 0.24 0.67 0.61 0.61 0.60 0.63 0.46 0.46 0.30 0.57 0.53 055 0.34 0.62 0.53 052 0.48 0.59
124 129 9.9 13.3 10.5 10.4 9.7 11.7 11.0 119 5.6 13.8 14.6 14.7 13.6 15.2 10.6 11.0 7.1 12.4 124 126 101 14.0 11.8 11.7 95 139
451 472 348 491 3.77 3.78 3.18 4.24 435 420 1.34 6.20 5.74 576 5.51 5.93 4.32 4.24 3.56 5.10 5.12 519 3.83 6.48 476 4.75 3.88 5.85
0.12 0.12 0.11 0.13 0.13 0.13 0.11 0.14 0.12 0.12 0.08 0.24 0.12 0.12 0.09 0.15 0.10 0.10 0.09 0.12 0.11 0.11 o0.07 0.18 0.12 0.12 0.11 0.13
438 434 421 4.59 4.08 4.04 3.63 4.41 356 3.76 1.68 4.29 3.6 3.61 342 3.78 3.39 3.38 249 4.07 3.92 399 3.29 4.44 359 368 276 3.99
120 114 9.2 18.0 11.3 11.4 9.0 13.3 12.0 8.9 4.8 30.8 8.7 8.6 7.1 10.4 13.0 13.0 9.3 16.3 122 122 6.1 17.5 17.2 172 114 253
1.75 182 1.43 1.96 2.43 2.49 2.01 2.79 255 240 0.71 8.72 1.20 1.22 1.12 1.24 0.69 0.75 0.42 0.89 143 113 0.90 4.47 1.34 135 0.96 1.57
197 205 155 210 1.70 1.70 1.50 1.95 195 2.02 0.96 2.66 2.50 253 229 2.66 1.73 1.77 1.09 2.21 218 2.19 1.58 2.53 2.01 203 169 228
0.11 0.10 0.06 0.20 0.14 0.13 0.12 0.17 0.14 0.15 0.06 0.23 0.13 0.13 0.12 0.15 0.21 0.22 0.14 0.32 0.26 0.19 0.13 1.15 0.12 0.13 0.08 0.16
23.2 224 20.2 28.3 23.1 21.0 11.0 34.1 241 237 8.0 38.8 17.0 16.4 16.1 19.1 33.2 334 19.0 56.4 20.5 18.8 13.7 33.6 20.3 19.0 145 265
211 181 159 2093 2.17 1.76 0.45 3.79 222 231 0.36 5.58 - - - - 3.61 3.27 2.05 6.86 242 254 080 3.99 0.87 0.81 0.09 157
6.6 5.8 4.7 10.0 9.2 8.1 2.9 15.7 6.8 7.0 2.0 12.2 --- --- --- --- 13.1 11.3 5.8 29.0 52 2.5 1.1 29.1 4.1 3.9 1.9 6.5
296 289 224 394 2.70 2.34 1.09 4.66 247 285 1.01 3.88 --- --- --- --- 2.53 242 1.12 4.39 528 584 231 6.53 144 146 079 1.&
6.4 6.2 3.9 10.2 4.2 4.1 3.0 5.9 2.7 2.7 1.4 4.5 --- --- --- --- 11.5 10.3 9.5 16.2 8.8 9.0 1.2 12.3 13.7 122 114 187
94 96 76 102 74 75 57 84 84 88 22 121 119 119 113 125 86 87 64 96 94 94 64 123 105 109 73 131
149 153 122 165 230 199 112 377 132 123 55 350 128 127 122 137 91 89 a7 115 169 137 100 682 130 126 114 157
15 16 10 17 12 12 9 15 10 11 2 18 16 17 14 17 10 10 7 15 11 11 6 16 12 12 9 21
111 113 95 127 131 138 106 146 84 86 27 133 79 79 76 81 70 69 59 77 75 74 51 96 80 84 50 102
35 34 30 39 25 27 14 41 28 29 3 48 40 40 39 41 30 31 20 38 54 52 21 159 61 71 27 86
91 94 77 103 85 89 50 122 88 95 20 130 122 122 110 132 124 127 96 146 243 177 67 785 218 227 91 327
183 190 131 208 128 130 93 170 122 124 2 228 148 149 145 150 92 93 50 124 108 110 73 138 111 105 81 159
799 756 614 1159 693 781 456 882 860 622 2 4412 260 253 250 282 341 351 259 417 321 318 221 440 486 418 363 733
23 24 18 27 15 17 8 19 20 21 11 27 28 27 26 33 14 14 2 20 22 23 14 27 15 13 11 25
139 144 96 163 86 98 17 114 109 121 12 195 125 128 110 133 47 41 6 90 117 111 80 194 50 43 12 92
20 19 18 24 14 14 10 19 14 14 2 25 15 15 13 18 8 8 6 11 12 13 7 16 10 10 7 12
342 345 285 404 279 282 232 323 257 277 153 363 327 332 267 379 256 252 169 315 280 283 189 329 319 318 274 357
26 25 18 33 20 18 11 31 23 23 12 37 31 30 28 36 21 23 8 32 25 24 15 35 26 27 12 37
43 42 29 55 30 32 17 44 43 44 10 77 63 63 58 69 48 46 34 64 48 49 30 71 70 69 59 88
45 47 37 51 60 63 29 86 37 28 7 320 29 30 27 31 47 30 16 214 29 29 16 56 18 17 8 33
5928 6368 312 8415 9607 10402 5224 12004 6128 6435 50 18040 398 245 50 1050 9464 10150 1850 23370 3810 3950 50 8200 7628 7525 5240 9930
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Among the chemical parameters are included>S&nd AIOs, which are both influenced by
the abundance of silicate minerals, although an increase of their ratio is indicative of a relatively
coarse grainedraction of the sediment (e.g.: Dinedt al, 2007). Tabl€.3 also reports CaO and
volatile contents, the latter expressed cumulatively as LOI, being two further important sediment
components. For some of the lagoon samples more details regarding théleacontent are
@ AfloftS & | NBadzhil KdFY 0 KNS Fif KSONDAlF 0 K-Sy | KE dBYSAARY
Ad AYRAOIGAQGS 2F (KB ONHEYARSYt S0OSK) ORFIBY G SN
YR 20/ ha 02y i NP fahcs & cabbdnaté iierals @ndsgylyRepresented by biogenic
carbonates).

The major element composition of the whole dataset can be summarized by ternary plots
(Fig.2.3 a, b). Fig. 3a compares the relative proportions of three main inorganic componehes of
investigated samples: clay fraction (represented OA&Nd SiQ), the quartz rich sandy samples

(partly represented by the Si&ontent) and the carbonate content (CaO) either biogenic and

detrital.
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Figure 2.3 (ab) ¢ Ternary plots illustratinghte major element composition of the whole dataset. For comparison,
average pelite (cross) and average carbonate (star) (Turekian and Wedephol, 1961) are also plotted in both graphs,
and the overall range of the background dataset is represented by an epaga.

Most samples plot along a straight mixing line between carbonate and clay component,
slightly higher in Al content respect to the average pelite, a feature that is shared with background
sediments. In fact, more than 75% of our samples is camgisvith the background. Few samples,
the majority from COM and two from BAI, are richer in carbonates, likely of biogenic origin as
testified by field observations. Only three samples from COM and 2 samples from BER have higher

proportion of SiQ, likelyrelated to a coarser grain size of the sample.
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The ternary plot in Fige 2.3b considers the volatile content (LOI), and thus can provide
indication of the organic matter content, when taking into account the ratio between LOI and CaO
of carbonates. Ovella the samples show a rather variable distribution, with a number of samples
plotting along the carbonatelay mixing line, in coincidence with the background sediments, but
with approximately half of the analysed samples pointing to the LOI apex. Kélg suggest
abundance of organic matter and relatively low carbonate. Samples from COM form the largest
part of this group, that includes also samples from MAN, BER, and BAI.

By examining the major element distribution in each sampling site (B8), the
easternmost site BEL has relatively high>%itd A$Os levels, low carbonate content, and the
lowest LOI median value. The sample number from this site is low, but also the extension of the
lagoon is the smallest among the studied sites. @tg@cent e COM has similar Ca@edian
value (8.93 wt%), with SiGand A$QOs ratios not significantly different from the other coastal
lagoons ROS, BER, BAI and PIO. However, the CaO concentration ranges widely in COM sediments
suggesting a variable distributiorf carbonate components within this vast wetland. The MAN
sediments have low median concentrations of S80d AbOs (33.1 and 11.0 wt%respectively),
and the highest LOI and OM levels (33.4 and 11.3 wt%, respectively). The distributic®nf Fe
TiQ, MnQ, MgO and KO in all the sampling sites do not show remarkable differences, with
median values very similar in all wetlands.

Regarding the trace elements, relatively high concentrations of Cu in confront of the other
sites occur in P10 and BAI, the two lmeds closest to the town of Ravenna (4. and Tab2.3).
Compared to the background, BAI median shows less evident difference than PIO, but this site
presents the maximum value of Cu throughout all the dataset. Also Zn reaches significantly higher
medians compared to the respective background in PIO, BAI andTBEICr and Ni values in the
background sediments are generally high especially in the northern area ZPdpdue to the
provenance of the sediments (e.g. Amoresial., 2002, 2007, 2008; rAorosi and Sammartino,
2007; Amorosi, 2012; Bianchitial,, 2002, 2012; Curat al.,, 2006; Dinellet al., 2007).The Cr and
Ni concentrations found in the sampling sites confirm these naturally high levels, as for BER
sediments in accordance with geaghic location and geologic evolution. In BAI, the maximum of
682 mg/Kg Cr is evidently anomalous, but it is a single outlier. As expected from the carbonate
content, the Sr medians are generally high in all the northern investigated sites, except in BEL.
aguatic environments, Sr tends to accumulate in some kind of invertebrate shells, which were

often very abundant in our samples. It is known that aragonite typically contains about one order
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of magnitude more Sr than calcite due to the differences m ¢thystal lattice structure (Kinsman

and Holland, 1969; Tesoriero and Pankow, 1996). Regarding Rb, there is a strong difference
between northern and southern sites, the former tending to have medians near or higher and the
latter all well lower than the repective background upper limit. Rb tends to accumulate in fine
fractions, especially in clay minerals and organic matter (Di Giusepgle 2014) and this may be

the reason of such pattern. Cobalt concentrations are similar in all sites and compaidbkbev
background, whereas BEL reports all levels of V relatively high respect the backgshightly

higher levels of Ba than the other sites (within the background upper limit) occur BEL and ROS. A
series of trace elements (Y, Nb, La, and Ce) havadam&delow or around the background.
Regarding Pb, medians below the background upper level occur only in PIO. Relatively high
concentrations are reported for all the samples from BER and ROS. The remaining sites are quite
similar in Pb median levels, bupper limits of the distribution in BAI, MAN and COM are evidently
higher than the background. The results from sampling sites regarding S reveal very high
concentrations in all the wetlands, except in BEL, but the range in the background datasets is wide

with peaks both for the Northern and the Southern areas.

2.4.3 Interelement relationship
A correlation matrix for thevhole dataset is presented irable2.4. The matrix shows that

major elements Ti&) AbOs, KO and Fgls in the surface sediments werstrongly correlated
(r>0.75, p<0.01) and can be related to the presence and abundance of clay minerals. Among trace
elements, V and Co were the most correlated to this group of elements (r>0.6, p<0.01, see also
Fig.2.4a).
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Table2.4 - Correlation matrk between the variables. Bold numbers: correlation significant at the 0.01 level, other numbers: correlation significarit.@btlevel.

SiOz | TiO2 | Al20s |Fe:03| MnO | Mgo | ca0 |Na:0 | K.0 |P.0s| LoOI Es‘% oM Zza?/ co.| v |cr|lco|Ni|cul|zn|Ro| st | v |z |Nb|Ba|lLa|celPb|s
Sio,
Tio,  |0546| —
AlO:  |0.609|0.749| —
Fe:0s  |0.360|0.8920.750| —
MnO -
MgO 0.472
CaO  |-0.457|-0.314|-0.552[-0.347
Naz0 -0.309 0384 0.324 |-0.286] —
K:0  |0.7080.862 | 0.880 | 0.827 20,502
P20s -0.314 -
Lol -0.907|-0.498|0.521]-0.311 0.628
Hz0 hum|-0.516 0.381/0.701| —
oM -0.572|-0.494 -0.601 0749|0539 | —
H20 clay 0.536(0.714 -
co.  |-0382 0.724|-0.679
v 0.220|0.783 | 0.757 | 0.865 0.273|-0.378-0.324| 0.717
cr 0.5410.436 | 0.470 | 0.367 0.455 |-0.319 0.466 20.505 -0.640]0.427| —
Co 0.3790.714|0.671 | 0.705 0502 |-0.384 0.608 0.7850.517| —
Ni 0.362 | 0.358 | 0.353 0528 |-0.392 0.208 -0.585|0.376 |0.751| 0.662 |
cu 0.366 | 0.328 | 0.549 -0.317/0.303 0.587 (0.300] 0.413
Zn 0.343|0.342|0.575 -0.321]0.340 | 0.458 0525|0517 0.342 0.753| —
Rb 0.344 | 0.492 | 0.651 | 0.441 -0.519|-0.572 0546 -0.571] 0.557 |0.490] 0.646 |0.615
s -0.387|-0.499|-0.538|-0.659 0.3410.434|-0.614| -305 | 0.327 -0.404]0.485 0.283 -0.362/-0.569
Y 0.407 | 0.640 | 0.660 | 0.679 0.410|-0.435 0.629 0353 0.5740.370| 0.683 [0.352| 0.304 | 0.272 |0.556|-0.334]
zr 0.426 | 0.507 | 0.507 | 0.445 0.457 |-0.410 0.498 -0.349 -0.532|0.398 |0.500| 0.527 |0.412 0.632 0719 —
Nb 0.416 | 0.435 | 0.346 0.446 |-0.489 0.391 -0.587|0.388 |0.477| 0.484 |0.574 0.810 0518 0.704] —
Ba 0.624|0.535 | 0.515 | 0.378 0.544 20.657|-0.661 -0.580 0.467 |0.480] 0.484 |0.459 0.279 0.401 0.305 [0.413[0.337| —
La 0.279|0.520 | 0.478 | 0.473 0.449 20.290 0.5340.290| 0.472 0342 0.331 0.4350.363 0.437| —
Ce 0.272|0.596 | 0.484 | 0.578 -0.325|0.557 -0.328 0.571]0.558 0.424 0.3270.376 -0.380 0.342|0.335| —
Pb 0.334 |-0.394 0.4090.659 -0.562 0.414]0.373|0.534 0530 0.297/0.502
s 0.417 0.655 0.274 20.204 0.534] —
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Figure 2.4 (ab-c-d-e-f) ¢ Relationships between Abs and Cr, Ni, Rb, V, Y, Zn. White symbols indicate samples of this
study, whereas grey syols indicate background data.

Correlation levels expressed by V were in general more elevated, wWitaG4 the highest
(r=0.87, p<0.01). A positive correlation was also observed between Ce, Cu, Zn, and ¥Oand Fe
(r>0.5, p<0.01). This further supportise importance of the fine grained sediment fraction in
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controlling the occurrence and distribution of several elements. The organic matter (OM) seems to
exert the most important role in controlling the fate of Pb and S (r>0.6, p<0.01). Conversely, CaO
do not reveal relevant associations with any other element, excepting some inverse significant
correlations with AlOs, KO, and Rb (0.5, p<0.01), indicating that the carbonate content might
not influence the metal distributions in surface sediments af thvestigated wetlands, except for

a general dilution. Considering the regional spatial scale of the sampling, the significant positive
correlation of Si@with AbOz and KO (r>0.6 and r>0.7 respectively, p<0.01), including in some
way TiQ (r>0.5) suggsts a relative high importance of aluminosilicates (mica and feldspars)
throughout the studied sites. However, some correlations of; Sifth trace elements normally
forming heavy minerals were found (Ba: r=0.63; Cr: r=0.54, p<0.01) suggest that thetebeoul
also a sorting effect active (Vital and Stattegger, 2000; Gat@h, 2004), at least locally.

The dominance of aluminosilicates throughout our dataset, can be argued observing the
binary diagrams in figure 4, in particular.®@d-V (Fig.2.4d). Tlough AOz is overall less
concentrated than the background, as an effect of dilution caused by enrichments of carbonate,
and OM in the wetland surface sediments, the distributions appear consistent with the
background for Ni, V, Y. Similarly to the baokmd, AtOsz-Ni (Fig.2.4b), and, in lesser extent,
AbOs-Y (Fig2.4e) show the most dispersed patterns. For Cr, Rb and Zn, the agreement with the
background is observable for most sampleat a small group of samples probably affected by
other factors, sch us a different provenance of the sediments, hydraulic sorting, and
anthropogenic inputs, alter the linearity. Th&>0z-Rb graph (Fig2.4c) seems to identify two
different populations, being a subset clearly-&iriched. That subset include all sangplEom
ROS, three out of seven from BER, and many from COM, eventually related to the abundance of
muscovite in sediments derived from the Po River.

A more detailed discussion can be made for Cr and Zn. They show significant correlation with
other elemens (CrNi, r=0.751; CtZn, r=0.753).

Regarding the strong correlation of -8, our results agree with many previous studies
focused on the study are&.g. Amoroset al,, 2002, 2007, 2008; Bianchiai al., 2002, 2012; Curzi
et al, 2006; Dinellet al,, 2007). Moreover, Amorosi and Sammartino (2007) detected anomalous
high levels of both metals in fluvial, coastal, and deltaic sesface sediments of the Po coastal
plain. Due to its environmental implications, Cr enrichments were studied in deptheiinstirvey,
high Cr near the surface were similar to the Cr enrichments reported from core materials of

southern Po plain (Amorost al., 2002), in the Po Delta area (Amoresial., 2008), from a small
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area around the town of Ferrara (Bianchatial,, 2002), and from channdded sediments of Po
River throughout its catchment (Dinelli and Lucchini, 1999; Vigadi., 2003). Definitively, the

high Cr concentrations related to Po river sediment, indicate a natural source and do not reflect
land-use pracices or artificial contamination (Amorosi and Sammartino, 2007; Amorosi, 2012).
According to Amorosi and Sammartino, the Cr/V ratio in sediments of the southeastern Po plain
can be used as a powerful proxy of their Alpine or Apenninic provenance. Thadividlinear
trends illustrated by the Authorsi@d: 2.5, grey symbols), correspond to: (a) thepgOor lithologies

of the north-eastern Apennines and (b) the relativelyriéh rocks of the Po River drainage basin.

In Figire 2.5, we also plotted the Cand V concentrations in our samples (white symbols). It is
observable that our dataset is quite consistent and coherent with that$oaorces model, with a

prevalence of samples presumably of Apenninic origin.
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Figure 2.5 ¢ Binary plot of Cr and V acating to Amorosi and Sammartino (2007) (grey rhombus) and this study (white
circles). Except for few anomalous samples (Cr/V very high), the dataset of this study overlaps the field of Apenninic
provenance, with a subset placed in an intermediate position.

In fact, Cr and V concentrations in the majority of our samples plot close to the line of
Apenninic provenance (lower Cr). However, a subset seems to be influenced by mixing processes,
plotting in an intermediate position between the two provenance feldather than to be
distinctive of Alpine origin. Few evident exceptions to the model are present in our dataset, since
8 samples show Cr/V ratio higher than expected. In particulagn@Gchment in 6 samples (3 in
BER, 2 in COM and 1 in BAI) is verymionsus, and for 2 additional COM samples the anomaly is
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less remarkable but clear. Local factors, such as enrichment due to a sorting effect in high energy
environment could represent a natural origin for these enrichments (Gatial., 2004). High
energy environment can lead to the deposition of sandy sediments enriched in heavy minerals
such as pyroxene and garnet that are common in the sands of the area (Rizzini, 1971; Marchesini
et al,, 2000) and lead to high chromium concentrations in the sedim@vital et al., 1999). This is
further supported by the weak correlation of Cr withh@d and KO (r<0.5, p<0.01), whereas the
moderate correlation between Cr and $Si(=0.541, p<0.01) suggests that this metal may be
mainly associated with the coarggained fraction.

If we consider BER and COM, we note that their bottoms are-ngaphologically
heterogeneous and include ancient beach ridges systems. Figure 6a presents the relationships
between Cr and the SYAI.Os ratio, used as a graisize proxy, relave to BER and COM samples.
The white squares, indicating the sevene@riched samples from the two sites, have also high
SiQ/AlLOs ratio. This connection between sand contents andef@iichments occurs in well
defined contexts, namely the central areh BER (Fig2.6b) and around the northern far end of
GKS a.2302F2NIl S¢ 268)yThiy rastif night be/interpneted as & doAs®quence
of local accumulation of €rearing heavy minerals by wave processes in certain sand structures.
This proess is localized, since 3 additional samples with hight//A8i0; ratio are not anomalous
for Cr (black symbols in Fig6a) and are located in different places within the two lagoons (Fig.
2.6b-c). So, the graksize heterogeneity and sorting effect léag to the local concentration of
heavy minerals can represent a likely explanation of the Cr enrichments in those environments,
reflecting the characteristic of the ancient depositional environment and not the present day
dynamics. Moreovetthese sites ee far from industrial sites or pollution sources.

The Crenrichment that occurs in BAlI may be ascribed to sediment contamination, considering
that the sample is located in the southernmost part of the site, known as the most polluted
portion of the entirelagoon (Sopranet al, 1994; Fabbret al., 1998, Trombinit al, 2003, and
Matteucci et al., 2005), really close to the industrial area of Ravenna. This same site records
anomalous levelsf other metals (Cu, Zn as discussed later, and Pb) and thlsefusupports a
strong anthropogenic impact in this site.

The process that guided the anomalouse@richment could have involved other heavy minerals
as suggested by the relative Barichment occurring in the same seven samples, that are among
the highes within the BERCOM system (Fi@.7). Actually Ba can also be related to a coarse

feldspar rich fraction sinc8a can substitute for K in feldspars and might be representative of a
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relatively coarse fraction, whereas Rb is mostly concentrated in thereletyon, substituting for K

in illites (Dypvik and Harris, 2001).
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Figure 2.6 (ab-c) ¢ Relationships between Cr and the 8/)0;s ratio, grouping BER and COM sampleig.(26a).
White squares indicate the seven-€hriched samples, collected in wekfined contexts in BER (F6b) and in
COM (Fig2.6c). Black triangles identify samples with high28i0s ratio but not anomalous for Cr, located in
different contexts.
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Fig.2.7 - Relationships between Cr and Ba, grouping BER and COM sawits.squares indicate the same seven
Crenriched samples presented in &ig 2.6a.
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The correlation between Cu and Zn (Tabl) seems to be driven by some samples with high
concentrations of both metals (Fig.8). Observing the TabR2 and Table.3, it is clear that the
background levels of these metals are substantially comparable to the concentrations measured in
the majority of sites, with the exception of BAI and PIO, being their distributions evidently

dispersed and theimedians significantlyigher.
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Figure 2.8 ¢ Binary plot ZRCu. Few samples with high concentrations of both metals seems to drive the high
correlation coefficient reported in table 4.

In order to better interpret this outcome, two subsets are examined separately, the first
consisting of ROS, BER, COM, BEL and MAN (S1, n=61) and the second of BAI and PIO (S2, n=2
samples. In fact, the levels of correlation between Cu and Zn result rather different in the two
subsets (S1: r=0.50, S2: r=0.85, p <0.01). Furthermore, the 48 ieV&l are always lower than
150 mg/kg, whereas the subset S2 reaches very high concentrations, with 13 samples of 28 that
have Zn levels greater 200 mg/kg. Copper and Zn can be accumulated in basin sediments by water
inputs draining agricultural areasegpectively associated with pesticides and soil amendments),
as well as from polluted inputs related to port and industrial activitiekhohgh all the
investigated sites can be affected byagricultural effluents Cu and Znanomaliesare almost
exclusivédy restricted toBAland PIO(Tab.2.3). Likely, the Cu and Zn enrichments observed in BAI
and PIO may be explained by the historical link between both sites and the industrial development

of Ravenna. Generally, the behaviour of Cu and Zn in sedimemti®ibed by the adsorption on
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clay minerals, Fe, Mn, Al hydroxides, and organic matter (Mihaljevic, 1999). Our study revealed
that Zn tends to associate to #&in subset S1 (r=0.65, p<0.01, grey triangles), whereas in S2 it is
strongly correlated with LIQr=0.84, p<0.01, white sques) (Fig2.9 ab, respectively).
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Figure 2.9 - The samples from ROS, BER, COM, BEL and MAN (group S1, n=61, grey triangles) and from BAI and PIO (S2
n=28, white squares) are examined separately for Zz@k¢a) and Zn/LOlb) correlations. Zinc is significantly
correlated to FeOsz in S1 subset (r=0.65, p<0.01), whereas in S2 Zn is strongly correlated with LOI (r=0.84, p<0.01). The
Cu behaviour being very similar.

The Cu behaviour being very similar, is not illustrateceHmrt it is expected given the good
correlation between the two elements (Fig8).

The association of Cu and Zn with the organic matter found in the enriched BAI and PIO
samples, supports the hypothesis of an anthropogenic source of these metals itwthe
southernmost sites. If the input of Cu and Zn would be only from industrial origin, a-sauth
increasing gradient in BAI would be expected, such as reported for Hg in previous studies
(Trombiniet al,, 2003). In contrast, the irregular distributiari the concentrations in BAI (Fig. 10 a
b), in agreement with Donniret al., (2007), suggests a plurality of sources, arguably including
agricultural effluents and human activities carried out within the wetland, such as the use of
antifouling paints forthe maintenance of boats and submerged structures (e.g. Turner, 2010;
Ytreberget al, 2010; Takahashet al., 2012), although the highest values are observed in the
southern area (Matteucat al., 2005; Guerra, 2012). Concerning PIO, the samples richen and
Zn are the nearest to an industrialized bank where the use of paints and galvanization products is

huge.
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Figure 2.10 (ab) ¢ Distribution and level of the Cu (10a) and Zn (10b) concentrations in BAI (the largest wetland) and
P10. Highest concénations in BAI are dispersed, suggesting a plurality of anthropogenic sources.

Hunting to waterfowl has been intense in most of the sampling sites (Zab, and relevant
amounts of Pb have been discharged as lead pellets. At present, hunting in NhaNakowed,

but in the past this activity have been intensively practiced. The only site not impacted by lead
ammunition may be considered BEL. However, all sites have been more or less exposed until 2001
to the atmospheric deposition of tetraeth@b flom leaded gasoline. According to TaBld, Pb
resulted significantly correlated with S and few metals (Ni, Rb, Nb) with correlation coefficient
between 0.5 and 0.6 (p<0.01). Overall, S resulted as similarly correlated with OM as Pb (r>0.65,
p<0.01), confming the tendency of Pb to be preferably adsorbed onto organic matter. On the
other hand, the moderate association fRb expectable given the geochemical similarities
between the two elements, suggests the possible role of another sediment componerty, like
clays, in controlling Pb distribution. The inverse correlationsCBO (r=394, p<0.01) and PEQ
(r=0.562, p<0.01) suggest that in the study area Pb carbonate may be not important. Therefore,
the Pb correlation pattern appears the result of a combima of sources, which caused
enrichments both in the organic fraction as well as to the clay fraction throughout the study area,
or the mediated result of a different behaviour of Pb site per site. For example, ROS and BER, the
northernmost and the most Brich sites (Fig2.1, Tab.2.2), seem to negatively affect the M
correlation coefficient, being not significant for both sites, analysed singularly or grouped.
Furthermore, the overall correlation FRb is driven by COM and BER (r=0.674, p<0.01,),h=41
whereas such correlation is negligible taking the other sites (r=0.285, p<0.05, n=48).
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2.4.4 Evaluation of metal pollution
In this section will be considered Cr, Ni, Cu, Zn, and Pb with the boxplot of their EF

presented in Figur@.11, according to theampling site.

The EF values for all five metals indicate that no significant enrichment has occurred in BEL, which
can be essentially considered an unpolluted site. Although the number of samples from BEL is
limited to allow a sound interpretation, theatural detrital input could exert presumably the main
control on the abundances of metals in this wetland.

The geological origin of Cr and Ni in the sediments of this study, even for some enriched
samples, is confirmed by the EF values (Eitlab). Epecially Ni clearly derives from natural
sources, being EF medians comprised between 0.5 and 1.1. Also for Cr EF medians are included in
the same range of Ni, as an indication of general coherence to the natural levels. There are some
exceptions, as the bary diagrams irHgures2.5 and2.6a could suggest. One out of the four
highest CGienriched samples from COM have EF greater than 1.5, and the three outliers of BER for
Cr have EF values between 1.7 and 2.0. As already discussed in 2ett®rthese aomalies
occur in sites far from industrial areas and their origin could be related to natural processes. The
same cannot be said for the three highest EF values in BAI (1.6, 2.5, 5.6), a wetland where
effluents from Ravenna industrial areas historicallyédn@ontaminated the lagoon. These results
reveal that point source of Cr could persist in BAL.

The EF values for Zn and, in lesser extent, for Cu confirm the anomalous presence of both
metals in PIO and BAI surface sediments gld.cd), showing varios degrees of enrichment and
suggesting anthropogenic sources for these metals. Focusing on CR.IE®, the two southern
sites (BAI and PIO) and COM have EF values more dispersed than the other sites, with some
significant enrichments. In particularl® sediments have median EF value greater than 1.5, while
BAI and COM present respectively 4 out of 22 and 3 out 34 samples with EF greater than 1.5. In
the remaining sites, Cu is present mainly at natural levels with EF values ranging from 0.5 to 1.3.
Zinc enrichment is even stronger both in BAI and PIO PEdd), with median EF values equal to
1.6 and 2.5, respectively, and several very high values, one reaching EF=8. In addition, some EF
values for Zn are greater than 1.5 also in BER, COM and MANesarapd, therefore, an
anthropogenic origin of Zn cannot be excluded also there. Since the latter sites are not interested
by industrial activities, a plausible explanation for the Zn enrichments could be found in the water

inputs draining neighbouring agultural areas.
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Figure 2.11 (ab-c-d-e) - Boxplots of the EF values for Cr, Ni, Cu, Zn, and Pb in each sampling site. As a reference
threshold for natural/anthropogenic origin of the metals, 1.5 (dashed line) is taken according to ethen@007)

The box plots of EFs for Pb (FAd.1e) reveal significant enrichments in surface sediments
of all the investigated sites, except BEL and PIO. All samples from ROS and BER have EFs for P
higher than 1.5, with median values equal to 2.1 and 3.5, resgaygt Regarding COM, significant
enrichments occur in 50% of the surface samples and two samples have EFs greater than 2.5, with
the median value around 1.5. A similar pattern occurs in MAN where more than half of the

samples shows remarkable enrichmenks.BAI, the EFs higher than the threshold account for
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about 25%. A general enrichment of Pb in the surface sediments throughout the study area caused
by the leaded fuel used until the beginning of this century was expected. However, all sites but BEL
have been devoting to hunting, especially exercised from fixed hides that could be thought as
point source of kilograms of Pb every hunting season (all the year round in the past). Only
considering this type of input, the high number of peaks (BAI), and ttpggising high EF medians

of BER, ROS, COM, and MAN, could be explained.

2.5. Conclusions

At the current state of knowledge, this study is the most comprehensive geochemical
characterization of the surface sediments of the wetlands located along the Mahtiatic coast
from the town of Ravenna, northward to Chioggia (conventional limits of the historical Po deltaic
system).

On the whole, the texture of the seven sites investigated, resulted as a mixing of carbonate
and clays with Al content slightly hightran an average pelite. An organic matter fraction is also
present and influent, although showing more variability within each site and throughout the area.

To the clay fraction can be related a group of major elements, including Ti, Al, Fe and K and a
number of trace elements (V, Co, Ce, Cu, Zn, Y). Lead and S are basically controlled by OM, even if
the fate of Pb is more sitspecific, in relation to the local abundance of this fraction in confront of
clays. On the other hand, carbonate influence on flegliment composition resulted overall less
important apart for a general dilution and a control on Sr distribution.

Taking advantage of extensive work done in past years it was possible to calculate a
regional background for sediments of comparable degpmsal environment. Two background
composition were calculated according to the provenance of the sediments, being different for the
area north of the present day course of the Reno River, compared to the southern one. Respect to
the background values deed Ba, Cr, Cu, Sr, Pb, Zn, V have been found more concentrated in
some sites than the reference. Barium and V anomalies regard sites (ROS and BEL) far from
industrial settlements, and are considered the result of local natural processes of enrichment.
Strontium resulted clearly more concentrated in all sites, except BEL, likely as effect of the
contribution of Syrich aragonite of biogenic origin, common in the sediments that was not
possible to separate.

Sediments of Po Delta are known to be enriche@ir(and Ni), due to the geological origin

(e.g. Amorosi and Sammartin2007). In fact, our analysis outcomes are mainly in agreement with
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the literature, and the Enrichment Factors suggested that all Ni origins from crustal matter, and
substantially alsaCr. However, some anomalous samples from BAI can be likely associated to
industrial inputs, given the geographic position and can be of some concern. As a consequence of
anthropogenic inputs related to the port and industrial areas of Ravenna, the twonhagdose

the town revealed to be evidently polluted by Cu and Zn. These two metals seem to have a
different behaviour depending on the origin, tending to associate to OM when the concentration
exceeds natural background levels.

Regarding Pb, we expectedirface sediment concentrations in average higher than the
background as an effect of the exposure to leaded gasoline for many decades. In fact, all sites but
. 9] YR tLh aK2gSR 9C YSRAlIYya ySIFENI 2NJ KA3IKS
influence of hunting in the lead input in most of these wetlands may explain some very high EF
medians (BER, COM, ROS, MANJ,raany peaks (BAI) we found.
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CHAPTER - Geochemical characterization of surface sediments
of some Adriatic coastal wetlandspPart Il: aqua regia results

3.1 Abstract

Despite the fact that sediment characterization is crucial when assessing environmental
quality of aquatic systems, geochemical information of many important wetlands is poor and
quality standard levels for sediments are still lacking in regulation framewoAs a further
investigation of a previous study, we investigated the psetmdal concentrations, after aqua
regia digestion, of Ag, Al, As, Au, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Fe, Ga, Hg, K, La, Li,
Mn, Mo, Na, Nb, Ni, P, Pb, Pd, Pt, RpSb, Sc, Se, Sn, Sr, Th, Ti, Tl, U, V, Y, Zn, and Zr in sediments
from 4 coastal wetlands belonging to the historical Po deltaic system (NE Italy) (Valli di Rosolina,
Valle Bertuzzi, Valli di Comacchio, and Pialassa della Baiona).

Multivariate statistcs were applied to study relationships among elements and pstoicb
concentrations were compared to various reference information provided by the Italian
legislation, environmental guidelines or recent literature, and also real total contents, and
backgound concentrations in order to determine the environmental relevance of the trace
elements in the study area. According to the results of this study: 1) shellfishing is legal, and also
illegally practiced, in the site the most affected by heavy metalupoh; 2) part of the Pb
enrichments in most sites could be originated by lead shot in the sediment; 3) habitat and species
conservation in these investigated Special Protected areas should consider geochemical aspects,

especially with regard to the managent of water levels.

3.2 Introduction

Environmental contamination arising from rapid urbanization, industrial processes,
agricultural activities, and domestic waste has become a serious concern worldwide (Laterda
al,, 1988; Liet al, 2007; Tam and Whg, 2000). Tidal marshes are naturally geochemical
endpoints, receiving trace elements originating from the weathering of geological formations and
then transported along the hydrographic network (Teuch&sal, 2013). Wetlands have long
been recognizeds an important sink also for anthropogenic inputs of trace elements, especially
heavy metals (Bidhendit al., 2007; Klavinset al, 2000; Rivail Da Silvat al., 1996) and are

involved in a variety of physical, chemical, and biological processes ttlatlénsedimentation,
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setting, adsorption, precipitation, and induced changes in biogeochemical cycles by plants and
bacteria (Chandrat al, 2013; Jiacet al, 2014; Xinret al, 2014). Estuarine and coastal sediments
are also affected by synergistic comations of natural environmental changes and anthropogenic
activities, and play a key role in controlling the fate of contaminants in the aquatic environment,
acting as potential reservoirs of metals and pollutants that can be released to the water column
under changing physical and chemical conditions (Karketssi, 2007; Opueneet al,, 2008;
Sundararajan and Natesan, 2010). Sediment pollution by heavy metals is a critical problem in
aguatic environment because of their toxicity, persistence and bicactation in the trophic

webs (Chapmast al., 1998; Islam and Tanaka, 2004; Machati@al., 2002; Roussieet al,, 2011).

As a consequence, most European countries developed normative frameworks listing harmful
trace elements. However, legislation normatinly includes thresholds (screening values) for
agricultural, industrialized and urban soils, and water (Carlon, 2007). Reports and guidelines
generally do not provide rigid frameworks for assessment of sediment quality but do identify
empirical procedure that can be used to distinguish among natural sedimentary conditions,
anthropogenically disturbed sediments (i.e. contamination) and sediment conditions causing
adverse effects (i.e., pollution). For this reason, a regulation fixing general qualityaedaledels

for sediments is lacking to date. Nonetheless, in order to manage or translocate dredged port
materials, specific guidelines have been drafted for marine and coastal sediments, indicating
numerical reference values (e.g. APAT and ICRAM 200&lQ9r Thus, sediment characterization

and monitoring can play a crucial role when assessing impacts on environmental quality of an
aguatic system or in any investigative monitoring the fate of pollutants (Brils 2004, 2008; Borghesi
et al,, 2016), possilyl by using the methods provided by legislation.

