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Abstract: Birds are commonly used as bioindicators, and their feathers are considered suitable
tissues for assessing the presence of contaminants, such as trace elements, in the environment. In
agroecosystems, trace elements’ occurrence can be associated with both natural and anthropogenic
processes, including vehicular traffic, traditional fertilizers, food feed additives for livestock, and the
use of sewage sludge as fertilizer. Here, we evaluated the concentrations of twelve trace elements
(Aluminium, Arsenic, Cadmium, Chromium, Copper, Iron, Mercury, Manganese, Nickel, Lead,
Selenium, and Zinc) in the feathers of barn swallow (Hirundo rustica) nestlings. We then compared
the concentrations of these elements between nestlings grown in areas amended or not amended
with sewage sludge in 2019 and 2020 in a broad region of the Po Plain (Northern Italy). Multivariate
analysis showed that the element content of the feathers significantly differed among years and areas,
suggesting that the concentration of nestlings’ feathers may indicate the local level of contamination.
However, univariate analyses did not show clear spatial differences, possibly due to co-occurring
sources of trace elements other than sewage sludge. These results suggest that barn swallow nestlings
can be a reliable sentinel for the monitoring of local variation of the environmental occurrence of
trace elements.

Keywords: agroecosystems; Hirundo rustica; sewage sludge; trace elements

1. Introduction

Sentinel species, or biological indicators, are organisms that accumulate contami-
nants in their tissues and can thus be used to obtain a quali-quantitative profile of the
contamination experienced by ecosystems in a given habitat or over a given period [1],
by also providing useful indications for protecting human health [2]. Birds are often used
as indicators of contamination due to their abundance, species richness [3,4], and ease of
catching and handling [5]. They can also provide information both on their home range and
migration routes [6–8] and, in the case of secondary consumers, can allow the assessment
of contaminant transfer through the food web [9].

The application of birds in biomonitoring the occurrence, accumulation, and effects of
contamination has increased over time [10], but researchers are still debating which tissue
is most reliable, as accumulation rates vary according to the sample matrices, the focal
element, the target bird species, and the timing of sampling [11]. The most accurate results
may come from the integrated analyses of internal tissues such as the liver, brain, muscle,
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kidney, or in subcutaneous fat [12,13]. However, there are numerous counterindications
to the use of these tissues, first and foremost related to the preservation and survival of
individuals. Hence, researchers often focus on non-lethally collected samples, such as preen
oil, blood, eggs, and feathers, as they offer several ethical and practical advantages [14]. In
particular, bird feathers are considered among the most suitable tissues for ecotoxicological
studies aiming at assessing the presence of persistent organic pollutants (POPs) and trace
elements (reviewed in [15]), as well as emerging contaminants. Indeed, birds excrete trace
elements into growing feathers, storing them in the calamus, rachis, and vane during
moulting, when they are still connected to the animal bloodstream [5,6,16] and are therefore
good descriptors of the average concentration of trace elements in the whole body [17,18].
Many studies also focused on small passerine species, which are usually more abundant
and easier to catch and manipulate than larger species at the top of the food chain, such
as raptors or piscivorous species [19], as biomonitors of trace elements by measuring the
concentration of these elements in their feathers [20,21].

Among elements, trace metals and non-metals are non-biodegradable contaminants
arising from natural and anthropogenic processes; some of them may have toxic effects even
at low concentrations and may be bioaccumulated and biomagnified, inducing harmful
effects on organisms across the trophic chain [22–25]. In agroecosystems, trace metals
can occur through natural and anthropogenic processes, including erosion, hydrological
processes and atmospheric deposition, industrial activities, and the use of sewage sludge
as a fertilizer [26]. The current wastewater management practices strongly encourage
the use of sewage sludge in agriculture (Directive 86/278/EEC). Indeed, after proper
composting, the sludge can re-enter the agroecosystems as a soil improver or fertilizer
due to its high content of organic matter, nitrogen, and phosphorus [27–32]. However, a
growing concern exists about the effects of sludge application on terrestrial ecosystems and
animal communities living in the spreading areas [33,34], because wastewater treatment
plants (WWTPs) are not adequately designed to completely remove several contaminants
and trace elements [35–37], which consequently may accumulate in the sludge, resulting in
the transfer of organic and inorganic contaminants to the terrestrial environment [33,38,39].
Moreover, studies on the effects of sludge application in agriculture on vertebrate fauna
are very scant [40] and this lack of awareness regarding the potential risks and benefits
of their use as soil improvers contributes to the social amplification of the concerns about
their use [34].

