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HIGHLIGHTS

. Sediment exposure results in bioaccu-mulation of As and Pb in flamingo

feathers.
. Feather bioaccumulation of Cu, Hg, Se, Sn and Zn likely reflects diet exposure.

. Feather bioaccumulation of Hg, Pb, and Se affects chick body condition.

. Feather bioaccumulation of As, Cu, Se and Pb affects microbiome composition.
. Pb and Se bioaccumulation is of particu-lar ecotoxicological concern.
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Abstract

Elevated concentrations of trace elements represent a major concern to wetland
ecosystems, since river estuaries are geochemical endpoints that accumulate pollution.
Although the negative impact of environmental exposure of highly toxic elements such
as Pb and Hg has received substantial attention, we still lack a comprehensive
understanding of the effects that these and other common trace elements have on
natural populations. We used greater flamingos as astudy system within three sites that
represent a gradient of pollution. Controlling for environmental sediment exposure, we
assessed if signatures of bioaccumulation in feathers for ten trace elements (As, Cd,
Cr, Cu, Hg, Ni, Pb, Se, Sn and Zn) are associated with two known proxies of health:
body condition and the gut bacterial microbiome. We found evidence of an adverse
effect of Se, Hg, and Pb bioaccumulation on body condition. Furthermore,
bioaccumulation of the elements As, Cu, Se, Pb and Zn influenced different aspects of
the gut microbiome. Bioaccumulation of Se led to a shift in the microbiome
composition, largely driven by an enrichment of Bacteroides plebeius, which is linked
to the breakdown of sulphated polysaccharides of algae. Bacteroides plebeius was
negatively associated with chick body condition, suggesting an adverse effect of a
microalgae diet rich in Se. Pb bioaccumulation was linked with a decrease in microbial
diversity (adjusted-R* = 10.4%) and an increase in heterogeneity of the microbial
community (adjusted-R? = 10.5%), an indication of impaired gut homeostasis. As, Cu
and Zn had more nuanced effects on gut microbiome heterogeneity according to
breeding site and bioaccumulation concentration. Our results therefore suggest that in
addition to well-studied elements, bioaccumulation of poorly studied elements also

adversely affect health of natural populations.
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1. Introduction

Most trace elements, including metals, occur naturally in the environment and are
essential for growth, development and physiology, to both micro- and macro-
organisms. However, since the industrial revolution, anthropogenic activities have
dramatically increased the levels of trace elements in the natural environment (Nriagu,
1989, 1996). As a result of limited microbial degradation on soil surfaces,
anthropogenic sources of trace elements tend to accumulate and persist for long periods
of time on the top layer of soil and sediment (Kirpichtchikova et al., 2006). In such
conditions, toxic concentration levels are often prone to be taken up by organisms and
bioaccumulated because they are normally not firmly bonded to inert materials (Bryan
et al., 1979; Di Giuseppe et al., 2014; Migani et al., 2015). The detrimental effects of
exposure to toxic levels of non-essential metals through the diet on organismal fitness
are widely recognized (Jarup, 2003; Nriagu, 1989, 1996). For instance, body condition,
a key predictor of health and fitness (Peig and Green, 2009, 2010), has been found to
be adversely associated with bioaccumulation of heavy metals, such as As, Cd, Cu, Hg,
Pb and Zn in birds (e.g. Debacker et al., 2000; Janssens et al., 2003; Takekawa et al.,
2002). However, less attention has been given to the potential adverse effects of
constitutive and essential elements that can be toxic at the high exposure levels

recorded at polluted sites, particularly for natural populations.

Aside from body condition, another key proxy of health and fitness in multicellular
organisms is the gut microbiome community (Gould et al., 2018; Shin et al., 2011).
The tight interaction between the microbial flora inhabiting the gastrointestinal tract
and the host is crucial in facilitating nutrient intake, gut development, immune system
maturation and resistance against enteric pathogens (Delsuc et al., 2014; Ley et al.,
2008a; Ley et al., 2008b; Phillips et al., 2012; Shin et al., 2011; Stecher and Hardt,
2008). The gut microbiota may also play an important role in protecting the host against
exposure to toxic levels of metals by regulating bioavailability in a number of ways.
First, the microbiome may act as a physical barrier limiting absorption of trace

elements via microbial-host interactions that involve epithelial junctions and physical
4
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impediments of the mucous layer (Breton et al., 2013a; Ninkov et al., 2015). Second,
the microbiota may passively bind to, absorb and metabolize toxins and trace elements
(Halttunen et al., 2008; Morozzi et al., 1986). Finally, the metabolic interaction
between the microbiota and the host may regulate the pH, oxidative balance,
detoxification enzymes, and xenobiotic-metabolizing and transporting host proteins
within the gut (Claus et al., 2011), which may impact host absorption rates of trace
elements (Breton et al., 2013a; Ninkov et al., 2015).

Given the indiscriminate nature of high exposure to toxic levels of elements, which
will harm beneficial microbes in the gut, toxic exposure is likely to disrupt the
homeostasis of the gut microbiome (Assefa and Kohler, 2020; Claus et al., 2016;
Rosenfeld, 2017). Most of our current understanding of the impact of toxic trace
elements on the microbiome and gastrointestinal diseases comes from experiments
using laboratory rodents (e.g. Breton et al., 2013a, 2013b; Fazeli et al., 2011; Gao et
al., 2017; Liu et al., 2014; Ninkov et al., 2015; Ruan et al., 2018; Tinkov et al., 2018).
However, gut microbiomes of laboratory animals are rarely representative of natural
microbiota (Bolnick et al., 2014; Chandler et al., 2011) and few studies have
investigated the impact of toxic trace elements on the microbiome of natural
populations (but see: Coolon et al., 2010; Zhang et al., 2016 that compare gut

microbiomes be-tween polluted and unpolluted sites).

Birds are regularly used as bioindicators for various pollutants, including metals
(Furness and Greenwood, 1993). If careful methodological techniques are applied to
avoid falling into known pitfalls, such as external contamination, feather analysis can
be an effective non-invasive method to assess bioaccumulation for some trace elements
(Borghesi et al., 2011, 2016, 2017; Burger, 1993; Jaspers et al., 2019; Smith et al.,
2003; Tsipoura et 1., 2008). An important benefit of feathers relative to blood samples,
is that metal accumulation represents a longer-term contamination process rather than
a recent contamination directly associated with a feeding bout (Carvalho et al., 2013).
Waterbirds are of particular interest since they inhabit wetland and river estuaries

which are particularly vulnerable to pollution because they are geochemical endpoints
5
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of large river systems that often flow near or through cities, roads, factories, industries,

cultivated lands, and/or mines.