When working on solid matrices, both the analytical method used and the digestion
procedures applied are of high importance. Analysis can be performed in order to evaluate the
total element content or, as aalternative, follow partial extractions, with different meaning and
purpose according to the reagents and the procedures applied. Possibly, sequential analyses are
used in sequence to explore in depth the metal distribution in soils or sediments. Botbaabes
KFodS GKSANI 26y | Rt gl020R)S Geoohetnicalllexplyrichiod majysding
requires the determination of total concentration (L&t al., 1999) since these results can be
directly linked to the geochemical composition of the subdrat of the sediment. XRF method is
accepted in Europe as a valid technique for the determination of metal total contents (ISO/DIS

19258, 2005). On the other hand, the presence of heavy metals in sediments, determined by their
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mobile/available concentratias rather their total content, better represents the risks for biota
(Ferronatoet al, 2013; Salomons and Forstner, 1980). In genexqlia regiais accepted as a
rapid, reproducible, inexpensive method, capable of quantifying the degree of anthropogenic
discharges in trace metal pollution monitoring. In that case, the non lattice held fraction is of
prime interest instead of the total metal concentration (Sowtaal,, 2012). In Italyaqua regia
(3:1,v/v, HCI to HNfDis suggested as the digestion proaesl for monitoring of As, Be, Co, Cd, Cr,

Cu, Hg, Mn, Ni, Pb, Sb, Se, Sn, Tl, V, and Zn (ltalian Legislative Decree 152/06 and subsequent
amendments, 2006). Some further elements (Ag, B, Ba, Mo, Te, and U) are considered of
environmental concern in otherutopean countries (Carlon, 2007). It must be pointed out that
Italian Law determined screening values (SVs) only for soils and water, taking into account only the
human health protection concept, omitting any consideration of ecological risk (Carlon,. 2007)

As a first step of a comprehensive environmental geochemical study of seven coastal
wetlands belonging to the historical Po deltaic system (North Eastern lItaly), Migahj (2015)
determined the total contents of the surface sediments and evaluated tnfluence of
anthropogenic activities on the metal levels. As a second step of the study, ptsatio
concentrations g§qua regiaextraction) are presented and discussed in this work. The main aims
are to: (1) improve the trace element dataset referritqg 4 North Adriatic important coastal
wetlands forming part of the historical Po delta system, adding data on 20 elements (some of
them of environmental concern and near completely unexplored so far in this area): Ag, As, Au,
Be, Bi, B, Cd, Cs, Ga, HgMa, Pd, Pt, Sb, Sc, Se, Sn, Tl, and U; (2) understand the relationships
between these trace elements and the others, applying multivariate statistics, such as cluster
analysis (CA) and principal component analysis (PCA); (3) provide new insights on the
environmental relevance of the trace elements in the study area (potential threat to biodiversity
and also to human health), comparing psettdtal concentration to various reference
parameters provided by legislation or literature, real total contents led same samples and
background concentrations.

The results of this geochemical study, in its entirety, may have implications for the regional
and municipal management for the investigated sites, and are suitable to be used for comparison

with future sedinent quality data.
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3.3 Materials and methods

3.3.1 Study area and sampling sites
The Po delta extends to the easternmost part of the Po River Plain, the largest alluvial plain

in Italy, which is characterized by heavy industrialization, extensive #graupractices, diffuse
animal husbandries and high density population. Betailed information on the origin and

geomorphological evolution of the study area refer to Migainal., (2015).
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Figure 3.1 ¢ Geographic location and identification of tHfeur studied coastal lagoons along the north Adriatic
coastline (dark grey areas) and the three locations where deep cores were drilled for background levels (black stars).
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All the four investigated wetlands are part of the historical Po deltaic systemgahe
stretch of the northern Adriatic coastline between the towns of Ravenna and Chioggia (Bondesan
etal,1995).¢ KS &dAAdGSa IINBY dazxzFffA RA w2azfAiAylé o6wh/{
6/ havoz FyR at Al fl &aas.l). RiPhedent, they ake aly/inciidedin thelBmiliad C A :
Romagna Po Delta Regional Park, except ROS that is part of the Veneto Po Delta Regional Park.
The same wetlands are also included in the European Natura 2000 network, under the European
09/147/EC and 92/4EEC Directives, as Special Protected Areas (SPA) and/or Special Areas of
Conservation (SAC).

The territory surrounding these brackish wetlands along the North Adriatic coast is affected
by a considerable touristic pressure and most wetlands are subjecteinmercial fishing and
shellfishing and used for many recreational activities, such as hunting and fishing. In addition, all
main coastal wetlands and lagoons receive effluents from agriculture at different extent and
depending on seasonal and climatanditions. In the past, more than at present, BAl was affected
by considerable urban and especially industrial pollution (Faditai, 2001).

The main characteristics of the sampling sites and the number of sanualllected are

summarized in dble3.1.

Table 3.1 ¢ The four study sites ordered from north to south, including some of their geomorphological and
management characteristics, and the number of samples collected from (n).

ID. EXTENSION TYPE of SEA RIVER
Sl SITE (km?) WETLAND CONN. INPUT PRESENT LSS  SilPNeE o
Valli _dl ROS 13.4 brackish yes absent extensive fishing, 2012 6
Rosolina lagoon regulated hunting
Valle _ BER 192 brackish no Po di extensive fishing, 2012 7
Bertuzzi lagoon Volano  regulated hunting
Valli di . COM 112.3 brackish yes Reno extensive flshmg, 2012 9
Comacchio lagoon regulated hunting
; brackish . _
Pialassa BAI 11.5 intertidal yes  Lamone Pastimefishing, 540 56508 7
della Baiona lagoon regulated hunting
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Miganiet al,, (2015) discussed the total concentrations of major (Al, EaKFMg, Mn, Na,
P, Si, Ti) and trace elements (Ba, Ce, Co, Cr, Cu, La, Nb, Ni, Pb, Rb, S, Sr, V, Y, Zn, Zr, and S) obtail
by Xray Fluorescence Spectrometry (XRF) in these and three more wetlands in the area. The
influence of anthropogenic activitiesnahe metal levels in the sediments was assessed by using
the Enrichment Factor (EF) (Zhang and Liu, 2002; Zéamd, 2007). The assessment of the
anthropogenic metal pollution was possible thanks to the availability of background values
(Amorosiet al, 2002, 2007, and 2008; Curet al, 2006; Dinelliet al, 2007, 2012; Dinelli,
unpublished data). Also for this study, background levels (BKG) were calculated on the element
abundances in Holocene lagoon deposits sampled from six deep cores drilled fothiver

coastal plain (Fig.1), by using the same analytical procedures adopted for surface samples.

3.3.2 Analytical procedures

3.3.2.1 Sediment sampling and preparation

A total of 29 samples of surface sediments were collected from the four weslgndb.
3.1). Where the depth of water was lower than-80 cm, sampling was carried out using a small
plastic shovel, whereas a small grab sampler was used in deeper waters. Sediment aliquots were
washed with distilled water, then centrifuged to eliminaay excess of salt, removing also coarse
remains of animals and plants. After that, samples were dried at 60°C and homogenized by
grinding in an agate mortar, for further investigation. In addifiansmall number of borehole

samples, in part already pubhed (Amoroset al., 2002), were submitted for analysis.
3.3.2.2 Analytical procedures

The concentrations of 53 chemical elements (Ag, Al, As, Au, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr
Cs, Cu, Fe, Ga, Ge, Hf, Hg, In, K, La, Li, Mg, Mn, Mo, Na, NbpNRd® ,F®, Rb, Re, S, Sb, Sc, Se,
Sn, Sr, Ta, Te, Th, Ti, Tl, U, V, W, Y, Zn, and Zr) were determined by Inductively coupled plasma
mass spectrometry (IGKS) at the AcmeLabs of Vancouver (Canada). Samples were digested with
a modifiedaqua regiasolutionof equal parts concentrated HCI, HiN&hd DiHO for one hour in a
heating block of hot water bath. Each sample was made up to volume with dilute HCI. To evaluate
the analysis quality, an Internal Reference Material (IRM), named DS8, with a compositlan sim
to our sediment samples, was used. Among the analysed elements Ge, Hf, In, Re, Ta, Te and W
were below the limit of detection in some or all samples, so they were not taken into account in

the statistical analysis of this work. Palladium and Pt wereadable only in sediment from one
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sampling site (BAI) and, therefore, they were presented in general results. The results (see table A
in Supplementary materials) are in accordance to the expected values for all 46 elements.

Through this analysis, we t@in a pseudetotal concentration of the element, as thequa
regia dissolves only a part of the silicates, carbonates, clay minerals and organic matter, thus to
integrate the results we considered also some results of the total analyses already published
(Miganiet al., 2015) (for details see the analytical methods). In particulaQAICa0, F£s, SiQ,
HOhum, OM, HOway and CQ, but also the total concentration of selected metals should be the

subject of some consideration about their geochemistry.
3.3.2.3 Statistical analysis

Descriptive data analysis (mean, median, minimum, maximum) was used to summarize the
variability of data among the investigated sites.

A multivariate statistic approach was used to perform a cluster analysis (CA) and a principal
component analysis (PCA; &d Qmodes) on all the variables considered, in order to identify
groups of variables that are correlated and to assist the interpretation of the geochemical data
(Reimannet al, 2008; Templet al, 2008). The CA was perforeheusing the betweesgroups
linkage based on Pearson correlation coefficients. PCA was performedgarezvalues of the
concentrations of the elements and only the eigenvalues higher than 1 (Kaiser Criterion) and
giving a cumulative variance above 89% aveetained. The principal components were then
rotated using the Varimax rotation with Kaiser normalization.

Statistical analyses (descriptive statistics, CA, and PCA) and graphs were carried out using SPSS
Mmn®n YR D/51A0 wdab20862 Fi ol NB oWl y2dzO0S]

3.4. Results and discussion

3.4.1 Pseudetotal contents in the sediments
Summary statistics, including arithmetic mean (M), median (MED), minimum and maximum

(MIN, MAX) and number of samples (n), subdivided according to sampling site, is presented
Table3.2.
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Table3.2 ¢ Oxides (XRF), volatile components (thermal analysis) and element resultd)CPor each site and background, arithmetic
mean (M), median (MED), minimum and maximum (MIN, MAX) and number of samples (n), are reportedné&celesnents of
environmental concern, the chemical basic level (BCL) and the chemical limit level are also reported, as indicatediam#hguidelines
for the marine sediment handling (APAGRAM, 2007).

ROS (n=6) BER (n=7) COM (n=9)

M MED MIN MAX M MED MIN MAX M MED MIN MAX
SO (wi%)  39.08 40.16 3177 4198 4235 4293 30.99 5466  47.23 43.95 3853 58.84
AOs 1240 1293 993 1332 1049 1039 9.66 1171 1273 1284 1118 13.37
Fe0s 4.51 4.72 3.48 491 3.77 3.78 3.18 4.24 4.12 432 3.39 4.75
CaO 1199 1144 915 18.02 11.30 1136 9.03 13.33 8.45 8.20 531 14.02
H.0 hum 211 181 1.59 2.93 2.17 1.76 0.45 3.79 2.22 2.31 0.36 5.58
oM 6.61 5.82 4.68 10.04 9.18 8.10 2.89 15.67 6.77 6.99 2.04 1218
H.0 clay 2.96 2.89 2.24 3.94 2.70 2.34 1.09 4.66 2.47 2.85 1.01 3.88
CQ 6.41 6.24 3.89 10.23 4.25 4.12 3.05 5.86 2.70 2.71 1.36 4.52
Ag (mg/kg) 0.076 0.077 0.065 0.083 0.061 0.057 0.031 0.097 0.071 0.088 0.022 0.103
Al 14283 15375 10700 16250 9657 8400 7100 12700 11861 12800 6400 16800
As 800 7.5 560 1430 472 450 340 620 461 490 260 6.30
Au 0.003 0002 0002 0004 0002 0002 0000 0003 0003 0003 0001 0.004
B 4525 3850 2650 8400 5429 5000 21.00 87.00 3950 4200 20.00 52.00
Ba 96.16 98.80 4900 13830 5166 58.00 2570 67.60 5404 47.20 36.40 84.80
Be 060 070 030 070 043 040 020 060 057 060 030 0.80
Bi 034 036 024 041 023 019 011 036 028 033 010 0.40
Ca 88775 85275 63900 135500 68507 68500 45200 92950 52789 52789 52789 52789
cd 024 024 018 033 031 027 016 051 021 022 007 037
ce 1842 1910 1550 19.95 1200 1230 1020 13.00 1509 1570 10.50 18.40
Co 1506 1595 1120 1655 1174 9.80 820 1560 1078 1205 6.00 14.60
cr 77.96 8008 57.30 9110  137.15 12530 5520 21450 107.11 89.40 46.50 238.85
Cs 1.36 1.33 1.05 1.74 1.04 0.88 0.76 1.50 111 1.14 0.73 1.52
Cu 3430 3581 27.32 40.53 2449 2147 1256 3545 2910 3254 10.37 41.93
Fe 21958 23350 14800 24450 14671 13100 11600 18800 17450 20100 8900 23600
Ga 403 435 280 475 281 240 200 380 356 400 190 500
Hg 0.060 0.060 0044 0076 0054 0067 0018 0086 0055 0050 0.027 0.085
K 3250 3450 2500 3700 2343 1800 1200 3600 3217 3550 1400 4900
La 864 885 770 940 575 600 510 615 708 750 510 850
Li 2839 3008 21.00 31.90 1898 1610 1230 2555 2482 27.10 13.70 3550
Mg 15117 15050 14600 15850 11814 9900 8600 15600 11056 12100 5600 15400
Mn 603.83 610.50 512.00 682.00 586.71 448.00 376.00 87200  392.67 411.00 246.00 532.00
Mo 408 408 310 520 657 629 344 892 371 375 235 529
Na 8764 9085 5695 10790 9776 6880 3640 16100 12118 13040 3720 23440
Nb 041 042 036 046 043 043 032 051 035 034 024 047
Ni 86.13 92.83 59.40 98.30 100.58 100.10 82.40 126.10 7722 68.70 47.30 122.15
P 406 388 350 500 480 470 400 570 417 440 295 520
Pb 2514 2545 19.90 2745 20.16 21.70 12.80 28.50 2716 28.20 1410 37.20
Pd - - BDL BDL - - BDL BDL - - BDL BDL
Pt - - BDL BDL - - BDL BDL - - BDL BDL
Rb 19.98 2155 13.90 22.40 1523 12.80 9.80 22.00 2010 2220 11.10 26.20
s 9192 9975 6400 10600 7593 7100 3600 11300 7144 8300 2500 10900
sb 055 048 040 077 041 035 025 057 034 036 022 042
sc 350 383 240 420 223 200 170 290 297 325 160 4.00
Se 0.6 0.6 0.3 1.0 0.9 1.0 0.4 14 0.7 0.7 0.1 1.2
sn 147 140 120 200 196 150 080 500 179 160 070 350
S 300.96 37540 31450 617.30 32558 347.30 100.60 47255 35650 324.30 193.10 679.20
Th 478 500 330 555 300 300 250 350 407 420 290 500
Ti 82 80 50 110 101 8 50 190 7370 50 100
T 0.18 0.18 0.17 0.20 0.15 0.14 0.09 0.22 0.17 0.20 0.08 0.24
u 237 240 175 280 237 240 130 330 166 180 090 220
v 33.42 3375 2800 37.00 2557 2100 1800 3400 2694 2050 14.00 36.00
Y 931 947 778 1014 631 608 503 743 782 816 490 9.80
zn 7143 7575 5050 8530 6222 50.80 34.60 94.45  66.92 7470 3200 93.30
zr 118 125 080 140  0.64 050 040 095 087 090 040 130
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Table3.2 (continued)

NATIONAL
BAI (n=7) BACKGROUND (n=6) GUIDELINES
M MED MIN MAX M MED MIN MAX CBL CLL
SO (Wt%)  42.16 42.57 37.91 44.82  47.96 47.32 4343 5553
ALOs 1295 1319 11.91 1340 1503 14.44 1356 18.23
FeO: 532 532 489 561 582 563 527 688
ca0 1134 1100 929 1436 812 883 081 11.41
HO hum 291 268 209 3.99 - - - -
oM 214 201 110 341 - - - -
H.O clay 528 584 231 653 - - - -
co 961 912 743 1230 - - - -
Ag (mg/kg) 0.317 0.268 0.062 0.991 0.089 0.093 0.077 0.099
Al 13257 13900 11000 14100 17933 15000 14400 25600
As 671 670 590 7.80 742 650 540 10.60 25 32
Au 0.006 0005 0001 0016 0002 0.002 0.001 0.005
B 28.00 2600 22.00 3800  22.67 19.50 13.00 42.00
Ba 43.61 41.80 36.50 61.90 65.28 44.80 29.10 141.20
Be 061 060 040 0.80 077 070 060 1.10
Bi 037 035 026 0.60 038 036 033 046
Ca 79829 74500 61000 112700 54083 59150 3300 76700
cd 035 033 011 068 014 014 009 0.23 035 08
Ce 18.14 1780 16.80 20.10 2435 22.05 18.80 33.30
Co 1079 1070 990 1170  17.63 1530 1450 25.50
cr 5620 57.50 47.00 70.60  90.48 78.00 69.60 131.50 100 360
Cs 1.26 1.16 1.08 1.57 1.50 1.52 1.23 1.67
Cu 47.19 49.10 22.43 84.08 37.46 34.31 32.24 5331 40 52
Fe 22943 23000 20000 25400 26950 25200 23800 34100
Ga 4.16 4.20 3.90 4.40 5.18 4.70 4.10 7.20
Hg 5030 1.893 0.102 25684 1799 0.839 0.290 5.469 04 08
K 3400 3500 2800 3900 3433 3200 3100 4000
La 803 800 690 950 1155 1035 8.60 16.20
Li 27.74 28.00 2490 30.60 3240 31.75 27.60 39.40
Mg 13971 13700 12200 15800 15717 14350 13400 22700
Mn 546.43 531.00 511.00 644.00 716.67 706.50 253.00 985.00
Mo 233 261 054 334 075 079 050 0.89
Na 8326 8510 4230 11780 7092 7815 2900 10470
Nb 031 029 025 037 032 035 016 044
Ni 51.09 50.90 46.30 5650  99.58 88.35 76.30 147.90 70 75
P 699 610 560 1090 425 410 400 470
Pb 21.41 2214 1199 27.92 18.61 18.25 1457 23.32 40 70
Pd 14.14 10.00 BDL 46 BDL BDL BDL BDL
Pt 8.14 4.00 BDL 37 BDL BDL BDL BDL
Rb 2393 2240 20.80 29.80  23.85 23.10 21.00 29.00
s 5800 6000 3400 7200 3067 850 200 8200
Sb 030 029 019 051 024 022 017 035
Sc 359 360 320 4.10 480 440 410  6.40
Se 07 07 05 11 030 035 010 0.40
Sn 171 150 080 3.20 083 085 060 1.00
sr 271.63 274.40 218.00 353.00 158.60 168.80 38.20 233.00
Th 396 400 350 470 695 645 590  8.60
Ti 84 80 50 150 11500 125 50 160
TI 0.21 0.20 0.14 0.27 0.18 0.17 0.15 0.27
U 1.24 1.20 1.10 1.50 0.85 0.80 0.70 1.10
Vv 3143 3200 2600 3500 3683 3400 3100 50.00
Y 964 963 886 1058  11.36 1051 9.94 1429
Zn 14073 129.80 5820 306.60 7658 70.75 66.70 111.10 100 170
zr 121 110 100 1.90 177 175 150 2.0

67



3. Geochemical characterization of sediments, part Il

For all samples, the results on the volatile content are also included (already published in
Migani et al, 2015), derived from the intergtation of thermogravimetric (TG), derivative
GKSNXY23INI GAYSGNRO 65¢D0 YR RAFTFSNBY KHIYE @KEN
NEFESOla GKS KdzYARAGE 2F GKS &kl YLXS:E ah@é | a
Of ¢ NBTHSOENY I RARKBDSR Ay Gf | &2 a&yihtysSS NIRSAXR &7
decomposition of aragonite and calcite (controlled by the abundance of carbonate minerals, in
particular biogenic carbonates). In addition, some data useful for the definition of the bulk
composition of the sediment (SEOAROs, FeOs, and CaO) are also includedTaible3.2.

Major element oxides, obtained by XRF, were already summarized in ternary plots and
discussed in Migaret al, (2015). It is useful to recall here that more than 75%0ow0f samples
were found to be consistent with the background regarding the main composition (carbonatic/Al
rich clayey sediments with few exceptions: some samples from COM and BAI more rich in
carbonates possibly of biogenic origin, and some from COM &Rl ith more SiQindicating a
coarser grain size).

Observing Table 3.2, as expected, BER and COM record high concentrations of Cr (ranges:
55-215 mg/kg and 4239 mg/kg, respectively) and Ni @26 mg/kg; 47122 mg/kg), and
comparable with BKG (Cr: 132 mg/kg; Ni: 76.48 mg/kg). ROS reports higher contents of Ba
(49138 mg/kg) and Co (317 mg/kg), fully explained by the deep core contents (Bal£b
mg/kg; Co: 14.25.5 mg/kg). As expected in coastal wetlands, the S concentration is much higher
than the BKG (208200 mg/kg, median 800 mg/kg) in all sites, with ROS showing the highest
median (9975 mg/kg) and BAI the lowest (6000 mg/kg). Evidently, BAI psataticontents are
rather different for a number of metals of environmental concern. In this, snedians of Ag (0.3
mg/kg), Au (0.006 mg/kg), Cu (47 mg/kg), Hg (5 mg/kg), and Zn (140 mg/kg) are high if compared
to the other sites and BKG (Tab. 2). Interestingly, Pd and Pt, which are detectable in very few cases
in our database, give values (andage) in BAl (uptos4 >3k 13 F2NI tR YR or
addition, an appreciable enrichment of Cd (up to 0.68 mg/kg) and the highest levels of P (up to
1090 mg/kg) are recorded in this site. Even at first glance, it would seem that there is an important
anthropogenic inflence in the distribution and mobility of metals in BAI.

In order to obtain a better indication of the possible presence of trace metals at
contaminant levels, several tools are proposed and discussed here: (a) the statistical parameters
derived for Italia agricultural soils according to Cicchedfaal, (2015), (b) for those elements

analyzed both withaqua regiaand XRF methods, the mean degree of extractability (DEM)
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calculated as the ratio between the two results (Migahal., 2015), and (c) multivéate statistics

(CA and PCA).
3.4.2 Comparison with Italian background/baseline values

The background/baseline values recently published by Cicchetllal, (2015) for
agricultural soils (here abbreviated as ASVs) for a large number of elements can gieuation
of the natural variation, with the advantage of being directly comparable with our data, obtained

applying the same digestion procedure in the same laboratory.

Table 3.3 Synoptic representation of the mean pseuttiial concentrations of tace elements calculated for each site

in respect to their best approximation to the 10th, 25th, 50th, 75th, and 90th quantiles (Q10, Q25, Q50, Q75, Q90) as
reported by Cicchellat al., (2015) for agricultural soils in Italy.

ROS BER COM BAI ROS BER COM BAI

Ag

Being aware that between sediment and agricultural soil data differences could exist in
terms of distribution for certain elements (e.g. those involved in biogeochemricakpses, those

enriched in sea water, etc.), ifable 3.3 we also reported available information about the local
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background, and, for some elements of particular environmental concern, the values reported in
the guidelines for marine sediments (ARKRAM 2007).

Table3.3 provides a synoptic comparison between the mean psetil concentrations
of the trace elements calculated for each site in this study and percentiles reported by Ciethella
al., (2015). Depending on the approximated quantile (Q1@5QQ50, Q75, Q90), the cells
correspondent to each site and metal are differently coloured (darker for more enriched samples).
Medium grey corresponds to Q50, while light grey and dark grey to Q25 and Q75, respectively.
White cells represent samples comphle to Q10 and the black ones refer to psetudtals
reaching or higher than Q90. No samples in our dataset resulted lower than Q10. A single star and
a double star respectively mark the samples correspondent to tfeadsl 98" quantiles (Q95 and
Q98),6 KAfS dabBal E¢ A& &adzLISNAYLIZASR Ay OStfa NBfI
maximum of the reference values.

In the investigated sediments, 21 elements out 44 are comparable with ASVs or even less
abundant, while more than the 50% of the an&gzrace elements are enriched if compared to
the reference concentrations.

ForAl, As, Ba, Be, Ce, Cs, Fe, Ga, La, Mn, Nb, P, Sc, Th, V, Ynamsited report means higher

than Q50 and at least two sites are lower than Q50 (TaB). In other words,mean
concentrations of this large group of elements fall in general in the lower part of the ASVs range.
Most of these elements, including REEs (Ce, La, Sc, Y), are normally contained in minerals, such as
feldspar and silicates of mafic or felsic rock$jdalilt to be dissolved witlaqua regia Italian ASVs
include soils form Naples and Rome areas, developed on pyroclastic and volcanic rocks, strongly
enriched in Al, Be, K, La, Pb, Sn, Th, Tl, U, and V, influencing their overall distribution (@tcchella
al., 2015). Actually, relative higher contents of Ba (median 99 mg/kg), Cs (1.3 mg/kg), Fe (23,350
mg/kg) and La (8.9 mg/kg), as well as Mn (611 mg/kg), which is normally present in dolomite
rocks, in ROS (Tab. 2) may be explained by a possible influémoaterials from the oriental
Alpine area on the sediments of this wetland system. The case of As is particular. A sample from
ROS reached a peak of 14.3 mg/kg, though this metalloid of environmental concern is overall low
in concentration in our dataset ithh respect to ASVs, the Italian screening values for soils (20
mg/kg) (Italian Legislative Decree 152/06, 2006), and the baseline chemical level for marine
sediments (25 mg/kg) (APATRAM, 2007).

Lead, Rb, Ti, and Tineans lie around Q50 (22.1 mg/kg, 1b8g/kg, 0.18 mg/kg,

respectively) for most or all sites. Rubidium and Ti are not reactive elements in the sediment,
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while Pb and Tl are known for their toxicity. During the first phase of this study, Pb was found to
be very high locally (greater than 200gfkg, Miganiet al, 2015). Similarly to the group of
elements discussed above, ASVs of Pb and Tl are affected by enrichments in soils sampled in
volcanic areas (Cicchel& al., 2015). COM Pb median is comparable to Q75 for psdoti
contents. The samoccurs for the 35% of the samples throughout the whole study area. We do
not know the total content of Tl in our samples, but the amount of Tl extracteddma regiais
comparable to the local background (T8kR).

High concentrations oB_and Nain our coastal sediment samples in comparison to
agricultural samples (Cicchebs al., 2015) were not unexpected (in all sites, both elements are
>Max, being 26.9 and 7,237 mg/kg, respectively), because the coastal wetlands and lagoons of this
study are subjeted to influxes of sea water.

The contents ofCa, and especially Sare much higher than ASVs (Q75, about 80,000

mg/kg, and Q90, 363 mg/kg, respectively). This is the effect of the abundance of aragonite (and
calcite) of biogenic origin in the investigdtevetlands.Sulphuris >Max (5,915 mg/kg) in three

sites, with the gradient ROS>BER>COM (J.ak.and is near Q98 (2,699 mg/kg) in BAI. Tidal salt
marshes are normally rich in S (Chou and De Rosa, 2003) where it exists as a variety of species
playing a ky role, under anoxic conditions due to tidal seawater flooding, in many biogeochemical
processes concerning toxic metals (Falddrial, 2001; Portnoy, 1999)Mercury is on average

higher than Q75 (0.057 mg/kg) in ROS, BER, and COM, but are complatedysafile in BAIL. The

lowest sample of BAI (0.1 mg/kg) is comparable to Q90 (0.085 mg/kg), while the others samples
from BAI are much higher than the maximum ASV (0.59 mg/kg). Mercury in BAI also exceeds all
quality thresholds for soils (1 mg/kg for namdustrial and 5 mg/kg for industrial) and marine
sediments (0.4 mg/kg as baseline and 0.80 mg/kg as limit) AEPRAM, 2007; Italian Legislative
Decree 152/06, 2006). On the one hand, part of this difference may be accounted for by the
crucial role of elmental S, organic matter and bioturbation (abundant in wetland sediments and
producing methyimercury) in Hg mobility in salt marsh sediments (Fabdrial, 2001;
Ravichandraret al,, 1998, 1999). On the other hand, Hg accumulation in BAI appear as-a non
natural phenomenonTinis also relatively high in content compared to ASVs, between Q50 (1.03
mg/kg) and Q75 (1.55 mg/kg). Aside from this, high values of Sn are widespread in the investigated
area. Most or all samples also exceed the threshold (1 mdikghon-industrial soils (Italian
Legislative Decree 152/06, 2006), with means of 1.47 mg/kg + 0.29 DS of ROS, 1.96 mg/Kg + 1.45
DS of BER, 1.79 mg/kg = 0.88 of COM, and 1.71 mg/kg + 0.75 of BAI, and many peaks up to 3.20
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mg/kg (BAI), 3.50 mg/kg (COM), 6.thg/kg (BER) (TaB.2). Even though since 2014 (Gazzetta
' TFAOAIES RSt wSLdzofAOF LAOGFEAFYFE wamno Gl
O2YL}Rdzy Ra¢ Ay ailS!-Rtal2ohtentsdf’Sy dreworthiK & attbdsiod.dzR 2

Both Mo and U tend to be complexed with fulvic and umic acids and concentrate in the
presence of abundant organic matter (Salminenal., 2005). In this form, they may be easily
extracted byaqua regia. Especially Mo is actually much higher than ASVs, with contents
comparable to Q98 (2.79 g/kg) in BAI, and even higher than the upper limit (3.22 mg/kg) in ROS,
BER, and COM. Uranium reaches Q75 (1,62 mg/kg) in ROS, BER, and COMotBkeadtents
higher than ASVs are recorded also for Ag (Q75, 0.068 mg/kg, in R@QK.@5 mt/kg, in COM;
Q98, 0.452 mg/kg, in BAI), Au (Q75, 0.003 mg/kg, in ROS and COM; Q90, 0.0044 mg/kg, in BAI), Cu
(Q75, 45.4 mg/kg, in BAI), and Zn (Q75, 75.5 mg/kg, in ROS and COM; Q98, 133 mg/kg, in BAI).
Anthropogenic contamination d@u and Zns well documented for BAI, especially in the southern
ponds and channels of the lagoon (Donmhal.,, 2007; Matteuccet al,, 2005; Miganet al., 2015).
Recordings from these sites often exceed indications for marine sediment handling. Respectively,
4 and 6 samples from BAI exceed the baseline concentration levels for Cu and Zn (40 and 100
mg/kg) and one sample exceeds the limit (52 and 170 mg/kg) APRAM, 2007 Silver and Au
origin were completely unexplored so far in all the investigated areas. sediments, Ag
enrichment is controlled by many factors such as pH, OM, as well as the source material,
consisting mainly in sulphide minerals (Ure and Berrow, 1982). At typical environmental pH values,
Ag will be adsorbed onto Fe hydroxides, in prefeeet@ Cu and Zn (Lottermoset al., 1999).
Soluble complexes of Ag with S are favoured by incomplete oxidation of the sulphide (Webster
and Mann, 1984). Silver can also be chelated by humic material (KBbatliias and Pendias,
2001; Mango, 1999).

Enrichnents of Cr_and Ni(total contents) in the investigated sites were presented and
discussed in detail in Migast al., (2015). In respect of ASVs, Cr and Ni seem to be rather mobile,
but neither total nor pseuddotal contents of Cr are higher than qualityresholds (APATCRAM
2007; ltalian Legislative Decree 152/06, 2006). BAI shows relatively lower values (around Q75, Cr
47.3 and Ni 46.6 mg/kg, instead of Q90, Cr 89.9 and Ni 86.4 mg/mg, or more as in COM, BER, and
ROS), because it is more influenced eglisients of Apenninic origin than the other sites (Migani
et al, 2015). The potential significant mobility of Cr and Ni found in the investigated wetlands is in

line with the findings of Di Giuseppe al., (2014a) on soils just westwards of COM.
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Magnesium _and Copseudaototal contents in ROS are considerably high if compared to

ASVs (Q90, 22.7 mg/kg and Q75, 16.0 mg/kg, respectively for Mg and Co). Cobalt (together Cr and

Ni) is indicative of mafic rocks as geogenic source, and together with Mg highes valROS, may
indicate the Eastern Alpine contribution in the composition of these sediments.
Pseudetotal contents ofSe(>Q90 in BER, COM, and BAI, Q90 in ROS) are considerably high in all
the investigated sites. Selenium seems to be much more awailalihis area than in most of the
other parts of Italy (Cicchelkt al., 2015). All sites record means comparable to Q90 (0.66 mg/kg).
COM and BAI reach Q95 (0.70 mg/kg) and BER even Q98 (0.85 mg/kg). For the wetlands
investigated in this study, no inforation was available on this element in surface sediments so
far. Median values in each site are definitely higher than the background 8I3b.Selenium is
mobile as anionic forms, and tends to concentrate in orgaisit sediments and be adsorbed on
the surface of Fe and Mn hydroxides (Howard, 1977). It is an important essential element at low
levels, but if uptaken in excess, it can also be toxic (Mertz, 1987).

Lastly, five elements (Bi, Cd, K, Li, and Sb) are comprised between Q50 and Q75 of ASVs:
a, Q75 (0.34 mg/kg in BAI) aigb(Q75, 0.55 mg/kg, in ROS) are of environmental concern and
included in the list of harmful elements for Italian soils. Both metals will be discussed more in
detail in section3.4.6. Bismuth has low mobility under most emanmental conditions and it is
NEBtl 0AGBSt & NINB A yeta,RE1) HbowleK iQis apgaieitii more @buddbid 2 NR
in ROS and BAI in respect of ASVs (Q75, 0.40 mg/kg) than in COM and especially BER (Tab. 3). Bot
K and Li are higher tharS¥s in ROS, COM, and BAI (Q75, K 2999 mg/kg, Li 27.6 mg/kg).

3.4.3 Extractability by aqua regia compared to total content

With respect to real total contents, the pseudiatal metal concentration obtained after
agua regiadigestion, suggests a differenpitution hazard (Ferronat@t al., 2015). In order to
have an indication of the potential hazard represented by certain toxic trace element in the study
area, it could be useful to calculate the extractability degrees, which are reportéabie 3.4 for
28 elements.

¢ I N3 @A Gt alz¥2013) provided an estimation of the values of the degree of
extractability (DET) of many harmful elements listed in normative documents of various countries.
In this study, soil samples from Europe were analyzed by a large number of mliff@beratories
for both real total andaqua regiacontents. The degree of extractability calculated on psetaial
and total contents obtained in our study for Ba, Co, Cr, Cu, Mn, Mo, Ni, Pb, V (abbreviated DEMS),

have been compared with DETs, which t@&nconsidered a good reference, taking into account
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that the matrix and the specificity of soil composition (clay content, volatile compound, major
element contents) can influence the degree of extractabilit 6 ¢ I NJ € {alS 20A3). Ardz&
descending order, DETs were: Cu (91%), Mn (89%), Zn (89.5%), Ni (88%), Co (86%), Mo (82%), P
(79%), V (61%), Cr (56%), and Ba (20.5%).

In this study, DEMs for these elements are: Cu (106%100&0), Co (103%; 993%).Zn
(80%:; 7589%), Ni (76%; 709%), Pb (63%; 3BL%), Mn (58%; 586%), Cr (53%; 4&1%), V (33%;
30-36%), Mo (31%; 286%), and Ba (20%; -2B%).

Copperwas expected to be highly dissolveddyua regia In all the study sites, Cu is even
coincident withthe correspondent total contents. Surprisingly, also psetatal contents ofCo
are practically identical to total contents, and therefore higher than DET. Despite this, it is
comparable in all sites with the background values (Migaril., 2015 and Tl 3.2 in this study).
Divalent cobalt is bioaccessible when it is bound to humic and fulvic acids and inorganic colloids
(McBride, 1994; Qiaet al, 1998), and the full extractability of Cagua regiamay suggests a
possible good bioavailability of thessential metal for lifeLy | OO2 NRA Y 3 etiaR ¢ I NJ
(2013), the extractability oZnis very high in BAI (89%), while it seems slightly less extractable in
ROS, BER, and COM -{B86). On the contraryNi has less extractable degree than DET
throughout the study area, hut is much more extractable tha@r, which in turn is slightly less
extracted than the predicted DET. The cas®bfs unique, because in ROS, COM, and especially
BER it seems less mobile in respect of DET (DEMs: 57% and 67%, and 35%, respectiely), but
much higher extractability has been found in BAI (91%). As shokgure 3.2, aqua regiaPb data

show a definitely lower variability than XRF, especially among BER samples.
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Figure3.2 ¢ Relationship between Pb pseudatal and real total contents. &l significant correlation resulted. The
different colours and symbols indicate the belonging of each sample to its sampling site.
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Manganeseand V reveal limited mobility in the wetlands included in this study in relation
to the respective DETs. Even mawadent is the limited mobility oMo, with an expected DET of
82%, but showing DEMs very low in BAI (20%) and not much higher in the other si&84BAn
BER, COM, and BBlashows DEM (1:20%) rather similar to DET, although it seems to be more
extractable in ROS (28%).