Here, we evaluated the bioaccumulation of twelve trace elements (Aluminium,
Arsenic, Cadmium, Chromium, Copper, Iron, Mercury, Manganese, Nickel, Lead, Selenium,
and Zinc) in the feathers of barn swallow (Hirundo rustica) nestlings. The study was per-
formed in an area of the Po Plain (south-east of Milan, northern Italy) where, depending on
both market choices and geological features of the soil, the use of sewage sludge as a soil
amendment is either widespread or precluded. Similarly to other swallow species (e.g., the
closely related tree swallow (Tachycineta bicolor) in the USA [41]), the barn swallow can
be used for systematic biomonitoring of agroecosystems because of the following [9,42]:
(1) it is widespread across the globe, allowing large-scale monitoring of the selected con-
taminants; (2) it occupies a high trophic level in the food web, being an insectivorous
species; (3) during the breeding season, it is characterized by sedentary and synanthropic
behaviour, foraging within 500 m of the breeding site [43]; and (4) it is a flagship species
for the conservation of agroecosystems, with very well-known biology and ecology [43].
Nestlings, in particular, are ideal sentinels as they are fed with insects caught by parents
in their foraging area around the nest site; therefore, the trace element signature in their
feathers should reflect their environmental availability at a local spatial scale and in the
period of feather growth.
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2. Materials and Methods
2.1. Study Species

The barn swallow is a small migratory passerine bird whose breeding range encom-
passes the whole Holarctic region. Italian populations spend the non-breeding period
mostly in west-African sub-Saharan countries [44,45]. This species breeds synanthropically
in rural buildings and forages on aerial insects captured within 500 m of the breeding
sites [43]. In the study area, the nestlings’ diet is mainly represented by Formicidae (Hy-
menoptera, 23%), Aphodidae (Coleoptera, 22%), Tabanidae (Diptera, 21%), and Syrphidae
(Diptera, 15%) [46]. In Italy, the breeding season lasts from early April until the end of Au-
gust. During this period, females lay 1–3 clutches of 1–7 eggs, incubated by the female only
for approximately 14 days; both parents feed the offspring until fledging at ca. 18–20 days.

2.2. Study Area and Field Methods

In 2019 and 2020, starting from 1st April, 17 barn swallow colonies located south-east
of Milan (northern Italy), close to the Adda Sud Park, were visited every second week,
and the content of nests was inspected to identify hatching date (see [43] for details on
field methods). Due to COVID-19 pandemic-related restrictions, in 2020, we could not visit
some of the colonies selected in 2019. Six groups of colonies were identified (Figure 1):
two groups were colonies located in an area amended with sewage sludge which were
sampled in either 2019 (hereafter, Sludge 19, N = 5 colonies, 1 of which with presence of
livestock farming, 49 nestlings) or in 2020 (hereafter, Sludge 20, N = 5 colonies, 2 of which
with presence of livestock farming, 61 nestlings); two groups were colonies in an area
improved with manure or fertilizers and located close to the areas amended with sewage
sludge which were sampled in either 2019 (hereafter, No-sludge 19C, N = 5 colonies, 4 of
which with presence of livestock farming, 18 nestlings) or in 2020 (hereafter, No-sludge 20C,
N = 1 colony, with presence of livestock farming, 14 nestlings); and finally, two groups were
colonies located an area improved with manure or fertilizers but located far from the areas
amended with sewage sludge which were sampled either in 2019 (hereafter, No-sludge
19F, N = 5 colonies, 4 of which with presence of livestock farming, 28 nestlings) or in 2020
(hereafter, No-sludge 20F, N = 3 colonies, 2 of which with presence of livestock farming,
21 nestlings). As barn swallows forage within a maximum distance of 500 m from the
colony, and considering the large distance between the three considered groups of colonies,
we are confident that the studied individuals did not move from a field amended with
sewage sludge to a field amended with manure or fertilizer, nor vice versa. When nestlings
were 15–18 days old, we plucked the fourth (counting outwards) right rectrix (R4) from
2 (±0.3 SD, range: 1–4) nestlings per brood. This age was selected to allow feathers to reach
a minimum size for the analyses while reducing, at the same time, the risk of nestlings
leaving the nest prematurely. The R4 feathers were stored in sealed plastic bags to avoid
contamination until laboratory analyses.