Greater flamingos (Phoenicopterus roseus) regularly breed within Odiel marshes,
which is located at the mouth of the Odiel and Tinto rivers, both of which have been
strongly affected by acid mine drainage from long term mining activities (Guillén et
al., 2011; Nieto et al., 2007). The latter combined with natural mineralisation of
massive sulphurs and waste from industrial activities (fertiliser factories and cop-per
foundries) makes the Odiel marshes one of the most polluted sites in trace elements in
the world (Borrego et al., 2002; Guillén et al., 2011; Nieto et al., 2007). Nevertheless,
the Odiel marshes is known to be a feeding site of adult greater flamingos breeding at
a nearby colony (~200 km) at the Fuente Piedra lagoon, one of the largest breeding
colony in the western Mediterranean (Amat et al., 2005). An essential com-ponent of
the greater flamingo diet, brine shrimp (Artemia spp.), represents a main route through
which toxic trace element exposure can enter the food web in Odiel marshes
(Rodriguez-Estival et al., 2019). As filter feeders greater flamingos also regularly ingest
large quantities of sediment (Jenkin, 1957), which directly exposes them to polluted
sediment. Greater flamingo chicks may be exposed to pollutants via crop milk fed from
adults which, along with proteins, fat, carotenoids and blood cells, may contain
pollutants (Fisher, 1972; Lang, 1963; Rendén et al., 2011). Furthermore, chicks are
further exposed to local environmental elements when from the age of three weeks,
they leave the nest and form a large créche within the wetland surrounding the breeding
island (Johnson and Cézilly, 2007). Greater flamingo chicks therefore provide an ideal

model to investigate trace element bioaccumulation (using feather samples).

Apart from Hg (Borghesi et al., 2011), to date, little is known about the relationship
between environmental trace element expo-sure and bioaccumulation in greater
flamingos (Borghesi et al., 2016) and its potential effect on health. To address this issue,
we first evaluated differences in environmental (sediment) exposure to 10 trace
elements (As, Cd, Cr, Cu, Hg, Ni, Pb, Se, Sn and Zn) across three breeding colonies in

the Mediterranean which are thought to represent a gradient in environmental pollution.
6
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Second, by taking advantage of a new method to assess trace element bioaccumulation
in feathers (Borghesi et al., 2017), we assessed the relationship between variation in
environmental exposure and feather bioaccumulation between elements across
breeding sites. Finally we investigated the relationship between feather
bioaccumulation and two proxies of health: chick body condition, a known predictor
of dispersal in greater flamingos (Barbraud et al., 2003), and the gut microbiome which

has recently been described in greater flamingos (Gillingham et al., 2019).

2. Methods
2.1. Sampling sites

Greater flamingos colonially breed in a few relatively unstable breeding sites in the
Mediterranean. Colony breeding success depends on favorable climatic conditions and
local water levels (Béchet et al., 2009a, 2012; Béchet and Johnson, 2008; Cézilly et al.,
1995; Johnson and Cézilly, 2007). In 2014, a greater flamingo colony established itself
in the salt pan of Aigues-Mortes in southern France (AIG; N 43° 33"E 4° 11’; Fig. 1)
due to unfavourable conditions in their more habitual site in the Fangassier lagoon,
located in the Rhone river delta in the Camargue region (Gillingham et al., 2019). The
second colony sampled was at the Fuente de Piedra lagoon (FDP; 37° 06'N; 04° 45'W;
Fig. 1), the largest breeding colony in the western Mediterranean (Balkiz et al., 2010;
Rendodn et al., 2001). AIG and FDP are thought to be relatively unpolluted sites and
were thus considered control sites in this study (Borghesi et al., 2017). Finally the
heavily polluted site investigated in this study is Odiel marshes, where a colony settled

and successfully produced chicks from 2008 onwards (ODI, 37° 17" N; 06° 55’ W; Fig.
1).
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Fig. 1. Location of the sampling sites at the breeding colonies of the Greater
flamingo. Sample size is indicated within

2.2. Sample collection

All samples (feather, sediment and swabs) were collected in 2014 during ringing
operations (Borghesi et al., 2017; Gillingham et al., 2019; Johnson and Cézilly, 2007).
Chicks were flightless and two to four months old at the time of sampling. Since greater
flamingos are colonial breeders and chicks were forming a large créche at the time of
sampling, all chicks were captured and sampled at the same location within each

breeding site.

We used trace element data (As, Cd, Cr, Cu, Hg, N1, Pb, Se, Sn and Zn) of feathers and
sediments that were collected and analysed following the new method to reliably
interpret bioaccumulation in feathers by controlling for external environmental
contamination (Borghesi et al., 2017). Thus, we used 119 chick feathers (AIG, n = 39;
FDP, n =40; ODI, n = 40) and 21 sediment samples (AIG,n=7; FDP,n=7; ODI, n =
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7) that were collected in the three breeding colonies in the western Mediterranean (Fig.
1).

The gut microbiome dataset is a subset from our previous study which characterized
the gut microbiome of chicks in nine Mediterranean breeding sites (Gillingham et al.,
2019; but see below for molecular methods. We sexed birds using the CHD gene
sequence polymorphism as described by Balkiz et al. (2007). For our analyses of the
effect of trace elements on chick body condition and gut microbiome, we used 99
samples for which we have trace element bioaccumulation data, gut microbiome, body
condition and sex data (Fig. 1; AIG, n=29; FDP,n=38; ODI, n=32). We also included
the microbiome analysis of the 21 sediment samples, of which 20 (AIG, n = 6; FDP, n
= 7; ODI, n = 7) were retained after molecular and bioinformatic processing (see
molecular methods below), to investigate the relative contribution of the sediment

microbiome to the gut microbiome of chicks.

2.3. Trace element analyses for sediments and feather samples

Methods for trace element analyses are identical to Borghesi et al. (2017). For each
individual, we collected ten feathers by cutting the distal part from random individuals
using stainless steel scissors. We selected the longest internal scapulars that were
protected from aerial deposition (Borghesi et al., 2011, 2016, 2017). We analysed 14
elements Al, As, Cd, Cr, Cu, Fe, Hg, K, La, Ni, Pb, Se, Sn and Zn. We removed the
vanes of the feathers from the rachides and we pooled five rachides per sample for
analysis. All 595 rachides from 119 samples were sequentially washed in three steps
using acetone, Triton X™ (Rohm and Haas, Philadelphia, PA, USA) detergent and
deionized water. During each step, washing sonication was performed for 20 min. After
washing, feathers were dried in a dry box at room temperature. All samples
(approximately 0.100 g from each sample) were digested and analysed at the Trace
Element Analysis Core Laboratory of Dartmouth College, Hanover, NH, USA.