Table3.4 - Mean values of degree of extractability (DEMpgtia regiacontents to real totals for each sampling site.

Degree of extractability (DEM)

ROS BER COM BAI
Al 0.21 0.18 0.18 0.19
Ba 0.28 0.19 0.18 0.17
Ca 1.05 0.85 0.87 0.98
Ce 0.45 0.45 0.36 0.34
Co 1.00 1.02 0.99 1.13
Cr 0.52 0.61 0.53 0.46
Cu 1.00 1.04 1.09 1.09
Fe 0.68 0.56 0.59 0.62
K 0.19 0.17 0.18 0.17
La 0.35 0.33 0.29 0.37
Mg 0.57 0.48 0.46 0.58
Mn 0.66 0.59 0.53 0.58
Mo 0.33 0.46 0.30 0.20
Na 0.65 0.53 0.62 112
Nb 0.02 0.03 0.02 0.02
Ni 0.77 0.77 0.79 0.70
Pb 0.57 0.35 0.67 0.91
P 1.05 0.80 0.58 1.03
Rb 0.11 0.12 0.11 0.21
S 1.27 0.78 0.94 1.33
Sc 0.24 024 0.26 0.60
Sr 0.50 0.47 0.49 0.98
Th 0.38 0.21 0.28 0.52
Ti 0.03 0.04 0.02 0.03
\Y 0.36 0.34 0.30 0.34
Y 0.42 0.43 0.40 0.46
Zn 0.78 0.75 0.79 0.89
Zr 0.009 0.009 0.006 0.012

We analyzed both pseudimtal and real btal contents of further elements, not reported in
Taraskeviciugt al, (2013). In the investigated Po Delta sité$(DEMs: 181%),K (17-19%),Nb
(2-3%),Rb(11-21%),Ti (2-4%), andZr (1%) are very little dissolved byua regiadigestion. Als&Ce
(34-45%),La(29-37%),Y (40-46%) are not much extracted. Likely, all these elements in sediments
are preferably firmly bound in clays or immobilized in insoluble minerals. The same could be
supposed forSc and Th, but their degree of extractability in BA$ higher (60% and 52%,
respectively).Calciumand S pseudototal and total contents are highly extracted in all sites (Ca:
85-105%; S: 827%). In BER, Ca and S seems to be relatively slightly less extr&udhienand
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Pare more variable among siteNd: 53112%; P: 5805%), with the highest extractability of Na in
BAI, and of P in ROS and BPé Mg, and Sr pseudototal contents are about half of the
correspondent total, with the exception of Sr in BAI (98%).

We could not calculate a degree of exdtability for Ag, As, Au, B, Be, Bi, Cd, Cs, Ga, Hg, Lli,
Sh, Se, Sn, Tl, and U because data of these elements are available for this study only as a result of
aquaregiaY SUK2R® | 002 NRAgfd, (A1), GdranlHY ey @présdntigs% of the
total, As 80%, B, Be, Sb and Sn about 50%, while U only 35%.

3.4.4 Interelement relationshigg cluster analysis (CA)

An Rmode cluster analysis including pseubtal contents of all elements, parameters
from thermal analysis, and selected major oxidegaoted by XRF (Migarmdt al, 2015) was
performed using the betweegroups linkage and Pearson correlation coefficients, as suggested in
literature for graphically highlighted correlations between variables (Facchatelli 2001).

Four clusters well amnected in a wide group (Group A), and a rather isolated small group

of a few elements, named Group B, have been defined 38y.Group A can be subdivided into:

Group A
Cluster lis composed by 3 sutwoups of elements that can be generally relatedctay

minerals, although with variable degree of correlation (Al, Fe, Li, Ga, Sc, K, Rb; Cs, Mg, V, Ce, La,
Th, Y, Zr, Be). In turn, these sgdoups are correlated with AD; and FeOs obtained by XRF
analysis (Migaret al.,, 2015).

Cluster 2includes P ad some other elements (Ag, Au, Bi, Cd, Cu, Hg, Tl, and Zn) together
with the percentage of the water incorporated in clayey mineralsOi#) (equivalent to the
weight loss by the sample at 58%50°C). These metals are also related to clays 3BY.pobably
reflecting chemical interaction (adsorbing processes or simply the affinity for the fine fraction of
the sediment), but kept distinct in a different cluster, possibly for the effect of markedly different
spatial distribution. A main factor, indepeedt from geochemical features, may influence the fate
of Ag, Au, Bi, Cd, Cu, Hg, Tl, and Zn in the investigated area. Cluster 2 includes elements of
anthropogenic origin such as Cu, Hg, and Zn (Migtiai, 2015; Miserocchet al,, 1993), and
some metalsalmost unexplored in the study area (Ag, Au, Bi, Cd, Tl) that might be locally affected
by contamination. A relation with the organic matter of anthropic origin may be supposed by the

presence in this group of P.
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Cluster 3clearly accounts for elements nmdy related to the fraction of the sediment
strongly controlled by organic matter and the chemistry of S: Ba, Co, Mn, Mo, Nb, Pb, Se, Sn, and
U. The presence in this cluster ofQHdum (the percentage of weight loss at 200°C) may also explain
B and Na inHis group. Niobium is little studied in sediments (Salmiaeal.,, 2005), but it seems
that the rather negligible amount of Nb extractable hgua regiain this study (Tab34) is
influenced by OM in these wetlands, as suggested by Seheil (2012)for european soils.

Cluster 4represent carbonates (CaO, Ca, Sr, angl G@responding to the weight loss 650
950°C). In this cluster are surprisingly also grouped As and Sb, although with weak correlation. The
presence of both metalloids in cluster 4,d@n to have little relation with carbonates (Wilset
al., 2010) is unclear. In fact, As and Sb are normally associated to hydrous Fe and Mn oxides, clays
and organic matter rich in sulphides and phosphates (Figtllal., 2002, 2003; Ure and Berrow
1982 Wilsonet al,, 2010). However, the cluster distance of the pair Arsenic and Sb from the group
of variables characterizing carbonates is rather high.

Group Bonly includes Cr, Ni, Ti and &iQhis likely indicates that the pseutiatal
concentration of hese metals in the sediment fraction is mainly controlled by silicates rather than
by any other geochemical parameter, including clays. Therefore, it can be supposed that there is a

major control of coarse silicatic fraction on the mobility of Cr, Ni, &ind
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Figure3.3. Cluster dendrogram illustrating the basic scheme of correlations among major oxides obtained by XRF
(Miganiet al.,, 2015), pseuddotal contents of trace elements, and parameters emerged by the thermal analysis.
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3.4.5 Principal componenanalysis (PCA)
For this study, a CA appeared a suitable exploratory tool aimed to unravel the complexity

of a large number of variables and many novel geochemical data. As a simplification, the cluster
analysis assigned each element to its own group withmited possibility of highlighting some
complex relationships. In addition, the graphical representation (dendrogram) providing a scheme
of the correlations, allowed a first good understanding of the multivariate behavior of the dataset
(Templet al, 2008). As a positive consequence, the PCA of variable®@®), assisted by PCA of
events (@mode) will be interpreted more efficiently.

PC analysis with Varimax rotation was applied and the results are givEabli®3.5. Six
factors were selected with aumulative variance of 89.8% for the sediment samples (3&k).
Loadings a hereafter abbreviated with L.
PC1FeQs, Al, Be, Ce, Co, Cs, Fe, Ga, K, La, Li, Mg, Rb, Sc, Th, V, Y, Zr {0:>6b0DsuAl As, Ba,
Bi, Cu, Mn, Pb, S, Tl (0.7>L>0.4){1ls10.4). PC1 accounts for 34.4% of the total variance. It
represents elements of similar origin, controlled by clay minerals, oxides and secondary species
involving Fe, Mn, and Al. Iron and Al seem to strongly control the contents of Be, Ce, CoKCs, Ga,
La, Li, Mg, Rb, Sc, Th, V, Y, Zr and at some extent As, Ba, Bi, Cu, Mn, Pb, and Ti. Sulphur may have
part in the processes of mineralization of some elements of this group. Lithogenic processes
during weathering of natural parent materials may be #ey factor of this group. Even if a clay
component, Silica has negative load in this group, indicating that in the study area it also
represents coarser sediment fractions, as reported in Migdral., (2015). As a result of PC1, Cr
seems therefore lesatrolled by clays than coarse textured fractions.
PC2 OM, B, Mo, Nb, Se, S, U (L>0.8Dnkh, Cd, Co, Mg, Mn, Na, Ni, Sb, Sn, V (0.4<L<G:@}; Al
SiQ (L<0.4). PC2 accounts for 19.5% of the total variance. It is dominated by the role of organic
matter and S on the fate of a number of elements such as Mo, Nb, Se, U, Cd, Co, Mn, Ni, Sb, Sn,
and V. The redundancy of Co, Mn, and V (included both in PC1 and PC2) may indicate the very high
tendency of these elements to be controlled both by various geoébanfactors such as clayey
materials (PC1) and the fine fraction rich in organic matter and likely colloidal particles. The
inclusion of Nb in a group controlled by OM, as shown by CA, is confirmed with PCA. The
occurrence of Na, B, Mg in this factor miglepend on the influence of seawater entrained in the

sediments.
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PC3 Ag, Au, Cd, Cu, Hg, P, Zn (L>020xik CQ, Bi, Sn, Tl (0.4<L<0.7).

PC3 accounts for 13.3% of variance. It presents high positive loadings of Ag, Au, Cd, Cu, Hg, P, and
Zn. Bi, 8 and TI are also included in this group. This group of metals could be dominated by
anthropogenic factors. The presence ofOHin may reveal a relation with hydrated silicates more
than OM, but the simultaneous presence of Xd® confusing. The importancef this group in

terms of localization and environmental issues will be discussed after.

PC4:Ca0, Ca (L>0.7); CO2, As, Sh, Sr (0.4<L<0.7); SiO2, G0, AG4 accounts for 9.2% of
variance. It clearly represents carbonates, not a significant satiesfor accumulation processes
involving most of the elements in this study. As occurred in cluster analysis, a surprising
association with As and Sb can be observed also in the PCA results. Interestingly, SiO2, Cr, and Ni
are grouped here with negative aderate loadings. All considered, this factor seems to define a
different fine sediment fraction from those controlled by the elements included in PC1 and PC2,
instead of a true relationship between carbonates and two elements typically present in the
envronment as anionic mobile species.

PC5 Na, Pb, Sr (0.4<L<0.7); Ti-QLA. PC5 accounts for 5.6% of variance. It is a not very clear
component, as it includes the small amount of Ti, that has been dissolveduzy regia,with a

high negative loading Wwe (0.74), and Na, Pb, and Sr with moderate loading, in turn included
with some importance in PC2, PC1 and PC4, respectively.

PC6 Ba, Ni, Sb (0.4<L<0;HpOnmin (<-0.4).PC6 accounts for 4.7% of variance. Once again, a rather
unclear component, includg Sb, together with Ba and Ni. The negative loading2Gkk might
indicate a different fate for part of the content of these elements, not involving hydration
processes of clays. As the investigated areas have long been used for hunting, it is worth
considering that Ba and Sb are major primer elements in the gunshot residues together with Pb
(Dalbyet al,, 2010). PC6 scores neatly separates BAI (negative scoresifrotnto-1.20, except

one sample with positive score as high as 1.34) from ROS (pasitives from +0.56 to +1.80).
Samples from BER and COM are mixed and distributed 886 to +0.55, with an exception in
COM (+1.08). A relationship with Pb is not evident in any site, but a positive correlation (rS=0.73,
p<0.01) between PC6 scores andractability degree of Pb can be observed taking ROS and BER
samples (Fig 4a).
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Table3.5 ¢ The rotated (Varimax) component matrix for major oxides obtained by XRF (Migahi2015), pseudeo
total contents of trace elements, and parameters emeatdsy the thermal analysis. Eigenvalues and proportion of
variance explained are presented. Loadings lower than |0.40| are omitted.

Element Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor6 Communalities
Al,O3 0.661 -0.533 0.947
CaO 0.925 0.94
Fe,03 0.775 0.898
SiO, -0.627 -0.593 0.974
H,0 hum. 0.500 0.528 0.877
oM 0.932 0.956
H-0O clay 0.634 -0.438 0.813
CO, 0.427 0.904
Ag 0.968 0.981
Al 0.920 0.968
As 0.567 0.422 0.660
Au 0.905 0.890
B 0.876 0.889
Ba 0.436 0.553 0.619
Be 0.804 0.796
Bi 0.672 0.650 0.978
Ca 0.913 0.963
Cd 0.553 0.786 0.959
Ce 0.885 0.973
Co 0.702 0.613 0.945
Cr -0.607 -0.537 0.868
Cs 0.815 0.820
Cu 0.476 0.845 0.980
Fe 0.943 0.973
Ga 0.924 0.973
Hg 0.921 0.919
K 0.818 0.957
La 0.871 0.946
Li 0.927 0.981
Mg 0.804 0.441 0.970
Mn 0.483 0.654 0.883
Mo 0.897 0.913
Na 0.669 0.558 0.884
Nb 0.845 0.846
Ni 0442 -0.447 0.516 0.912
P 0.870 0.928
Pb 0.508 0.598 0.896
Rb 0.865 0.888
S 0.484 0.754 0.922
Sbh 0.516 0.521 0.486 0.788
Sc 0.974 0.988
Se 0.765 0.810
Sn 0.622 0.449 0.639
Sr 0.691 0.463 0.852
Th 0.892 0.947
Ti -0.741 0.730
Tl 0.566 0.577 0.815
U 0.818 0.886
\ 0.842 0.443 0.977
Y 0.907 0.968
Zn 0.957 0.993
Zr 0.916 0.898
Eigenvalues 22.60 9.46 6.27 4.35 2.29 1.74

Total variance % 34.41 19.53 16.32 9.24 5.65 4.65

Cumulative 34.41 53.04 70.26 79.50 85.15 89.80

var.%
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Figure3.4a ¢ Relationship between PC6 scores and extractability degree of Pb (ROS and BER samples). PC6 include Ba
and Sh, two major components of primer and powder of the cartridges useduiating. The extractability degree is

defined as the ratio between the Pb pseutiifal concentrations obtained in this study and total concentrations from
Miganiet al,, (2015).

Figure3.4b ¢ Score plots illustrating events (samples) in the rotated spabéained by @node PCA and combining
PC2/PC3. PC2 include elements essentially controlled by organic matter (OM). PC3 groups some harmful heavy metals
suspected to be of anthropogenic origin. A sample from BAI with an off the scale score is plotiadyas tiangle on

the upperlimit of PC3 scale.

The relationship between As and Sb first shown by CA, seems to be more complex
according to PCA. In fact, after this analysis, Sb appears more ubiquitous (included in PC2, PC4,
and PC6 with moderate loadisy but definitely less dependent on Fe compounds and silicate
substrates (PC1) than expected and when compared to As. On the other hand, Mn is associated to
As in PC1 and to Sb in PC2 and may play a role for absorbing both metalloids in a oxidized
complex The As seems insensitive to OM content, while Sb likely binds on such substrate to some
extent, according to Wilsoat al. (2010).

Principal component analysis shows Sn in two separate behaviours. The first may be more
influenced by the reactions mediadleby S and OM, while a different fate may be common to
many harmful metals of probable anthropomorphic origin. Therefore, the presence of organotin
species or other chemical species of mobile Sn is plausible.

According to the CA results, Pb showed a gahéendency to belong to the group
including organic matter and S, and also a less expected association to Se and Na. According to the
PCA results, an association to some extent with Fe and Mn oxides (probably as secondary species)

may be proposed.
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Consideing that XRF revealed considerable enrichments of Cr in samples characterized by
coarse texture (Miganet al., 2015), the negative loading of Cr in PC1 (clays and fine mineral
fraction) and PC4 (carbonates) is not surprising. There is also a mutuadirelgth SiQ (negative
loading of both Cr and Ni in PC4). A different fate of Ni is highlighted by its inclusion in PC2. This
may explain the higher extractability of Ni in respect of Cr.

Among the elements grouped in PC3, Cu also shows more tenderasstaiate also to
clays or, more likely, to Fe and Mn compounds, while Cd, Hg, and Zn are strongly and uniquely
present in PC3. With the aid ofiQode PCA, the great importance of BAI in determining the PC3
can be appreciated (Fi§.4b). Conversely, orgagmmatter (here represented by PC2), as well as
other geochemical factors not shown here, seems to have a small role in controlling polluting
heavy metals in this site. Likely, major spatial importance factors influence the local distribution of
the contamnants, while, in the other sites, a clear dependence of psewotll concentrations
from OM abundance emerges (F&4b). In addition, igure 3.4b shows the negligible influence of

carbonates in the accumulation processes of the harmful elements ocgurriBAI.

3.4.6 Considerations on elements of environmental concern: Ag, As, Be, Cd, Co, Cr, Cu, Hg, Ni, Pb,
Sh, Se, Sn, Tl, V, and Zn.
In this paragraph, all trace elements of relevant environmental concern in accordance with

Italian law are summarizednd discussed in relation to the outcomes of this comprehensive
environmental geochemical study. Silver has also been included, because it is listed among the
harmful elements for soils in some European countries (Lithuania, Slovakia, The Netherlands).
Migani et al, (2015) found Cr, Cu, Pb, V, and Zn to be locally or generally more
concentrated than the reference background levels (total contents). By calculating Enrichment
Factors (Zhangt al,, 2007), they proved the natural origin of Cr, Ni and V inha&lIstudied sites.
This may be the case also for Be and most of Co, following the indication of CA and PCA in this
study. However, Co, even though derived from natural sedimentary processes, is bioaccessible
when it is bound to humic and fulvic acids andriganic colloids as €o(McBride, 1994; Qiaet
al.,, 1998). The full extractability of Co resulted wilgua regia,together with the moderate
association with OM highlighted by our study, may suggest a possible good bioavailability of this
essential medl for life.
As commented before (see pa&84.2), CrandNi, are naturally abundant in the investigated
area. However, both metals are of environmental concern and included in the national guidelines

for handling of marine sediments (ARKIRAM, 2007). My samples in our study from BER and
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COM have concentrations of Cr and Ni definitely higher than the chemical basic level for politic
sediments and concerning Ni, ROS, BER, and COM concentrations are even higher than the
chemical limit level (TalB.2). DiGiuseppeet al, (2014b) found Ni invariably more mobile in
respect to Cr and therefore thought more phytoavailable, and a similar result was reported for
one of the studied lagoons (Baiona, Donrahil,, 2007). In the present study we can observe Ni
more extractable than Cr (TaB.4) and this may confirm the higher mobility of Ni in this area.

Apart from metals of natural origin, in the part | of this geochemical investigation (Migani
et al, 2015) a high degree of pollution was pointed out for Cu Zndin the southern wetlands
(including BAI). In addition, Pb, which was evaluated on the limit between natural and
anthropogenic origin in most sites, showed strong anomalies in ROS, BER, and COM, known to
have been used for hunting for a long time (Migahal, 2015). Critical pollution levels involving
at least Cu, Hg, and Zn, are well known for BAI (Domtimil, 2007; Matteucciet al., 2005;
Miserocchiet al., 1993). Our results demonstrated that a number of elements including Ag, Au, Bi,
Cd, Cu, HgSn, Tl, and Zn is mainly driven by BAI. This appears to be a very indicative result of
probable anthropogenic relevance (industrial and agricultural inputs) and our study demonstrated
that besides Cu, Hg, and ZAfso Ag and Tl, at least two metals hanhfbr biota deserve attention
in BAl:AgandTlI (Fig.3.5a and3.6f).

Silver is biologically active, highly toxic to fish and many mruoganisms, but thought
relatively harmless to higher life forms, including humans (Edwatdal. 1995). However, Ag
uptake can compete with metabolic processes involving Cu and Se in humans (Mertz, 1987).
CKFEffAdzYE FEfOGK2dzZAK NI} 0KSNJ NIFNB Ay GKS 9 NIKQ3
(Borgmanret al.,, 1998).

Copperand Zn boxplots showed in Figes 3.5f and 3.6h confirm the known anomalies

(Miganiet al., 2015) improving the information about their relative high mobility in BAI.
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Figure3.5 (a,b,c,d,e,f,g,h) Boxplots of the pseuddotal concentrations of Ag, As, Bi, Cd, Cr, Cu, Hg, and Mach e
sampling site. As a reference threshold for Italian agricultural soils (ASV), according to Gitete(2015), solid line

is added.
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Natural levels oHg have been assessed by Miserocehial, in 1993 for BAI (about 0.1
mg/kg). This informatio is still not available for ROS, BER, and COM, but we can speculate that a
background level for these sites is not much different. In addition, ASVs never exceeded 0.6 mg/kg
for Hg in Cicchellat al, (2015). The waste discharges containing Hg ceasegea® ago in BAI
(Matteucciet al, 2005), but our data confirm that Hgnriched sediments are still widespread
throughout the lagoon with scattered exceptions, and extremely high peaks remail.ggy.

In this subgroup of pollutant§n does not seemsite-dependent. However, its anthropogenic
nature may be supposed, because the overall higher pseotd contents in respect of the
reference values used for this study: thresholds from laws and guidelines and ASVs (8&= Fig.
and paragrapl!8.4.3). Pseido-total contents of Sn in our study do not seem to be much associated

to Sn$, insoluble under reducing conditions, and soluble Sn bounded to Fe and Al hydroxides, as
expected (Salmineat al., 2005). Its association with OM is more evident. The Sn ptypto form
complexes and compounds with organic substances is used by humans for producifoylargi

paints for ships and agricultural pesticides of particular concern (Fent, 198&yefore, high
values of extractable Sn in sediments rich in organatter (source of S) and characterized by
frequent redox processes must be taken into consideration as an indication of potential hazard.

AlsoAsand Sbmay derive from human impact on the surrounding lands, but this has not
been highlighted by clusteringr PCA as for metal8Vith regard to some peculiarities, Sb and As
can show similar chemical behaviour. For example, they are renowned for a similar mechanisms of
negative bioactivity (Burforet al, 2011). Interestingly, they have been grouped togetheath
multivariate analyses. The historical use of As for poisoning and as a main component of some
pesticides induced the production of a rich literature regarding this metalloid. In this regard, the
very high concentration found in one sample from ROS3(IMg/kg) (Fig.3.5b) should be
considered with attention, because As is essential for some organisms, including humans, but is
toxic depending on its abundance, valency and speciation, regardless of the natural or
anthropogenic origin (Boret al,, 2013).

On the contrary Sbhas received scanty attention by researchers until recently (Fi¢lla
al., 2003). Yet, the high toxicity of Sb is recognized nowadays, and various key aspects of the
environmental behavior of Sb summarized by Filetlal., (2009) &ll remain unclear. Among the
investigated sites, Sb was lower than ASVs only in BAI3(60). In sediments, both As and Sb
show affinity for Fe and Mn oxyhydroxides (Wilseinal, 2010), while organic matter should
preferably influence Sb fate in seaents (Filellaet al., 2002, 2003). The association between Sb

86



3. Geochemical characterization of sediments, part Il

and OM emerged from results, it is less important for As. Traditionally, Sb was used 4n lead
antimony alloys, for example to make harder lead ammunition for hunting (Andreotti and
Borghesi, 202), but nowadays it is released in the environment mainly as a component of flame
retardants (Touval, 2000; Zanedti al., 2002).Some of the Sb extracted lagua regiais related to

Ba and Ni, in according to the PCA outcomes and the possibility thatsociation B&b can be

in relation with the historical use of these wetlands for hunting should be further investigated

A wide literature puts€damong the most studied toxic metals because it is classified as a
human carcinogen. Moreover, the humarody has limited capacity to respond to cadmium
exposure, as the metal cannot undergo metabolic degradation to less toxic species and is poorly
excreted (Sarkaet al, 2013). We found relatively high levels of Cd (higher than ASVs) and
dispersed distributn in BER and BAI (F&6d) as a corroboration of some Cd contamination in
those areas.

No information was available dBein this geographical area before this study. We showed
relatively high concentrations of this element when compared to ASVs. Ajth&e may exist in
sediments in four oxidation states, under normal conditions, Se IV (Selenite) and Se VI (Selenate)
are dominant and controlled by many factors such as pH, redox conditions and organic matter
content (EichGreatorexet al., 2007; Maylancet al., 1991). Selenite is sorbed more strongly than
selenate onto clays but more weakly than many other anions (Barrow and Whelan, 1989). Organic
selenium species are more volatile (Maylastdal., 1991). Considering the extraction method used
and the sulstantial bioavailability of both selenite and selenium (Barceloux, 1999), the high
pseudactotal contents recorded in this study may also indicate a higher potential bioavailability in
these transitional environments. Selenium is an essential componentdteqt organisms from
oxidative degradation processes, but aquatic organisms (e.g., bivalves), and plants, can
accumulate and magnify Se in the food chain (Barceloux, 1999GEsatorex, 2007). Positive or
negative ecological effects provoked by suchaanirations in the Po Delta are far from being
understood, because no ecotoxicological study has been carried out in this area involving this
element. In the presence of high contents of Hg (as in BAI) and other metals, bioavailable Se can
play a role in entrasting their toxic and detrimental effects (Yaagal., 2008). Anthropogenic
inputs involving Se are possible given the difference observed with local background data,

although no sample exceeded the screening values for soils following the ItalidRitp3.6d).

87



3. Geochemical characterization of sediments, part Il

ASV ASV
ROS —T = ROS - o
(n=6) {n=6) D
BER o Ik o BER ——
(n=7) (n=7)
om! | — ] o o om{
(n=3) (n=9)
BAI 1+ BAI 1 { [}
(n=7) (n=7)
B | L | wef -
in=6) a (n=6) b
T T T T T T T T T
30 60 90 120 150 10 20 30 40
Ni [mg/kg) Pb (mg/kg)
ASV ASV
RS 1 Lo s T
{n=6) (n=6)
Ge — B | |
{n=7) (n=7)
com - —{[ T+ com | L
{n=9) (n=9)
BAI - - ° BAI | —,—
(n=7) (n=7)
k61— R
(n=6) o (n=6) d
0.2 ﬂ‘.d I]jS D‘.B ni() 0‘_5 1jn
Sb (mg/kg) Se (mg/kg)
ASV AsV
ROS 4 ..| |_. ROS -
(n=6) (n=6) {:
oen | T o mm{ —{OTH——
(n=7) (n=7)
comi  —E— o com |
(n=9) (n=3)
w{ o — T
(n=7) (n=7)
BKG - o [H BKG - CT 11 o
(n=6) e (n=6) f
[ 2 4 0.10 0.15 0.20 0.25
SN mgrig) LI
ASV AsV
ROS | — [+ ROS -
(n=6) (n=6) %D}'
BER — BER 1 -
(n=7) (n=7)
com| T com)
(n=9) {n=9)
BAI i BAI - — °
(n=7) (n=7)
BKG - [+ BKG - i -
(n=6) g {n=6) h
" T T T T T
1 2 3 0 100 200 300
Y (mesia) 2N (mg/ice)

Figure3.6 (a,b,c,d,e,f,g,h) Boxplots of the pseuddotal concentrations of Ni, Pb, Sb, Se, Sn, Tl, U, and Zn in each
sampling site. As a reference threshold for Italian agricultural soils (ASV), according to Gitete(2015), slid line
is added.
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Leadis widespread in soils and sediments as a consequence of the prolonged use of
tetraethyl-Pb in fuels until recently. The investigated sediments are not an exception and Pb total
concentrations were found to be relatively high falt the samples from BER and ROS and many
from BAI and COM in comparison with the background (Miggnal, 2015). In addition,
wildfowling (hunting of ducks from fixed blinds) has been conducted in the sampling sites for as
long as a century. Only recidyy the hunting period has been reduced to the winter months and
the number of game birds to be shot limited. No estimation of annual discharge or number of lead
pellets in the surface sediments is available for the investigated sites. However, thestudies
in some lItalian wetlands similarly used for hunting (Biawettal, 2011; Tinarelli and Tirelli, 1999),
which have estimated zero to 3,000,000 lead pellet per hectare, corresponding@d ®g/ha of
Pb (Bianchet al, 2011). An impact of huntingoccurred by the discharge of large quantities of
metallic Pb in the form of lead pellets in front of historical hides was supposed in all four sites of
this study. It is arguable that, if metallic Pb fragments lie in the surficial layer of the sediments
(Andreotti and Borghesi, 2012), this kind of Pb may emerge by XRF with scattered peaks,
conversely lacking when samples are dissolveddua regia In other words, we can expect that
peaks due to lead ammunition in XRF results will be less perceivgideunototal results and as
a consequence the extractability degree will vary a lot sarbgieample. Figure.2 seems to
confirm this hypothesis. In fact, no correlation exists between pseotil and total contents of
the same samples, and ROS and BiERsBudetotal concentrations are fully comparable with the
other two sites. Furthermore, a general enrichment caused by secondary Pb products coming from
the slowly weathering process involving such metallic Pb will be added to historical tetr&éthyl
pollution and background values. As an indication of that, the 35% of the samples throughout the

whole study area is higher than ASVs for Pb 8dp).

3.5Conclusions

In order to complete a comprehensive geochemical study on several coastal wetlands of
the Po Delta area (Italy), agua regiadigestion has been applied.

Environmental geochemical informatidmes been builtup integrating, for each element
analyzed several data from literature such as reference values for Italian agricultural soils (ASVs)
(Cicchellaet al, 2015) and total concentrations and thermal analysis obtained on the same
samples (Miganret al, 2015). In addition, we calculated tluegree of extractability (pseudimtal

contents / total contents). @nhcentration limit values provideldy Italian legislation or suggested
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by national guidelines have been used to identify anomalies. In some cases, background local

values were useful to support or discuss such indications. In some cases, when the law and

guidelines did not include elementbackground values and AVSs have been used as a reference.

Two statistical multivariate methods, in the present case cluster analysis (CA) and principal

component analysis (PCA), were used to explore relationships among elements.

As final remarks at theral of this study, we can conclude that:

23 out of 44 elements show pseudotal contents relatively higher than ASVs. Boron, Ca,

Cr, Mg, Mo, Na, Ni, S, Se, Sn, and Sr were the more abundant in all sites, whereas Ag, Au,
Hg, and Zn, especially in BAI, war#. Arsenic is in general relatively low, but one sample

in ROS reached a very high concentration and should be taken into consideration and
further investigated.

The extraction of Co, Cu, Pb (in BAI), Ca, and &)l regiahas been nearly complete.

Al Zn was highly extractable, especially in BAIL. On the contrary, Mn, Mo, Pb (in ROS) and
V seem less dissolved bgua regiathan expected. Elements associated to clay minerals

are much lower in pseudtotal contents than expected, but REEs (Sc, Y, Cemeaped as

slightly more mobile, following this gradient: Sc>Th>Y>Ce>La>AI>K>Rb>Ti>Nb>Zr. Actually,
{O YR ¢K ¢g2dzf R 06S 0SGs6SSy [} YR !'f 2yfe
degree of extractability of Sc and Th increases this parametdadibr. Iron and Mn should
significantly participate in the pseueotal contents as hydroxides and colloids influencing

the fate of many other elements, and probably for this reason they are slightly more
extractable. The findings regarding Pb, taking tieghts in the present study and the total
concentration peaks observed in the phase | (Migetral,, 2015), lead us to suppose that

there is an impact of historical hunting on the accumulation of Pb in most of the
investigated wetlands.

Hg in BAI is pr@d to be higher than all reference values both for surface and subsurface
soils (norindustrial) and marine and coastal sediments. In one sample, the concentration
was 5fold the limit for industrial soils. Also Sn exceeded the limits (in all sites),heut t
nature (organic or inorganic) of this element in the studied area is not known to date.

A group of elements likely influenced by anthropogenic activities (Ag, Au, Cd, Cu, Hg, Zn)
and P substantially identify one particular site: BAI. While such elemeRR©S, BER and

COM seems to be controlled by the availability of organic matter in the substrate, for BAI

the accumulation processes appear to be independent from geochemical aspects.
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Arguably, harmful inorganic contaminants in BAI are spatially disétbuollowing
hydrological dynamics and the position of points of source.

For the purpose of managing these wetlands, some important considerations are:

- in spite of the evident high levels of pollution involving many contaminants, part of BAI is
currently available for legally licenced commercial shellfishing and recreational fishing.
{dzOK | OGAQ@GAGASE &aK2dZ R 0S O2yaARSNBR fA1S
O2yadzYSNEQ KSFfOGK® ¢2 YIF{1S YI GdGSNRougashiNh S >
continuous (Borghesi, pers. obs.);

- our study suggests that in the studied wetlands, and especially in BER, niagreexist
sources of sloweleasing Pb, which are compatible with high concentrations of lead shot in
the sediment;

- starting from thegeochemical evidence after this study, further investigations should be
conducted to improve the knowledge of the geochemical mechanisms capable of
influencing the mobility of harmful elements in these wetlands. In fact, some actions taken
to favor the bodiversity and habitat conservation, such us drying ponds or changing
chemical parameters (e.g. salinity, pH) can temporarily change the redox condition of the
surface layer in polluted sectors, making mobile metals which were previously immobilized

in minerals.
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CHAPTER4 - Metals and trace elements in feathersa
geochemical approach to avoidiisinterpretation of analytical
responses

4.1 Abstract

Assessing trace metal pollution using feathers has long attracted atibention of
ecotoxicologists as a cestfective and nornvasive biomonitoring methodn order to interpret
the concentrations in feathers considering the external contamination due to lithic residue
particles, we adopted a novel geochemical approack. Allalysed 58 element concentrations in
feathers of wild Eurasian Greater Flamingboenicopterus roseutedglings, from 4 coloniem
Western EuropgSpain, France, Sardinia, and Neetistern Italy) and one group of adults from
zoo. In addition, 53 eleants were assessed in soil collected close to the nesting islets. This
enabled to compare a wide selection of metals among the colonies, highlighting environmental
anomalies and tackling possible causes of misinterpretation of feather results. Most trace
elements in feathersAl, Ce, Co, Cs, Fe, Ga, Li, Mn, Nb, Pb, Rb, Ti, V, Zr, and REES) were of external
origin. Some elements could be constitutive (Cu, Zn) or significantly bioaccumulated (Hg, Se) in
flamingos. For As, Cr, and to a lesser extent Pb, isdbat bioaccumulation potentially could be
revealed by highly exposed birds, provided feathers are well cleaned. This comprehensive study
provides a new dataset and confirms that Hg has been accumulated in feathers in all sites to some
extent, with partcular concern for the Sardinian colony, which should be studied further including
Cr. The Spanish colony appears critical for As pollution and should be urgently investigated in
depth. Feathers collected from Nordastern Italy were the hardest to cleabut our methods
allowed biological interpretation of Cr and PBur study highlights the importance of external
contamination when analysing trace elements in feathers and advances methodological
recommendations in order to reduce the presence of residoatfticles carrying elements of
external origin. Geochemical data, when available, can represent a valuable tool for a correct

interpretation of the analytical results.

4.2 Introduction

As a consequence of human activities, coastal aquatic ecosystem®areailuted by a
large diversity of contaminants which may have a considerable impact on the ecohealth of these
habitats (Calow, 1993; Halpeat al., 2008). However, trace element inputs may derive also from

natural processes such as rock weathering,armkm, and water discharge (Garrett, 2000).
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Many elements (e.g. Fe, Co, Cu, Mn, Mo, Zn) are essential to life, but toxic in excessive
guantities (Singhket al,, 2011). Similarly, Se exerts a protective action against Hg in the marine
environment, but Hg camiomagnify in the food chain with detrimental effects on organisms
(Beijer and Jernelov, 1978; CwAmalar and Furness, 1991). Other elements that are normally
toxic, turn beneficial under certain conditions (e.g. V, W, and even Cd) étahe2005; $hghet
al.,, 2011). On the other hand, As, Sb, and few others (e.g. Pb, Hg, Ni, Pu, Tl) seem to be toxic
irrespective of quantities, without known beneficial effects on organisms (Hargres\a#s2010).

Most of Rare Earth Elements (REEs) have beemn slodiaght to be noressential, butoxicological

effects in humand N3 RSY2y aiNI §SR F2NJ a2 Ve acoumbldionzoi | y
persistent contaminants in sediments exposes wildlife living in coastal wetlands to the adverse
effects of such pollutants (Furness and Rainbow, 1990) even for many years afteolltiteng

event (Hillet al,, 2010). All this considered, many researchers point out that urgent and persistent
monitoring studies on biogeochemical behaviour of practically all trace elements should be
undertaken.

In waterbirds, the ingestion of food, sait sediment is the most important intake pathway
(Beyeret al, 1994; Burger and Gochfeld, 2002). Acute poisoning can occur, causing death of fully
developed birds (Pain and Rattner, 1988), but more often chronic exposure at low concentrations
occurs, espcially in longived birds (Scheuhammer, 1987). Possible consequences are impaired
growth, development, reproduction, behaviour, resistance to diseases and disorder in other
physiological mechanisms contributing to population decline (Burger, 1993; Dauak 2005;

Eevaet al, 1995; Frederick and Jayasena, 2011; Gangbst, 2009; Koller, 1980; Nam and Lee,
2006; Scheuhammer, 1987; Scheuhammer and Norris, 1996; Sabeiis 2004; Talloeret al.,
2008).