2.3. Reagents and Apparatus

Ultrapure HNO3, Trace-SELECT® (65% w/w), H2O2 (30% w/w), and certified multi-
standard solution Merck VI for ICP-MS were purchased from Sigma-Aldrich (Milan, Italy),
ultrapure water was from Carlo Erba Reagents s.r.l. (Cornaredo, Italy). A CEM Mars mi-
crowave oven (CEM s.r.l., Cologno al Serio, Italy) equipped with eight PTFE vessels (Xpress,
55 mL) and an XpressVapTM accessory was used for sample digestion and evaporation.
Elements’ measurement was performed by an inductively coupled plasma quadrupole
mass spectrometer (ICP-MS) (Elan DRC-e, PerkinElmer, Shelton, CT, USA) equipped with
a standard ICP torch, crossflow nebulizer, nickel sampler, skimmer cones, and dynamic
reaction cell™ (DRC).
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Figure 1. Map of the three sampling sites located south-east of Milan (northern Italy), close to the 
Adda Sud Park (dark grey area). Orange indicates the Sludge area (Sludge), blue the No-sludge area 
far from the Sludge one (No-sludge F), green the No-sludge area close to the Sludge one (No-sludge 
C). Open squares denote farms visited in 2019, while circles denote farms visited in 2020. 
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2.4. Analytical Procedure

The sample treatment and digestion were carried out as reported in [8]. Briefly, the
feathers were washed with deionized water, then placed in an ultrasonic bath for 5 min
with 1 M acetone solution to remove external bound metals and dirt particles, then rinsed
in ultrapure water, and finally air-dried. Each feather was accurately weighed and digested
(1600 W, 15 min, 200 ◦C) with a mixture of 5 mL of HNO3 and 2 mL of H2O2. After cooling,
the digested samples were evaporated to a small volume (approximately 0.5 mL) and
diluted to 5 mL with ultrapure water in calibrated polypropylene tubes before analysis by
dynamic reaction cell for inductively coupled plasma mass spectrometry (DRC-ICP-MS).
The same procedure was used for reagent blanks. Three-point calibration curves were
generated in the range of 5–500 µg/L. Method detection and quantification limits (MDLs
and MQLs, respectively) were obtained from the instrumental detection and quantification
limits (IDLs and IQLs, respectively) calculated using the residual standard deviation
(Sy/x) of the linear regression parameters as (3.3 × Sy/x)/slope and (10 × Sy/x)/slope,
respectively, and are referred to in the overall procedure (see Table S1 in [8]).

2.5. Statistical Analyses

Differences in trace element concentrations among the six groups of colonies were
evaluated by both multivariate and univariate analyses. A total of 16 values (1 for As;
2 for Al; 1 for Cr; 4 for Cu; 1 for Hg; 1 for Mn; 2 for Pb; 3 for Cr; 1 for Fe) were considered
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outliers (i.e., they were larger than the mean value of the considered element ± 5 standard
deviations) and subsequently removed from all the analyses.

To avoid biases due to differences in variances, we first calculated the standardized
trace element concentrations of each feather by subtracting the mean value from the
concentration of each element at each feather and dividing the result by the standard
deviation. A redundancy analysis (RDA) was then performed to assess whether the
patterns of trace element concentration (i.e., the standardized concentrations of all measured
elements simultaneously) of feathers differed between the six groups of colonies. Missing
values (i.e., outliers removed in the previous step of the analysis) were replaced using the
MICE imputation procedure [47].

Differences in trace element concentrations among groups of colonies were further
investigated by univariate linear mixed models, including farm identity as a random
grouping factor. Post hoc tests were performed to test for pairwise differences between
groups of colonies in both multivariate and univariate analyses. To avoid the inflation of
type I errors, post hoc tests were always limited to comparisons between areas sampled in
the same year (e.g., Sludge 19 vs No-sludge 19C; Sludge 19 vs No-sludge 19F; No-sludge
19C vs. No-sludge 19F) or between samples collected in different years but in the same
area (e.g., Sludge 19 vs. Sludge 20). Overall, 9 pairwise comparisons were performed, and
p-values were corrected with the Benjamini–Hochberg method.

Analyses were performed with the R statistical software version 3.6.2 [48] with the
vegan [49], glmmTMB [50], and emmeans [51] packages.

3. Results and Discussion

Overall, 191 tail feathers from barn swallow nestlings were analysed. A total of
85 feathers were collected in areas where sewage sludge was not spread, while 106 were
plucked from nestlings grown in areas amended with sewage sludge. Independently of the
considered group, the most abundant elements measured in barn swallow feathers were Zn,
Al, and Fe, with an average concentration (±SE) of 221 (±4), 95 (±5), and 78 (±2) µg/g, re-
spectively. The concentration of the other elements was always lower than 11.6 (±0.4) µg/g,
except for As and Cu, whose concentrations were below the MQLs (see [8]) in 18.5% and
1% of the samples, respectively. The trace element average concentrations decreased as
follows: Zn > Al > Fe > Cu > Mn > Ni > Pb > Cr > Se > Hg > Cd > As. Mean values,
standard errors, and minimum and maximum concentrations of the 12 trace elements are
reported in Supplementary Table S1.