Because Al, Fe, K and La concentration in feathers are almost exclusively due to

9
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external contamination (Borghesi et al., 2017), only the remaining 10 bioaccumulated

elements corrected for external contamination were analysed in this study.

To assess environmental exposure, we also collected seven sediment samples of 200—
500 g at each sampling site within and on the shore of the water body where the
breeding islet was situated. All sediment samples were kept in plastic containers in dry
room temperature conditions prior to analysis. Digestion and trace analysis of sediment

samples was carried out by ACME Labs, Vancouver (Canada).

Since external environmental contamination is mainly due to particles from the
sediment, Borghesi et al.'s (2017) method enabled us to infer what the predicted
concentration of feather elements would be if external contamination was 100% for
each element. From this predicted concentration, we could then estimate the
concentration of the trace element that is due to external contamination and corrected
our estimates using simple ratios and a reference element known to not be
bioaccumulated (Borghesi et al., 2017). Here, we chose Fe as the reference element for
external contamination because it is well recovered by the methods applied in our
study, it is reported to be only negligibly bioaccumulated in shafts of seabirds (Howell
et al., 2012) and it represents a wide gamma of compounds in sediments (Borghesi et

al., 2017).

2.4. Estimating chick body condition

Chick body condition was estimated using the scaled mass index (SMI) proposed by
Peig and Green (2009):

Mi = Mi |T0/Ti|bSMA

where Mi and Ti are the mass and structural size indicator of individual 1 respectively,
TO is the population mean of the structural size indicator and bSMA is the slope of an
standardized major axis (SMA) regression between the log of Mi and the log of Ti.

Chick tarsus length was used as a proxy for body size since it is a good indicator of

10
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structural body size in tall lengthy greater flamingos (Amat et al., 2007; Béchet and
Johnson, 2008; Cézilly et al., 1995; Gillingham et al., 2012, 2013; Yohannes et al.,
2014). The SMA slope between log transformed mass and log trans-formed tarsus
length was used as the scaling factor (SMA: p-value <0.001; n = 352; R2 = 0.666; 3
[95%CI] = 2.269 [2.135; 2.411]; we used the larger dataset from Gillingham et al.
(2019) to obtain more precise SMA estimates). The allometric relationship between
mass and tarsus did not differ significantly between breeding sites (SMA: p-value =
0.714; n = 352) and sexes (SMA: p-value = 0.454; n =340), thus justifying the pooling

of data across sites and gender when estimating body condition.

2.5. DNA extraction of swabs, PCR amplification, library preparation, and high-
throughput sequencing

Cloacal and sediment swabs were collected using forensic swabs (Sarstedt,
Nuembrecht, Germany) that were placed in 2 ml Eppendorf tubes with 600 ul of
RNAlater®. All samples were stored at —20 °C within 48 h of sampling until DNA
extraction was performed. DNA extraction, PCR amplification, library preparation and
high through-put sequencing methods are identical to Gillingham et al. (2019). Briefly,
we amplified a 291-bp fragment of the hypervariable V4 region of the 16S rRNA gene
using the universal bacterial primers 515F (5-GTGCCAGCMGCCGCGGTAA-3") and
806R (5'-GGAC TACHVGGGTWTCTAAT-3") (Caporaso et al., 2011). Individual
PCR reactions were tagged with a 10-base pair identifier, using a standardized Fluidigm
protocol (Access Array™ System for Illumina Sequencing Systems, ©Fluidigm
Corporation). Amplifications were quantified by UV/VIS spectroscopy on the Xpose
(Trinean, Gentbrugge, Belgium) and samples were pooled to equimolar amounts of
DNA. The library was prepared as recommended by Illumina (Miseq System Denature
and Dilute Libraries Guide 15039740 v05) and was loaded at 7.5 pM on a MiSeq flow
cell with a 10% PhiX spike. Paired-end sequencing was performed over 2x251 cycles.

We ran our 814 cloacal swab samples (of which only 99 samples are used in this study),

11
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21 sediment samples, 41 ex-traction blanks and 44 PCR blanks (a total of 85 extraction

and PCR controls) across five sequencing runs.

2.6. Bioinformatics

We used DADA2 (Callahan et al., 2016) withi nQIIME2 (https:// qiime2.org; Bolyen
et al., 2018) to denoise our data from artifacts (including chimeras), merge paired-end
sequences and remove primer sequences. Any ASV with fewer than 20 sequences in
the entire dataset were filtered out of the dataset and we excluded samples with fewer
than 10,000 sequences. We assigned ASVs to taxonomy within QIIME 2 using the
Greengenes database (DeSantis et al., 2006). We excluded sequences that did not assign
to any known bacterial lineage at the phylum taxonomic level. We used FastTree 2.1.8
(Price et al., 2010) to build a tree with an archaea sequence (Accession number:
KU656649) used to root the tree. The branch and taxonomic name of the root archaea
sequence was removed prior to analysis. The R package “phyloseq” (McMurdie and
Holmes, 2013) was used to import and analyse the data into R version 3.6.3 (R Core
Team, 2020). As in Gillingham et al. (2019), sequences that were found with a relative
abundance of at least 1% across extraction and PCR blanks were considered to be

contaminant sequences and were excluded from the dataset.

2.7. Statistics

Statistical analyses aim at evaluating three main questions: first we tested for evidence
of bioaccumulation of trace elements across site, second we tested for the influence of
bioaccumulation on body condition and third we investigated the effect of
bioaccumulation on microbiome diversity, composition and stochasticity. For all
regression type analyses, we followed recommended model validation steps, plotted

residuals against fitted values and checked for violation of model assumptions (Zuur et

12
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al., 2009; Zuur and Ieno, 2016). Validation plots for regression type analyses can be

found in the supplementary mate-rials next to Tables S1-S193.

We first analysed whether concentrations in trace elements of the abiotic environment
in the soil and bioaccumulated in feathers varied between sites. We analysed
differences between sites for each trace element using linear model regression (Cu and
Zn), general least square (GLS) regression if controlling for heterogeneity between
sites was necessary (As, Hg, Ni, Pb, Se and Sn) with the R “nlme” package (Pinheiro
et al., 2020) and using zero-inflated general linear models (GLM) if con-trolling for
zero inflation was necessary (Cd and Cr) with the R “pscl” package (Zeileis et al., 2008)
(Fig. 2). Since trace element bioaccumulation can be age and gender specific (Scheirs
et al., 2006), we first analysed the effects of site, tarsus length (the best proxy of age in
lengthy greater flamingo chicks), sex and the interaction between all terms (n = 105;
AIG,n=31; FDP, n=39; ODI, n = 35). Since the effects of age and sex (and associated
interactions) were never supported statistically, we reanalysed the data on the full
dataset (n =119; AIG, n = 39; FDP, n = 40; ODI, n = 40) and reported the effect of site
only (but see supplementary materials Tables S182—S191 for full analyses of all
parameters). Since chicks were 2—4 months old, our results suggest that a difference in
age of two months was too short to generate differences in trace element

bioaccumulation as a result of variable exposure time.