Waterbirds have been extensively used as tsmts of environmental pollution, in
particular for trace elements (e.g. Burger and Gochfeld, 2004; Furness, 1993; Lewis and Furness,
1991; Nygarcet al, 2001; Peakall, 1992; Sanpestal, 2007, 2000; Tavarest al, 2009; Walsh,

1990). Colonial spexs are considered more suitable for that purpose (Fox and Weseloh, 1987).
The fidelity to the breeding sites and relative abundance in a limited area imply several advantages
(Kushlan, 1993). On the other hand, colonial waterbirds are often protected fyoemental
legislation and therefore the use of a namvasive technique is preferable or the only possible

solutions.
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Potentially, feathers are good bioindicators since they are simple to collect, store and use
(Furness, 1993GarciaFernandezt al., 2013). Birds sequester some metals in growing feathers
proportionally to blood levels (Barbieet al., 2009; Burger and Gochfeld, 2009a; Goldsral,

2003) and a relatively high proportion of the body burden of certain metals is stored in feathers
(e.g. Hj, Furneset al, 1986; As, Smitbkt al., 2008).

Metal accumulation in feathers may vary in relation to trophic levels, foods, and moult
(Braune, 1987; Dauwet al., 2003; Nygarcet al., 2001; Stewaret al,, 1999, 1997). Within species,
age (Burger, 199 Burger and Gochfeld, 2000), reproductive stage (Waylendl, 2005),
location, physiological condition, and clutch (Rumbeldal, 2001) can also have an effect.
However, a lot of previous investigations on pollutants in feathers were conducted wits auf
unknown age, foraging areas, moulting stage and migratory status patterns.

Chick feathers appear more suitable for assessing metal bioaccumulation because the
weight of variability factors such as age, moult, and exposition to atmospheric depossti
minimized (Burger, 1993). However, relatively few studies have focused on chicks comparing
different colonies. Such studies mainly referred to herons and ibises (Abdennatiér 2011;
Abdullahet al, 2015; Burger, 2013; Clarcksenhal,, 2012; @tin et al,, 2012; Golderet al.,, 2003;
Goutneret al., 2001; Herring et al, 2009; Kim and Oh, 2014a; Reba., in press; Rumboldt al.,,

2001; Sepulvedat al, 1999; Spahn and Sherry, 1999), terns and gulls (Burger, 128@ja
Tarrasonet al., 2013 Kim and Oh, 2014b; Ramesal,, 2013; Sanpera&t al., 2007), and pelagic
birds (Bléviret al, 2012) and focused especially on Hg.

Feathers are subjected to external contamination to some extene{ak, 2004; Fasolat
al., 1998; Hahret al,, 1993;Hollambyet al., 2006; Valladarest al.,, 2010). It can occur from direct
atmospheric deposition, contact with soil, dust or water, or from the deposition of contaminants
on feathers during preening (Dauwet al, 2002). Waterfowls and seabirds may alsrrete
metals through salt gland and embrocate them on their feathers (Dmowski, 1999). The extent of
the external contamination is elememelated (Jasperst al, 2004): for Hg, it is considered
negligible (e.g. Appelquist al, 1984; Dauweet al., 2003 Dmowski, 1999; E&t al, 2004; Goede
and De Bruin, 1984), but for most elements this is not true or not clear (Cadml, 2011;
Dmowski, 1999).

Nevertheless, very few studies have highlighted the problem of external contamination
(Scheifleret al, 2006) or aimed to solve it, and therefotlee analytical results cannot always can

be easily interpreted, with the possible exception of Hg (Daeweal., 2003) In most studies,
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feathers were washed before analysis. A thorough alternate washing withnided water and
acetone was frequently adopted (e.g. Ans&tasset al,, 2013; Carvalhet al,, 2013; Costaet al,,

2013). In some studies, instead of acetone, other solutions based on NaOH (e.gt@bti2012;
Ramoset al,, 2013), or a chloroforamethanol mixture were applied (e.g. Lu@aal., 2013). These
methods were occasionally followed by an ultrasonic bath. Less frequently, feathers were simply
rinsed with deionized water (Markowskt al., 2013), sometimes preceded by a washing with a
mild-metal free detergent (Bryamet al, 2012). In somecases feathers were not washed at all
(Abdennadhetet al, 2011; Kim and Oh, 2014a, 2014b). In any case, it was demonstrated that no
washing procedure is able to ensure the total removal of the surfactaoanation from feathers
(Cardielet al,, 2011;Espiret al.,, 2014).

The Greater flamingdPhoenicopterus roselss a potential sentinel of the health of coastal
ecosystems since it is large, witenging, abundant, lortiving, as well as easily obsedvand
monitored. The breeding ecology of the Greater flamingo is well known, as well as its biology
(Johnson and Cézilly, 2007), as is desirable when a sound interpretation of the contamination level
in the study areas is the main objective (Burger andh@xd, 2009a, 2009b). This species feeds in
flock, on small benthonic invertebrates and occasionally seeds of aquatic plants by filtering mud,
typically in brackish wetlands and saltpans. During filtering, particles ranging in diameter from 0.5
mm to 46 mm are swallowed (Del Hoyet al, 1992). Unlike most birds, Greater flamingos can
ingest mud as an essential component of their food, indeed they may be able to bring up their
chick whilst feeding solely on mud rich in organic matter (Jenkin, 1957). glasnproduce a
secretion from their upper digestive tract rich in proteins, fat, carotenoids and blood cells (Fisher,
1972; Lang, 1963). Such liquid represents the sole source of nutrition for chicks, practically until
independent feeding, which does notast before seven weeks after birth (Zweeatsal.,, 1995). All
chicks in the colony, therefore, eat a similar kind of food, whose trace metal load must be
dependent on blood levels of their parents. Breeding flamingos may feed in the vicinity of the
breeding site (e.g. Camargue, France), but daily flights of up to 200 km are possible in Spain (e.g.
Fuente de Piedra in Spain), depending on food availability in the area (Johnson and Cézilly, 2007).

Only five studies on trace elements used Greater flamingchtrat AmiardTriquetet al.,

(1991) measured trace elements in fledglings in Camargue, while two other studies in the same
area studied a small group of adults found dead (Costaal., 1988a, 1988b). More recently, 7
carcasses found in various ltalianti@ads were analysed for Pb, Cd and Hg (Anetr., 2008).

Finally, Hg was assessed in chicks from several colonies in the Western Mediterranean (Bbrghesi
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al., 2011). Part of the data reported in the latter paper has been included in the statighiedfsis
of this work.

We investigatedhe exposure to trace elements of the Greater flamingo analyfteuyling
feathers from 4 colonies in Western Europg@ne group of captive adults was used as a control.
Considering the inherent problem of this samgl matrix on the presence of a certain amount of
unavoidable external contamination (Espét al, 2014; Cardielet al, 2011), we included
geochemical information regarding the soils and sediments close to the nesting sitesoikéx
with very extensivesets of elements both for feathers and soils that allowed the application of a
novel geochemical approach to interpret the data. Combining univariate and multivariate
statistics, we were able to identify general trends and local signals concerning nesmngngs of

environmental concern and improve the information on the external contamination in feathers

4.3 Material and methods

4.3.1 Study sites
Sampling was carried out in 2008, when eight colonies, all in the western Mediterranean

region, raised chick(Childresgt al, 2008). In this study, samples from four breeding sites have
been included: Etang du Fangassier, Camargue (Southern France) (CAM); Marismas del Odiel,
Huelva (South Western Spain) (ODI); Comacchio saltpans in Comacchio Lagoon (Nemh Eas
Italy) (COM); Macchiareddu Salinas in Santa Gilla Lagoon, Cagliari (Sardinia, Italy) (G4G%) (Fig.

c
2 10H pO

Marismasdel Odiel

Figire 4.1 ¢ Sampling sites. Small maps refer to wild colonies. From West to East: ODI = Marismas del Odiel, Spain;
CAM = Camargue, France; CAGagliari, Sardinia, Italy; COM = Comacchio, Italy; ZOO = Rome Bioparco Zoo, ltaly
(captive birds).
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Huelva surroundings have been the subject of a number of geochemical studies, due to the
important inputs of acid and metal rich mine waters from the laerPyrite Belt (Guilléet al,,
2011). As a consequence, As, Cd, Cu, Pb and Zn in Odiel sediments are known to be higher than
background values (Morill@t al, 2008). Regarding the Camargue, geochemical literature is
scarce, with only a few studies pulbled focusing on Rhone River arms upstream from the coastal
marshes (Cossa and Martin, 1991; Santiepal., 1994). Santa Gilla Lagoon is a part of the Stagno
di Cagliari, which includes Macchiareddu industrial saltpans. The lagoon is connected to the sea
and receives freshwater inflows from two small rivers. Santa Gilla lagoon has been polluted by
industrial wastes containing Hg, Pb and Zn (Caettwal, 1985). The Comacchio Lagoon is a
brackish wetland, but receives also freshwater from a river and dgairveaters from agricultural
lands. There are geochemical studies in the areas surrounding the Comacchio Lagoon focused on
sediment provenance (Amorost al, 2002; Amorosi and Sammartino, 2007; Cwtzal., 2006)
and recently it was included into a conghrensive survey aimed at evaluating the contamination
level of sediments in the Northern Adriatic coastal wetlands. As a consequence of geological
origin, Comacchio sediments are naturally enriched in Cr and Ni, but Cu, Pb, and Zn anomalies

were reported vhich are likely to be of anthropogenic origin (Migehal,, 2015).

4.3.2Sampling, sample preparation and analysis of sediments
From each site, 6 surface sediment samples were collecte24), in close proximity to the

4 islets on which flamingos bred 2008: three samples from nests (consisting of a truncated cone

of muddy sediment, 3@0 cm high), and three samples of mud from the wetland floor 3, 6, and 9
meters off the islet respectively. Samples were grabbed (just after the breeding seasomdpg us

small plastic shovel, and stored in plastic boxes, then froze2QGfIC. Before digestion process,
sediment aliquots were washed with distilled water, then centrifuged to eliminate any excess of
salt, removing also coarse remains of animals and plafsfter that, samples were dried at 60°C

and homogenized by grinding in an agate mortar. The powders (159 for each sample) were sent to
ACMELabs (Canada) for analysis. A modified Aqua Regia solution (1 part concentrated hydrochloric
acid to 1 part nitricacid to 1 part deionized water) was added to each sample and digested at 90°
for 1 h. After cooling the solution was made up to final volume of 300 ml with 5%THEI.
concentrations of 53 chemical elements (Ag, Al, As, Au, B, Ba, Be, Bi, Ca, Cd,ICEsCGuUCFe,

Ga, Ge, Hf, Hg, In, K, La, Li, Mg, Mn, Mo, Na, Nb, Ni, P, Pb, Pd, Pt, Rb, Re, S, Sb, Sc, Se, Sn, Sr, Ta
Th, Ti, Tl, U, V, W, Y, Zn, Zr) were determined by a Perkin Elmer Elan 6000 inductively coupled
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plasma mass spectrometer (KM/S). B S @I f dz2t S GKS |yl f dhodsé&  |j dzt

Reference Material of soil, named DS8, was used.

4.3.3 Sampling, sample preparation and analysis of feathers
Every year, a number of flamingo colonies are subjected to ringing operatmrdinated

by the Flamingo Specialist Group (FSG). We collected our samples from chicks caught for ringing,
therefore no bird was caught specifically for this studysmall number of scapular feathers was
sampled from random individuals 5 to 8 weeks dlthte sampling fnm fledglings during ringing
operations met the need to collect many individuals in a short time to reduce the disturbance on
breeding birds (Furness and Camphuysen, 1987.feathers were stored in plastic bags and kept

at room temperature. To limit thanalytical effort, but to represent each colony well, composite
samples1t=74) were obtained by pooling an equal weight of feathers taken from 3 individuals. We
assumed that 250 400 mg obtained from 3 whole feathers avoided dependence on a single
feather. Therefore, each pooled sample was a composition of 9 feathers from 3 different
flamingos, each sampled only once for this study. In addition, a group of 7 samples was prepared
by using a pool of feathers of 12 adult flamingos living in captivity inghesaorral (Bioparco Zoo,
Rome, ZOO) (Fig.1). In such captive condition, it was not possible to assign the feathers to each
individual, therefore all adult feathers were thoroughly mixed and 7 samples prepared from this
mixture, in order to obtain a meavalue for flamingos living in unnatural conditions. The number

of samples is reported in The4.1.

Table4.1 ¢ The number of samples from each sampling site. Each sample is composed of three specimens, pooling

three feathers from each one, except foD® samples (each sample is obtained from the same mix of feathers of 12
birds).

Site . Number of pooled
- Site name
abbreviation feather samples
CAG Macchiareddu saltpans (Cagliari, Sardinia, Italy) 21
CAM Etang du Fangassier (Camargue, Southern France) 19
COM Comacchio saltpans (North Eastern Italy) 19
ODI Odiel marshlands (Huelva, Southern Spain) 15
Z00 Bioparco di Roma (Roma, Central Italy) 7

Following the most frequently adopted washing method in literature (Espét, 2014 and
e.g. Jaspersgt al, 2004), all the feathers were first individually rinsed with distilled water and
vigorously washed in deionized water (m@l). They were then placed in an &mee solution (1
Y2fi[bMO YR GKSY F3FAYy Ay RSA2YyAT SR 41 GSNJ) (G2
order to enhance the removal of particles, each feather was gently rubbed to ruffle the barbs

during every washing step. The washed featheesenplaced into an open case, which was coated
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with greaseproof paper and divided into compartments to avoid there being any contact between

the different specimens and between the container and the samples. They were then dried for 24

K G nn edfedthe®wafibelyRyNddind using stainless steel scissors and gloves, and the
RNE 6SAIKG o1 a4 RSGSNNYAYSR dzaAy3a Iy StSOGNRBYAC
Chemical analysis was performatithe BGR laboratory in Germany by using atofluorescence
spectrometry (Instrument PSA 10.035 Millennium Merlin 1631) for Hg and by inductively coupled
plasma atomic emission spectroscopy (EHES) or inductively coupled plasma quadrugmdsed

mass spectrometry (IGRBMS) for the other elements. @&iks to check possible contaminations

and three Certified Reference Materials (CRMs) were included in batches sent for analysis (DORM

2, ERMCE278, and BE&H4). For feather samples, 58 chemical elements were analysed (Ag, Al,

As, B, Ba, Be, Bi, Ca, Cd,G® Cr, Cs, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ge, Hf, Hg, Ho, K, La, Li, Lu, Mg
Mn, Mo, Na, Nb, Nd, Ni, Pb, Pr, Rb, Sb, Sc, Se, Sm, Sn, Sr, Ta, Tb, Te, Th, Ti, Tl, Tm, U, V, W, Y,
Zn, Zr)The CRM results included Ag, Al, As, Cd, Co, Cr, Cu, Fe, HgW, M) Pb, Sc, Se, Sn, Sr,

Tl, V, and Zn, and were in agreement with certified values.

4.3.4 Data treatment

InterrSt SYSy i NBflFIiA2ya 6SNB |ylfteaSR o0& dzaAy
major and trace elements in sediments and nonparametrtisical methods were applied since
distributions failed the normality test. To compare the concentrations found in captive flamingos
with the values found in wild birds, tH#5% confidence interval of each distribution was calculated
as 95th percentilenot reported). Moreover, concentrations were compared between sites both
for sediments and feathers, and between nest and wet sediments within sites by using the non
parametric ManAWhitney test (Reimanet al., 2008). The significance level considerep<<.05.

An indepth investigation of feather results was made through Factor Analysis (FA), in order to
clarify the complex multivariate relationships among elements. This statistical method allowed us
to reason on a lower number of variables identifyfagtors driving the distribution of the samples

in the multidimensional space formed by all analyzed elements (Joliffe, 1986). The factors worked
as tools suitable for the interpretation of the origin of most elements. Before running the FA,
natural log ¢ each data value was calculated. The factors were extracted as principal components
and then rotated according to the Varimax criterion.

All statistical analyses and graphs were carried out using SPSS 14.0 software. Maps were
produced using Quantum Gis 22.software downloadable at http://www.qgis.org/it/site/.
Sampling site acronyms have been overlapped on a void map of Mediterranean Sea (downloaded
at http://d-maps.com/carte.php?num_car=3138&lang=en), while toponyms and sampling points
have been overlappk on satellite images of each site, downloaded from National Geographic
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MapMachine [ttp://maps.nationalgeographic.cojp after photo editing performed with

Photofiltre 7.1.1. software.

4.4 Results andiscussion

4.4.1 Geochemical data on sedimendgampled from flamingo breeding sites.

Table4.2 reports means (m) and standard deviations (SD) of each group of 6 samples per
site (3 nest and 3 wetland sediment samples) and significant differences betwetmiagerial
and wet sediments sampled close to the islet (p<0.05). Also significant differences between sites
are reported, both for nest and wet sediments (p<0.05). Germanium, Hf, In, Pd, Pt, Re, S, Ta, Te,
and W were excluded from the present work sirthey were below the limit of detection in most

or all sediment samplesiere below, abbreviations used in table 4.2 are reported:

NEST=sampl es collected from flamingod6s nests
WET = samples collected from the wetland floor (3, 6, and 9 meters off the islet)

*MW-test columns report only significant differences. Sites not significantly different from any other are not indicated in the sequences.

Most of the elements are significantly higher in ODI wet sediments, but Cd in this site is the
lowest koth in nest and wet sediments. Odiel can also be identified for negligible presence of Ca
and Sr in comparison to the other sites (with CAM nests significantly richer in both elements), but
higher levels of As, Au, Ce, Cs, Cu, La, Ti, V, dand4nany ther elements such as Bi, Co, Fe, Ga,

Hg, K, Li, P, Pb, Rb, Sb, Sc, Sfespecially in wet sediments), and Mo (especially in nesis)
important anomalies are reported in CAM for metals: only Ag and Ba are significantly higher than
other sites in wet sdiments. Noticeably, CAG reports higher enrichments in nest material of Ag,
Ba, Hg, and Pb, and in both types of sample Cd is more concentrated than other sites. Comacchio
samples are significantly richer in Al (wet sediments), B, Cr and Rb (nests),dMg @ooth).
Scattered Srich samples are present in all sites but ODI. Many significant differences have been
found between nest material and wet sediment samples, especially in CAG and ODI. Almost
invariably, wet sediments in ODI are richer in traceredats than nests (except Cs). The opposite
trend characterizes CAM samples. The sign of the differences in CAM is more variable: As, Ca, Hg,
Sb, and Se are higher in nests; Bi, Mo, Na, Tl, and Zr in wet samples. Interestingly, COM shows
similar concentratns in nests and wet sediments for most samples, but Pb is significantly more
concentrated in nests, while U and Mo in wet.

Evident metal pollution in ODI samples is not surprising, as it is well known that the Odiel
and Tinto rivers release a significalmad of contaminants associated to acid mine drainage
originating from the Iberian Pyrite Belt (Borregbal.,, 2002; Nietoet al,, 2007). In addition, from
1966 paper industries and copper foundries were established in the Huelva area, enhancing the

dispesion of pollutants (Grandet al, 2000) and contributing to make this system one of the
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most polluted, and studied, in Western Europe. According to Maetilal., (2008), As, Cd, Cu, Pb,
and Zn in streams flowing through Odiel marshes could be cap&pi®ducing noxious effects on
aguatic organisms. Cadmium and Zn were found to be the most mobile among the elements
studied while Cr, Fe, Ni, and As are strongly linked to the sediments. €bsda (2001)
investigated the distribution of Hg into thento-Odiel Estuary, Rio Huelva and Cadiz Gulf finding
concentrations higher than those recorded in the famelustrial age. Nelson and Lamothe (1993)
described an enrichment of Sb (:8300 mg/kg) in respect of background values(ihg/kg) in the
estuarine gstem of South Western Spain, attributable to mining.

In the Camargue geochemical studies are scarce, especially in the coastal ponds, but
recent investigation sampled some sediment cores from the early tract of the two Rhéne arms and
from a subcoastalriver. Chromium, Co and Ni are of lithogenic origin, but mostdoits were
slightly enriched in metals: Pb>Cd>Hg>OuMevertheless, the load of metals during the last
decades seems to be low compared with most of draining areas of rivers impactednignh
activities (Ferrand, 2010). This seems to be confirmed by our dataset, except for unexpected
relatively high levels of Ag.

Santa Gilla Lagoon (CAG) has been exposed to the discharge of industrial wastes containing
Cr, Hg, Pb and Zn since the mi@b0s(Degetto, 1986). Degettet al., (1997) reported a general
improvement of the situation of the lagoon after a restoration project started in 1986. However,
the concentrations measured in a centi@éstern sector of the lagoon were still high (Degedto
al., 1992). Recently, high Hg levels were found in flamingo fledgling feathers (Bosgha&isi
2011). The present study reveals relatively high concentrations of Ag, Ba, Bi, and, as expected, Hg,
Pb, and Zn in Macchiareddu saltpans.

Anomalies of Cr and Nh COM sediments were also expected, resarsurface soils
surrounding the wetland are characterized by high concentrations of these metals (Amorosi and
Sammartino, 2007). Enrichments of Cr and Ni are thought to be natural inputs related to sediment
provenance (Amoroset al., 2002; Amorosi, 2012; Migaat al,, 2015; Borgheset al.,, submitted).

Geochemical data from Rome Zoo are not available, but the area is well known to present
strong anomalies of Zr, U, and W in soils, and, to some extent of HGpoCand La (Cicchebaall,,
2015; Salmineet al., 2005).

A correlation matrix including the subset of 31 elements available both from sediments and
feathers is presented as a useful tool to identify the associations between metals in the sediments
(Tah 4.3).
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Table4.2 ¢ Descriptive statistics of element concentrations in sediments for each samplin@igjtéficant differences
between nest soil and wet sediment are highlighted by grey background. Differences between sites are summarized in
the lasttwo columns (for nest and wet, respectively). Single capital letters A, B, C, D are used for brevity, and
correspondent to CAG, CAM, COM, and ODI, respectively. ltalic font: etenmravailable for feathers.

A B € D MW test MW test

N=6 CAG CAM COM ODI (p<0.05) (p<0.05)

N=3 NEST WET NEST WET NEST WET NEST WET
NEST* WET*
(mg/kg) m=SD m=SD m+SD m+SD m+SD m+SD m+SD m+SD

Ag 0.164+0.026  0.049+0.021 0.110+£0.011  0.114+0.014 0.082+0.017 0.079+0.038 0.031+£0.010 0.045+0.018 A>B=C>D B>C>A=D
Al 13213+£2462 6267+4960 8000265 8783+£1894 18300+2651 13733+5631 17850+1906 18700+1992 A=C=D>B C>D>A=B
As 7.29%0.13 1.87£1.45 10.42+0.78 7.52+1.15 7.20+£1.83 4.83+1.36 33.25£1.38 106.02+22.64 D>B>A=C D>B=C>A
Au 0.002+0.001 0.002+0.001 0.002+0.001  0.002+0.001 0.003+0.001  0.003+0.001 0.004+0.001 0.006+0.001 D>A=B D>A=B=C

B 61.9+10.6 36.0£28.2 45.5+4.0 38.3x1.5 76.0x8.7 61.3+19.1 61.0+4.0 60.7+9.9 C>A=D>B C=D>B
Ba 127.0+41.7 32.4%12.1 58.7+2.8 63.1£11.2 45.3+6.2 46.0+6.6 26.3+x1.7 24.6x0.6 A>B>C>D B>C>A=D
Be 0.74+0.030 0.370.31 0.57+0.06 0.70+.017 0.83+0.12 0.67+0.31 0.73+0.06 0.83+0.21 C=D>B A=B=C=D
Bi 0.60+0.16 0.24+0.10 0.18+0.02 0.22+0.01 0.44+0.03 0.34+0.18 0.55+0.03 0.83+0.03 A=D>C>B D>A=B=C
Ca 84300+14214 126717+43402 158517+2253 137767+16461 36633+16936 89467+71095 1833+586 3567+1193 B>A=C>D A=B=C>D
Cd 0.31+0.10 0.27+0.01 0.17+0.02 0.19+0.02 0.14+0.06 0.20+0.02 0.08+0.04 0.08+0.07 A>B=C>D A>B=C>D
Ce 24.7+4.0 8.2+6.5 11.8£1.5 13.3£1.6 21.3+3.2 17.8+£5.7 37.2x0.5 36.8+5.4 D>A=C>B D>A=B=C
Co 7.4£0.4 3.1£2.5 6.7+0.8 8.5+2.1 15.1+£1.7 11.5£3.9 11.4+0.1 15.1+£5.2 C>D>A=B D>B=C>A
Cr 17.2+2.3 7.2£5.4 15.6+£1.00 16.9+£3.5 75.6£11.5 58.0£24.1 37.1+3.2 38.9+3.4 C>D>A=B C=D>B>A
Cs 1.53+0.24 0.87+0.59 1.03+0.14 1.17+0.15 1.43+£0.25 1.11+0.20 2.13+0.04 1.66+0.24 D>A=C>B D>B=C>A
Cu 20.7x1.2 9.0x4.7 19.6+£1.9 16.9+2.5 33.8+3.9 31.6%9.5 70.6x4.8 111.2+69.5 D>C>A=B D>C>B>A
Fe 17263+£2311 7350+£5706 13467+1457 15483+3018 28533+2113 20633+7068 27767+1258 39417+1575 C=D>A>B D>B=C>A
Ga 3.79+0.51 1.80£1.35 2.35+£0.13 2.48+0.43 5.52+0.55 3.90+1.61 5.72+0.24 6.17+0.55 C=D>A>B D>A=B=C
Hg 0.13+0.05 0.05+0.03 0.05+0.02 0.02+0.01 0.06+0.01 0.06+0.03 0.04+0.01 0.15+0.02 A>B=C=D D>B=C>A

K 23538+6557 22800+6393 18033+1050 16117+4000 25817+1581 18567+7223 27050+786  27433+1429 A=C=D>B D>B=C
La 12.5+2.6 4.1+3.2 5.7+0.6 6.2+1.0 9.6+£1.7 8.0£2.7 17.5+0.8 15.9+2.2 D>A>C>B D>A=B=C
Li 19.9+3.1 9.2+7.2 17.4+0.8 20.6x3.4 40.4+5.7 29.6+£12.3 35.1+2.4 42.6x1.5 C=D>A=B D>B=C>A
Mg 8163+1359 3067+2538 8600+1054 9183+1125 17633+1750 15433+1537 7317592 8867+1332 C>A=B=D C>B=D>A
Mn 680+188 133+148 501+35 604+75 573+93 903+585 552+27 695+228 A=B=C=D B=C=D>A
Mo 1.0+1.1 3.3t19 0.3+0.1 0.5£0.1 0.9+0.1 2.4+1.0 2.3+0.2 3.9+1.7 D>A=C>B A=C=D>B
Na 4209+126 357+172 4793+1221 15700+1223 8375+4454 7633+246 1967+304 9702+2502 B=C>D>A B>D>C>A
Nb 0.50+0.08 0.23+0.14 0.40+0.01 0.31+0.06 0.43+0.09 0.38+0.18 0.20+0.05 0.25+0.05 A=B=C>D A=B=C=D
Ni 20.1+2.6 8.4+4.5 20.5+2.9 22.9+4.2 78.0+9.4 63.2+27.3 21.4+1.1 24.3+x1.1 C>A=B=D C>B=D>A
P 1598+561 202+148 3902+371 555+100 983+381 587+156 620+£52 950+223 B>A>C=D D>B=C>A
Pb 68.2+12.8 31.9+19.8 20.3+x1.4 18.7+2.9 51.4+10.4 28.1+5.9 45.9+2.6 79.9+2.7 A>C=D>B D>A=B=C
Rb 25.4+5.6 14.4+11.8 13.1+0.8 13.6x1.9 31.84+6.0 23.249.7 39.3£1.3 35.7£2.9 C>D>A>B D>C>A=B
Sb 0.72+0.13 0.37+0.23 0.43+0.07 0.27+0.06 0.43+0.16 0.33+0.17 1.05+0.07 1.33+0.17 A=D>B=C D>A=B=C
Sc 2.8+0.4 1.3+0.9 2.1+0.2 2.7+0.4 4.8+0.9 3.4+1.1 4.1+0.2 4.8+0.3 C=D>A>B D>A=B=C
Se 0.95+0.10 0.38+0.18 0.97+0.12 0.37+0.18 0.73+0.21 0.77+0.38 0.42+0.13 0.62+0.09 A=B>C=D A=B=C=D
Sn 1.10+0.25 0.52+0.35 0.65+0.15 0.55+0.05 1.38+0.19 1.27+0.25 1.38+0.13 2.43+0.84 A=C=D>B D>C>A=B
Sr 494+54 786x197 699+62 626+126 212+84 696577 29+8 43+10 B>A>C>D A=B=C>D
Th 4.3x0.5 2.2+19 2.2+0.3 2.9+0.5 5.2+15 4.0£1.1 5.7+0.4 5.1+0.6 C=D>A>B D>A=B=C
Ti 0.007+0.001 0.006+0.004 0.005+£0.001  0.005+0.001 0.006+0.001  0.006+0.001 0.016+0.002 0.015+0.002 D>A=B=C D>A=B=C
Tl 0.16%0.02 0.09+0.04 0.09+0.01 0.13+0.02 0.15+0.01 0.14+0.05 0.12+0.01 0.13+0.02 A=C>D>B A=B=C=D
U 0.93+0.06 1.10+0.59 0.62+0.03 0.73+0.12 0.88+0.20 1.63+0.40 0.92+0.03 1.60+0.44 A=C=D>B C=D>A=B
\% 24.0+2.3 10.8£5.5 14.5+1.3 16.8£3.5 36.5+4.8 28.3+9.1 44.2+1.8 53.8+4.3 D>C>A>B D>A=B=C
Y 9.4+x1.0 3.6£2.9 7.2+0.7 8.4£1.2 11.3+1.6 10.1+2.0 8.2+0.4 11.5+0.5 A=C>B=D B=C=D>A
zZn 107+18 52129 61+6 547 108+4 77+44 166+2 323+140 D>A=C>B D>A=B=C
zr 2.3x14 1.9+0.6 0.6+0.1 1.3+0.3 1.5+0.1 1.0+0.4 4.2+1.2 3.8£1.2 D>A=C>B D>A=B=C
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Tabled3¢{ AGYAFAOLYyG {LISENXYIYyQa O2NNBflFidA2ya o0S0isSSy (NI OS sblBiy Syohgicorklgtiona BRD.F0P y G a
are highlighted using bold font.

Ag | Al As | Ce | Co | Cr Cs | Cu| Fe | Ga | Hg K La Li Mg | Mn | Mo | Na | Nb Ni Pb | Rb | Se| Sr | Th Ti U V Y Zn Zr
Ag | --—-
Al
As
Ce 0.857|0.628| ---
Co 0.795|0.519]0.560] ---
Cr 0.741] 0.795 ---
Cs 0.820] 0.914]
Cu 0.549] 0.834] 0.633] 0.726
Fe 0.899] 0.749/0.829[ 0.856] 0.655/0.699|0.732] ---
Ga 0.986] 0.557] 0.897] 0.801] 0.699] 0.827] 0.629| 0.939| ---
Hg 0.536]
K 0.695 0.711 0.684 0.545]0.703]0.601] ---
La 0.836] 0.551{0.988 0.933] 0.568] 0.759] 0.861] 0.555| 0.730] ---
Li 0.923] 0.559|0.729] 0.929] 0.826{ 0.656] 0.648] 0.953( 0.932] 0.663] ---
Mg 0.695] 0.870 0.619] ---
Mn
Mo |-0.639
Na
Nb [0.832 -0.569
Ni 0.531] 0.656] 0.940 0.625/0.931
Pb 0.630] 0.526] 0.733 0.591 0.580] 0.654] 0.874] 0.772] 0.749
Rb 0.957| 0.920] 0.674{ 0.586] 0.905| 0.573( 0.836] 0.962 0.798]0.913]0.826 0.684] ---
Se |0.674 0.533 0.766
Sr -0.859-0.554-0.844-0.683 -0.791-0.624-0.83¢-0.899 -0.759-0.814-0.814 -0.604-0.88(
Th 0.962 0.862] 0.692] 0.656] 0.890] 0.814] 0.940 0.705] 0.860{ 0.838 0.610] 0.964 -0.824 ---
Ti 0.660] 0.693(0.878 0.844]0.628(0.702] 0.723 0.612] 0.865| 0.565 0.585] 0.783 -0.6840.686] ---
U 0.703
vV 0.927]0.714/0.906] 0.792] 0.624{0.782] 0.729] 0.972{ 0.968] 0.627]0.850{0.926 0.613]0.911] -0.8750.868| 0.786
Y 0.841 0.633] 0.812] 0.726] 0.580] 0.813] 0.802 0.598] 0.842] 0.732) 0.640 0.695 -0.61¢ 0.786 0.744| ---
Zn 0.616] 0.873]0.713] 0.682) 0.956] 0.771] 0.688| 0.523] 0.524] 0.659] 0.646) 0.654] 0.643 -0.6870.519] 0.655 0.770]
Zr 0.554]0.600] 0.757 0.678] 0.708] 0.564] 0.613] 0.653] 0.755 0.584]0.704 -0.659 0.561| 0.746 0.659 0.750] ---
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Cansidering all 4 sites, there are a wide number of significant correlations (p<0.01), and
many of them strongly positive (rS>0.70). Most of the positive correlations involve Al, which is
highly correlated to Ce, Co, Cs, Fe, Ga, La, Li, Rb, Th, V and80 @6Erre). There are also the
correlations between Al and Cr (rS>0.70), Pb, K, Ti, Zn (rS>0.60). This was not unexpected as
sampling sites are more or less rich in fgrained sediments to which many elements of this
group are typically associated. \im the group of elements correlated to Al, Cr shows a very high
correlation with Ni, in turn highly correlated to Mg, whereas Pb is associated also to Hg, Ti, and Zr.
At least two other groups of elements (some of them of environmental concern) aredtitgdi
by the matrix in Tale 4.3. They are 1) Ag, Se, and Nb; 2) As, Cu, Fe, and Zn. Negative strong
correlations involve Sr, in particular with Al, Ce, Cs, Fe, Ga, K, La, Li, Rb, Th, and V. In aquatic
environments, many invertebrates produce aragonite liherich in Sr due to the particular
structure of this crystal (Kinsman and Holland, 1969; Tesoriero and Pankow, 1996). Aragonite is
normally poor in metal contents in respect to silicate minerals, and this may determine the
observed pattern. Furthermoreparticularly low levels of Ca and Sr found in ODI samples may
indicate a locally scarce presence of carbonates of biogenic origin. Titanium seems to have affinity
both with Algroup and Agyroup. Weaker or no correlations are shown by a few elements, asich

Mn, Mo, Na and U.

4.4.2 Metal concentrations in feathers

Detectable concentrations in feathers are graphically presentefigare 4.2, with all 4
colonies pooled together. The elements are ranked by medians with the mean also plotted.
Descriptive stastics for each sample site are reported in table 4. Twenty elements have not been
used for this paper. Among them, Be, Bi, Eu, Hf, Ho, Lu, Sc, Ta, Th, Tl, Tm, and Yb, had mostly
missing data. Some other elements (B, Ba, Ca, Cd, Ge, Sbh, Sn, Te) wiee layféxgh levels in
blank samples to the point that we preferred to exclude them from this study.

Median values of almost all elements are lower than corresponding mean value$.2lrig.
This tendency is more pronounced for Al, Fe, Ti, Mn, Pb, CN,Rs, Co, Ag, Ga, and Cs. More

symmetric distributions have been found for Na, Mg, K, Zn, Sr, Cu, and SE2)Fion particular,
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Na, K, Zn, Sr, Cu, and Se show a very compact distribution and good accordance between medians
and means.

A group of elemets (Na, Mg, K, Al, Zn and Fe) have central values higher than 100 mg/kg
with Na and Mg concentrations one order of magnitude up. In the rante fng/kg, there are 5
elements: Sr, Cu, Ti, Mn, and Se. All but Ti are known to be essential elements vagichlol
functions at low concentrations. Mercury, Pb, Ni, and Cr, four-essential elements and
hazardous for the health, show medians of around 1 mg/kg or slightly below. Medians of 7
elements lie between 0.07 and 0.24 mg/kg: Rb, Li, V, Mo, As, Ce,canthi§ group includes
essential elements (Li, V, Mo, and Co), one REE (hamely Ce), and an important toxic element (As).
A group of enriched samples completely separated from the others is evident for As. The
remaining 18 elements have medians well bela@30mg/kg, including the other 8 REEs (La, Nd, Y,

Pr, Sm, Gd, Dy, and Er). All the elements, REEs included, in this wide group are invariably dispersed
(especially Ga) with a high density of values in the upper part. Only Zr is an exception.