RDA showed that the trace element concentration of feathers significantly differed
among the six groups of colonies (F5,185 = 9.79, p = 0.001), with post hoc tests showing
statistically significant pairwise differences among all groups of colonies (F1,40 ≥ 4.60,
PFDR < 0.01 in all cases). These differences suggest that the trace element pattern of nestling
feathers may reflect local environmental concentrations of trace elements. This is consistent
with the results of a previous study carried out on adult barn swallows, where differences
in trace element profiles between feathers grown in the African wintering grounds and
in the Italian breeding ones were observed [8]. Moreover, the same study hypothesized
the existence of two groups of individuals probably spending the non-breeding period
in two different geographical areas based on the trace element profiles of their feathers
grown in Africa [8], therefore suggesting that the feather’s trace element profiles reflect the
concentrations of trace elements in the areas where feathers are grown. The results of the
present study further suggest that the nestlings’ feathers may reflect the local environmental
concentrations of trace elements at even smaller spatial and temporal scales because, before
fledging, nestlings are fed by adults with insects caught within a few hundred meters
of the nest for a few weeks. Indeed, it can be hypothesized that insects originating from
or inhabiting contaminated agroecosystems may bioaccumulate contaminants over time,
either through direct contamination or biomagnification, during both their larval and
adult stages. Consequently, dietary exposure may be the primary source of nestlings’
contamination, as barn swallow nests are mainly located inside rural buildings, protected
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from aerial deposition of trace elements. This pathway should be further investigated in
future studies aimed to assess the bioaccumulation and biomagnification of trace elements
in the food web of the agroecosystems.

Differences in the concentrations of each element among feathers collected in the six
groups of colonies were further investigated with univariate analyses. Figure 2 shows
wide fluctuations in trace element concentrations among areas and years of study. In
2019, feathers from areas amended with sewage sludge had significantly higher Ni and Se
concentrations as compared to those from the closest No-sludge area, while Zn, Se, Cd, and
Ni were higher as compared to those of the furthest No-sludge area. Conversely, in 2020,
feathers from the Sludge area had lower concentrations of Al, Mn, Pb, and As as compared
to those of the closest No-sludge area and lower concentrations of Cu, Mn, and As as
compared to the furthest No-sludge area ones. A significant increase within the study area
between 2019 and 2020 was found for Mn in all areas; Cu and Pb in both No-sludge areas;
Hg in Sludge and No-sludge F areas; Al in the No-sludge C area; Fe in the Sludge area; and
Se and As in the No-sludge F area. Conversely, Cd, As, and Se decreased significantly from
2019 to 2020 in the Sludge area only. The lack of consistency in trace element concentrations
between years and areas can be attributed to a number of processes with both anthropogenic
and natural origin. For instance, Cd and Zn are emitted from tire wear, and substantial
amounts of Cd and Zn are added to pig feed to increase productivity and are subsequently
disposed in agroecosystems. In addition, human activities such as air pollution fallout and
standard agricultural practices can contribute to the variability in the metal content of soils.
However, it is worth noting that the area under study is a plain flat, north of the Po River,
which is characterized by intensive, standardized agriculture based on maize and winter
cereal production. This, together with the presence of atmospheric stagnation caused by
thermal inversion, ensures that the primary sources of metal contamination of soil remain
consistent and have an equivalent impact on the different agricultural environments. The
lithological texture of the soils can also contribute to the variability of metal concentrations
in the soils. The plains to the north of the Po River, formed by the erosion of alpine relief,
consist mainly of sands and gravels with a lower capacity to retain metal ions compared
to the clay plains south of the river [52], and indeed a certain uniformity in the surface
concentrations of metal ions in the soils of the lowlands lying north the Po River has been
reported by [52,53]. On the basis of this information, it can be concluded that sludge
disposal is one of the most important carriers of trace elements, including toxic metals, in
agroecosystems and it can represent the main source of variability of their concentration
in the study areas. Unfortunately, it was not possible to analyse the composition of the
sewage sludge spread in the study areas. Therefore, the present work represents a first
exploration of the potential contamination of agroecosystems by sewage sludge. However,
we are aware that certain trace elements may enter the study area from alternative sources,
such as vehicular traffic, conventional fertilizers, animal feed additives, or soil amendments
other than sewage sludge. For future investigations, it is essential to prioritize a more
detailed investigation of the pathways involved in the accumulation of trace elements in
barn swallows. In addition, assessment of the potential adverse effects associated with the
accumulation of such elements should be a focus of these forthcoming studies.
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Figure 2. Trace element concentrations in nestling feathers grown in the three considered areas in
2019 and 2020. Orange box plots represent feathers grown in the Sludge area (Sludge), blue box
plots represent feathers grown in the No-sludge area far from the area amended with sewage sludge
(No-sludge F), green box plots represent feathers grown in the No-sludge area close to the area
amended with sewage sludge (No-sludge C). Statistically significant differences between groups of
colonies are indicated by lines with asterisks (* = p < 0.05, ** = p < 0.01, *** = p < 0.001). Contaminants
are presented in decreasing mean concentration order. Full details of post hoc tests are provided in
Supplementary Table S2.