For all subsequent analyses, because there is a lack of independence between breeding
sites and the trace elements (see Results section), we analysed the effect of trace
elements on the microbiome and chick body condition both across and within breeding
sites. Because of collinearity between trace elements within sites and to avoid over-
parameterizing models, we modelled the effect of each trace element separately with
the exception of Hg and Se which were also modelled together since both elements are
known to be antagonists and bioaccumulation of Se has previously been shown to
mitigate the negative effects of Hg (El-Begearmi et al., 1977). In addition, unless
otherwise stated, we used the information-theoretic approach to infer model selection

(Burnham and Anderson, 2002), whereby all possible hypotheses are modelled and the
13
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weight of support for each hypothesis is assessed using the model's Akaike Information
Criterion for small sample sizes (AICc), AICc weight and adjusted-R2. For all
analyses, we checked for non-linear effects using General Additive Models (GAM)
using the “mgcv” package within R (Wood, 2017) and proceeded with GAMs if a non-
linear relationship was found. Effect sizes for linear continuous and categorical
variables were estimated using partial-r and Cohen's D respectively and 95%
confidence intervals were estimated by bootstrap (n = 10,000) (Nakagawa and Cuthill,
2007). Full model selection tables are presented in the supplementary materials

(supplementary Tables SI-S181).

We evaluated the effect of trace element, sex, breeding site and the interaction between
breeding site and trace element on chick body condition using linear models. We
subsequently analysed the relationship between trace elements on microbiome alpha
diversity, microbiome beta diversity and microbiome differential abundance. In
addition, we investigated the relative contribution of sediment microbiome to the gut
microbiome of chicks. Finally, we predicted that specific ASVs that were differentially
abundant according to element bioaccumulation would also be associated with
metabolism and thus with body condition. Therefore for those ASVs that were found
to be differentially abundant according to bioaccumulation of an element, we tested if

they were associated with body condition.

For alpha diversity, we chose to measure the number of ASVs (i.e. unweighted
observed species diversity) and Shannon index (i.e. an alpha diversity metric that is
weighted for species abundance). We modelled the effect of trace element, sex,
breeding site, sequencing depth and the interaction between breeding site and trace
element on the number of ASVs and Shannon index using GLMs. A GLM with a
negative binomial error distribution and Gamma distribution with a log link was used

to model the number of ASVs and Shannon index, respectively.

There is increasing recognition of the importance of treating microbiome data as

compositional data during data analyses (Martino et al., 2019; Quinn et al., 2018,
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2019). Therefore, for beta diversity analyses we applied the Aitchison's log-ratio
approach (Aitchison, 1982), which consists in transforming the data into centered log
ratio (clr) and applying euclidean distance matrix for ordination analyses. While
unconstrained ordination analyses are frequently used methods to ex-plore variability
in beta diversity of the microbiome, these methods do not allow the direct assessment
of how different environmental variables contribute to observed patterns (Anderson
and Willis, 2003; Shankar et al., 2017). We therefore applied a redundancy analysis
(RDA) with a Euclidean distance matrix to investigate the relationship between beta
diversity and the explanatory variables breeding site, sex, trace element concentration
and the interaction between breeding site and trace element. To deal with positively
skewed data due to sparse taxa and high zero inflation which may bias beta diversity
analyses (Martino et al., 2019), we applied a high filter threshold whereby only taxa
with prevalence of 0.32 were kept in the dataset (which was also the same cutoff
threshold we used for differential abundance analyses described below). Applying such
a stringent filtering step meant that all RDA residuals were very close to normal

distribution. P-values and adjusted-R2 were estimated by permutation (n = 99,999).

To investigate the effect of trace elements bioaccumulation on microbiome
stochasticity/heterogeneity, we used the betadisper function with the R “vegan”
package (Oksanen et al., 2019) using a Euclidean distance and using the median
distance to centroid within site. We used a linear model to explore the effect of breeding
site, sex, trace element concentration and the interaction between breeding site and

trace element concentration on microbiome stochasticity.

To investigate the relative contribution of sediment microbiome exposure to chick gut
microbiome composition, we analysed the percentage of gut microbiome ASVs that
could be traced to sediment microbiome using the Bayesian method from the R
package “SourceTracker” (Knights et al., 2011), as has previously been done in a study
on Red-necked stints, Calidris ruficollis (Risely et al., 2017). SourceTracker makes use
of the relative abundances in both the host and sediment sample to estimate the

probability that the source of each ASV found in the gut is the sediment. In so doing,
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the output of SourceTracker is an estimate of the proportions of ASVs in the host that
can be traced to the local sediment for each sample. Since sediment microbiome is site
specific, SourceTracker analyses were carried out within site. We report the median
percent-age and 95% range (i.e. the 2.5% and 97.5% percentile) of ASVs that were

traced to local sediment samples.

To investigate the effect of trace elements bioaccumulation on differential relative
abundance we used an analysis of composition of microbiomes (ANCOM) (Mandal et
al., 2015). Because of high variability in ASV relative abundance between sites, we
modified the original ANCOM function to apply GLS models to control for
heterogeneity be-tween sites. We also controlled for the additive effect of site. The
same prevalence threshold of 0.32 was used as for beta analyses since it was the cutoff
threshold value at which GLS models converged. Furthermore high prevalence values
are recommended to avoid high zero inflation and false positives (Mandal et al., 2015).
ANCOM generates W scores, which 1s the number of rejected null sub-hypotheses of
the log ratios of ASVi/ASVj according to the predictor. Thus, the higher the W score
the stronger the evidence that the relative abundance of a specific ASV is associated
with a given predictor. For each element, we plotted vol-cano plots of the ANCOM W
score in relation to the estimates of a GLS controlling for the additive effect of site and
using the same clr trans-formed dataset used for beta diversity. We only considered the
relative abundance of a specific ASV to be differentially abundant according to a
predictor if the W was above a threshold of 0.6 (60% of sub-hypotheses are rejected)
and if the 95% confidence interval of GLS estimates (here-after referred to as

differential logs) did not overlap 0.