Figure4.2 al® allows us to compare the data collected from wild birds with the average
value obtained by captive adult flamingos. Captive bird means (CM) are evidently lower than the
mean values of wild birds (WM) for 31 out of 38 elements. For 20 of these (Na, Mig,4%, Fe,

Sr, Ti, Se, Pb, Rb, Li, V, Nd, Y, Ga, Th, Sm, Gd, Dy), CM are lower than the 95% CI of wild date
Within the range of wild bird concentrationsf{®5" percentile) are Mn, Hg, Ni, Cr, As, Ce, Co, La,

Cs, Pr, Nb, (CM<WM), and Mo, Zr, U, W &pproximately equal to WM). Evident exceptions are
represented by Ag and Cu, which are so high in captive birds that they are out of range of the
entire wild bird datasetThe overdispersion of high density of values in the upper part of many
element distibutions in feathers (Figl.2) indicates a number of enriched samples (internally or
externally). The relatively homogeneous distribution of some elements (Na, Mg, K, Zn, Cu, Sr, and
{S0O O2dzA R adAaA3Sad GKIG GKSe& LI | asition, Yut dithoud2 NI | y

further information this cannot be considered more than a clue.
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Figure 4.2 ¢ Overall plot of all Flamingo feather concentrations graphically represented by using logarithmic scale
(black rhombus). Mean (circle) and median (s@)are also plotted, as well as the reference of captive bird (yellow
rhombus). Elements are in order of concentration expressed as mg/kg.

Table4.4 reports medians (M) and median absolute deviations (MAD), means (m) and
standard deviations (SD), and rasgof each group of samples per site. Significant differences
between sites are also reported (p<0.05). For most elements COM shows the highest
concentrations. Exceptions are Ag and Na, which are higher in ODI, Co in CAM, and Cu, Er, K, Rb,
Sr, Y, and ZniCAG. Noticeably, feathers from ODI show the lowest levels of Fe and La, very

concentrated in sediments from this site (TdlR2).
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Table4.4 ¢ Descriptive statistics of element concentrations in flamingo feathers for each samplind/lsitiéan (M)
and median absolute deviation (MAD), mean (m) and standard deviation (SD), rangendmjinare reported.
Significant differences between sites are summarized in the last column. Single capital letters A, B, C, D are used for

brevity, and correspondent to @A CAM, COM, and ODI, respectively.

A B C D
ZO0O (n=7) MW test
CAG (n=21) CAM (n=19) COM (n=19) ODI (n=15) (p<0.05)
(mglkg)  M+MAD m+SD M+MAD m+SD M+MAD m+SD M+MAD m+SD m
0.036+0.007 0.040+0.015  0.028+0.004 0.031+0.014  0.019+0.004 0.021+0.007  0.090+0.029 0.096+0.031
Ag 0.218 D>A>B>C
Range (Ra): 0.018-0.082 Ra: 0.015-0.072 Ra: 0.014-0.036 Ra: 0.054-0.145
+ + + + + + + +
Al 53+10 58+17 11420 120+39 339461 343+84 119+19 111424 38 CoB=D>A
Ra: 34-100 Ra: 69-218 Ra: 204-511 Ra: 66-142
As 0.100+0.010 0.096+0.031  0.090£0.010 0.094+0.018  0.170+0.020 0.161+0.035  0.790+0.100 0.819+0.143 0.060 C>D>A<B
Ra: 0.050-0.180 Ra: 0.060-0.120 Ra: 0.110-0.270 Ra: 0.610-1.060 ’
Cce 0.067+0.019 0.076+0.034  0.075x0.019 0.084+0.038  0.196+0.035 0.201+0.053  0.100+£0.020 0.093+0.024 0.054 C>A=B=D
Ra: 0.035-0.153 Ra: 0.033-0.186 Ra: 0.112-0.297 Ra: 0.051-0.127 ’
o 0.031+0.005 0.032+0.008  0.078+0.018 0.103+0.120  0.175+0.030 0.194+0.063  0.072+0.009 0.071+0.013 0035 B>D>A=C
Ra: 0.018-0.046 Ra: 0.035-0.585 Ra: 0.118-0.333 Ra: 0.044-0.091 )
or 0.59£0.30  0.64+0.48 0.39£0.08  0.42+0.10 1.12+0.19  1.24+0.38 0.38+0.02  0.38+0.05 0.481 C>A=B=D
Ra: 0.160-2.000 Ra: 0.260-0.610 Ra: 0.720-2.130 Ra: 0.290-0.490
cs 0.006+0.002 0.007£0.003  0.016£0.004 0.017+0.007  0.043+0.008 0.045:0.012  0.010:£0.002 0.009+0.002 0.005 Co>B=D>A
Ra: 0.003-0.015 Ra: 0.007-0.037 Ra: 0.025-0.065 Ra: 0.005-0.013 '
cu 3.7+0.28 3.76+0.40 4.68+0.41  4.66+0.48 4.09+0.24  3.95+0.36 4.19+0.36  4.20+0.39 10371 A>B=C=D
Ra: 3.240-4.730 Ra: 3.910-5.780 Ra: 3.120-4.400 Ra: 3.660-4.740
b 0.004+0.002 0.005+0.002  0.006+0.001 0.007+0.003  0.016+0.003 0.016+0.004  0.007£0.001 0.006+0.002 0.001 C>A=B=D
4 Ra: 0.002-0.011 Ra: 0.003-0.015 Ra: 0.010-0.023 Ra: 0.003-0.009 ’
Er 0.002+0.001 0.003+0.001  0.003x0.001 0.003+0.002  0.008+0.001 0.008+0.002  0.003x0.001 0.003+0.001 0.001 A=B>C>D
Ra: 0.001-0.006 Ra: 0.001-0.007 Ra: 0.005-0.012 Ra: 0.002-0.004 ’
Fe 73.4£10.6  78.4+19.3 77.9£10.9  85.4425.0 263.0+32  255.3+55.6 124.0£7.0  120.6+19.8 156 CoASBSD
Ra: 52-126 Ra: 51.8-148.0 Ra: 165.0-376.0 Ra: 78.2-151.0
Ga 0.014+0.004 0.016£0.007  0.024+0.005 0.025:0.009  0.081+0.017 0.080+0.021  0.022+0.004 0.022+0.004 0.005 C>ASB=D
Ra: 0.007-0.035 Ra: 0.013-0.049 Ra: 0.045-0.117 Ra: 0.014-0.029 ’ -
d 0.005+0.002 0.006+0.003  0.008+0.002 0.008+0.004  0.020+0.004 0.021+0.005  0.009+0.002 0.008+0.002 0.002 C>A=B>D
Ra: 0.002-0.012 Ra: 0.003-0.020 Ra: 0.013-0.031 Ra: 0.005-0.012 ’ -

H 1.478+0.302 1.649+0.818  0.885+0.400 1.167+0.665  1.053+0.372 1.129+0.644  0.782+0.082 0.785+0.163 0734 C>A=B=D
9 Ra: 0.452-3.485 Ra: 0.446-2.389 Ra: 0.361-2.906 Ra: 0.520-1.207 ) T
K 199+25 202+38 168+23 173+44 20115 208+30 213+23 213+35 37 ASD>B=C

Ra: 141-269 Ra: 84-276 Ra: 154-274 Ra: 165-285
La 0.034+0.008 0.038+0.017  0.040+0.009 0.043+0.019  0.094+0.018 0.098+0.025  0.047+0.008 0.044+0.011 0.033 C>A=B>D
Ra: 0.018-0.077 Ra: 0.017-0.094 Ra: 0.054-0144 Ra: 0.025-0.061 )
Li 0.200+0.020 0.203+0.035  0.250+0.040 0.270+0.062  0.390+0.050 0.395+0.083  0.160+0.020 0.152+0.027 0.027 CoD>A=B
Ra: 0.130-0.270 Ra: 0.200-0.400 Ra: 0.250-0.580 Ra: 0.110-0.190 )
13794214 1402221 1318+213  1308+295 10194121  1015+199 639+64 639+97 _
Mg : ) ) ) 150 C>B=D>A
Ra: 1054-1813 Ra: 566-1843 Ra: 667-1503 Ra: 463-824
Mn 0.720£0.150 0.746+0.240  2.650+0.610 2.667+0.989  7.470+1.400 8.107+2.133  2.070+0.260 1.935+0.382 0.554 C>A=B=D
Ra: 0.350-1.290 Ra: 1.230-5.290 Ra: 5.010-12.700 Ra: 1.200-2.460 '
Mo 0.169+0.017 0.189+0.075  0.139+0.017 0.143+0.026  0.194+0.019 0.193+0.025  0.099+0.008 0.100+0.015 0.189 CoD>A=B
Ra: 0.119-0.447 Ra: 0.096-0.198 Ra: 0.146-0.235 Ra: 0.074-0.134 '
Na 31064333  3084+530 19484229  2047+410 2120+201  2037+320 2450+206  2409+315 422 D>C>AZB
Ra: 2097-3950 Ra: 1087-2947 Ra: 1560-2653 1812-2890
Nb 0.009+0.003 0.010+0.005  0.005+0.001 0.006+0.003  0.019+0.004 0.019+0.005  0.005+0.001 0.005+0.001 0.003 C>B=D>A
Ra: 0.004-0.026 Ra: 0.003-0.013 Ra: 0.010-0.028 Ra: 0.003-0.007 ’
Nd 0.028+0.008 0.032+0.014  0.037+0.009 0.040+0.019  0.092+0.015 0.095+0.024  0.046+0.009 0.043+0.011 0015 CoB>D>A
Ra: 0.015-0.065 Ra: 0.015-0.091 Ra: 0.063-0.137 Ra: 0.023-0.060
Ni 0.520+0.230 0.581+0.384  0.540+0.110 0.581+0.217  0.990+0.190 1.058+0.255  0.350+0.020 0.409+0.162 0341 C>A=B=D
Ra: 0.150-1.750 Ra: 0.300-1.250 Ra: 0.670-1.600 Ra: 0.280-0.830 ’
Pb 0.474#0.03  0.46+0.08 0.54+0.07  0.57+0.15 1.76+0.23  1.93+0.51 0.63+0.09  0.68+0.13 0.294 C>D>A=B
Ra: 0.330-0.650 Ra: 0.340-0.970 Ra: 1.190-2.970 Ra: 0.490-0.950
pr 0.008+0.002 0.009+0.004  0.009+0.002 0.010+0.005  0.024+0.004 0.024+0.006  0.012+0.002 0.011+0.003 0.005 C>A=B=D
Ra: 0.004-0.018 Ra: 0.004-0.023 Ra: 0.013-0.034 Ra: 0.006-0.015 : T
Rb 0.150+0.020 0.158+0.043  0.210+0.040 0.233+0.076  0.700+0.100 0.710+0.170  0.270+0.010 0.261+0.033 0.081 A=C=D>B
Ra: 0.090-0.260 Ra: 0.150-0.430 Ra: 0.430-1.000 Ra: 0.190-0.320 )
2.830+0.420 2.975+0.707  1.620+0.210 1.622+0.309  1.540+0.140 1.539+0.182  1.970+0.110 2.022+0.209
Se 0.840 C>B>A>D
Ra: 1.850-4.380 Ra: 1.110-2.150 Ra: 1.320-1.990 Ra: 1.580-2.350
0.006+0.002 0.007+0.003  0.008+0.002 0.009+0.004  0.021+0.004 0.022+0.005  0.009+0.002 0.009+0.002
Sm 0.002 C>B>D>A
Ra: 0.003-0.014 Ra: 0.003-0.020 Ra: 0.013-0.031 Ra: 0.005-0.013
7.29¥0.730  7.51+1.17 8.05+1.030  8.02+1.56 9.260+0.740 8.873+1.060  5.230+0.320 5.206+0.418 _
Sr 2.183 A>D>B=C
Ra: 5.61-10.20 Ra: 4.85-11.40 Ra: 7.070-10.100 Ra: 4.520-5.930
- 0.019+0.007 0.023+0.013  0.015+0.004 0.015+0.007  0.044+0.006 0.045+0.011  0.014+0.003 0.013+0.004 0.006 C>A=B=D
Ra: 0.007-0.059 Ra: 0.006-0.036 Ra: 0.026-0.066 Ra: 0.007-0.020 ' T
) 1.660+0.440 1.855+0.963  1.340+0.270 1.503+0.652  5.690+1.290 5.467+1.493  2.250+0.330 2.117+0.485
Ti 0.554 C>D>B>A
Ra: 0.780-4.910 Ra: 0.670-2.840 Ra: 2.910-8.170 Ra: 1.080-2.830
U 0.031+0.005 0.030£0.006  0.026+0.006 0.027+0.008  0.024+0.003 0.027+0.007  0.012+0.001 0.012+0.002 0.025 C>A=B>D
Ra: 0.016-0.040 Ra: 0.013-0.042 Ra: 0.016-0.046 Ra: 0.008-0.015 :
v 0.140+0.030 0.141+0.050  0.180+0.030 0.185+0.070  0.660+0.090 0.687+0.187  0.180+0.030 0.168+0.038 0.041 C>A=B=D
Ra: 0.060-0.260 Ra: 0.090-0.350 Ra: 0.380-1.130 Ra: 0.090-0.220 :
W 0.010+0.002 0.009+0.003  0.007+0.001 0.008+0.003  0.013+0.002 0.013+0.003  0.006+0.001 0.006+0.001 0.010 C>ASB=D

Ra: 0.004-0.018

Ra: 0.004-0.015

Ra: 0.008-0.019

Ra: 0.004-0.009
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Table4.4 ¢ (continued).
v 0.024+0.006 0.026+0.012 0.032+0.008 0.035+0.015 0.075+£0.013 0.080+0.021 0.031+0.006 0.029+0.007 0.006 A=B=C>D
Ra: 0.011-0.056 Ra: 0.014-0.077 Ra: 0.047-0.118 Ra: 0.016-0.039 ’ -
11147 113+13 90+6 92+11 118+8 121+14 133+6 127+12
>A>B=
n Ra: 97-152 Ra: 73-115 Ra: 98-153 Ra: 103-141 66 C>A>B=D
7r 0.032+0.005 0.036+0.013 0.036+0.007 0.038+0.012 0.085+0.013 0.096+0.033 0.056+0.010 0.057+0.012 0.049 C=D>A>B
Ra: 0.016-0.066 Ra: 0.023-0.063 Ra: 0.040-0.165 Ra: 0.040-0.075 ’ B

4.4.3 Bioaccumulation or external contamination: interpretation of the analytical results in
feathers
According to Elet al, (2004), the residual exogenous contamination capaiflenasking

internal signals of certain trace elements could primarily depend on lithic residual particles firmly
adhered to the feather structure. Indeed, taking into consideration the preliminary findings of
Weyerset al,, (1988), we performed a number observations with Scanning Electron Microscope
(SEM) of some flamingo feather fragments that revealed the presence of residual specks even
after thorough washingThe characterization, performed by Energy Dispersiva)Analysis
(EDX, revealed that masresidues were consisting afrganic dust, probably originated by the
feather itself after the preparation, but also lithic fragments were still present, determasetays
and carbonatesunpublished data). In light of that, the commonly used procedumexlean
feathers involving deionized water and organic solvents, successfully remove most of surface
atmospheric deposition, loosely attached particles and fatty compounds including preening oil
(Burger, 1993; Hahn et al, 1993; Weyetsl.,, 1988), butsome soil particles remain

In their ecotoxicological study, Cardiel al., (2011) included both a target metal and a
metal considered scarcely absorbed at the intestinal level, indicating that if a correlation between
the two metals is found in featherst should be considered an effect of external contamination
rather than bioaccumulation. However, geochemical processes are complex and the associations
among trace elements may substantially change at local scale. In our study, we included a large
numbe of elements, geochemical local data, and the feathers were sampled from young birds of
known origin, which may carry on their feathers only particles from local soils and have had only a
short time to accumulate on feathers an important load of atmosphdeposition.

When attributable to external contamination, strong correlations found in feathers should
be correspondent to the correlations found in the sediment sampled within the area frequented
by the unfledged birds. Conversely, in the presence elvalent endogenous bioaccumulation,

one can expect that the elements well correlated in the sediments will not be as much correlated
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in the feathers, due to the different bioavailability and metabolic ways proper to each element
and each group of organisms

Considering the sediments, correlation coefficients (Bab) higher than r$>0.970 (p<0.01)
for all sampling sites can be legitimately considered a sound indication of an association that we
should not find in feathers due to the different bioavailaliland metabolic ways of flamingo
fledglings proper to each element. This is the case @&l FeV/, and Céd.a, represented in all
sampling sites with a very similar ratio (@ a,b,c). On the other hand, for certain elements very
strong correlationsmay exist at site scale, even if the overall correlation coefficient, though
significant, is not among the highest. The case eCrAkeems indicative, having an overall
coefficient equal to 0.741 (p<0.01), but coefficients in each site between 0.974.998 (p<0.01),
due to a sitespecific ratio Al:Cr (Fig.3d).

Simply observing that similar high correlations are present in feathers4(Big.and c), Al,

Ce, La, and Ga can be considered of external origin in flamingo feathers, and therefore taken as
dza S¥dzA aliz22taé¢ G2 aasSaa G(KS LINBgIHtSyd SEGSN
acrossthe-sites clear pattern.

We are confident that also Fe and V (Bigb) can be considered mainly of external origin
for CAG, CAM, and COM but they shkido# handled with caution relatively to ODI.

The case of Cr is less simple (Eigd). In all sites it is associated to Al in sediments, with a
site-specific ratio depending on the lithological composition of sediments of each site, eventually
altered byanthropogenic inputs. Figuré4d shows that the correlation ALr in feathers tends to
weaken or disappear in all sites. This case does not offer clear evidence of external contamination,
and further analysis must be carried out in order to interpret @it enany other elements.

In this regard, a Factor Analysis (FA) was applied to the analytical results from feathers
(Tab.4.5). Five factors have eigenvalues >1 and were selected, explaining for 89 % of the total

variance.
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Table4.5 - The five significant factors resulted from the factor analysis (eigenvalues greater thRotd)ed factor
loadings (those lower than 0.50 have been suppressed), eigenvalues and proportion of variance explained are

presented.

Element Factor1 Factor2 Factor3 Factor4 Factor5  Communality
Ag -0.707 0.571
Al 0.915 0.960
As -0.866 0.893
Ce 0.986 0.944
Co 0.790 0.812
Cr 0.575 0.629
Cs 0.893 0.974
Cu -0.836 0.350
Dy 0.976 0.958
Er 0.9%54 0.935
Fe 0.924 0.954
Ga 0.939 0.975
Gd 0.978 0.975
Hg -0.515 0.252
K 0.954 0.534
La 0.982 0.940
Li 0.700 0.638 0.913
Mg 0.890 0.820
Mn 0.858 0.926
Mo 0.794 0.785
Na 0.722 0.785
Nb 0.793 0.9
Nd 0.989 0.955
Ni 0.567 0.617
Pb 0.888 0.885
Pr 0.986 0.945
Rb 0.928 0.952
Se -0.513 -0.573 0.706
Sm 0.985 0.964
Sr 0.849 0.825
Th 0.848 0.888
Ti 0.930 0.935
U 0.875 0.875
\Y 0.936 0.974
W 0.562
Y 0.963 0.970
Zn 0.754 0.790
Zr 0.920 0.879

Eigenvalues 23.11 5.22 3.184 1.33 1.20
Total variance % 55.88 15.69 6.41 6.40 5.18
Cumulative var.% 55.88 71.57 77.99 84.38 89.57
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Eactor 1 (Al Ce, Co, Cs, Dy, Er, Fe, Ga, Gd, La, Li, Mn, Nb, Nd, Pb, Pr, Rb, Sm, Th, Ti, V, Y, and Z
This factor accounts for 55.88% of the model variance. It is very probable that it defines the wide
group of elements characterizing the residual sediment padicteore abundant in the feathers

and only partially removed after the washing process. The group includes Al, Ce, La, Ga with a very
high positive loading (> +0.90) and many other elements with high or very high positive loadings (>
+0.70). Chromium and Nhow moderate positive loadings (> +0.50) indicating that they could
contribute to the external contamination to some extent. The information given by factor 1 is
consistent with the correlation matrix (Ta#.3), due to the grouping of Al, Fe, Ce, Cr, IGa,and

V. The inclusion of Dy, Er, Gd, Nd, Pr, and Sm to this factor (concentrations not available for
sediments) with loadings greater than 0.96, leads us to consider these REEs as good indicators of
external contamination. Factor 1 also includes Pthvathigh positive (> +0.80), and Se with a
moderate negative loading (€©.50) but these elements, as for Cr, may hide peculiarities that will

be discussed later.

Factor 2 (Ag, As, Li, Mg, Mo, Sr, and U). Factor 2 accounts for 15.69% of the total vaBidwere

and As enter into factor 2 with high negative loadings0iZ0), and Mg, Mo, Sr, and U with high
positive loadings (> +0.70). In sediments, Mo is the only element significantly positively correlated
to U (rS = 0.703, p>0.01), Ag is negativelyetated to Mo (rS =0.639, p<0.01). Silver and Mo are

also correlated to Nb (rS = 0.832 and rS = 0.569, p<0.01), but with opposite sign. Strontium is
negatively correlated to most of the elements, with the exceptions of Ag, Mg, Mo, U, and some
others notgrouped in factor 2, not correlated at all (Tah3). Moreover, factor 2 includes As and

Li, in sediments correlated respectively to some and most of metals correlated to Al (which are
grouped in factor 1). Lithium appears in factors 1 and 2 with a coampailoading. It is difficult to

better define Factor 2, because it probably includes elements with a different fate in feathers, but

it cannot be excluded that As, Li, Mg, and Sr could be passed through biological processes.
Conversely, it is recommended consider the bioaccumulation of Ag, Mo, and U in feathers very
cautiously.

Factor 3 (Hg and Se). It explains 6.41% of the variance. Mercury and Se appear in this factor with
moderate negative loadings ¢0.50). A rather low correlation coefficient wdound between Hg

and Se (rS = 0.533, p<0.01), while Se is strongly correlated to Nb in sediments (rS=0.77, p<0.01),
which is missing in factor 3, probably due to a divergent fate in feathers. The FA indicates that Se
in flamingos could follow Hg in metalic processes as a protective response according to &ang

al., (2008).
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Factor 4 (K, Na, and Zn). Very high positive loadings are related to K, Na, and Zn (> +0.70),
accounting for the 6.40% of the variance in this factor. In sediments, K is welated to Al, Ce,

Cs, Ga, La, Pb, Rb, Th, and Zr (rS> 0.65, p<0.01) due to the tendency of K to be rich in the fine
grained fraction of sediments. In factor 4, none of these elements follows K. However, Na and K
are the most abundant elements in salt arttkir association in factor 4 may raise suspicions of
external contamination. Zinc is known as a constitutive element in feathers (Jastpalrs2004)

and in factor 4 is not followed by other elements correlated to it in sediment (Cu, As, Fe, Ce, V, and
many other elements included in factor 1). This outcome allows to conclude that Zn in feathers
prevalently originated from internal input.

Factor 5 (Cu). This factor accounts for 5.18 % of the total variance. It is practically dominated by
Cu, with a verhigh negative loading@.84). The natural levels of Cu in coastal wetlands are often
altered by human activities, especially by agricultural and industrial inputs. Therefore, it is
desirable to understand if the possible presence of external contamimaifoCu may mask the
internal accumulation or not. An4depth analysis of this element site per site will be developed in

the next paragraph.

4.4.4 Assessing metal pollution by using flamingo feathers
In this paragraph we discuss the insights regardimg sampled flamingo colonies from a

point of view of the trace elements, taking in account all the information deduced in this work.

Only two studies on flamingo fledglings are available, dages back more thanwo
decadesago(AmiardTriquetet al, 1991), and the second, concerning Hg, analysed data from this
survey (Borghesat al, 2011). Recently, a comparative study used feathers of Little Hggeeita
garzetta) chicks, including a colony breeding in the confluence of Odiel and Tinto rivers @Rubio
al., in press).

Comparisonsbetween feathers from wild birds and captive birds in this study are not
supported by sound statistics, due to the different sampling methods and the different sample
features (age, condition, nourishment). However, ourad&bm a zoo are useful to highlight the
tendency of captive birds to have a metal burden in feathers lower than wild birds, despite the
expectations based on the literature stating that adult birds normally show a higher metal
accumulation than fledglinggBurger, 1993). Results on captive birds approximate to a
GFAYIASNIINAYGE 2F GKS IAS20KSYAOLET SYy@ANRYYSyl

and Zr. However, there are two clear exceptions concerning Ag, and Cu, which are higher in
121



4. Metals andrace elements in feathers: a geochemical approach

captive birds and out of the range of the entire wild bird dataset (Fig). A tentative explanation

of this may be the modern use of Ag and Cu as bactericide and algaecide for pools.

4.4.4.1 Aluminum, Iron, Lithium, Manganese, REEs, and others.

The FA perfomed on feathers grouped Al with most of the elements already correlated in
sediments (Tab4.3 and Tab4.5). The overall mean in flamingos (154 mg/kg) is within the range of
the concentrations reported in unwashed feathers in a recent study on three rbiatespecies
(Luciaet al,, 2010). Since it is a metal poorly treated by metabolism (Caedlial, 2011) and very
abundant in sediments (up to 18,700 £ 1992 mg/kg in ODI), these high burdens suggest that it is
difficult to remove clay by using the wasbi procedures suggested in literature. All this
considered, Al can be actually considered one of the key elements for checking external
contamination in feather studies through a geochemical approach.

The same may be said for Fe and V associated to Rlyis @S = 0.899 and rS = 0.927 in our
study, respectively, p<0.01) as well as in feathers (#&h. Iron is an important blood component
and likely enters in keratin structure, but external contamination of Fe could be dominant, as a
consequence of thaigh concentration of Fe in sediment (up to 39,417 + 1575 mg/kg in ODI) and
the capacity (shared with Mn) to form secondary products such as oxides and hydroxides in the
fine-grained fraction of sediments. For similar reasons, Li concentrations founatimefs might
also be mainly exogenous. However, the biochemical pathways of Li in birds (and feathers) are
poorly understood and some biological functions of Li were recently suggested (ErRudlet
and Pollet, 2006). Lanthanides (representing 15 outldf REES) are not thought to be very
relevant in biological studies, bule alteration of natural levels of REESs, already in progress, is
almost unexplored (Kulaksiz and Bau, 2013). In additigtgpbysiological effects or enzymes
interferences forDy, Bu DRX [ Z tNJFYyR ¢06 Ay KdzYlya I NBE N
study indicates that REEs found in feathers derive from soil particles captured by barbs and
barbules. In wild Greater Flamingos, the concentration of Al, Ce, Co, Cs, Dy, Er, &, Iza Li,

Mn, Nb, Nd, Pb, Pr, Rb, Sm, Th, Ti, V, Y, and Zr are thought to be the result of external
contamination and whole feathers showing higher levels of these elements may simply be the

result of the fact that it is difficult to clean lithic pastes (e.g. COM feather samples in this study).
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4.4.4.2 Mercury and Selenium.

An association between Hg and Se exists both in sediments even though not strong (rS =
0.533, p<0.01) and in feathers (group 3 in FA, #&l). However, Se is also stronglyrrelated to
Nb in sediments (rS = 0.766, p<0.01) but their fate substantially diverge in feathers (Nb in group 1
in FA). Some kind of $&g relationship is expected in exposed organisms to Hg, because the latter
seems to be more selenophilic than thiapd in organisms, and Se is supposed to have some
detoxifying effect on Hg (Melnikt al, 2010). Mediterranean waterbirds may be considerably
exposed to Hg, due to the intense Hg pollution from natural and anthropogenic sources occurring
in the Mediterrael Yy 0 | a Aeval, 804 4). thifabl) a recent detailed study compared Hg levels
in feathers of several Flamingo colonies in West Mediterranean area (including data of the present
study), and reportednore or less important anomalies in about half of th@ecimens (Figt.5a),
especially from CAG, but, unexpectedly, ODI and captive birds had low levels of Hg (Bbrahesi
2011). Considering that both CAG and ODI sediments show high Hg anomalies (m=0.13 = 0.05
mg/kg and m=0.15 + 0.02 mg/kg, respectyellow concentration of Hg in feathers from ODI
(M=0.782 + 0.082 mg/kg) may indicate that the Huelva district might play a minor role as a feeding
FNBF F2N Fft SRIftAYyIaAaQ LI NByila RezNA(ifFess dsBeSsBAA y 3
low Hgin Little Egret chick feathers in Odiel marshes and this coincidence may suggest the
hypothesis of a low bioavailability of Hg in this heavily polluted aBsdenium in wild flamingo
feathers is definitely higher than in captive birds (Bi§b). Selenim may be present in feathers
as external contamination, but all clues (FA outcomes, the rather compact and symmetric
distribution in feathers, similar levels in sediments from all sites not corresponding to similar levels

in feathers) seems to indicate alevant internal contribution, at least in Greater flamingos.

4.4.4.3 Arsenic.

Table4.3 shows significant high correlations between As and Cu (rS=0.834), Fe (rS=0.749),
V (rS=0.714), and Zn (0.873) in sediments. To some extent, As is also associlwdetus
biologically much less actigeich as Ce (rS=0.628), Ti (rS=0.693), and Zr (rS=0.600). Conversely, we
found no correlations in feathers between As and such metals (p<0.01). In our study, sediments
and nests (m=106.02+22.64 mg/kg and 35.25+1.38kgjgand feathers (M=0.79+0.10 mg/kg) in
ODI samples are extraordinarily rich in comparison to the other sites @2aband Fig4.5c).

Arsenic compounds can bond to the sulphioh proteins contained in feathers (Murpley al,,
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1990) and these resultare in disagreement with the hypothesis of an external prevalence of As
for any site. However, external contamination of As in feathers cannot be excluded (Goede and de
Bruin, 1984), since the fingrained particles of sediments containing As are veryicditf to
remove (Smitket al,, 2008). In fact, As is strongly adsorbed by sediments, especially in association
with organic matter, Fe and Mn oxides (Gomityal, 2015). This metalloid is well known to be
hazardous for life (Eisler, 1988) and excessitakeof As can cause acute and chronic toxicity to
organisms ingesting sediment (Bhattachastaal., 2007; Sanche/irostaet al, 2015. Despite

this, As is not often included in ecotoxicological studies based on feathers compared to other
conservative pllutants such as Hg, Pb, and Cd. In the literature, there are no data regarding As in
Greater flamingo feathers, but this element was measured in pooled feather samples of adult
Lesser flamingoRhoeniconaias min@r Burger and Gochfeld (2001) without @stigating the
internal or external origin of As, found a mean concentration of 0.98 + 0.30 mg/kg, considered by
the authors as rather low. However, that value is comparable to the concentrations in feathers
from ODI, ranging 0.611.06 mg/kg (Tab. 4), vene flamingos do not only seem highly exposed to

As, but it is also very likely that an important dose is taken up and bioaccumulated.

4.4.4.4 Zinc.

As for many other metals, ODI sediments are strongly enriched in Zn, reaching a mean of
323 + 140 mg/kgni wetland samples. Camargue soil samples have the lowest concentrations (61 +
6 and 54 £ 7 mg/kg in nests and sediments, respectively), while CAG and COM have intermediate
and very similar levels (just above 100 mg/kg). In wetland sediments, Zn of angj@mipaorigin
tends to be enriched in the fingrained fraction (Foster and Charlesworth, 1996; Migenal,,
2015; Borgheset al.,, submitted). In our study, Zn appears independent from all other elements in
feathers, in particular from elements determides external contaminants (FA include Zn in factor
4 together with K and Na), therefore the internal signal seems prevailing. It has long been known
that Zn is the most important metal required for feather formation (Horedaal., 1986; Sunde,
1972), butexcessive intake of this metal represents a potential risk for wildlife health (Sundaresan
et al, 2008). Even though it is well known that Zn is regulated by birds during keratinization
processes (Burger, 1993), each site shows a specific distributioermpdEig.4.5d). In particular,
ODI and COM shows rather irregular and relatively higher distributions (with ODI more rich in Zn
than CAG, p<0.01, and CAM significantly lower than the other sites, p<0.001). This pattern seems

to correspond to the exposurevels of birds. Captive birds are rather low in Zn, probably as a
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consequence of the artificial food provided to them by the zoo, which is not adequately rich in this
essential trace element. Unpublished data of the authors revealeddhptive flamimgos fed also

with dry dog food enriched in essential elements showed Zn values in feathers comparable with
the results of this study on wild birdZinc is often analyzed in feather studies. In Camargue
AmiardTriquetet al, (1991) found mean concentrafpa o0 pmdy F MmMPn YIk] 3I0
coverts very similar to the scapular feathers we analyzed in the same site (M=90 + 6 mg/kg).
However, their distribution was wider (range: 48,3158.1 mg/kg), embracing an interval that

includes both captive ahwild birds of this study (Fig.5d).

4.4.4.5 Strontium.

In sediments, Sr reveals a strong negative correlation practically with all elements typically
linked to clays (e.g., Al, Ce, Cs, Fe, Ga, K, La, Li, Rb, Th, and V, rS>0.70, p<0.01). Strontiun
coneentrations are highly variable in sediments (T4l2), being up to two orders of magnitude
lower in ODI samples (as well as Ca) than the other sites, but in feathers it is one of the elements
showing the most compact distribution (F®§2). In some sitegespecially CAM, but also CAG and
COM) Sr concentrations in feathers appeared positively correlated to elements that are
anticorrelated to Sr in sediments (Tah6), suggesting internal accumulation. Strontium is rich in
shell invertebrates, which arelarge part of the flamingo diet and it is possible that part of Sr in
excess is stored in feathers as a consequence of some physiological regulation. Not many data are
available for Sr in the literature on feathers, but it is known that it is aessgental trace element
that tends to follow Ca during nutrient uptake, internal distribution, and excretion within
organisms (Bluret al., 2000). Nevertheless, factor analysis gave contradictory results regarding its
importance as a constitutive essential elemdar flamingo feathers, therefore, the fate of Sr in
flamingo feathers remains unclear and needs to be assessed by improving preparation methods

and carrying out further studies.

Table4.6 ¢ Significant positive correlations in feathers between Sr andeieenents that are anticorrelated to Sr in
sediments (p<0.01).

Al Ce Cs Fe Ga K La Li Rb Th \Y
CAG 0.67
CAM | 080 |081 |080 |0.86 |0.77 081 |0.89 |0.84 |0.76 |0.85
COM 0.59 0.62
ODI
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4.4.4.6 Silver.

In sediments, Ag haslegively high concentrations in CAG nests (0.164 + 0.026 mg/kg) and,
with some surprise, in all CAM samples (0.110 + 0.011, nests; 0.114 + 0.014 wetland floor).
Correlations (p<0.01) are few and particular: positive with Nb (rS = 0.832) and Se (rS =D®74)
negative with Mo (rS =0.639). In feathers, Ag singularly shows a very different pattern with
respect to sediments and, in general, to many other elements: it is more concentrated in ODI, and
low in CAM and COM samples (T4l4). In addition, FA oludes Ag in a miscellaneous group in
which the negative relationship Ado is confirmed, but As appears with the same sign of Ag, and
Li, Mg, Sr, and U with the sign of Mo. On the other hand, Nb and Se in feathers have a completely
different fate than Agln captive birds, it is the only metal, along with Cu, definitely higher than
wild flamingos from all sampling sites, likely as an effect of the use of chemicals to sanitize the
cages. Silver in waterbird chicks is practically unexplored to date, anddnegahe internal or
external origin, it remains one of the most unsolved elements, together with Mg, Mo, Na, Sr, and
U.

4.4.4.7 Chromium.

Chromium was rarely assessed in feathers and, when included in biomonitoring surveys, it
was poorly or not discusseat all (e.g. Abbagt al, 2015). In our case, in sediment Cr is evidently
correlated to Al (rS=0.741), but with a sgpecific ratio (Fig. 3d). In feathers, theQxl correlation
is lost in CAG and ODI, but it remains strong in COM (rS=0.74, p<@0DAM, a correlation
remains, but weaker (rS=0.50, p=0.03). The FA results for Cr are not very useful since Cr is
represented with similar coefficients in all five factors (Télb). However, as showed ingHre
4.4d, a number of specimens from CAG (58&@m to be heavily enriched in Cr (with respect to
Al), whereas Cr in ODI is unexpectedly low and seems insensitive to Al variation. Despite the strong
AI-Cr correlation in COM, there are three samples evidently enriched in Cr also in this cotony. Cr
enrichments in CAG feathers are observable when higher than 0.50 mg/kg, and in COM only when
higher than 1.50 mg/kg (Fig.4d). The sitespecific threshold is likely determined by the degree of
external contamination, higher in the latter subset. The extegmitamination of Cr seems to be
comparable with the internal signal in magnitude, and only peaks could be detected, depending
on the geochemical characteristics of the investigated site and the effectiveness of the washing

method.
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4.4.4.8 Copper.

In the present study, Cu was moderately correlated in sediments with many elements, but
a correlation coefficient higher than 0.90 is found only with Zn (#aB). This correlation
completely disappears in feathers, but the prevalent internal origin of Znfiigisat to alter the
Zn:Cu ratio in feathers impeding interpretation of Cu in this way. Despite the differences observed
through sites for Cu in sediments, with ODI levelda310-fold the other sites (Tab4.2), the
results in wild bird feathers are deisimilar and homogeneous in all sites, even more clearly than
Zn (Fig4.5d and Fig4.5e), as expected for an essential metal well regulated by metabolism
(Solonenet al,, 1999). Conversely, flamingos from a zoo show higher values of Cu, but we think
this may be caused by some kind of mmatural contamination, frequent nearby human
settlements or provided as supplement in the artificial diet. Copper comes out from FA as a single
metal factor (Tab4.5). A wider literature assessing Cu concentratioreathers exists. According
to Hondaet al, (1986), Cu (with Zn) participates in keratinization processes, although the
suspicion of a prevalent external contamination remained in some studies on passerines in
polluted areas (Jasperet al, 2004, Leonzioet al., 2009). However, evidence that Cu
contamination could be predominantly internal in feathers even in presence of some Cu
containing particles has been reported (&kal., 2004). Useful information to interpret Cu results
is at site level. In CAG sedints, CuCo, CuFe, and GV seem the most useful metal associations
(rS>0.95, p<0.01). As shown in Takl&, flamingo feathers from CAG preserve the very high
correlations between Co, Fe, and V, whilst the correlations with Cu are lost. For CAM,\Feand
be used for the same purpose, revealing the same evidence 414b.