Among the considered elements, particular attention should be given to toxic metals
known to cause sub-lethal effects even at low concentrations, such as Cd, Pb, and Hg [54].
Cd has carcinogenic, teratogenic, and possibly mutagenic effects on the biota; it is known
to modify Ca uptake, with adverse effects on skeletal integrity and egg production [54]. Be-
sides the physiological effects, sub-lethal doses of Cd are also suggested to induce changes
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in anti-predator and reproductive behaviour, negatively affecting individual survival and
fitness [55]. Lead poisoning is among the major causes of death in wild animals, largely
caused by the ingestion of lead pellets used for shooting [56]. However, Pb particles can
also dissolve in soil water, becoming bioavailable and entering the trophic chain. Sub-lethal
effects of Pb on birds include pathologies associated with reproductive and immune func-
tions, impaired thermoregulation and feeding behaviour, and lower nestling survival [54].
Finally, Hg is one of the most studied toxic metals in birds, highly toxic even at small
concentrations. Its adverse effects include neurological, endocrine, and immune disruption
with consequences on development, neurocognitive function, and reproduction [57–60]. To
understand the potential risks to bird populations, it is pivotal to define the concentrations
above which the considered trace metal induces sub-lethal behavioural or reproductive
effects. While different studies defined the threshold values in internal tissues such as
the liver or kidney, a lower number of studies set a threshold for feather concentrations,
and, in addition, most of them have been conducted on seabirds. For Cd, the sub-lethal
and behavioural effects occurred at a concentration that, in feathers, ranges from 0.1 to
2 µg/g, depending on the seabird species considered, while for Pb and Hg, sub-lethal
effects emerge at concentrations lower than 4 and 5 µg/g, respectively [54]. Irrespective of
the considered group, more than 75% of individuals in our study showed a concentration
of Cd exceeding the adverse effect concentration of 0.1 µg/g. In addition, concentrations
above the threshold values were reached by 38% and 47% of nestlings for Pb and Hg,
respectively. Considering these results, we might speculate that the exposure to Cd, Pb,
and Hg can result in the onset of sub-lethal effects in barn swallow nestlings, or in further
stages of its life cycle. However, it is important to bear in mind that the feather threshold of
sub-lethal concentrations for the elements in question have been found in seabird species
with different ecological and physiological characteristics and metabolic pathways com-
pared to our model species, while no studies are currently available for terrestrial species.
In addition, as Cd, Hg, and Pb bioaccumulate in the tissues, we might hypothesize that the
concentrations of those elements would further increase during the individual’s life above
the concentrations measured in our analyses carried out on feathers, potentially impacting
population dynamics via their sub-lethal effects on reproduction.

4. Conclusions

The results of our study suggest that barn swallow nestlings may serve as valuable
local sentinels for monitoring potential trace element contamination. However, more
evidence is needed to establish standardized protocols for their use as biomonitors. In fact,
the variation in trace element concentrations within the same region over different years is
typically greater than the differences observed between different regions. This weakens the
predictive value of feather analyses in indicating contamination levels within a particular
region. Furthermore, the relationship between the trace element concentrations found in
nestling feathers and the application of sewage sludge as a soil amendment remains unclear.
This could be due to the influence of various other human-related or ecological factors that
may affect the observed patterns of trace elements in feathers. Therefore, further research
is needed to investigate the transfer of sludge-derived trace elements through the food
chain and to assess their impacts on the fitness traits of barn swallows. In conclusion, while
our study highlights the potential of barn swallow nestlings as indicators of trace element
contamination, further research is required to establish standardized protocols and gain a
deeper understanding of the ecological implications and effects on barn swallow fitness.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/environments10080145/s1, Table S1: Mean, standard error (SE),
minimum (Min) and maximum (Max) concentrations of the 12 trace elements measured in feathers
collected in the six groups of colonies; Table S2: Result of the linear mixed model of differences in
trace element concentrations among groups of colonies.
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