In total, ANCOM revealed three ASVs of interest (see Results section), which were
assigned taxonomically as members of Tissierellaceae, Porphyromonas and
Bacteroides plebeius. The effects of the Tissierellaceae and Porphyromonas ASVs on
chick body condition were analysed using linear models, whilst the effect of the
Bacteroides plebeius ASV was analysed using a GLS controlling for heterogeneity

across sites. The full models additionally include the fixed effects of site and sex.
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3. Results

3.1. Trace element concentrations from the abiotic environment of sampling sites

A gradient ODI >> FDP > AIG was evident for: As, Cd, Cr, Cu, Hg, Ni, and Pb, while
FDP and AIG show similar levels of Sn and Zn (>> ODI) (Fig. 2). The sole exception
of the above trends was Se which was similar in FDP and ODI, with AIG showing very
low concentrations (Fig. 2). ODI sediments were heavily polluted for some of the most
important elements of environmental concern, which include As (more than 30-fold
higher than the other two sites), Cu (20-fold FDP, 60-folds AIG), Hg (8-fold FDP, 16
fold AIG), Pb (6-fold FDP, 12-fold AIG), Zn (28-fold). Sn in AIG was highly variable,

because the presence of a warning peak of 7.0 mg/kg.

3.2. Variation in bioaccumulation of trace elements and between sites

In feathers, there was a strong spike in concentration of As and Pb in ODI, which
mirrored abiotic environmental differences. In contrast to the abiotic environment, FDP
had lower concentrations for these elements than AIG (Fig. 2). In addition, there were
no significant differences for Cd, Cr, Hg, Ni and Zn between sites (Fig. 2). While
bioaccumulation varied significantly between sites for Cu, Se, and Sn, once again
differences did not mirror the patterns observed in the abiotic environment (Fig. 2).
The highest concentration of Cu was found in AIG, while the lowest was in FDP.
Selenium was significantly lower in ODI (Fig. 2). Although significant, differences
between sites in Sn con-centration were weak with a gradient ODI > FDP > AIG (Fig.

2).

Across sites Pb and As were highly significantly correlated (Spearman rho = 0.82; p-
value <0.001), however this correlation was mainly driven by collinearity between site

and element concentration since this correlation was no longer significant when
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analysed within site (see supplementary material Figs. S1-S4). Arsenic was highly
correlated with Se within AIG (Spearman rho = 0.62; p-value < 0.001). Cd was highly
correlated with Ni and Sn within FDP (Spearman rho = 0.56; p-value < 0.001 and
Spearman rho = 0.56; p-value < 0.001, respectively) as was Ni with Sn within FDP
(Spearman rho = 0.55; p-value <0.001). All other significant correlations between trace
elements within and across sites had a Spearman rho below 0.5 (see supplementary

materials Figs. S1-S4).
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3.3. Association between chick body condition and bioaccumulation of trace

elements

Females had a higher chick body condition than males (AAICc = 9.96; Cohen's D
[£95%CI] = 0.730 [0.655; 1.192]; adjusted-R? =6.5%; Fig. 3a.). In addition, chick body
condition differed between breeding sites with a gradient of AIG>>ODI=FDP (AAICc
= 60.96; Cohen's D AIG-FDP [£95%CI] = 1.706 [1.152; 2.311]; Cohen's D AIG-ODI
[£95% CI] = 1.610 [1.053; 2.244]; Cohen's D FDP-ODI [+95%CI] = 0.162 [-0.258;
0.595]; adjusted-R? =43.8%; Fig. 3a.). Se was the only trace element found to have a
small negative effect on chick body condition (AAICc = 3.16; partial-r [£95%CI] =
—0.231 [-0.444; —0.195]; adjusted-R*> = 2.6%; Fig. 3b.). None of the other trace
elements were supported by model selection (supplementary Tables S1-S181).

Because there is a lack of independence between breeding sites and the trace elements
(see above), we reanalysed the effect of trace elements on chick body condition within
each breeding site. The only site for which we found an association between trace
elements and chick condition was in FDP, whereby there was a negative association
with Se (AAICc = 6.35; partial-r [£95%CI] = —0.461 [-0.675; —0.149]; adjusted-R? =
12.8%; Fig. 3b.) and Pb (AAICc =2.58; partial-r [£95% CI]=—0.358 [-0.660; —0.027];
adjusted-R*>=15.5%;Fig. 4d.).

When controlling for the effect of Se, we also found a strong negative as-sociation
between body condition and Hg (AAICc = 5.00; partial-r [+ 95%CI] =—0.427 [-0.639;
—0.046]; adjusted-R2 = 12.8%; Fig. 3c.). The effect of Se was also slightly better
supported and stronger when controlling for Hg (AAICc = 11.34; partial-r [£95%CI] =
—0.567 [-0.757; —0.247]; adjusted-R> = 18.4%).
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Fig. 3. The effect of breeding site, sex (a.), Se (b.), Hg (c.) and Pb (d.) on chick body
condition. In b. to d. fitted lines from linear models are shown along with 95%
confidence intervals.

3.4. Association between microbiome alpha diversity and bioaccumulation of trace

elements

An effect of site on Shannon index was not supported, although there was a tendency
for ODI to have a lower Shannon index than AIG and FDP (AAICc = 1.52; Cohen's D
AIG-FDP [+£95%CI]=0.313 [-0.093; 0.670]; Cohen's D AIG-ODI [+£95%CI] =-0.197
[—0.644; 0.253]; Cohen's D FDP-ODI [£95%CI] = —0.602 [-1.035; —0.170]; adjusted-
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R? =7.1%; Fig. 4a.). There was a strong support for an association between the number
of ASVs and breeding site, with higher ASV richness in FDP compared to the two other
sites and AIG tending to have a similar number of ASVs to ODI (AAICc = 35.76;
Cohen's D AIG-FDP [+£95%CI] = 1.150 [0.656; 1.625]; Cohen's D AIG-ODI [£95%
CI]=0.007 [-0.426; 0.476]; Cohen's D FDP-ODI [+95%CI]=—1.218 [-1.692; 0.693];
adjusted-R? = 23.2%; Fig. 4b.). There was no evidence of an association between alpha

diversity and sex (Fig. 4a. and b.).