Table4.7 - Significant correlations in CAG and CAM feathers between metals indicators of external contamination and
Cu. Correlations with Cu pointed out in sediments disappe&athers (p<0.01).

CAG (n=21) CAM (n=19)
Cu Co Fe \% Cu Co Fe \Y
Cu
Co NS NS
Fe NS 0.78 NS NS
\% NS 0.90 0.86 NS NS 0.97

Therefore, Cu in flamingo feathers mainly derives from internal bioaccumulatiolev€is
of this study agree with those of Wenz#l al,, (1996) concerning the possible limited capacity of
feathers to be a sensitive biomonitor for variations in Cu environmental levels, but relatively high

levels of Cu in CAM should be further investgatCopper was analyzed in flamingo fledglings in
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Camargue two decades ago and has very similar results to this study (Amiguedtet al., 1991:
3.75 + 1.03 mg/kg and 4.31 £ 1.64 mg/kg, different portions of greater coverts; this study: from
M=3.7 £ 028 mg/kg in CAG to 4.68 + 0.41 mg/kg in CAM).

4449 Lead.

Some Pb peaks has been found in sediments near the ODI islet (m=79.9 £ 2.7 mg/kg) and in
nest materials of CAG (m=68.2 + 12.8 mg/kg) and COM (m=51.4 = 10.4 mg/kg). The lowest
concentrations witin the whole dataset are recorded in CAM (m=18.7 = 2.9 mg/kg in sediment).
The correlation matrix (Tabt.3) reports PECe, PEHg, PbK, and B-La as the strongest ones
(rS.70, p<0.01). Lead is moderately negatively correlated to Skr&k p<0.01)The significant
high correlations PiCe and Pi.a recorded in feathers (considering each and all sites: rS>0.62, and
rS>0.89, respectively), seem to confirm the prevalent external origin of Pb in Flamingo feathers, as
well as the grouping of Pb togethertivielements pointed as external contaminants (Téls). At
site level, three colonies (CAG, CAM, and ODI) show values not far from Pb measured in captive
birds, while feathers from COM appear -Biwriched (Fig.4.5f). Lead is a very important
contaminant, included in almost all studies of metals in feathers. The huge variability of Pb
concentrations reported in previous studies is very difficult to interpret owing to the presence of
external contamination which may mask internal, less conspicuous, sigias 1., 2004; Fasola
et al, 1998; Weyerst al, 1988). In addition, Pb is largely excreted by feces (Le@izb, 2009;
Scheuhammer, 1987), perhaps accumulated in the sopo#al salt glands in ducks and seabirds
(Buggiani and Rindi, 1980; Howas#t al,, 1982), and seems to be higher in internal tissues than in
eggs and feathers (E&t al, 2004). However, experimental tests supported the capability of
feathers to bioaccumulate Pb (Dauweal., 2002), and endogenous lead levels in nestling feegh
tend to increase significantly near metallurgic factories (Da@tval., 2000; Eenst al, 1999;
Janssenst al, 2001; Namet al, 2004) and urban areas (Scheiftgral., 2006). Researchers have
long debated on the Pb contamination from the use bfdelditives in gasoline and paints (Pokras
and Kneeland, 2009), but at present, after the ban of leaded fuels in most countries, the main
concern on Pb contamination in birds is related to Pb ammunition (ingested or embedded in the
body) (Andreotti and Bahesi, 2013; Pain, 1996). The problem of spent ammunition ingestion
may be seriously acute in marshlands (De Francisco, 2003), and especially in Europe (Pain, 1992).
Very high Pb shot pellet densities have been found in wetlands surrounding the study(\grdas

148 pellets/nt in SW Spain: Mateet al,, 2007; 199 pellets/rhin Camargue: Pain, 1991; 71
12¢



4. Metals andrace elements in feathers: a geochemical approach

pellets/n? in the Po Delta, ItalyTinarelli and Tirelli, 1999%imilarly, elevated ingestion rates of Pb
pellets have been ascertained in many waterbi{f#ateo et al, 2007; Tavecchiat al., 2001;
Guillemainet al, 2007).Flamingos can ingest Pb pellets too (Camargue: Bayé, 1986; SW
Spain: Ramet al, 1991; Mateoet al, 1997; Po Delta, Italy: Arcangeli al, 2007). They are
particularly expsed given their habit of treading when feeding: with their feet they excavate
craters in soft sediments, probably unearthing Pb pellets (Mateal., 2007). Furthermore, in NE
Italy flamingos are used to feeding on the seeds dispensed by hunters aroeindhtimting posts

to attract wild ducks (Arcangedt al, 2007). Thus they pasture in places where most shot pellets
fall down and accumulate on the sediment.

Amiard¢ NRA [ dzSGQa o6mMdpdm0d NBLR2NISR to fS@Sfta Ay
well beyond 3 mg/kg, a value even higher than COMgeneral, applying the washing procedure
described for this study, the magnitude of the exogenous contamination of Pb seems to mostly
mask the internal bioaccumulation level, at least in COM. As tested by Ceirdik (2011) and
recommended by experts in monitoring contaminants in raptors from Europe (Espin 2014),
it is possible that a washing with water, acetone, 2% nitric acid and again water is the best washing
process to remove Pb external contamiion. However, four COM samples show evident peaks

whose origin cannot be clarified (Fi5f).

4.5 Conclusions and recommendations

The analytical results of many ecotoxicological studies on the bioaccumulation of metals
trace elements in feathers ardfficult to interpret due to the external contamination.

The geochemical approach of our study confirms that most of elements present in
sediments, even in scarce concentration, cause external contamination in Wédaiteers. This
important drawback occurgven when taking into account many variability factors and when
feathers are thoroughly washed. According to our results, the external input of Al, Ce, Co, Cs, Dy,
Er, Fe, Ga, Gd, La, Li, Mn, Nb, Nd, Pb, Pr, Rb, Sm, Th, Ti, V, Y, and Zr is capalohg ohenask
bioaccumulation signal and to date nothing can be said about their bioaccumulation in feathers.

For Cu, Zn, and likely Se, we found evidence that they could be constitutive or
bioaccumulated. Regarding Hg, feathers could be an efficient way tetexit from internal
organs (Ackermaet al, 2011). Flamingos could accumulate these elements in feathers in such a

high concentration that the contribution of residual external dirt was negligible after washing.
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Arsenic, Cr, and in some way Pb could reveal anomalies due to elevated intake of
bioavailable forms ofttese contaminants, but sampling and washing methods should be improved
in order to obtain cleaner feathers, or, alternatively, feathers may be used to monitor
environmental exposure instead of bioaccumulation, bearing in mind that, conversely, perceptible
bioaccumulation may confuse the pattern. Further in depth analyses on these elements are still
required.

After our study, the fate in feathers of Ag, K, Mg, Mo, Na, Sr, and U remains completely
obscure.

Feathers can be confirmed as an important tool fanfestructive biomonitoring, but
more attention is required on the validation of the methods. Surveys including birds of unknown
origin, age, moulting quarters, and other uncontrolled variability factors, should be avoided. When
such surveys are carriedip their results need to be treated with caution. As already suggested in
previous studies (see Cardiet al, 2011), theuse of only shafts deprived of vanes should be
preferred to reduce the external contamination, but it is still poorly explored dadghaft is not
always available.

As a main indication, feather studies should be limited to birds whose feather dirt is
associable to the sampling site (like chicks or fledglings) and a geochemistry approach may be
helpful in studies concerning contamima on birds referable to a precise area. This may not be
the case of fledged or adult birds, given the impossibility of knowing their movements in previous
months (with some exceptions). Moreover, washing methods may be improved upon.

Regarding our dataseon Greater flamingos breeding in four Western Europe sites, we can
draw some conclusions on potential concerns involving this species and its habitats, in respect of
the environmental exposure to trace elements:

1 Confirming Borghest al., (2011) outcoms, Hg has been accumulated in feathers to some
extent in all sites. In particular, there is a need to be concerned about CAG, where the
anomalous high levels of Hg affect all the sampled birds.

1 Clear Cr anomalies in many CAG samples suggest the neethef &iudies in this area.

1 ODI appears as a critical site for As. Arsenic effecting the birds breeding in ODI should be
urgently investigated further.

1 Substantially, COM feathers were rather inscrutable for all but a few elements, because

feathers were hader to clean in comparison to all the other sampling colonies, due to the
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clay composition of the sediment. However, findings suggest that Cr and Pb

bioaccumulation are worth further investigation.
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CHAPTER - Assessing environmental pollution in birds: a new
methodological approach for interpreting bioaccumulation of
trace elements in feather shafts using geochemical sediment

5.1 Abstract

1. Environmental trace element coropition can have an important impact on ecosystem and

population health as well individual fitness. Therefararefully assessing bioaccumulation

of trace elements is central to studies investigating the ecological and evolutionary impact
of pollution. Cdonial birds are important bioindicators since nmvasive sampling can
easily be achieved through the sampling of chick feathers, which controls for some
confounding factors of variability (age and environmental heterogeneity). However,
external contamiation (ExCo) of feathers is difficult to remove even after washing and has
frequently been overlooked in the literature.

. We developed a new method to reliably interpret bioaccumulation of 14 trace elements
(As, Cd, Cr, Cu, Hg, La, Ni, Pb, Se, Sn, amdfgadhiers using chicks of a colonial species:
the Greater Flamingd?hoenicopterus roseugirst, only shafts were used to remove ExCo
retained in vanes. Second, we applied a thorough washing procedure. Third, we applied a
new analytical method to controlor ExCo, which assumes that ExCo is mainly due to
adhered sediment particles and will have similar trace element concentrations to sediment
geochemical composition of sampling sites. We validated this new methodology by
comparing trace element compositioand particle composition (by scanning electron
microscopy and masspectrometry)of washed and unwashed feathers

. The washing procedure removed 99% of K indicating that most of the salt ExCo was
removed. Scanning electron microscopy and negsesctrometry revealed that some
sediment particles remained after washing, especially clays which are likely to severely bias
bioaccumulation interpretation. We successfully controlled for ExCo by calculating the ratio
of ExCo due to sediment using the geochemicajeiprint of sediment samples. Our
methodology leads to conservative estimates of bioaccumulation for As, Cd, Cr, Cu, Hg, Ni,
Pb, Se, Sn, and Zn

. We have validated a new more reliable method of analysing trace element concentrations
in feathers, which effeovely controls for ExCo, if geochemical sediment data can be
meaningfully compared to ExCo of feathers. We have demonstrated that overlooking ExCo
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leads to potentially erroneous conclusions and we urge that the method applied in this
study be consideredifuture studies

5.2 Introduction

Most metals and trace elements are omnipresent in the environment as a consequence of
natural processes and anthropogenic activities. Some of them play an essential role in biological
functioning (e.g. metabolism, neurahfunctions). However, other elemenfs.g. mercury, lead,
cadmium, arsenic, etc.; KabaRendias & Pendia2001)may also exert deimental, toxic effects
on species if they accumulate in the food ch@maralet al, 2006)which will negatively affect
fitness and life history traits of plants and animals, as well as cause diseases in wildlife and humans
(Nriagy 1989; Jarup2003)

During the last centuries, the anthropogenic exposure level of trace elements has hugely
increased after the industrialization era, especialtywetlands, which, in many cases, act as
geochemical endpoints and tend to accumulate polluti®eddy & DelLaune€008) The total
concentration of metals in soil and sediments persists for a long time because they do not undergo
microbial degradation(Kirpichtchikoveet al., 2006) It has been demonstrated that metals from
anthropogenic inputs are often weakly associated to the finest fraction of the top layers of
sediment and organic mattegfe.g. Salomons & Forstnet984; Palanquest al,, 1995; Miganiet
al., 2015)and corsequently tend to be much more bioavailable and bioaccumulable than the same
elements of natural origifiBryanet al.,, 1979; Di Giuseppet al., 2014) Monitoring environmental
metal contamination and investigating how organisms are affected by the excess @ketenent
intake or, more generally, the alteration of the natural geochemical profile is of central
importance in evolutionary ecology and human and wildlife health. A prerequisite for such
monitoring is to develop reliable methods to correctly measuretah@xposure, intake, and
bioaccumulation.

For several decades, birds have proven to be valuable biomonitors for various types of
pollutants, including metalg¢Furness & Greenwood,993) Ecotoxicological studies in the last
three decades have frequently used feathers in order to assess metal accumulation in birds and
feather analysis has proven to be a very informative tool to unravel various pbhysial,
ecological and toxicological processes inherent to individuals and populgBomger 1993; Smith
et al, 2003; Tsipourat al., 2008) An important advantage of feathers with respect to blood metal

concentration is that feathers are relatively easy to collect, preserve, and transport and sampling

147



5. Assessing environmental pollution in birds: a new methodological approach

is virtually harmless to bird¢Burger 1993) Moreover, metal accumulation in feathers generally
represents a longeterm contamination process, while levels in blood represent a recent
contamination directly associated with feedit@arvalhcet al, 2013) Since concentration levels

in feathers reflects the body accumulation during the entire time of feather development,
potential age biases can be circumvented by restricting the analyses to chick feathers. However,
external contamination (ExCo) has always challenged researchers araftéa been overlooked
(but see: Hahret al.,1993; Fasolat al.,1998; Elet al.,2004; Hollambyet al.,2006; Valladarest

al., 2010; Borgheset al.,2016) External contamination is defined as the part of the concentration
that is not attributable to bioaccumulation in the keratin structure (i.e. metals stored during
feather growth as an effect of internal bioaccumulation and nhetl&c processes, hereafter
referred to as bioaccumulation for brevity). ExCo is normally attributed to atmospheric dust,
water, or deposition of contaminants on feathers during preeniBgnowski & Dmowskil999;
Dauwe et al, 2002; Jasperet al., 2004) However, a recent study on the Greater Flamingo
Phoenicopterus roseyminted out the major importance of sedimeptrticles in complicating the
interpretation of analytical resultBorghesket al., 2016) Most previous field studies have tried to
remove ExCo through washing, however to date no washing procedure isatelgm@ffective in
ensuring the total removal of ExCo from feathdfSardielet al., 2011; Espinet al, 2014)
Furthermore, so far no studies have tried to quantify thagnitude of ExCo and to consequently
validate the bioaccumulation data of trace elements. To continue to use feathers as indicators of
bioaccumulation of trace elements, it is important to improve the methodology by reducing the
relevance of ExCo, and tte same time, find new methods for estimating more accurate data
about bioaccumulated concentrations.

In our study, we adopted five measures for that purpose: 1) we used only shafts, because
feathers deprived of vanes capture dirt less efficiei@ardielet al., 2011) 2) we sampled chicks,
which avoids variability due to age; furthermore chicks have sediment particles of proven origin
entangled in their plumage; 3) we used local geochemical information from sediments collected
around nesting islets, in order to compare the local geochemical fingerprint to the element ratios
in feathers(Borgheskt al, 2016} 4) we chose an extensive set of elements (14), including some
which are supposed to have little or no bioaccumulation and are useful to check for ExCo in the
investigated sites as they are indicators of clays (i.e. Al and La) and otbdrdations of the
sediment such as oxides and hydroxides (i.e. Fe), and salt (i.e. K). The comparison between

sediment and feather concentrations has been performed by adopting a new method capable of
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estimating the relative importance of ExCo for eadm&tnt and to correct the analytical result for
ExCo. The aim of this study is to validate this new method.

In order to achieve this goal, we used the Greater Flamingo as a model species. The ecology
and biology of this species are well known due to lomgntstudies(Johnson & Cézilly007) a
major advantage for an ecoxicological study. The Greater Flamingo has a large breeding range
including many important Mediterranean wetlands. | &tlalP 2007) feeds mainlyon small
benthonic invertebrates by filtering sediments of brackish wetlands and saltpans. During feeding it
can ingest a considerable quantity of sediments from which the organic matter contained therein
is digested as a component of diélenkin 1957) Their particular feeding behavioueads
flamingos to be directly exposed to polluted sediments. In addition, flamingos feed their chicks
with a liquid secreted from the upper digestive tract, rich in proteins, fat, carotenoids, blood cells,
and, as a consequence, with part of the polhita previously bioaccumulated and metabolized
(Lang 1963; Fisherl972. All of these reasons make greater flamingo chicks a good choice among
birds as an environmental indicator of the effect of trace element accumulation in Mediterranean
wetlands(Borgheset al, 2011, 2016) However, from the age of 3 weeks old, chicks form a large
creche in the muddy anttrackish wetland near the vicinity of the breeding islgddhnson &
Cézilly 2007) leading to high exposure to local environmental elements. Therefore, as highlighted
by Borgheskt al, (2016) ExCo can dominate trace element concentration of greater flamingo

chick feathers.

5.2 Methods

5.2.1 Sarple collection
All of the feathers from flamingo chicks were collected between July and August 2014,

during the ringing operations in three breeding colonies of the western Mediterranean: Aigues
a2NIliSa o!LDUOI &2dzi KSNY CNleyi€dga (RDPB), southern Spair)(Z7° 9 |
ncQbX nanc npQ20 YR (UKS K $Guihdt &. 2001 $obtlzin Spain h RA S
(837° 17 N, 06° 55 W) (Fig 5.1). All of the sampled birds were between 5 and 8 weeks old
(Johnson & Cézillyz007) Ten feathers were obtained by cutting the distal part from random
individuals using stainless steel scissors. \Mecsed the longest internal scapulars that were
protected from aerial depositiofiBorghesket al. 2011, 2016) Feathers were kept in envelopes at

room temperature until analysis. In addition, for each sampling site we collected seven sediment

samples of 20600g within and on the reeve ohé water body where the breeding islet was
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situated. Each of the 21 sediment samples was kept in plastic containers in dry room temperature

conditions prior to analysis.

Figure 5.1¢ Map showing the location of the three breeding colonies sampled fortgrdeamingo chick feathers and
sediment. Sample sizes of washed feather shafts are in brackets

5.2.2Sample preparation and analysis
We chose to analyse 14 elements in both sediments and feathers. Eleven elements were

chosen because of environmental @amn: As, Cd, Cr, Cu, Hg, La, Ni, Pb, Se, Sn, and Zn (ATSDR
1994; Hamasalat al. 1995; Hamilton2004; Cempel & Nike2006; Stern2010; Tchounwowt al.
2012; Walterset al. 2014; Herrmanret al. 2016). Aluminium, Fe and K were chosen as indicators

of day and the finest fraction of sediment (Leed&982).
5.2.2.1Sediments

Digestion and trace analysis of sediment samples was carried out by AcmeLabs, Vancouver
(Canada). Samples were digested with a modifigda regiasolution of equal parts concentradl
in HCI, HN&®and DiHO for one hour in a heating block within a hot water bath. Each sample
volume was equalised with diluted HCI. This mild extraction method was selected because it was

the most comparable to those used to dissolve feathers (and plyssne residual sediment
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particles on feathers). The concentrations of 64 chemical elements (Ag, Al, As, Au, B, Ba, Be, Bi, Ca,
Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ge, Hf, Hg, Ho, In, K, La, Li, Lu, Mg, Mn, Mo, Na,
Nd, Ni, P, Pd, Pr, PbRe, S, Sb, Sc, Se, Sm, Sn, Sr, Ta, Tb, Te, Th, Ti, Tl, Tm, U, V, W, Y, Yb, Zn, -
were determined by Inductively coupled plasma mass spectrometryNMI®P To evaluate the
analysis quality, an Internal Reference Material (IRM), named DS10, with a stiompsimilar to

our sediment samples, was used. Only the 14 trace elements analysed in feathers are considered
in this study (Al, As, Cd, Cr, Cu, Fe, Hg, K, La, Ni, Pb, Se, Sn, and Zn). As for feathers, concentratior

in sediments are expressed in mg/Kg.
5.2.2.2Feathers

Vanes were manually separated from shafts by keeping fingers of one hand on the feather tip and
then detaching each vane by pulling from the top to bottom with the other hand. Subsequently,
the 2 mm distal portion (which still had somiayt barbs) was cut off. This method allowed us to
obtain rachides completely deprived of barbs and the cuticle connecting barbs to the shaft. From
each specimen, five rachides were prepared, in order to reduce variability between feathers and
obtain enoughfeather weight per sample.

Thirty-nine samples in AIG and 40 samples in FDP and ODI (in total 119 samples,
corresponding to 595 rachides) were thoroughly washed through three steps by sequentially using
FOSG2ySs ¢NARG2Y - oxn0 R DiriBgNaA® téps washiidRsoric&iar2wad 1 S |
performed for 20 minutes. After washing, feathers were dried in a dry box at room temperature.
CNRBY (KA& LRAYyG F2NBFINR ¢S y2g NBFSNI G2 (GKS f

In order, to test the effect bwashing on feather trace element composition, we duplicated
10 individuals from each site (30 of the 119 individuals in total). For this treatment, five rachides
from each individual (a total of 150 rachides) of similar weight were directly sent toigfesttbn
process described below (i.e. no washing procedure was performed prior to digestion). From this
LRAYG F2NBFINR 6S y2¢6 NBFSNI G2 GKS tF0GSNI FSI

All feather shafts (washed and unwashed; 032927 g dry weight offaft from each
sample) were digested and analysed at the Trace Element Analysis Core Laboratory of Dartmouth
College, Hanover, NH, USA. Digestion was carried out in 0.5 ml acid mixture (2:-HEIN&nd
then diluted to a final volume of 10 ml with deioaiz water in polypropylene tubes. Digestion was
performed with open polypropylene vessels in a microwave digester reaching a temperature of
105°C. Total concentration of 14 trace elements (Al, As, Cd, Cr, Cu, Fe, Hg, K, La, Ni, Pb, Se, Sn, an

Zn) were measred by Agilent 8800 ICRS. QA/QC was evaluated by adding oyster, tomato, and
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hair Standard Certified Materials (NIST 1566b, 1573a, NIES #13) in batches. Recoveries ranged
between 74 and 122 % of the certified values with exceptions for Al, Cr, andaefsNi, which

had lower recoveries. In addition, three fortified blanks, 8 sample duplicates, and 7 spiked
duplicates were also ran and recovery percentages ranged between 84 and 132%. Concentrations
in feathers are expressed in mg/Kg dry weight (dwd an corrections for recoveries were made.
Detection limits were calculated as three times the standard deviation of the calibration blank,

and based on a sample weight of 100.mg

5.2.3Examination of feather with Scanning Electron Microscopes (SEM)
In order to make morphological observations of external particles and possibly infer the nature of

external contaminants, shaft segments 1 cm long have been scanned with a JEsdQSMulti
Purpose Digital Scanning Electron Microscopes (SEM) equipped withaldDBEDS Systems at
University of Bologna, Department of Biological, Geological, and Environmental Sciences (BiGeA).
Six feather shafts were selected from each site (18 feather shafts in total), and prepared for SEM
without any washing treatment (i.e. theame treatment as unwashed feathers). In addition, 3
feather segments from ODI were scanned after a thorough cleaning procedure with tap water, a
commercial detergent, and acetone (i.e. substantially the same treatment as washed feathers but

without sonicdion).

5.2.4Correction of element concentrations feathers for environmental contamination
Feathers, even washed, retain a certain quantity of sediment (see results). For the sake of

argument, if we assume that all bioaccumulation is masked by ExCotiealalgsults from chick
feathers should tend to represent the geochemical characteristics of local sediments instead of the
actual assimilation and accumulation in keratin structure of trace elements. If so, the relative
abundances of elements in sedimeand feathers should be similar. In contrast, if elements are
mostly bioaccumulated then they should be in a higher concentration than expected if the
chemical fingerprint of feathers is only determined by ExCo. Using the 14 elements analysed in this
study, and investigating the ratios between concentration in feathers and sediment, we can check
which elements in feathers are clearly enriched with respect to expected ExCo concentrations.

By investigating sediment element concentration, we were able to wfet the predicted
concentration of feather elements would be if ExCo was 100% (predicted external contamination;
PExCo) for each element. A previous st(dgrdielet al.,2011)has suggested that Al is a good

indicator of ExCo because it is known to be scarcely metabolized by(Begesret al. 1999)and it
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is a main component of clays and hydroxide®more & Reynolds1989) However, we found that

Al is extracted in smaller concentrations by the acid digestion step than most of the other
elements. As a consequence, a certain amafriExCo of elements will be overlooked when using

Al as the geochemical reference. In contrast Fe is well recovered by the methods applied in this
study; it is reported to be only negligibly bioaccumulated in shafts of seaflitdaellet al.,2012)

and it represents a wider gamma of compounds in sedim@Rexidy & DeLaun008) Finally, it

is important to note that a small amount of Fe maybeadnoumulated, which means that we are
actually using a conservative approach and may be slightly overestimating ExCo. For sound
biological interpretation the latter is highly preferable than ignoring ExCo and reporting highly
inflated bioaccumulated valuegor all of the aforementioned reasons we chose to infer feather

PExCo using Pé/e calculated the PExCo of feathers as:

PExCo,

W

ExCoF, =

where x; is the concentration of Fe in the feather sampland y; is the concentration of the
element studiel in sediment at the breeding colomynd z; is concentration of Fe in sediment at
breeding colony. From PExCo, we can deduce the proportion of element concentration found in

feather that is due to ExCo (external contamination factor; ExCoF):

FExCo,

W,

ExCoF, =

wherew; is the element concentration of interest of the feather samplélsing these two simple
equations we estimated, for each feather, the proportion of ExCo for each element within each
breeding colony site. For pedagogical reasons,also applied the above equations to median
feather concentrations for each breeding site and 95% quantiles {(aed»vare median values or

95% quantiles of each element for each breeding site instead of for each individual feather). For
each feather we were then able to correct element concentration for ExCo by using the following
formula:

corrected w, = w; — (ExCoF, *w,)
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5.2.5Statistics
All statistics were carried out in R version 3.fqR4Core TeanR016) To investigate the

effect of washing of feathers on element concentrations we applied a paired Wildebaih
signedrank test(Pratt, 1959)between element conentrations for feathers that were not washed

and for feathers that were washea € 30). We calculatedas a measure of effect size which is

the zvalue divided by the square root of the sample gireour case 30; Pallant, 200Anr value
between 0.1-0.3 is considered as small, a value between®=33to be medium and finally any
value above 0.5 is considered as large. Median differences between washed feathers and
unwashed feathers as well as associated 95% confidence intervals were also reported.

To investigate the effect of correcting ExCo on element concentration of feather shaft we
calculated the mean difference in feather concentration between raw element concentration of
feather shaft and element concentration of feather shaft corrected €& ( = 119) and the
I 3a2 OAl (S Roher? ¥088jhare thab applying a paired WilcoxePratt signedrank test
here always yielded a significant result since ExCo correction always reduces concentration of
elements, however this does not allow us to assess whether EaCection had a negligible or
strong effect). Since many element concentrations were not normally distributed we calculated
95% confidence intervals by bootstrapping (1000 bootstraps) as recommend by Nakagawa and
Cuthill (2007)using the boot package implemented in(Ranty & Ripley, 201®) ! /| 2KSy Qa
below 0.2 is considered as negligible, between@2 small, between 0-8.8 medium and larger
than 0.8 as largéNakagawa & Cuthill, 2007e therefore considered that ExCo correction to
KIgS 'y FLIWINBOALFIGES STFFSOU 2y StSYSyd 0O2yOSyi
0.2.

5.3 Results

5.3.1 The effect of washing feathers
The washing procedure significantly reduced trace element concentration for 12 of the 14

elements analysed in feathers: Al, As, Cd, Cr, Cu, Fe, K, La, Ni, Pb, Se, ant.Zn Thig effect

was strong (> 0.500) for Al, As, Cu, Cd, Cr, Fe, K, La, Ni, and Zn. A mediumrefféc@q0) was
observed for Se and Pb. For Sn and Hg washing did not significantly reduce trace composition (Fig
5.2).
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The effect of washing feathers (duplicated samples only; n = 30)
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Figure 5.2 - Boxplot of paired unwashed and washed shaft feathfor the 14 elements investigated £ 30). Median

difference between washed and unwashed feathers, 95% confidence intervals,viidlaezand pvalue of the paired

WilcoxonPratt signeerank test and the effect sizeare shown within the boxplots of ea element. Elements with a *
were plotted on the log scale (but were not log transformed prior to analysis)
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5.3.2 Examination of feathers with Scanning Electron Microscopes (SEM)
SEM examination of 18 unwashed shaft segments of 1 cm revealed a largsitdioé

particles which densely covered the feathers. A quantitative count of external particles was not
possible due to their abundance and complexity. A large number of particles (>200) were found,
most of them predominantly composed of sulphur (S) agged with other elements. We
concluded that these particles were probably mostly from organic matter derived from feathers,
which were discarded from further analysis. Of the remaining particles, one to six putative
external contaminants per segment wetkoroughly examined for their dimension, shape and
chemical composition (for the most abundant elements only according to instrumental
limitations). This resulted in a total of 66 lithic particles analysed for their element composition by
SEM.

The analyse particles tended to range from less than 1 to>3@ in all segments, although
on rare occasions, they measured up to 188. Particles appeared as amorphous terrigenous
aggregations (Figb3a), definite solid crystals (Fi§.3b), piles of stacked sheets (Fig3c),
electrostatically adhered soft objes; or a combination of the aforementioned.

By observing the spectrum, a classification of the geological nature of eastec particle
has been provided. As shown in Tabl&, a variety of Na and Mg salts emerged as the most
abundant components of padies in all sites. In salts, K was detectable only in AIG samples.
Occasionally, Ca was appreciably present in FDP salts. In all sites, clay particles were often
associated with salt particles.

Aluminium was a common element in clays in all sites, but dbeposition of other
elements changed according to sites. Potassium was detected in clay particles investigated in AlG,
whereas clays from FDP and ODI showed heterogeneous composition, being either calcic, sodic, or
potassic. Noticeably, Mg was detectalaeclays only in ODI samples (7 out 8), which were very
variable in their overall composition and in some cases patrticularly rich in Fe, Ti, Cr and potentially
many other metals.

Hydroxides were present in particles from all sites, but were not very é&equThey
appeared as Athydroxides, Mn was detectable in one particle from FDP. Minerals such as quartz,
mica, chlorite, muscovite and gypsum were occasionally found in ODI samples, while Ca
carbonates were found in FDP. Four particles (2 in FDP an®Plirsamples) were apparently
composed uniquely of Al. This may be due to the use of metallic tools, such as scissors and

tweezers. A few lithic particles containing Cl or Ca remained undetermined.
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Table 5.1 Summary of element composition for each padianalysed by SEM showing the number of particles with
a certain element composition and its geological interpretation within each site: Aljoees (AIG), Fuente de

Piedra (FDP) and Odiel marshes (ODI).

Site Number of particles Element composition Geological interpretation
AlIG 5 Na, Mg, Cl Salt crystals

2 Na, ClI Salt crystals

2 Mg, CI Salt crystals

2 Na, K, ClI Salt crystals

1 N Organic matter

1 K, Cl Salt crystals

1 Al, O Al hydroxide

1 Al Aluminum

1 Al, Si, K, Ca Clay

1 Al, Si, K Clay

1 Mg, CI, Al Salt and Al hydroxide/oxide

1 Si Quartz
FDP 3 Na, Mg, ClI Salt crystal

2 Cl Chloride

1 Mg, Na, Ca, Cl Salt crystals

1 Mg, Cl Salt crystals

1 Na, ClI Salt crystal

1 Mg, CI, Al, Si, Ca, Fe Salt and clay

1 K, Ca, Mg, CI, Al, Si Salt and clay

1 Mg, CI, Al, O Salt and Al oxide/hydroxide

1 Mg, ClI, Al Salt crystal and aluminum

1 Na, Mg, ClI, Al Salt crystal and aluminum

1 Na, Cl, Ca, C, O Salt and carbonate

1 Na, Al, Si Clay

1 Ca, C, O, Mn Carbonate and Mn oxide hydroxide
oDl 9 Na, ClI Salt crystals

4 Mg, CI Salt crystal

2 Na, Mg, ClI Salt crystal

2 Mg, Al, K, Ti, Fe, Si Clay (mica)

2 Si Quartz

2 Ca, S, 0 Gypsum

2 Al Aluminum

1 Mg, Al, Fe, Si Clay (phyllosilicates)

1 Na, Mg, Al, K, CI, Si Clay (phyllosilicats)

1 Na, Mg, Al, K, Fe, Si  Clay (phyllosilicates)

1 Al K, Fe, Si Clay (phyllosilicates)

1 Al, Fe, Cr, Ca, Al, Si  Clay

1 Mg, Al, Si Clay

1 Cl Chloride

1 Ca Calcium oxide

In addition to the 18 unwashed shafts, three different shaft segments f@DI (the site

where external contaminants are more likely to be rich in trace elements) were analysed by SEM,
which were submitted to a washing procedure with water and detergents and then rinsed under
running water. Much less lithic particles were vigiftbund, but some scattered particles were still
present. In general, they were less frequent, smaller and seemed less complex in shape. At least 5
lithic objects were found and have been classified as sodium chloride crystals (2), carbonatic

mineral (2) metallic aluminum (1).
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Figure 5.3 (a, b, c)¢ Electron microscopy pictures of three typical examples of three types of particles found in
unwashed feather shafts: a. amorphous terrigenous aggregations; b. definite solid crystals; and, c. pileedf stack
sheets

5.33 Using geochemical data to assess the importance of ExCo on shaft trace element
concentration
We found strong variation between elements of the importance of ExCo on trace element

concentration in feathers. For Cu, Hg, Se, and Zn we faumddian ExCoF lower than 0.5% in all

the investigated sites and the 95th percentile (95ile) ranged between 0.7% and 0.2% indicating
that Cu, Hg, Se, Zn are clearly bioaccumulated in feathers and dominate ExC&.ZJ.am
contrast, for Al, K, and La med ExCoF were much higher than 100% (&) suggesting that

ExCo dominates any bioaccumulation for these elements. The ExCo was less clear cut for the other
elements (As, Cd, Cr, Ni, Pb, and Sn; 5&). Among these elements, Sn seems to be mostly
bioaccumulated, with little variation between sites and median ExCoF ranging betw&#n(Zab

5.2). For As, Cd, Cr, Ni, and Pb, the ExCoF was more variable between the sampling sites. Arsenic
had ExCoF of 14% (95ile 4%%) in AlG, ExCoF of 38% (95il8-200%) in FDP, and only a ExCoF

of 3% (95ile =-8%) in ODI (Talb.2). There was a lower variation of the effect of ExCo for Pb
which has a ExCoF of 12% (95ileX9%) in AlG, ExCoF of 22% (95ile-364) in FDP and a ExCoF

of 10% (95ile =85%) in OD(Tab. 5.2 For Cd, Cr, and Ni, there was strong variation of the effect

of ExCo on trace element concentrations within site, although there was little variation between
sites (Tab5.2). For Cd, we calculated a median ExCoF of 21%, 32% and 35% ilGQGIdid ADP
respectively (Tabb.2). For Ni, median ExCoF ranged betweer6B% (AIG>FDP>0DI), with 95ile
within site ranging between 199%, 13100%, 1%50% in AIG, FDP, and ODI, respectively. We
found the strongest variation in ExCoF for Cr, where igitel the 95ile range reached 100% (Tab

5.2). AIG and ODI had a median ExCoF of around 60% with 95ile ranging from 12 to 100%, while
FDP had the highest ExCo for this element (median ExXCoF=96%, 951180925Iab5.2).
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Table5.2 - Summary statistickor each samplings site showing median concentration of washed feathers prior to ExCo
correction (Feather), median sediment concentration (Sediment), the predicted concentration if feather concentration

is entirely due to external contamination (PExCo, sesthods for calculation formula), the percentage of feather
median concentration explained by external contamination (ExCo) and 95% quantiles (ExCoQ). Elements are ordered
according to ExCo within each site. Iron (Fe) is highlithed in bold since thisntl@ras used as the reference for
PExCo, ExCo and ExCoQ calculations and feather Fe concentration was assumed a priori to be 100% ExCo.