When analysing across sites, a non-linear negative relationship between Pb and
Shannon index was supported by model selection (AAICc = 3.141; adjusted-R? =
10.4%; Fig. 4c.), where Pb bioaccumulation was negatively associated with Shannon
index when bio-accumulation was less than 0.1 mg/kg (partial-r [+95%CI] = —0.291
[-0.468; —0.044]). Whilst a similar tendency was found when analysing the number of
ASVs, it was not statistically supported following model selection due to the lack of
independence between breeding site and Pb, and insufficient power within site (Fig.
4d.). Model selection also retained an effect of Sn across sites (AAICc = 28.681) and
within AIG (AAICc = 65.526) on Shannon index, however this effect was driven by a
single outlier and was no longer supported once the outlier was removed. Model
selection did not retain an effect of any other trace element on Shannon index and the

number of ASVs across or within sites (supplementary Tables SI-S181).
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Fig. 4. The effect of breeding site and sex on Shannon index (a.) and number of ASVs
(b.). The effect of Pb across breeding sites on Shannon index (c.) and within sites on
number of ASVs (d.).Inc.tod.fitted lines from general linear models are shown along
with 95% confidence intervals.

3.5. Association between microbiome beta diversity and bioaccumulation of trace

elements

We found that breeding site was significantly associated with beta di-versity based on
RDA analysis (Fa96 = 12.083; p-value < 0.001, adjusted-R* = 0.18, Fig. 4a.). However
SourceTracker analyses revealed that environmental exposure of sediment microbiome

plays a minor role in explaining the strong site specific effects, since a median of only

0.013% (95% range: 0-0.568%), 0.155% (95% range: 0.004—-7.336%) and 0.016%
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(95% range: 0—4.4%) of gut microbiome ASVs in AIG, FDP and ODI respectively

could be traced to environmental sediment sources. The effect of sex was not

statistically supported (Fi9s = 1.395; p-value = 0.125).

When analysing across sites we found significant support for a small effect of Se on
beta diversity (Fios = 1.926; p-value = 0.031, adjusted-R?> = 0.01), with the effect
mainly driven by an ASV assigned as Bacteroides plebeius (Fig. 5a). Within site, Se
was significantly supported within FDP (F;3; = 2.138; p-value = 0.002, adjusted-R? =
0.03), but the effect of Se was not significant within AIG (F, 27 = 1.308; p-value = 0.150,
adjusted-R? = 0.01) or ODI (F;33 = 0.888; p-value = 0.632, adjusted-R? =0). We found
no significant effect of any other trace element, both across and within sites, or any
interaction between trace elements and breeding site on beta diversity (all p-values

>0.05).

Beta diversity divergence was higher in the polluted site of ODI than in AIG and FDP,
with the latter two having similar beta diversity diver-gence (AAICc = 5.262;; Cohen's
D AIG-FDP [£95%CI] = 0.131 [—0.422; 0.716]; Cohen's D AIG-ODI [+£95%CI] =
0.645[0.064; 1.218]; Cohen's D FDP-ODI [£95%CI] =0.747 [0.271; 1.212]; adjusted-
R? = 9.2%; Fig. 5b.) but no effect of sex was supported by model selection. We found
support for an effect of the interaction between As and breeding site on beta diversity
divergence (AAICc = 2.449; adjusted-R2 = 8.1%; Fig. 5¢). The latter was driven by a
negative association within AIG which had low to intermediate bioaccumulation of As
(AAICc = 2.908; partial-r [£95%CI] = —0.412 [-0.583; —0.158]; adjusted-R? = 17%;
Fig. 5¢), but no association was found either within FDP which had low
bioaccumulation nor within ODI which had high As bio-accumulation. We also found
strong support for an interaction between Cu and breeding site on beta diversity
divergence (AAICc =3.661; Fig. 5d), with a negative association supported within FDP
(AAICc =4.463; partial-r [£95%CI] =—0.405 [—0.613; —0.045]; Fig. 4d) and a positive
association supported within ODI (AAICc = 3.019; partial-r [£95%CI] = 0.396
[0.035; 0.714]; Fig. 5d). We found strong support of a positive association between

Pb and beta diversity divergence across sites (AAICc = 3.700; partial-r [£95%CI] =
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0.326 [0.145; 0.518]; Fig. 5¢). When modelling the effect of Pb on beta diversity
divergence, the effect of breeding site was no longer supported suggesting that most of
the variation in beta diversity divergence between sites was driven by variation in Pb
bioaccumulation. Finally, there was support for a negative association between beta
diversity divergence and Zn across sites (AAICc = 1.021; partial-r [£95%CI] =—0.179
[-0.341; —0.007]; Fig. Se).

None of the other trace elements, both across and within sites, or any other interaction
between trace elements and breeding site on beta diversity divergence was supported

by model selection (supplementary Tables SI-S181).

3.6. Association between differential relative abundance of specific ASVs and

bioaccumulation of trace elements

Mirroring results from beta diversity we found evidence of an association between
relative differential abundance of specificASVsand four elements: As, Cu, Pb and Se
(Fig. 6a). For both As and Pb, ANCOM identified six ASVs whose relative abundance
was differentially expressed according to trace element concentrations, but parameter
e-timates of differential logs overlapped 0 for each of these ASVs (Fig. 6a). The latter
result further supports that stochastic processes are driving differences in microbiome
assemblage according to the elements, rather than a systemic shift of specific ASVs. In
contrast for Cu, two out of 12 ASVs above the ANCOMW threshold of 0.6 had
differential log estimates whose 95% confidence intervals did not overlap 0. The two
ASVs were assigned to Tissierellaceae and Porphyromonas and both were nega-tively
associated with Cu concentrations (Fig. 6b and c, respectively; partial-r [+95%CI] =
—0.325 [-0.719; —0.002] and partial-r [£95%CI] = —-0.220 [—0.641; 0.036],
respectively; adjusted-R?> = 4.39% and adjusted-R? = 2.47%, respectively). ANCOM
found support for a single ASV, assigned as Bacteroides plebeius, to be significantly
enriched along Se concentrations (Fig. 6 d; partial-r [£95%CI] = 0.239 [0.046; 0.433];

adjusted-R? = 3.54%). In turn, Bacteroides plebeius was negatively associated with
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body condition (AAICc = 2.852; partial-r [£95%CI] = —0.230 [—0.455; 0.019];
adjusted-R? = 4.46%; Fig. 7). In contrast, we found no support for an effect of
Tissierellaceae and Porphyromonas on body condition (supplementary Tables S1—

S181).
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Fig. 5. Redundancy analysis modelling the effect of breeding site (inset of a.) and Se
(a.) on beta diversity Aitchison distance. Dots in a. represent individual ASVs which
are labelled at the lowest assigned taxonomic level. Within the inset of a. dots represent
individual samples. The effect of breeding site (b.), As (c.), Cu (d.), Pb (e.) and Zn (f.)
on beta diversity divergence. In c. to f. fitted lines from general linear models are shown
along with 95% confidence intervals.
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Fig. 6. Volcano plots show the results of analysis of composition of microbiomes
(ANCOM) according to differential log estimates of centred logged ratios (clr) from
general least square (GLS) regressions across the ten trace elements investigated in this
study (a.). Both ANCOM and GLS analyses control for the fixed effect of breeding
sites and the effect of heterogeneity within breeding sites. Dots represent individual
ASVs and are colored grey if below the ANCOM W threshold of 0.6. If the W threshold
was above 0.6 dots were colored red if the 95% confidence intervals of the GLS
parameter estimate overlapped 0 and black if confidence intervals did not overlap 0.
Taxonomic assignment and confidence intervals are shown only for ASVs in red.
Relative differential abundance (clr) of an ASV assigned as Tissierellaceae (b.) and
Porphyromonas (c.) according to bioaccumulation of trace elements Cu are fitted with
GLS regressions controlling the fixed effect of breeding site and breeding site
heterogeneity. An identical model structure was used to investigate the relationship
between Bacteroides plebeius and Se bioaccumulation (d.). In b. to d. fitted lines are
shown along with 95% confidence intervals
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Fig. 7. The effect of Bacteroides plebeius relative abundance on chick body condition
controlling for the effect of site and sex. Fitted lines from general least squares models
are shown along with 95% confidence intervals.

4. Discussion

Our results demonstrate that high environmental exposure of trace elements from the
sediment only equated to high feather bioaccumulation for the harmful elements As,
Pb and perhaps Sn but not for the remaining trace elements. Importantly, we found that
body condition was adversely associated with bioaccumulation of two antagonist trace
elements, Se and Hg, and with Pb. Among these trace elements, Se and Pb

bioaccumulation influenced gut microbiome composition, while we also found subtler

effects of As, Cu and Zn.

4.1. Variation in sediment element concentration is not mirrored in feather

bioaccumulation of trace elements

Our results are consistent with the extensive literature which demonstrates that ODI is
one of the most polluted estuarine areas in the world (Achterberg et al., 2003; Barba-
Brioso et al., 2010; Guillén et al., 2011; Morillo et al., 2008; Ruiz et al., 2008), since
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ODI sediment element concentration was much higher for 9 out of 10 elements (the
exception was Se) compared to AIG and FDP. In contrast, our results confirmed that
both AIG and FDP can be considered relatively unpolluted sites for the trace elements
investigated in this study. FDP tended to be slightly richer in trace elements than AIG,
which is likely driven by the fact that FDP sediment is characterized by more fine
particles (clays and organic matter) which are more prone to accumulate undesirable

toxic metals and metalloids (Davis, 1984; Lukman et al., 2013).

Despite evidence of high environmental pollution in ODI, we found that variation in
bioaccumulation in feathers between sites did not mirror the pattern observed in
sediment, whereby higher concentration of trace elements in ODI was only observed
in feathers for the harmful elements As, Pb and to a lesser extent Sn. Overall two
alternative, but non-mutually exclusive, interpretations can explain our results: (i)
feathers are a good indicator of trace element bioaccumulation in greater flamingos for
As and Pb in highly polluted sites but not for the remaining trace elements or (ii) the
relative role of local sediment and diet exposure on trace element bioaccumulation

varies according to the trace element and site investigated.

Both explanations are likely for Cd, Cr and Ni for which bioaccumulation was rather
low and variable within site, despite high exposure from the abiotic environment in
ODI. In contrast, several lines of evidence makes the former an unsatisfactory
explanation for the remaining elements. First, metals have a strong affinity to the
sulthydryl groups in the keratin of feathers (Burger and Gochfeld, 2002). In theory, all
trace elements circulating in the blood at the time of feather growth, including the
essential elements Cu and Zn required for feather formation (Lai et al., 2010; Leeson,
2009; Sunde, 1972; Supplee et al., 1958; Vohra and Kratzer, 1957), may enter the
structure of the feather and may be a good bioindicator of exposure (Burger, 1993).
Indeed trace element concentrations in feathers have been shown to be correlated with
blood concentrations of chicks for As, Hg, Se, and Pb (Burger and Gochfeld, 1990;
Dolan et al., 2017; Monteiro and Furness, 2001). Furthermore, a previous study on fish

in Tinto and Odiel rivers revealed that Cu and Zn are more bioavailable than Pb
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(Vicente-Martorell et al., 2009) and high concentration levels across sites indicate that
both elements clearly bioaccumulated in feathers in our study. Second, the bio-
accumulation of the toxic elements Hg, Se and, to a lesser extent, Sn followed a similar
pattern to supposedly constitutive and essential elements (Cu and Zn) and were
considerably more concentrated relative to the basal level in the environment than the
other toxic bioaccumulated elements (As, Cd, Cr, Ni, and Pb). For instance, in FDP,
the ratio Pb:Hg is about 655 in sediments but only 0.08 in feathers; the ratio Pb:Se is
23 in sediments and about 0.02 in feathers. For Sn, the ratio of Pb:Sn is lower by a
factor of 2.3-9.2 in sediment compared to feathers depending on the site and the high
bioaccumulation in feathers observed in this study is consistent with previous results
in chickens (Sun et al., 2014). Therefore, our results are a strong indication that feathers
are incorporating the toxic elements Hg, Se and Sn more efficiently than Pb. Third,
there is extensive evidence demonstrating that feathers play a primary role as an
excretion pathway for methyl-Hg in seabirds (Becker et al., 1994; Lewis and Furness,
1991) and low levels of Hg in feathers in ODI relative to sediment exposure is
consistent with previous studies in water birds (Borghesi et al., 2011, 2016; Rubio et
al., 2016). Therefore, overall our results suggest that, in addition to As and Pb, there is
clear bioaccumulation of Cu, Hg, Se, Sn and Zn in feathers. However, unlike As and
Pb in ODI, the main source of exposure for these elements is likely to be the greater
flamingo's diet rather than local sediment. Indeed, diet exposure has been shown to
result in Cd, Cu, Hg, Ni, Pb, Se, Sn and Zn feather bioaccumulation (Cd: Pilastro et
al., 1993;Cu:Kim and Kil, 2015; Kim et al., 2016; Hg: Monteiro et al., 1998; Falkowska
et al.,, 2013; Keller et al., 2014; Thompson et al., 1998;Ni:Eastin and O'Shea,
1981;Pb:Markowski et al., 2013;Se: Sev¢ikova et al., 2006; Couloigner et al.,
2015;Sn:Sun et al., 2014;Cu and Zn: Vohra et al., 1968) and indirect evidence also
points to diet resulting in As feather bioaccumulation (Tasneem et al., 2020; Sanchez-

Virosta et al., 2015; Dauwe et al., 2004).