Elements Feather Sediment PEC ExCo ExCoQ
(mg/kg) (mg/kg) (mg/kg) (%) (£95%ile)

a. AiguesMortes (AIG; n=29)

Se 1.747 0.050 0.0001 0.003 0.0020.007
Hg 0.471 0.120 0.0001 0.027 0.0160.083
Cu 9.946 3.840 0.0041 0.042 0.0320.051
Zn 43.31 19.70 0.0212 0.049 0.0340.077
Sn 0.023 1.100 0.0012 5.250 2.00513.17
Pb 0.063 7.220 0.0078 12.31 6.58119.42
As 0.016 2.100 0.0023 14.08 2.68945.18
Cd 0.000 0.050 0.0001 31.98 5.378107.6
Ni 0.016 9.100 0.0098 60.69 17.1798.87
Cr 0.014 8.600 0.0093 64.66 15.95280.3
Fe 7.422 6900 7.4218 100 NA

Al 0.416 3600 3.8722 930.2 492-2361.1
K 0.103 1000 1.0756 1044.3 107.21044.3
La 0.0002 2.900 0.0031 1341.5 312-3119.3

b. Fuente de Piedra (FDPn = 30)

Hg 0.544 0.021 0.00001 0.003 0.0010.007
Se 1.597 0.600 0.0004 0.024 0.0150.042
Zn 40.48 19.60 0.0127 0.031 0.0240.058
Cu 7.225 13.74 0.0089 0.124 0.1020.234
Sn 0.025 1.200 0.0008 3.106 0.11410.687
Pb 0.041 13.76 0.0089 22.09 13.8%#36.37
Cd 0.0001 0.070 0.0000 35.32 6.64486.36
As 0.005 3.100 0.0020 37.96 17.84100.77
Ni 0.018 13.40 0.0087 47.50 13.32113.88
Cr 0.011 16.00 0.0104 96.16 25.37231.16
Fe 6.306 9700 6.3063 100 NA

K 0.290 4200 2.7306 942.3 122.02651.0
La 0.0003 4.600 0.0030 1167.2 399.82265.6
Al 0.599 13400 8.7118 1454.3 506.82810.3

c. Odiel (ODI; n=30)

Se 1.403 0.500 0.0001 0.006 0.0040.009
Hg 0.347 0.168 0.00003 0.008 0.0020.022
Zn 38.65 563.2 0.0962 0.249 0.1580.380
Cu 8.509 247.1 0.0422 0.496 0.3340.665
Sn 0.025 2.400 0.0004 1.640 0.0794.390
As 0.499 91.20 0.0156 3.123 1.9128.032
Pb 0.148 83.82 0.0143 9.676 5.04315.06
Cd 0.000 0.240 0.00004 21.22 7.48382.01
Ni 0.016 3090 0.0053 32.73 12.0048.88
Cr 0.011 45.30 0.0077 70.36 12.29161.24
Fe 7.193 42100 7.1930 100 NA

K 0.314 7000 1.1960 380.9 57.361161.2
La 0.000 15.00 0.0026 553.4 140.061447.9

Al 0.621 23900 4.0834 657.6 160.41403.2
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5.3.4 Using geochemical data correct for external contamination of feathers

Correcting each individual sample mirrored median ExXCoF result$ @igPrior to ExCoF
correction Al and La could erroneously be interpreted as bioaccumulated 5By However,
ExCoF correction reated that actually Al and La concentrations in feather is likely to be entirely
due to external contamination and bioaccumulation is either highly unlikely or below instrumental
detection limits (Fig5.4). Similarly, prior to ExCoF correction, a high nemdf feathers regaled
bioaccumulation of K (Fidh.4). However, after EXCoF correction, only 6 feathers out of 119
revealed concentrations above instrumental detection limits (> 0.103 mg/kg) suggesting very small
bioaccumulation of this element (Fi§.4). Of the remaining elements ExCoF had an appreciable
STFSOG o0/ 2KSyQa 5 B nodunnid 2y S64Hdweier, EXEogFOS Y (i
correction had a negligible effect (Fign T [/ 2KSy Qa 5 ndHANU 2y
bioaccumulatiorfor As, Cd, Cu, Hg, Se, Sn and Zn5RBig
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Trace elements of fearther (n = 119) before corrections (Not-corrected) and after (Corrected)
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5.4 Discussion

Our resllts show that our novel methodological approach efficiently dealt with external
contamination found in feather shafts and significantly changed interpretation of feather element
concentration. We sampled chicks which allowed us to control for the effécage on
bioaccumulation and the shorter time of exposure to external environmental agents than adults
(Burger 1993) Prior to analysis, we took two methodological measures to minimise ExCo and
unreliable biological interpretations. First, unlike most studies in feathers, in this study we
removedthe vanes in order to limit the tendency of feathers to entangle dirt among b@hsdiel
et al.,2011) Furthermore, vane and shaft sequestnetals differentlyBortolotti, 2010; Howelkt
al., 2012) which may confuse biological interpretation if analysed together. Scanriecjren
microscopy highlighted that a huge quantity of lithic particles and salt crystals are trapped in
unwashed feathers, even when deped of vanesTherefore, our second measure was to wash
shafts, combining the most common methods applied in the literature to datesaraRosset al.

2013; Costeet al. 2013; Carvalhet al. 2013; Rubicet al. 2016)with a prolonged ultrasonic bath
treatment (Weyerset al., 1988) SEM observation alsmevealed that someExCoremained in
washed feathers and thaExCocannot be ignored prior to data analysi$e sucessfully
controlled for the remaining ExCo by calculating the ratio of ExCo due to sediment using the
geochemical fingerprint of sediment samples. Our methodology allowed us to have conservative
estimates of 10 bioaccumulated elements (As, Cd, Cr, CNiHeb, Se, Sn, and Zn).

5.4.1The effect of washing
After washing, 99% of K was removed (the concentration of K went fror®38ng/kg in

unwashed shafts to <0.22.05 mg/kg in washed shafts), a much higher percentage than any of the
other elements anlysed in this study. Since K is a dominant element in salt, we can conclude that
the washing effect was near complete in removing salt, which is likely to be a dominant residue in
coastal bird feathers. We note however, that despite the effectiveness athing, some K
remained (< 0.22 5.05 mg/kg), suggesting that either some residual ExCo remained (rare small
salt crystals were observed even in washed shafts by SEM), or some bioaccumulation or both.

The washing treatment of feathers also significantigueed the concentration of 11 of the
remaining 14 elements, with only Sn and Hg not significantly reduced. For Sn either trace element
concentration from environmental contaminants was negligible relative to the concentration from

bioaccumulation, or the ficiency of the washing procedure was lower than for the other trace
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elements. Like most elements, very little is known about the characteristics of Hg ExCo, however
feather concentration of Hg is considered to be a good indicator of bioaccumulatiopeotage of
washing procedureglasper®t al.,2004; Pedroet al.,2015) Previous studies have shown that Hg
levels in feathers are highly correlated with Hg concentration in the (fietvis & Furnes4991,

1993; Hahret al.,1993; Monteiro & Furnes4995)and in internal tissueéThompsoret al.,1991)

even when potential ExCo is ignored. Furthermore, Hg concentration in feathers is stable over
time under various experimental environmentaeatments suggesting that ExCo has little effect

on this element(Appelquistet al.,1984) Our study is therefore consistent with the literature that
ExCo of Hg is irrelevant regardless of the washing treatment.

Observing shafts yo SEM demonstrated that unwashed feathers are very rich in lithic
particles and are likely to be the main contributors of ExCo in feathers. Most lithic particles are salt
crystals, clays and other fine residuals which can be removed in part by wésbmegt al.,2007)

In fact, SE observations on some ODI washed samples revealed that since these lithic particles
are electrostatic and very small (typicaly3@ >m) some ExCo remain, even after the thorough
washing treatment. ExCo of lithic particles from salt crystals is essgntiallie of Na, Mg, and K
chlorides and Ca and Mg carbonates. However, we believe that any remaining ExCo by salt is likely
to have a negligible effect on metal concentration because K is hundreds of times more
concentrated in salt than Cu, Cr, and Zn (1;8(D0 mg/Kg of K,-0.2 mg/Kg of Cu, 124 mg/Kg

of Cr, and 7.4.5 mg/Kg of Zn in two collected and analysed samples of salt from Aifpress

g GSNI aSS RNEFR RIFEGFY G5NEBFIR KELISNIAY]l AF |
clays, hydoxides and organic matter contain higher concentrations of metals, and the presence of

a few of these lithic particles in a feather sample is sufficient to mask bioaccumulation for some
elements(Borghesiet a., 2016) Therefore, further analytical methods are necessary to soundly

interpret feather data.

5.4.2 Assessing the importance of ExCo on shaft trace element concentration
We found strong variation between elements on the importance of ExCo on traneest

concentration in feathers. On the one hand, ExCo had a negligible effect on trace element
concentrations for some elements (median ExCoF less than 0.5% for Cu, Hg, Se, and Zn; and
around 5% for Sn), while on the other hand, ExCo dominated elemenéentmations for Al, K, and

La (median ExCoF more than 100%). The latter is consistent with the hypothesis that residual ExCo

after washing is essentially made of clays. Indeed, K is incorporated in the structure of certain clay
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minerals such as illite, amtbmmonly adsorbed on the surfaces of many oth@alminen2005)

and clays have the capability of adsorbing rare earth elements (REES) released/dissolved during
weathering, with La being one of the most abundant R@ddoveanu & Papangelakj2012)
Aluminum, K, and La concentrations are therefore good signals of residual ExCo and should only
be used as controls of ExCo in trace element studies in feathers. Regarding the remaining five
elements (As, Cd, Cr, Ni, and Pb), Ehd@Zba more nuanced effect on trace element concentration
(depending on the element and the site), and the use of these elements in feathers to infer
bioaccumulation needs some EXCoF corrections in order to avoid inflated interpretation of

bioaccumulated cocentrations

5.4.3Correcting for the effect ExCo on shaft trace element concentration
By calculating an ExCoF for each individual sample we were able to correct concentration

values for ExCo for each sample by subtracting from the element concentth&qoroportion of
element concentration that was estimated to be due to ExCo. Of the ten elements of
environmental concern analysed in this study (As, Cd, Cr, Cr, Cu, Hg, Ni, Pb, Se, Sn and Zn), ExCo
correction for Cr, Ni, and Pb did appreciably changam@ncentrations (Figure 4). This may have
important consequences when investigating the relationship between element concentration and
other variables (such as body condition or fitness traits), including differences in bioaccumulation
between sites whil is beyond the scope of this study. The use of feathers as a bioindicator of Cr
pollution seems to be the most problematic among the metals investigated in this study. Many
samples had low levels of Cr and bioaccumulation concentration was similar derstoaExCo
concentration. Thereforeeven small amounts of ExCo completely masked bioaccumulation
(especially in AIG, where metal concentration in sediments is the lowest). However, after ExCo
correction this study shows that some bioaccumulation of @etsctable.

Trace element concentration in sediment at ODI was higher for 13 out of 14 elements (the
exception was Se which was similar in ODI and FDP, and lower in AlG). These results are consistent
with the extensive literature which demonstrates thaDOis one of the most polluted estuarine
areas in the world(Guillén et al., 2011) However, following careful consideration of ExCo,
appreciably higher trace element concentrations in feathers in ODI were only found for As and Pb.
Although detailed interpretation of bioaccumulation and differentetween sites is beyond the

scope of this article, the latter suggests that there are important differences in how chicks
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metabolise each element during feather development and that not all trace elements in feathers
are reliable environmental bioindicater

In conclusion, as pointed out by previous studies, without careful consideration of ExCo,
conclusions about the validity of the concentration of element bioaccumulation in feather shafts
are unreliable. We have developed a new more reliable method naflysing trace element
concentrations in feathers which effectively controls for ExCo. Many studies continue to overlook
ExCo leading to potentially erroneous conclusions and we urge that methods applied in this study

be considered in future studies invégating feather trace element concentrations.
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CHAPTER - Assessinghe lead pellets and fragments in game
birds: the case of the Europa darling (Sturnus vulgaris

6.1 Abstract

The poisoning of wild animals by lead (Pb) ammunificed by hunters has been known
for many decadesgspecially in the case of waterbirds. More recently, it has bd@monstrated
that raptors are also exposed to the risk glimbism when feeding on unretrieved quarry that
waswounded or killed by hunters. Furtherusties reveal that evehumans can be subject to a
significant Pb dose while consumiggme animals killed by traditional ammunition. Given the
relevance of this issue, several pieces of research have baered out to assess frequency,
dimension, and theaumber ofPb fragments embedded in the carcasses of ungulates, partridges,
ducks, and other birds to evaluate the risk relatedtie consumption of game meat. In spite of
their great importanceas quarry species across southern Europe, until nowata have been
available on small passerines. To assesgjtlantity and type of Pb embedded in songbirds, we x
rayed 196 starlings shot in Italy and found Pb pellets and/or visildgments in 118 carcasses
(60.2 %). We counted 128 shotgpellets in 85 camsses. In 28 birds, we detected both whole
pellets and lead fragments; in 33, we found only small fragmdBysexcising and weighing a
sample of 20 shotgupellets (diameter 1.351.99 mm), we calculated a Pb load375 g in the
whole sample of 196 stanlgs, corresponding tan average of 27.32 mg/100 g of body weight.
This is aconservative estimation, because fragments were not conside@mmpared to game
birds of a larger size, the starlingsoar study had a lower amount of embedded Pb, but thetsho
pellets and fragments embedded in their tissueswere abundard tiny. Given the results of
previous studies, the quantitgnd level of fragmentation suggest that the risk of isoning
cannot be ruled out for humans and birds ey consuming the medromsongbirds killedwith

traditional ammunition.

6.2 Introduction

Lead (Pb) is a toxic metal whose effects on living organisms are well known. In mammals
and birds, Pb poisoning (plumbism) particularly affects digestive functions, the nervous system,
kidney clearance, reproductive performances, the production of red blood cells, and blood

pressure. In the worst cases, organisms are induced into a coma and die. Sometimes, permanent
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neurological and behavioral alterations may persist even if the cripliabe has been overcome
(Damstra1977; Eisler 1988; M4996; Pain1996; De Francisast al.,, 2003).

Generally, prolonged exposure to low doses of Pb does not cause evident clinical
symptoms. Chronic poisoning is thus much more difficult to detectdiigan and Todd1994). In
human fetuses and children, even very low exposure hampers the development of the nervous
system, raising a social alarm (Needlensaial, 1990; CD(2005; EFSA CONTAM10). Given the
relevance of this issue, the safe thregthobf blood Pb levels (BLL) in humans has been
LINE INB&aA@PStEe t2SNBSR 2 mn >3IkRf o0& KSIfdK
are now suggesting a further reduction in the BLL (Candéield., 2003; CDC2005; Chandramouli
et al, 2009; EFSEONTAM2010). At the same time, several measures have been implemented to
reduce the risk of poisoning, such as prohibiting the use of Pb in many products like toys, domestic
paint, welding materials, or gasoline (Pokras and Kneel20@D).

The poisomg of wild animals by Pb ammunition fired by hunters has been known for many
decades, particularly in the case of waterbirds (Bellro$859). Ducks, geese, swans, and
shorebirds swallow shot lying in superficial sediment, either taking pellets insteadenf or
ingesting them as grit to facilitate the grinding of food in their muscular gizzard. Annually, the
number of waterbirds affected by this kind of intoxication reaches several millions worldwide
(Beintema2001).

Terrestrial birds also frequentlygest spent ammunition, as more recently highlighted by a
number of authors. Partridges, pheasants, doves, and other granivorous birds peck at the shot in
soil for the same reasons as waterbirds (Kendalal, 1996; Schultzt al, 2002; Potts 2005;

Fisrer et al,, 2006; Kreageet al, 2008; Thomaet al,, 2009). Furthermore, raptors are exposed to
the risk of plumbism when feeding on unretrieved quarry that has been wounded or killed by
hunters; unwittingly, they consume the Pb embedded in the flesh,llswang shot pellets or
bullet fragments (Paiet al., 1997; Milleret al,, 2000; Kenntneet al., 2001; Donazaet al., 2002;
Garcia Fernandezt al, 2005; Kroneet al., 2006; Cade2007; Kenntneet al,, 2007; Pairet al,
2007; Komosa and Kitowskl008; Gangoseet al., 2009; Helandeet al, 2009; Hernandez and
Margalidg 2009; Kroneet al., 2009).

Even humans can ingest a significant Pb dose while consuming game killed by traditional
ammunition (Nielseret al., 1998; Bjerregaaret al., 2004; Joharen et al., 2006; Verbrugget al.,

2009). This toxic metal can be easily ingested and absorbed for two main reasons: (1) bullets and
pellets tend to fragment in the body of game animals, producing a large amount of particles that
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are too small to be deteed and removed during food preparation and mastication
(Scheuhammeet al.,, 1998; Johansent al,, 2001, 2006; Cornatzeat al,, 2009; Huntet al.,, 2009)

and (2) during cooking, the high temperature facilitates the solubilization of Pb particles in the
flesh, particularly in the presence of acid ingredients (wine or vinegar) (Mgtab 2007, 2011).

A recent statement by the European Food Safety Authority (EFSA) suggests that the Pb
intake that is related to the consumption of game meat is not negégidten it comes to human
health. At present, the EFSA is considering whether the threshold for the consumption of Pb
through diet set by the Joint FAO/WHO Expert Committee on Food Additives in 1986, which
corresponds to a provisional tolerable weekly iflak 2 ¥ wWp >3Ik13 2F 02Ri
appropriate. Such an approach is supported by the lack of evidence available with respect to a
number of critical endpoints, including developmental neurotoxicity in young children and
cardiovascular effects and nepdtoxicity in adults (EFSA CONTRB1L0).

Recently, several studies have been carried out on bullet fragmentation in the carcasses of
ungulates to assess the risk of Pb ingestion for raptors and humans, with the results revealing high
rates of flesh contamation (Huntet al, 2006; Dobrowolska and MelosiR008; Cornatzeet al,

2009; Huntet al, 2009; Kroneet al, 2009; Tsujiet al, 2009). Some authors have also
demonstrated that shotgun pellets may produce Pb fragments when they hit the body of mediu

sized bird species such as seabirds, ducks, woodcocks, grouses, pheasants, and partridges (Frank
1986; Scheuhammeet al, 1998; Johansemt al, 2001, 2004; Pairet al, 2010; Mateoet al,

2011). Information is not yet available on small passerinespitie their great importance as

guarry species across Europe, especially in the Mediterranean region.

According to Annex II/B of the EU Directive 2009/147/CE, seven species of small passerine
(belonging to the Alaudidae, Turdidae, and Sturnidae famileag) be hunted within union
borders. Game bag statistics are not available on a continental scale, but we can estimate that at
least several tens of millions of birds are annually harvested bearing in mind the number of
hunters devoted to traditional songta shooting and the high amount of birds killed pro capita.

For instance, in the Brescia district (northern lItaly) alone, about 30,000 hunters shoot an average
of 870,000 thrushes each year (Andreatial., 2010). Such figures suggest that small passerin
shot with traditional ammunition may be a naregligible source of Pb poisoning for both raptors
feeding on unretrieved birds and the people eating traditional dishes based on songbird meat.

In this study, we focused our attention on the European stgrl Sturnus vulgaris, a
widespread species hunted in Portugal, Spain, France, Greece, Malta, Hungary, Romania, Bulgaria,
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and Cyprus. In addition, in many other countries not listed above, starlings are shot to prevent
crop damage, especially to cherriggapes, and olives. Using radiographs, we recorded (1) the

amount of embedded shotgun pellets and (2) the fragmentation frequency in young starlings killed
in Italy to prevent damage to crops. Our findings allow us to evaluate the potential health hazard

for consumers both raptors and humars eating shot small passerines.

6.3 Methods

We xrayed 196 starlings shot in two Italian districts (Piacesmza Bologna) and 9 found

dead from other causes near Bologftantrols) (Fig6.1).

Piacenza
n180 @ Bologna

@ nib

d

O
Florence

Figure 6.1 - Locationof the districts where the starlings were collected. 180 shot birds originated from the Piacenza
district (breeding seasons 2005 and 2006) and 16 from the Bologna district (2005). The nine birds that died from other
causes (controls) were collected nearBologna in 2011

No birds were expressly killed for th&gudy. The shot starlings were killed by local
authorities toprevent crop damage in compliance with direct®@09/147/EC. These birds were
shot using the same rifleand Pb ammunition normally ad by hunters. Our controldied by
accident and were collected after their death. All of thieds were juveniles in their first plumage
and died before theonset of the complete postnatal molt, which normally startsthe second
month of life (our own dta). After death, the birdeere NB T Sy K2t S | y Rraja i 2 NB
photographs(35x40 cm) were taken grouping together up to eight thaweds. If necessary, the
radiography was repeated to clarify adgubts.We ideally subdivided the body of each bird into
sixsectors so that thenatomical parts normally consumed hymans or raptors could be easily

treated separately (Fig.2).
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Figure 6.2 - Xray photograph of a starling, showing the body sectors where the position of each shot pellet and
fragment was annotated. 1: head and neck; 2: wings; 3: humerus and pectoral girdle; 4: thorax; 5: abdomen; 6: femur
and tibiotarsus; 7: tarsus and metatarsus. A whole pellet is visible in Sector 3

We regarded Sectors 3, 4, 5, and 6 as correspondingdiole parts, i.e., those most
commonly eaten by humarend raptors.

Upon examining the radiographs, we counted the numbiewhole shot pellets embedded
in each sector. Thereaftewe assessed the frequency of Pb fragmentati@tording the clusters
of radiodense particles or singlmacrofragments using a hand lens. Fragments were classified
Yl ONR ¢ 6KSy SEOSSR ivhedthey ware siiafler. NgfrRallygnvickoBagdents
are not easily detectable to the naked eye omay photographgHuntet al., 2006). The fragments
were scoredndependently of their dimensions as follows: O=namgble; 1=%2 macrofragments;
2=24 microfragmentsand 3=>4 fragments.

To evaluate the quantity of the embedded Pb and the proportérthe pellet mass fragmented

into small particles, wexcised 20 shotgun pellets from 20 different starlings. Thesdkets were
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accurately washed, dried, and weighed by meaha Sartorius Research R200 D Electronic-Semi
Microbalance(accuracy d=0.01 mg). The diameter of each pelket calculateds the mean value

of three different measures obtainaasing a digital caliper (Wiha DigiMax, d=0.05 mm).

6.4 Results

Ammunition residues were found in 118 of the 196 carca$66 %). In 57 (29.0 %) and
33 (16.8 %) respectively, wibsaved only whole pellets or fragments, while in gB4.3 %) we
found both. Pellets and fragments were embedded all body sectors (Tak6.1l), but with
significant differenced y FNBIlj dzSy O0& 0. HT mHYy Opelel noR Fbl'parficlesL,d £ n
were found in the nine starlings fourdkad from other causes. In the anatomical regions most
commonlyeaten by humans or raptors, we found Pb residues ic&s (50.5 %).
6.4.1Shotgun pellets

Radiographs revealed 128 pellets in 85 starlifgean=0.65, SD=0.95, rangez)
n=196).Most of thepellets (53.9 %) were located in Sectors 3 and 4, while osiyall fraction
(11.7 %) was found in the head, neck, and dirstal parts of he wings and legs (Ta6.1). In the

edible partswe counted 113 pieces of shot, corresponding to 88.3 % ofdta¢ amount.

6.4.2Fragments
A minimum of 82 fragmentation centers wemetected in 61 starlings (mean=0.42,

SD=0.73, rangez@, n=196). Fragmnt clusters were particularly concentratd®4.6 %) in the
wings and the pectoral girdle (TabB.1). Inthe edible parts, we estimated 54 zones with Pb
particles, representing 65.8 % of the detected centers of fragmentation.most cases, the
fragments vere assigned to Class @8.8 %); it was only in the wings that there werg large

particles (Class 1) instead of several small fragm@rah 6.2).

Table6.1 - Distribution of whole pellets and fragments in different body sectors

1. head | 2. wings| 3.humerus 4. 5. 6. femur | 7.tarsus TOT
neck pectoral thorax | abdomen | tibiotarsus | metatarsus
girdle
pellets 6 7 32 37 27 17 2 128
fragments 1 26 27 7 4 16 1 82
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Table6.2 - Distribution of fragment classes in different body sectors. Fragment scoresiobe visible; 1 =-2 macro
fragments; 2 = 2 micro fragments; 3 = >4 fragments

1. head | 2. wings| 3.humerus 4. 5. 6. femur 7. tarsus TOT
neck pectoral thorax | abdomen | tibiotarsus | metatarsus
girdle
score 1 0 14 7 2 2 4 0 29
score 2 1 11 14 3 0 10 1 40
score 3 0 1 6 2 2 2 0 13

6.4.3Estimation of the embedded amount of Pb
The mean diameteof the excised pellets was 1.65 mm (SD=0.15, rangec1.8%, n=20).

The total weight was 585.6 mg (mean=29.28 mg, SD=6.76, rangec44.29, n=20), enablings
to infer that all of the pellets detected by radiograptwighed 3.75 g, corresponding to 19.1 mg
of Pb per bird oraverage (16.8 mg if considering only the 113 pellets embedddte edible
parts). Taking into account the 196 stsparlings, we estimte the Pb load due to the pellets to be
27.32 mg/100 g of body weight, assuming a rough weigfi0og per bird (Spina and Lich2€03).
The pellet weight revealed a bimodal distributicgyggesting that two different sizes of
ammunition wereused in staing control interventions (No. 10, diametet=9 mm, weight=40 mg;
No. 11, diameter=1.7 mnweight=29 mg) (Fig.3). The ratio between Nos. 10 add pellets in
our sample was approximately 45:55. Therefoxe, can hypothesize that the initial mass dif G
the excised pellets was 679 mg, which implies an erosidi8af %. This rough estimation gives an

idea of the magnitudef the loss of fragments following firing and thepact on the body.

Size No.11
(29mg)

Size No. 10
(40mg)

. 1 1 H N

15-19 19-23 23-27 27-31 31-35 35-39 39-43 43-47 Mg

Figure 6.3 - Weight frequencies of pellets excised frostarling carcasses (n = 20). Black lines show the size of
commercialised gun pellets
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6.5 Discussion

The Pb quantities found in this study can be regarded esnaervative estimate of the Pb
burden embedded in smatlasserines harvested during the humgiseason. In ganwarcasses, Pb
particles may derive from both lethal shand old wounds that have subsequently healed. In
somequarry species, the number of healthy birds with embedgedlets may be unexpectedly
high (up to 43 % in waterbirdgdnd inceases with age (Eislet988; Scheuhammer andorris
1996; Fallet al, 2006). The fact that all of thetarlings examined in this study were in the first few
weeks of life allows us to be reasonably sure that ieederives exclusively from the ammunitio
used to killthem. In addition, the age of the birds may affect umntity and the frequency of
fragmentation, given thetructural characteristics of the skeletal system; nefidgged Passerines
do not have fully formed bones, fanstance, skull ostation in most young starlings rsot
completed until autumn (Winklerl979; Svenssqrl992), and it may be the case that pellets
consequentlypass straight through the body more easily at that &gk may thus suppose that
Pb content would be highen the starlings killed during the hunting seasoraitumn and winter,
when adults represent a relevarfitaction of the population and juveniles are older ahdve a
more formed skeleton.

Furthermore, our calculation of the Pb load is conservaligeause weonly took whole
pellets into account. This decisiovas made given the impossibility of obtaining a sound estimate
of the mass of the embedded fragments using thethods adopted in our study. To get around
this problem,we tried to determine the loss dhe initial mass of pellets bgomparing the weights
of the excised pellets to those produceg ammunition factories. The loss of 13.7 % according to
our calculation is highly informative about the underestimation tbé total Pb load, butwe
avoided usig this finding because it lsiased by flaws. Firstly, we do not know which types of
cartridge were actually used to kill the starlings. Thereforg,assumptions about the original size
of the shotgun pelletsare hypothetical. Secondly, when a cartridgefired, part of thePb is
dispersed as a powder due to both the pellets in the gtaliding with each other and the pellets
being abraded on thehoke of the gun as they travel through the barrel. This pastder at firing,
before the pellet reacheshe quarry, introducesn element of overestimation, even if studies on
soil contamination in shooting ranges suggest the relatively Ielevance of this type of
dispersion (Crai@t al, 2002). Finallyjn our calculations, the loss was solely referredthose

pellets stopped by bodies, causing an underestimation. In fact,weefied that a conspicuous
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fraction of the starlings (16.8 %pntained fragments but no pellets, revealing that an unknown
number of pellets must have passed through the starlifeggying Pb particles in the tissues.

Despite the small dimension and the slender structuresofigbirds, that might suggest
that a rather high rate of shgtasses through the body, the mean number of gun pelletsnpass
unit in our study is greater thathe mean found irother studies on larger game birds (T&3).
Neverthelessthe overall Pb mass is lower in Passerines given the considesmbler pellet size
(Tah 6.3).

Table6.3 - Pb contamination in different game bird speciesean body weightsand pellet sizeswere taken from
standard ornithological texts anfdom hunting sources, respectively

reference| body shot | Pb mass
n n for n of [weight references n size | (mg)/100g
birds| pellets/bird for weight | pellets/100g
shot (9)
Spina and
Starling 196 0.65 this study| 70 Licheri 0.93 1011 27
2003
Redlegged Mateo et Cramp i
Partridge 64 3.67 al.,, 2011 500 1980 0.73 >6 95
Johansen Cram
Thickbilled Murre | 50 3.7 etal, | 900 P 0.41 4 72
1989
2001
Johansen C;";;np
Common Eider 25 10.4 etal, 2000 . 0.52 0-6 114
Simmons
2004 1977

6.5.1Hazard for humans

A small game meal is generally based150;200 g of meaper person (Johansest al.,
2001; Pairet al, 2010). We can therefore assume that a single portiomprises at least four/five
ovenready sarlings. Our studyeveals a high probability that at least one bird in a nealld be
contaminated by whole pellets or fragments. @ basis of our results, we can expect a load of
65¢85 mg ofPb in each portion, which is a small quantity if companetth that found in larger
game birds (Tals.3). Nevertheless;ooking such quantities of Pb is no less dangeroubdaran
health. Indeed, Mateet al,, (2011) observed thahe concentration of bioaccessibile Pb in cooked
redleggedpartridge meat was sigficantly related to the presencef xray visible pellets and/or
fragments, irrespective oftheir dimension and number.Similarly, previous studies have
demonstrated that Pb contamination in game meatrisre closely associated with the presence
of smallparticlesscattered throughout tissues, rather than whole pellé&heuhammeet al,

1998; Johansert al, 2001). Thisuggests that the toxicity of Pb particles is more relatetht®
17¢
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surface area than to their mass, since the larger surfadbepelets allows the acid to dissolve
the Pb faster duringooking or digestion (Hurdt al., 2006). Therefore, consideririge frequency
of whole pellets and fragments recordéd our study, it can be inferred that the people who eat
songbirds are no less exgad to plumbism than those consumipgrtridges or seabirds, even
though a three/fourfoldiower amount of total Pb was found (Table. 3). The ingestiom dose of
Pb estimated in a single meal based on shiairlings represents a major risk, particulafty
infants andchildren given the detrimental effects on central nervaystem development (CDC
2005; EFSA CONTAM10).

The type of ammunition used to hunt passerines aasther implication for human health.
Pellets are very smah size and are threfore hard to detect and remove duririgod preparation.
Even when we excised pellets from tlearcasses, we had difficulty in finding them, despite
knowing their exact position in the body thanks torays. Accordinglymost of the pellets
embedded in tle flesh tend toremain during cooking, leaking Pb into the meal. In additiba,
majority of fragments found were very tiny and t@mall and scattered to be detected and

discarded by @onsumer

6.5.2Hazard for birds of prey

In general, birds of preyare exposedto the risk of Pb ingestion when feeding on
unretrieved gamecarcasses. However, the anatomical location of embedded ishgame birds
may influence the availability of Pb for foragiraptors. Milleret al., (2000) reported that only 73
% ofthe pellets embedded in waterfowl were available to bald eadglediaecetus leucocephalus.
These authors observed that nonedilppeey remains were mainly represented by feathers and
bones from the wings, pelvis, and vertebral column. In analysis, we dsnated that over 88 %
of pellets and 65 % dfagments were embedded in parts of carcasses accessibigptors, and
about half of the starlings had whole pellets andfomgments in anatomical parts more accessible
to raptors. Thidigure suggests thabirds of prey eating unretrieved smalasserines are actually
exposed to the ingestion of Pb. Therefoitds not surprising that even species that feed mainly on
songbirds (e.g., sparrowhawks Accipiter nisus and comkestrels Falco tinnunculus) mayvea
high Pb concentrationgn their bones (Komosa and KitowsR008), especially ifvintering in
Mediterranean countries, where small passeriaes intensively hunted.

Several species of raptor have been experimentally induoeitigest Pb shot, but these

kinds of study did not providenough data to highlight a clear correlation between the numdler
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swallowed shot pellets and the effects on birds. A dwesponse relationship seems to be
mediated by several parametessich as age, physical and environr@rconditions, andliet (see
Kendallet al., 1996 for a review). However, Hoffma al., (1985) noted that the nestling growth
of the Americarkestrel Falco sparverius was impaired after only 4 dayseatment with a 125
mg/kg dose of metallic Pb powdewhich was expressly used to simulate the form of Pb
encounteredin Pb shot poisoning. Since that dose is comparablaéamean mass embedded in
the edible parts of a singarling (16.8 mg), a potential hazard for raptors feedingioretrieved
songhbrds can be expected, especially for t@ecies that are smaller in size.

However, in order to carry out a complete risk assessnretdated to the use of Pb
ammunition, it is necessary to knomow frequently a bird of prey can feed on unretrieved shot
passerines. Unfortunately, at present, this informationdsmpletely lacking in Italy. Given the
popularity of songbirdhunting in most Mediterranean countries, the collection miecise bag
statistics and knowledge of the frequency @ippled birds not rateved by hunters would be
desirable.

With respect to game birds of a larger size, the sipafiserines in our study had a lower
mass of embedded PHyut shot pellets and fragments embedded in their tisswesre more
abundant and tiny. The quantity and, piaularly, the level of fragmentation of Pb embedded in
young starlings shot in Magdune to prevent damage to cherriessiggest that the risk of Pb
poisoning cannot be ruled odibr humans and birds of prey consuming meat freamgbirds killed
with traditional ammunition. On théasis that small passerine hunting is a widespread practice in

the Mediterranean region, a rapid transition to alternatismunition is recommended.
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CHAPTER -7Assessing the lead pellets and fragments in game
birds: the case of the Eurasiamoodcock §colopax rusticola

7.1 Abstract

Wild meat often retains metallic particles originating from the ammunition fired by
hunters. Since ammunition are traditionally lead(yed, the consumption of game meat may
entail the ingestion of Pb embedded in tissues. To assess the related risks to Ineakiim,
information is needed on the number, dimension and spatial distribution of Pb particles
embedded in popular quarry specién.this study we focused on the Eurasian woodc&dol{opax
rusticolg, a medium sized bird intensively hunted across &ege.We Xrayed 59 carcasses of
woodcockshot by Italian hunters in Ukrain@dults and juveniles were examined separately, since
adults may retain lead fragments in old wounds originating in previous hunting sedsmobleck
the ammunition types and eWaate the mean weight of the embedded gunshot, we excised a
sample of62 whole pellets from 20 birds.

Ammunition residues were found in 57 of the 59 woodcock (96.6 %). Radiographs revealed
215 whole pellets and 125 fragmentation centres in 51 (mean = a&i@d)n 48 birds (mean = 2.14)
respectively. Most fragmentation centres (75.7 %) contained tiny particles (< 1 mm). The overall
estimated Pb load ranged from 45 to 52 mg/100g wet weight, most of which (84.6%) in edible
parts. No differences were found beéen adults and juveniles.

The number of embedded pellets per unit of body m@is21/100 g of body weight) was highier
comparison with other bird species and also withodcock shot in the UK, presumably owing to
the hunting methods adopted by Italiaruhters.

The quantity and characteristics of ammunition residues we found suggest that game meat

consumers are exposed to a relevant Pb assumption.

7.2Introduction

Lead (Pb) is a toxic element whose effects on human health are well known (Landrigan and
Todd, 1994). In the last decades we have become aware that adverse consequences to organisms
may arise even at very low doses, when clinical symptoms are not evident. Many epidemiological
alidzRASE NBGSIHEtSR GKFEG t2¢6 to )Suekdderidifdeaimentalmn >
to foetuses and children, hampering the development of the nervous system and causing
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permanent negative effects on cognitive function and behaviour (Cardieddl, 2003; CDC, 2005;
Lanphearet al,, 2005; Chandramouét al., 2009). In adults, Pb affects information processing and
short-term verbal memory, causing psychiatric symptoms and impairment of manual dexterity
(Weisskopfet al, 2007). Furthermore, relatively low exposures among adults have been
associated with elevad systolic blood pressure, increased risk of myocardial and stroke mortality,
cancer and nephropathiedAenke et al., 2006; Schobeet al., 2006; EFSA CONTAM, 2010; Huang
et al, 2013).

These findings prompted international health authorities to rejectade threshold for Pb
exposure as inappropriate and to advocate strongly for reduced intake of Pb as far as possible
especially for the most sensitive categories (infants, children and pregnant women) (EFSA
CONTAM, 2010; JECFA, 2010)

Since ingestion isonsidered the major source of exposure to Pb in developed countries,
the intake of Pb for the population of Europe was estimated by analyzing Pb contamination in all
food categories (EFSA, 2012kcording to EFSR012) Pb levels in food have decreasedently,
but the consumption of soméood categories may remain a cause of concétarticularly high
concentrations were recorded in wild boar and pheasant meat, well above the maximum levels
admitted by the Commission Regulation No 1881/2006 for thex@& NA Sa da St G 6SEO
2F 020AYS IYyAYIfas &aKSSLIE LAI |yR LkldzZ GNBE 0
020AYS FYyAYIf&as aKSSLIE LA |yR LkRdAZ GNBEE OYIE
European Communities, 2006). ThgfBF F2 2R OF G4 S3A2NER ado02F N 66Af R
MEImno >3k13X mnann F2fR KAIKSNI GKFY GLI2NJ kLA S
02FNJ &l YL S&a LISF{SR 4 HowZannan >3k 3P {AYALI N
fold higher K 'y &G OKA O1 Sy & éverSuSvirnii >63okn{n3 0> k{{AIYsA f  NJ RAF T
and domestic animals were found in the WRdaipet al, 2010).

These results are due to the use of Pb ammunition for hunting game animals. High Pb
values have been frequég found both in venison and game birds shot by hunters and intended
for human consumptionTsujiet al., 1999 Johanseret al,, 2004; Cornatzeet al., 2009;Painet al.,,

2010). Soft tissues of large mammals often retain a high number of fragmentsmprethan 45

cm away from the wound channel, as a result of the frangibility of the various kinds of rifle bullet.
In most cases fragments are too small and are hardly ever detected or removed during food
preparation (Huntt al., 2006; Tsujiet al., 2009;Huntet al,, 2009;Grundet al., 2010;Knottet al,

2010; Lindboeet al, 2012. Contamination is even higher in birds, because they are generally

18¢



7. Assessing the lead pellets and fragmémgame birds: the Eurasian woodcock

killed by several small gunshot pellets instead of a single bullet. Normally, pellets are so small that
it is difficult to remove them from the flesh even if they remain whole. Furthermore, they do tend
to fragment, creating a large amount of microscopic splinters and particles (Scheuhahaler

1998; Mateoet al, 2011; Andreotti and Borghesi, 2013).

The typical practices employed to prepare game meat for consumption (dressing,
marinating and cooking in wine, vinegar or in other acidic conditions) facilitate the conversion of
metallic Pb into organic compounds, which are more easily absorbed by the degyasgstem
(Mateo et al, 2007; Hunt et al, 2009; Mateo et al, 2011). Several studies have revealed a
significant association between Pb blood levels and wild game consumption in human populations,
not only in arctic regions where wild game is a signitigzart of the diet Hanninget al., 2003;
Bjerregaarcet al,, 2004; Johansent al., 2006) but also at mid latitude regions (Iqtedlal., 2009).

Such evidence has encouraged researchers and several national authorities for health and food
safety to assesthe risk of Pb poisoning through the consumption of game meat. The results of
these assessments concluded that the risks posed by Pb ammunition on human health are not
negligible and appropriate measures are needed to minimize those risks (AESANG2et2and

Pain, 2012YKM, 2013; Green and Pain, 2015).

In Europe, a rough estimation of the human population exposed to Pb through the
consumption of game meat can be obtained through analysis of the number of hunters and their
relatives. According to th&uropean Federation of Associations for Hunting and Conservation, in
Europe there are seven million hunters, without including Russia and Turkey. Therefore, it can be
assumed that several tens of millions of Europeans, corresponding to approximatého®Pthe
whole population, more or less regularly eat game meat. The amount of birds shot annually in
Europe is estimated to be 101 million (Hirschfeld and Heyd, 2005).

To assess the risk to the health of wild meat consumers it is important to know theitguan
and characteristics of the Pb embedded in the flesh of the most popular quarry species. In this
study we focused on Pb contamination in the Eurasian woodc®c&lgpax rusticojaa medium
sized bird intensively hunted across its range. We examinetisadnd juveniles separately, since
adults may retain lead fragments in old wounds originating in previous hunting seasonet(&alk
2006; Newthet al, 2011; Holm and Madsen, 2013). According to Annex Il/A of the EU Directive
2009/147/CE, the woodcéccan be hunted in all the States within the Union bordé&msrépean
Parliament and Council of the European Union, 20EQjthermore, the species is intensively shot

in the Balkans and in the European countries of the former USSR, both by resident @igd for
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hunters. Given the popularity of woodcock hunting in Europe, the consumption of its meat is
widespread and considerable, but unfortunately only rough estimates are available on the number
of birds annually killed on the continent. Ferrand and Gossn{a@@9a) proposed an approximate
figure of 34 million individuals, while Hirschfeld and Heyd (2005) suggested a minimum of
2,730,125 woodcock shot per year in the EC, Switzerland and Norway.

Specific objectives of our study were: i) to estimate the frexcy of both whole pellets
and fragments in shot woodcock; ii) to assess if any difference exists in pellet and fragment
frequency between adults and juveniles; iii) to estimate the Pb burden embedded in the edible

parts, and iv) to evaluate implicatiof@r the human health.

7.3 Materials and methods

We examined a sample of 59 individuals (28 juveniles and 31 adalexcted from a stock
of 485 Eurasian woodcock shot by Italian hunters during a hunting trip in Ukraine in October 2011
and seized by thetdlian Custom Agency because they were imported without complying to
sanitary regulations. No bird was expressly killed for this study. The birds were frozen whole and
stored at-20° C. On analysis the woodcock were thawed, aged by plumage and moult status
(Ferrand and Gossmann, 2009b) and weighed to the nearest gram with a Pesola spring balance.
Our sample ofuveniles and adultsvas selected with theibody weights within a range 6f 15%
the average weight of the whole seized stock. We considered bahaad weight because 1) old
birds may have embedded pellets remaining from healed wounds in previous hunting seasons
(Falket al,, 2006; Newthet al., 2011) and 2) weight is a reliable measure of body mass, that in turn
affects the number of embedded pette(Pairet al., 2010).

We Xrayed the birds with digital radiography equipment (Kodak DirectView CR 800
System, and Kodak DirectView CR cassette 35 x 43 cm with a matrix size of 2048 x 2500). Metal
particles are easy to distinguish from bone and gritehese they are clearly more radapaque
(Knott et al, 2010). Radiographs were examined at full size to detect whole pellets and large
FNIIYSyiGaod aAONR FNIIYSyia 6SNB O2dzyiSR o0& 12

fragments exceeding 0.5 mm diameter(Huntet al., 2006).
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Following Andreotti and Borghesi (2013), we subdivided the body of each bird into seven
sectors so that the anatomical parts normally consumed by humans could be easily considered
separately(Fig 7.1). We regarded SectoBs 4, 5 and 6 as edible, i.e. those most commonly eaten

by humans.

Figure7.1 - Xray photograph of a woodcock, showing the body sectors where the position of each shot pellet and
fragment was noted. 1 head and neck, 2 wings, 3 humerus and pectord, glrdhorax, 5 abdomen, 6 femur and
tibiotarsus, 7 tarsus and metatarsus. A whole pellet and six fragmentation centres can be recognised inside the grey
circles.

We counted the number of whole shot pellets, single macro fragments and clusters of
radioderse particles (fragmentation centred=C) embedded in each body sector. The fragments
were scored as follows: 0 = none visible; 1-Zhacro fragments; 2 =2 micro fragments; and 3
= > 4 fragments, regardless of their sitée tested whether the numbeof pellets and fragments
observed in the body varied among age classes and body sectors withsguelé test of

independence performed using the R software (R Core Team, 2013).
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To check the ammunition types used by hunters, we performed a necropsy on 20
woodcock and excised 62 whole pellets4(Zrom each bird). These pellets were accurately
washed, dried, and weighed by means of a Sartorius Analytical balance (accuracy d = 0.1 mg).
Furthermore, each pellet was examined for colour, form and size, andddstsee whether they
were attracted by a bar magnet.

To evaluate the Pb quantity embedded in our sample, we multiplied the number of whole
pellets by the mean weight of the excised pellets. Since most pellets lose fragments under the
impact, this estimabn was repeated considering the mean weight of the heaviest pellets from
each woodcock, except in the case of 3 woodcock with pellets of different sizes, for which the
mean weight of the excised pellets was used. Finally, we related the estimated anuduPibsto

the overall weight of the whole woodcock sample to obtain the Pb burdd®@g wet weight.

7.4 Results and discussion

Ammunition residues were found in 57 of the 59 carcasses (96.6%). We observed only
whole pellets or fragments in 9 (15.8%) ah10.5%) carcasses respectively, while in 42 carcasses
(73.7%) we found both. Pellets and fragments were embedded in all body sectors/ (Takb),
but with significant differences in frequency (pellets:-sguare value = 77.17, df = 6, P < 0.001;
fragments: chisquare value = 79.9, df = 6, P < 0.00i}Xhe anatomical regions most commonly
eaten by humans, we found Pb residues in 47 carcasses (7No¥significant difference was
detected between age classes in frequencies of whole shot and fragn(eeliets: chisquare
value = 10.34, df = 6, P = 0.11; fragmentssguiarevalue = 7.68, df = 6, P = 0)26

Shot gun pellets Radiographs revealed 215 pellets in 51 woodcock (mean = 3.64, SD =
3.97, range =17, n=59). Most of the pellets (n = 1310.6%) were located in Sectors 3 and 4
while only a small fraction (n = 15, 7%) was found in the distal parts of the wings and legs (Sector 2
and 7; Tab7.1 a,b). In the edible sectors, we counted 182 pieces of shot, corresponding to 84.6%
of the total amaunt (mean = 3.08, SD = 3.64, range-E/0n = 59). In 3 adults we detected pellets
of different size by examining the radiographs. We ascertained that they were whole pellets of
different dimensions by examining them after excision. During the necropsgiavaot find any

evidence of connective tissue encapsulation.
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Table7.1(a)- Distribution of pellets in different body sectors of juveniles and adults of Eurasian woodcock shot during
hunting activity. Significant differences were found in frequencgifferent body sectors (ckéquare value = 77.17, df
=6, P <0.001). Nsignificantdifference was detected between age classes-¢cjuiare value = 10.34, df = 6, P = 0.11).

12 2v 3 4d 5° 6f 7 TOT Mean SD
Adults (n=31) 9 9 27 29 22 5 1 102 3.29 3.54
Juveniles (n=28) 9 3 33 42 13 11 2 113 404 443
TOT 18 12 60 71 35 16 3 215 3.64 397

ahead neckPwings;*humerus pectoral girdi¢ithorax; abdomen;femur tibiotarsus&arsus metatarsus

Table7.1(b) - Distribution of fragments in different body strs of juveniles and adults of Eurasian woodcock shot
during hunting activity. Significant differences were found in frequency in diffelmdy sectors (chsquare
value=79.9, df = 6, P < 0.001). Nignificantdifference was detected between age clasgehisquare value = 7.68, df

=6, P =0.26).

1@ 20 3 4d 5° 6 7 TOT Mean SD
Adults (n=31) 15 22 9 1 2 5 5 59 190 1.99
Juveniles (n=28) 6 26 15 3 1 8 7 66 236 254
TOT 21 48 24 4 3 13 12 125 214  2.27

2head necRwingsthumerus pectoral girdleithorax; 2abdomen;femur tibiotarsus&arsus metatarsus

Table7.2(a) - Distribution of different fragment classes in adults of Eurasian woodcock shot during hunting activity
(score 0 = none visible; score 1 22 Inacro fragments; score 2 =42micro fragnents; score 3 = > 4 fragments,
regardless of their sije

12 2b 3 4d 5e 6 79 TOT
score 1 1 2 1 0 1 0 3 8
score 2 13 13 2 1 1 4 2 36
score 3 1 7 6 0 0 1 0 15
TOT 15 22 9 1 2 5 5 59

dhead neckBwings;humerus pectoral girdl€horax;abdomenffemur tibiotarsusdtarsus metatarsus
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Table7.2(b) - Distribution of different fragment classes in juveniles of Eurasian woodcock shot during hunting activity
(score 0 = none visible; score 1 22 Inacro fragments; score 2 =42micro fragments; scor8 = > 4 fragments,
regardless of their sije

1a 2° 3¢ 44 5¢ 6' 79 TOT
score 1 0 4 2 1 1 1 1 10
score 2 3 9 6 2 0 3 3 26
score 3 3 13 7 0 0 4 3 30
TOT 6 26 15 3 1 8 7 66

%head neck®wings;humerus pectoral girdl€horax;®abdomen’femur tibiolirsusftarsus metatarsus

Fragments- A minimum of 125 FC were detected in 48 woodcock (mean = 2.14, SD = 2.28,
range = 610, n= 59).Fragmentation centresiere concentrated (n = 93, 74.4%) in the head, neck,
wings and the pectoral girdle (Tab.lb). Inthe edible sectors, we estimated 44 FC, representing
35.2% of the detected FC (mean = 0.75, SD = 1.32, range, 1 9 59). In most cases, the
fragments were assigned to Score 2 (n= 62, 49.6%) or Score 3 (n = 36%), revealing a prevalence of

small tiny paticles (Tab7.2a,b).

Pellet characteristics- All pellets were normmagnetic, dark, dull and deformed, and
therefore were assumed to be Pb. Overall they weighed 2,319.8 mg (mean = 37.4 mg, SD = 16.7,
range = 13.476.7, n = 62). When taking theeaviest péets from each necropsied woodcock, we

obtained a mean weight of 43.8 mg (SD = 16.7, range =7/8)70n = 20).

Woodcock weights The mean weight of thevhole stock of seized woodcodid not differ
significantly from theexamined samplgwhole stock: rean = 313.8 g, SD = 30.1, n = 403;
examined woodcock: 304.0 g, SD = 1.7, n;# 591.94, P= 0.05).nE mean weights of adults and
juveniles did not differ (juveniles: mean = 304.0 g, SD = 15.4, n = 28; adults: mean = 300.4 g, SD =
19.5, n = 31;-test =-0.18 P=0.4D

Pb mass On the basis of both the mean weight of the excised pellets tardheaviest
pellet subsetwe estimated the Pb burden embedded in woodcock ranging from 45 to 52 mg/100g

wet weight.

7.4.1Comparison with previous studies
Our study revealed that the majority of the-dayed carcasses contained visible particles of

metallic Pb deriving from spent ammunition. In comparison with data collected in previous studies
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on different bird species, woodcock had a higher rate of embedded wralletp per unit of body
mass,.e. 1.21 pellets/100 g of body weights 0.93 in European starlings (Andreotti and Borghesi,
2013), 0.73 in red legged partridges (Matetoal., 2011), 0.52 in common eiders (Johanstral,,

2004) and 0.41 in thiekilled murres (Johansest al., 2001). Moreoverthe frequency of pellets
counted in our study is relatively high when compared to the figures reported byePaln(2010)

for the Eurasian woodcock hunted in the UK. The authersy¥d overready carcasses (thiout
feathers, viscera and heads) and recorded numbers of pellets and largedexase fragments.
They found a mean of 1 pellet per woodcock, a low value with respect to the mean of 3.1 detected
in our study considering edible sectors only.

These discngancies in pellet frequency may be due to different hunting methods adopted
with regard to the target species and traditional hunting practices. The low shot resistance of
woodcock leads many hunters to prefer cartridges with numerous pellets of smaikerttsan
those used to shoot game birds with a similar body mass. In addition, the hunting technique may
influence the firing distance, which affects the spread pattern of projectiles hitting the prey.

For example, in the UK woodcock are often flushed talsahe guns by a line of "beaters”
walking through the wood, while Italian hunters prefer to walk behind a pointing dog, shooting the
p22R0201 G | AK2NISNJI RAalGlFIyOS 20SNJ 6KS R23IQa
of Pb embedded in quarryird species appears to be related not only to the species, but also to
the hunting technique. These results should be borne in mind when assessing Pb contamination
levels in game meat from different countries.

The concomitant presence of pellets of difat size embedded in 3 adults might be
explained by either the use of cartridges loaded with mixed grains or the existence of old wounds
originating in previous hunting seasons. Since only slight changes occur in tissues surrounding Pb
gunshot embedded irld wounds (Sandersoat al, 1998), the circumstance that we did not
observe connective tissue encapsulation does not allow us to exclude the presence of pellets from
previous hunting seasons.

We did not find a higher frequency of whole pellets in adulteen compared to juveniles,
as found in londived species such as sea ducks and geese that can accumulate pellets in
subsequent hunting seasons (Fatkal, 2006; Newthet al., 2011; Holm and Madsen, 2013). This
result might be influenced by two factar§ woodcock have little or no resilience to the shot and
hardly ever survive when injured; ii) adults are more cautious than juveniles and flush earlier when
stalked leading to them being shot at longer distances by a wider pellet spread. This lateigac
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relevant in assessing the Pb load in woodcock meals because juveniles are generally far more
abundant than adults in hunting bags (more than 65% juveniles in France, Boidot and Aurousseau,
2013; 81.1% juveniles in our sample).

If we compare data ofragments recorded in starlings in a study carried out with a similar
methodology (Andreotti and Borghesi, 2013), we observe a higher density of FC in woodcock (0.72
FCper 100 g of body weightyersus0.60 in starlings), even if the fragmentation rate p#llets,
calculated as the ratio FC/whole pellets, appears to be slightly lower in woodcock than in starlings
(0.58versus0.64). The difference in the fragmentation rate might be related to a higher frequency
of pelletsthat have passed through the stends leaving Pb particles in the tissues, bave not
remained in the carcass due to the smaller body mass ofgfxies.Fragment distribution in
woodcock differs significantly from starlings when considering all body sectorsdichie value =
27.7 d = 6 P < 0.0001), but there is no difference when taking into account the edible parts only
(chisquare value = 0.4 df =3 P =0.9).

Levels of Pb contamination in woodcock meat found in our study are much higher than
those reported for venison examined byray. As far as we know, there is only one estimate of the
total mass of bullet fragments left in carcasses of deer (Ketod., 2010). This corresponds to 1.6
mg/100g wet weight, 3@old lower than the estimates of Pb embedded in woodcock. Pb
concentations determined through chemical analysis confirm a higher burden of Pb in birds than
in ungulates, but these differences are less relevant. For example, in partridges values have been
found 28 fold higher than in red deer or wild boar (Matebal, 2011; Sevillanet al,, 2011). This
discrepancy can be explained considering that in birds there is a relatively higher amount of large
Pb particles (essentially whole pellets) that are generally removed before performing chemical

analyses.

7.4.2Implication for the human health
Our findings reveal that woodcock meat derived from animals shot by traditional Pb

ammunition retains a considerable quantity of metallic Pb in the form of both large particles (i.e.
macro fragments and whole pellets) and tiny fragrite Even when substantial pieces of Pb are
removed from game meat and the bioavailability of the metallic Pb is low, the presence of Pb is
still significant, especially where tiny fragments are spread widely. Chemical analyses have found
high levels of Plobontamination in game tissues samples of quarry species where Pb particles were
detected by Xay (Tsujiet al, 1999; Johanseet al., 2001; Tsujet al, 2009; Pairet al,, 2010;
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Mateo et al, 2011). Furthermore, embedded Pb can be easily absorbed gffirdle intestine by

game meat consumers, given the amount of tiny fragments, easily attacked by the gastric acid,
and the leaching processes during cooking treatments (Maeal, 2007; Huntet al., 2009;

Mateo et al,, 2011). Hence, regular woodcock meansumers are exposed to real health risks.
Hunters are not usually woodcock specialists, killing both ungulates and small game during the
same hunting season. This implies that people consuming woodcock often eat other game birds,
small mammals and ungtes. It has been found that frequent consumption of big game meat
alone is enough to expose the hunter population to the risk of Pb poisoning (Sevillano Mairales
al., 2011; Lindboeet al, 2012). Consumption of contaminated woodcock meat will increfse t
intake of Pb in game consumers already exposed to the risk of Pb poisoning. In Italy, more than
230,000 ungulates are estimated to be shot annually, producing 6828.7 tons of game meat
(Ramanziret al., 2010), in addition to at least 17 million birds r@tihfeld and Heyd, 2005) and an
unknown number of hares and rabbits. Since the use of lead ammunition is banned exclusively in
wetlands of Special Protection Areas and in some hunting districts exclusively for the hunting of
cloven hoofed games, only a riggple fraction of game birds and mammals is killed with {&ad

shot or bullets. This means that the 750,000 licensed hunters in Italy and their relatives consume
approximately tens of millions of meals derived from ungulates and no less than 5 milials

from game birds, killed with Pb ammunitions.

The high frequency of Pb pieces and, in particular, of tiny fragments recorded in this study
reveals that precautions during the preparation for consumption of shot game birds are not
enough to guarantedPbfree meat. The removal of whole pellets before cooking is not easily
achieved, given their small size and abundance, and does not prevent the ingestion of a significant
guantity of the smallest particles. Additionally, Pb residues are almost uniforistgibdited in
game bird carcasses, making removal more difficult. It is a different case to ungulates, where
fragments of ammunition are concentrated in a radial zone around the wound channel, allowing a
small concentrated area of carcass to be removed disgosed of. The distribution of Pb in bird
carcasses makes it impossible to define handling procedures which reduce the risk for game bird
consumers. The use of Plee pellets is the only effective solution to avoid the consumption of Pb
when eating shosmall game. It could also reduce the Pb pollution in the environment. Positive
effects have been observed in wildlife and ecosystems, where lead ammunition has been banned

(Mateoet al,, 2014).
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7.5 Conclusions

The considerable amount of embedded pda& of metallic Pb found in our study suggests
that a significant risk to human health is associated with the frequent consumptisrooficock
killed using traditional Italian hunting techniques. Therefore, a risk assessment is recommended.
To reduce the hzard of Pb poisoning on regular woodcock consumer and more in general on
game meat consumers, actions should be promoted to raise awareness of the risks among
exposed groups (hunters, gamekeeper, etc.). A mandatorrd@bcertification mark could be
usedto provide a guarantee of safety for game meat consumers. At the same time, the adoption
of a total ban for the use of lead ammunition in both aquatic and terrestrial ecosystems is strongly

recommended (Group of Scientists, 2014).
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CHAPTER 8 Embedded lead in game birds: the case of a
Peregrine FalconHalco peregrinusfound dead with lead shot in
the digestive tract

8.1 Abstract

Lead (Pb) ammunition represents a source of intoxicationdptars eating game. Even if
the Peregrine Falcon commonly preys on game birds, afdyv cases of Pb poisoning have been
recorded up to now. We document an adult female found dead with many Pb shot in the digestive
tract. Concentrations in heart blood ¢l¢0.10 mg/kg) suggest that Pb shot raised Pb blood levels,
while the low values in liver, kidney and bone lead us to exclude that poisoning was the ultimate
cause of death. The increase of blood Pb levels might have impaired the coordination, provoking a

fatal collision

8.2 Introduction

Lead (Pb) ammunition represents a relevant source of intoxication for birds. In wetlands
waterbirds may ingest Pb shot lying in the surface sediments, when seeking ipigiaking them
for seeds (Beintema2001). Simildy, granivorous birds may face the same fate in areas where
hunting is intensively practiced. Even species with specialized feeding habits, such as woodcock,
may pick up and swallow shot dispersed by hunters (Piaah., 2009).

Scavenging birds ingest Rihen eating carcasses of unretrieved game or gut piles left by
stalkers in the field after hunting (Pa@t al.,2009). The contamination of game flesh and viscera
occurs either when Pb bullets or shate used Bullets tenl to split into many fragments hen
they impact bones or other body structures, spreading through the tissues in a radius of several
decimeters around the wound channel (Gruedal.,2010). Fragmentation occurs also when Pb
shot hit gamebirds, such as ducks, partridges, waders and pasaérines (Andreotst al.,2016).

Even raptors feeding exclusively on live prey are exposed to Pb ingestion. Several studies revealed
that a relevant number of individuals hit by firearms do survive, retaining embedded Pb particles
in their body (Guiémain et al., 2007). The likelihood of poisoning for a bird of prey varies
according to the proportion of game in the diet, the size of game taken, the season, and the local

hunting intensity (Paiet al.,1993).
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The Peregrine FalcorFdlco peregrinug is one of the raptors less inclined to feed on
carcasses. Its diet is composed almost entidlysmall to largesized birds (from 10 g to 2 kg)
caught on the fly (Cramp and Simmeri980). Though this species commonly preys on game
birds, such as pigeons, @es, partridges, ducks and thrushes, oalfew cases oPb poisoning in
peregrines have been collected up to now. The ingestion of Pb shot was ascertained in a unique
case in Spain, through the analysis of regurgitated pellets (only 1 pellet with Plvasddound out
of 117, Mateoet al.,2007). Furthermore, 1 bird out of 9 was found exceeding the threshold value
of bone Pb > 10 ppm dry weight (d.w.) (Mateioal.,2003). In the UK elevated Pb concentrations
(> 6 ppm d.w.) were detected in the liver obdt of 26 individuals examined by Paihal.,(1995).

The latter authors concluded that a Peregrine with Pb liver concentrations > 20 ppm d.w. died as a
consequence of exposure to Pb shot embedded in its prey. We document a case of an adult

female Peregrie Falcon found dead with many Pb shot in the digestive tract

8.3 Methods

The bird was recovered on February 2015 at the foot of a road lighting pole, in an
intensively cultivated area of the Po Plain, near Faenza (Ravenna District, north easlt lvedy)
examined externally, weighed to the nearest gramyayed with an analog radiography
equipment, and autopsied. Since the radiography revealed shotgun pellets in the digestive tract
(Fig.8.1), the content of crop, gizzard and intestine was insedctMost ofthe pellets were
extracted, thoroughly washed, dried, and weighed by means of a Sartorius Analytical balance
(accuracy d = 0.1 mg). Then they were examinedctour, form and size, and tested to see
whether they were attracted by a bar magndtiver, kidneys, heart, abdominal fat and bones
(coracoids and clavicles) were excised, store@@tC and subsequently thawed aadalysedThe
post-mortem heart blood clot was extracted to estimate Pb levels in the bloodstream. Pb
concentrations were masuredby means of a Inductively Coupled Plasma Mass Spectrometer
(ICPMS) High purity deionized water was obtained by Evoqua water technologies (Barbsbuttel
DE); nitric acid was from J.T. Baker (Center Valley PA, USA); hydrochloric acid was fro®tSigma (
Luis MO, USA). Each sample (about 3 g) was homogenized, andtaddedcL of nitric acid in a
screw cap polypropylene 50 mL sample tube (Digies SCP Science); samples were placed in a
DigtPrep system (SCP Science) at 75 °C overnight. Then,adtiege samples were diluted to 200
mL with an acid solution and analyzed by ICP/ MS (7700 Agilent Technologies USA) with an ASX
500 CETAC Autosampler (Cetac Technologies Omaha NE, USA). Results were expressed as we
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weight (w.w.).According to Paiet al. (1995),we adopt 1 ppm w.w. = 3.5 ppm d.@a compare

our data withthe literature.

Figure 8.1 - Xray photograph of the Peregrinalton, showing the Pb shot in the digestive tract

8.4 Results and discussion

External examinabn revealed good body odlition and plumage status. Neither injuries
nor lesions were observed, except for an eye hematoma. The bird weighed 1,080 g, within the
range reported for adult female peregrines (Cramp and Simmd880). Xrays allowed us to
identify 7 pellets in the uper part of the digestive tract and 1 in the cloaca (Bid). During
necropsy, we excised 6 pellets from thwp and 1 from the stomach. All the pellets had similar
characteristics and size (mean weight = 31.0 mg, SD = 4.1, range382).@nd were ansidered
to be composed by Pb upon appearance.

In the crop we found many remains of bones, muscular tissues, feathers and about 10
sunflower seeds. It was possible to identify a bird tongue, an esophagus, some groups of feathers
not completely grown and dract of intestine. All the feathers and anatomical parts were
attributed to feral pigeonColumba livialn the gizzard we identified a leg of a feral pigeon, a leg of
a European starlin§turnus vulgarisfeathers of different size and colour, fragments of bones from

birds of different size, cervical vertebrae of a large bird, muscular tissues asuhfl@wer seeds.
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Presumably, the starling was the Peregrine penultimate meal and the feral pigeon thentast
The 7 pellets mixed with the ingesta were likely embedded in the pigeon, whereas that one in the
cloaca was swallowed along with the starling. Pellets were undersized for pigeon (No. 10,
commercial weight CW = 40 mg, instead of No. 8, CW = 70 rig W = 90 mg, normally used to
control feral pigeons). This could have allowed the pigeon to survive until being caught by the
falcon.

Pb tissue concentrations were 0.10 mg/kg in heart blood clot, 0.086 mg/kg in liver, 0.198
mg/kg in kidney, 0.141 mg/kg abdominal fat and 3.379 mg/kg in bone (w.w.)tHa heart blood
clot Pb levels were well above the values reported by Carpezitat. (2003) for 2 turkey vultures
Cathartes aurafed with uncontaminated food (0.00 and 0.02 ppm w.w.), but below the
concentrations measured in 5 vultures experimentally dosed for many weeks with Pb shot (6.00
29.56 ppm w.w. in 3 birds dead or with severe clinical signs and118R2ppm w.w. in 2 birds
which survived and euthanized dhe end of thestudy). Pb concentrationm liver, kidney and
bone reflect background contamination (Pahal., 1995, 2007 and 2009; Carpentetr al., 2003;
Mateo et al.,, 2003).

Pb concentrations in blood, liver, kidney and bone provide information on the timing of Pb
exposure. Pb levels inghbloodstream increase within 24 hours following absorption (Hoffietan
al.,, 1981), but tend to decrease rapidly (héfe of 14 days in the California Condor, Etyal,
2009). Liver and kidney retain Pb for weeks to months (Btaid., 2009). In bone®b is stored for
years, thus reflecting lifetime chronic exposure (Matgoal., 2003; Pairet al, 2005 and 2007).
Measured tissue concentrations in the Peregrine suggest that the ingestion of Pb shot caused a
visible increase in Pb blood levels, butvias too recent to allow a relevant absorption in soft
tissues and bones. Thus the ultimate cause of death for the bird cannot be attributed to acute Pb
poisoning. Nevertheless, the rapid increase of Pb levels in the bloodstream might have impaired
coordinaion and dexterity of this fastlying predator, and might have caused a fatal collision
(suggested by the cerebral hemorrhage). Indeed, a significant association was found between sub
acute Pb concentration and the proportion of birds recovered with iagiby trauma and/or
electrocution (Bernet al., 2015).

Both species preyedn by the Peregrinenalysedin this study cannot be hunted in Italy,
but are intensively shot all year round to prevent damage to crops. In the Ravenna District in 2014
and 2015feral pigeons were legally sh{ih derogation regimejvithout any bag limit, whereas a
guota of one thousand individuals per year was fixed for the starling. To prevent Pb poisoning in
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raptors, a baron the use of Pb shotextended to hunting and pest atrol operations- is strongly

recommended.
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O - General conclusions

The main aim of this thesis was to provide new data, methodological tools, amghtgsto
improve the possibility to use birds as biomonitors of metal exposure.

As a work definitely structured in three parts, each one focused on a specific discipline
(geochemistry of sediments, biomonitoring, risk assessment), this doctorate thesispeaific
conclusions and recommendations that have been exposed in each chapter. However, it can be
convenient for the reader to find here a summary of the main outcomes of each research carried
out during the whole period of study, before focusing omgeneral comment about the overall

work done.

In the first part, high attention has been paid to gain more data regarding the abiotic environment
of habitats (coastal brackish wetlands) used by colonial waterbirds of high ecological importance
(and therefoe focus of many conservation efforts). Waterbirds show a strong relationship with
the mud and are therefore especially exposed to pollution, where anthropogenic inputs have
altered the natural levels of metals and trace elements (MTES) in sediments. TheltRarea is

very rich of brackish wetlands and lagoons which represent crucial feeding sites for millions
migratory birds and hosts many breeding colonies of waterbirds each year. Its relevance as an
ornithological hotspot is worldwide. Despite thig,number of thatwetlands were completely
unexplored under a geochemical point of view, becapsgate and thereforeclosed to people
(including researchers). Conversely, a few wetlands have been studied in deep in the last two
decades and information abotieir sediment features and quality are known for some elements.
However,information aboutmany trace elements was scarce even for the better studied wetlands
and comparisons with the less studied ones had never or little been explored before this work.
The first geochemical study of this doctorate allowed to obtain geochemical data in 7 Po Delta
sites: Valli di Rosolina (ROS), Valle Bertuzzi (BER), Valli di Comacchio\(€@Vj Bellocchio
(BEL), Valle Mandriole (MANDjalassa della Baiona (BAI), anglassa dei Piomboni (PI®.
second study was focused on a selection of 4 sites: ROS, BER, COM, and BAI. After these studies.
which consist to date in the most comprehensive geochemical characterization of the surface
sediments of the wetlands locatedamg the North Adriatic coast from the town of Ravenna,
northward to Chioggiayve know the total concentrations of 26 trace elememd; Ba, Ca, Ce, Co,

Cr, Cu, Fe, K, La, Mg, Mn, Na, Nb, Ni, P, Pb, Rb, S, Si, Sr, Ti, V, Y, Zn, and Zr, detesrajned by X
fluorescencespectrometry (XRF) and pseudiatal concentrations of 46 element#g, Al, As, Au,
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B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Fe, Ga, Ge, Hf, Hg, In, K, La, Li, Mg, Mn, Mo, Na, Nb, Ni
Pb, Pd, Pt, Rb, Re, S, Sh, Sc, Se, Sn, Sr, Ta, Tig,;TTH)J, V, WY, Zn, and Zr, determined by
inductively coupled plasma mass spectrometry {M3) afteraqua regiadigestion Moreover, by

using some available background valwesd other tools high levels of Cr and Ni have been
explained to be of natal origin (in agreement with literature for some sites), whereas others
elements (e.g. Ag, Bi, Cd, Cu, Hg, and Zn in BAI) are of anthropogenic origin and environmental
concern. These results should be taken into account by managers when takimg actios in

order to favor the biodiversity and habitat conservation, such us drying ponds or changing
chemical parameterscapable toinfluencing the mobility of harmful elements, allowing
activities such as shellfish. Eventually, some Pb anomalies have Uggaosed to be caused by the

high presence of lead ammunition in the sediment, as an effect of about a century of waterfowl
hunting.

In the second part of the thesis, the need to develop reliable methods to correctly measure metal
exposure, intake, and bicaumulation when undertaking biomonitoring surveys has been
considered. Birds offer the possibility to assess MTE bioaccumulation by using a unigue non
invasive method: assessing concentrations in feathers. This attractive opportunity has proven to
be a vey informative tool to unravel various physiological, ecological and toxicological processes
inherent to individuals and populations. However, as highlighted in the first biogeochemical study
of this doctorate, through the multivariate analysiarried outon 48 element concentrations in
flamingo feathers from several colonies in the Mediterranean, andlyzingdata on about 50
elements obtained from sediment samples collected near the breeding sites, environmental
contamination (ExCo) of feathers has bg®oved to create an important bias, particularly due to

the adhered sediment particles. The first study here reported has raised the considerable problem
of ExCo, whereas the second study (again on flamingos) presents and validates a new method for
correding for ExCo during the analysis of feather trace elements. Also, the second study
confirmed that ExCo is negligible for Cu, Hg, and Zn, and drawn the same conclusion for Se and Sn
On the contraryAs, Cd, Cr, Ni, and Rlven if bioaccumulated at sometext, need correction for

ExCo in order taorrectlyinterpret the concentrations as an effect bioaccumulation. Aluminum,

K and La emerged as not or negligibly bioaccumulatethents The method has been developed

by testing the washing effect, obseng by SEM the nature of external particles, and analyzing the
geochemical fingerprint of each sampling site. The problem of ExCo in feathers was not new in

literature, of course, but in this doctorate it has been explored for a higher number of elements
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and supported by a sound geochemical approach never applied in previous studies. The proposed
method can be applied to any species of birds for which environmental contamination can be
traced to local geochemical sediment data. However, the use of featlegnsved of vane instead

of whole feathers(in other words only theaachig, should reduce the amount of ExCo, and has
been suggesteds a good choictor future ecotoxicological studies. As a general suggestion, the
approach of using geochemical data toagtify environmental contamination may also appeal to
investigators using neavian model organisms (e.g. plants).

The third part is focused on a particular source of Pb exposure which unites birds and humans:
game birds shot by hunters using Pb ammunitidlammals and birds, when shot, often retain in

their body some Pb pieces. When consumers eakibed animals, they often swallow Pb
fragments, and can be victim of plumbism, a form of acute/chronical poisoning caused by the toxic
effect of Pb. As a demmstration of a possible consequence, a case of a Peregrine falcon found
dead with Pb pellets embedded in its last meal has been repased last scientific contributef
GKAA (KSaraoe ¢KA& 1AYR 2F | aadzy L Achywheh BirdsOI £ f
pick up Pb pellets directly from the soil or sediment) and especially affects raptors, scavengers,
and humans. Through two different studies, the frequency, type, and mass of Pb has been
calculated or estimated (depending on the type of pad) in two smalkized bird species
(European starling and Eurasian woodcock) by using a number of radiographies and excising
pellets fromsomecarcasses. Small birds like Passerines were not considered in previous studies
because they are of minor inteseasgamein most countries. On the contrary, in Mediterranean
countries, hunting to small bird species {200 g) is traditional. A considerable amount of
embedded particles of metallic Pb has been found in most of carcasses investigated in both
studies, suggesting that a significant risk for human health is associated with the frequent
consumption of small game birds. Raptors and scavengers eating unretrieved small game are also
exposed to plumbism being Pb fragment abundant and tiny even in huntedriteesse

The main objectives of this doctorate have been achieved filling some gaps in literature regarding
the knowledge of important bird areas, the improvement of methodologies frequently adopted
for biomonitor pollution by using birds as indicators, tbempletion of a cognitive framework
regarding a problem involving bird and human health only recently raised as prior for international
fundamental agreements such as the Convention of Conservationigraddry Species (CMS) of

UNEP.
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