In greater flamingo chicks diet exposure comes from crop milk fed by the adults and
hence reflects adult foraging behaviour. While foraging behaviour by breeding greater
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flamingos shows extensive geo-graphic variation, individuals are known to cover large
distances. Resighting data from dye-marked breeding birds at the Etang du Fangassier
site in the Camargue, south of France (which is 34 km from AIG and the preferred
breeding site in the south of France when environmental conditions are favorable)
indicate that around a third of birds forage within 10 km of the breeding site but some
individuals were recorded to forage up to 70 km away (Béchet et al., 2009b). In AIG,
Cu was significantly higher than in other sites and AIG is surrounded by vineyards
(Sable-de-camargue IGP) where Cu has been heavily dispersed since the late 19th
century to fight and control fungal diseases (Ballabio et al., 2018), including organic
farms who continue to preferentially use Cu as a fungicide (Ballabio et al., 2018;
Provenzano et al., 2010). Therefore the higher concentrations of Cu feather
bioaccumulation in AIG may be explained by agricultural contamination of adult
feeding sites. The baseline level of Cu in flamingos should be assessed in future studies

in order to properly use Cu in feathers as a bioindicator.

Unlike AIG and ODI, the lagoon at the FDP breeding site dries out and the lack of local
foraging sites forces adults to forage in distant sites around 130—400 km away,
including the heavily polluted sites of the Tinto-Odiel estuary (~200 km from FDP)
(Amat et al., 2005; Rendon et al., 2011, 2014). We therefore speculated that FDP adults
may be ex-posing their chicks to toxic levels of trace elements through their crop milk,
leading to high bioaccumulation in chick feathers. However this is not supported by
our results since FDP had lower bioaccumulation concentrations for As and Pb than in
AIG, despite higher abiotic expo-sure in FDP. In fact, for all trace elements investigated
in this study, FDP had either similar levels of trace element bioaccumulation to AIG or
lower concentrations. Our results therefore suggest that ODI may not be a major
feeding site of adults (for both birds breeding in ODI and FDP). The latter is supported
by data of sightings of individually banded birds, when during the chick provisioning
period, adults show a strong fidelity to the foraging sites and about 80% of adults
breeding in FDP were observed to forage in a fish farm in Dofiana (130 km from FDP),
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about 10% in ODI, about 5% in Cadiz Bay saltpans, and the remain-ing in other areas

(J. A. Amat, A. Garrido, M.A. Rendon, M. Rendén-Martos, unpubl. data).

Selenium bioaccumulation was also significantly different across breeding sites with a
gradient of AIG > FDP > ODI. Se pollution is known to quickly bioaccumulate in
aquatic environments through diet exposure and has only been recognized as an
important pollutant in the 1990s (Lemly, 2004). Sources of Se pollution ranges from
mining (coal, gold, silver, and nickel), agricultural practices (e.g. subsurface irrigation
drainage) and industrial activities (e.g. coal power combustion) and water is the
primary driver of anthropogenic sourced Se in aquatic environments (Lemly, 2004;
Mabher et al., 2010). Despite the fact that elevated Se pollution can cause devastating
effects in waterbirds, resulting in high embryonic abnormalities and mortalities
(Presser and Ohlendorf, 1987), there is scarce data of Se contamination and bio-
accumulation in our study sites (Alvarez et al., 2013; Amiard-Triquet et al., 1991;
Cosson et al., 1988; Guan and Martin, 1991). Our results suggest variation in dietary
Se exposure across sites in greater flamingos and the effects of Se contamination in

Mediterranean wetlands merits further research.

Overall our results are consistent with diet exposure playing a greater role in
determining trace element exposure than local sediment exposure for AIG and FDP, as
well as for all trace elements in ODI except for Pb, As and perhaps Sn. Only the
sampling of crop milk can elucidate further the interplay between diet, environmental

exposure and chick bioaccumulation, which merits further investigation in the future.

4.2. Site specific effects indicate that environmental and ecological factors affect

body condition and gut microbiome

According to studies on both neutral and adaptive genetic markers, greater flamingo
breeding colonies form a single genetic population with high gene flow at the scale of
the Mediterranean (Geraci et al., 2012; Gillingham et al., 2017). Therefore differences

in parental genotypes cannot explain site specific effects of chick phenotypes,
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suggesting strong local environmental and ecological effects on chick body condition
and gut microbiome, as has previously been reported (body condition: Amat et al.,
2007; Béchet and Johnson, 2008; Cézilly et al., 1995; Yohannes et al., 2014; gut
microbiome: Gillingham et al., 2019). Variation in chick body condition is known to
be negatively associated with the number of breeding pairs in a colony, presumably
due to density-dependent effects (Béchet and Johnson, 2008). In the Bouche-du-Rhone
estuary, which includes the AIG site, chick body condition is also negatively associated
with river discharge levels of the Rhone. Béchet and Johnson (2008) speculated that
higher water discharge may increase the release of metal and sewage contaminants
suspended in solids in the Bouche-du-Rhone estuary and have a detrimental effect on
invertebrate productivity resulting in lower food availability, negatively affecting chick
body condition. In addition, evidence from feather and blood isotopes suggests that
chicks fed a diet richer in food from temporary marshes than permanent salt pans had
higher body condition (Yohannes et al., 2014). Food availability and diet, which will
vary across and within sites, is also known to be an important predictor of gut
microbiome composition in many taxa (Muegge et al., 2011), parameters that we could

not directly investigate in this study but merits further future investigation in the future.

Another potential source of site specific effects in microbiome gut composition is
variation in microbial exposure from the environment and in particular sediment.
However, sediment microbiome explained a small amount of variation of gut
microbiome composition (0.013-0.155% of gut microbiome ASVs could be traced to
sediment microbiome), as previously reported in the Red-necked stint, Calidris
ruficollis (Risely et al., 2017). Chick age is also not a significant parameter in
explaining chick gut microbiome composition in our study system (see Gillingham et
al., 2019). Therefore, chick gut microbiome at 2-4 months of age has already
undergone strong host selection (Gillingham et al., 2019) and is resilient to site specific

environmental microbial exposure.

33



783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

4.3. Trace element bioaccumulation is associated with two proxies of health: body

condition and the gut microbiome

Our study reveals that exposure to environmental pollution of trace elements, including
heavy metals, is an important predictor of site specific variation in body condition and
microbiome composition. Toxic levels of heavy metal bioaccumulation can play an
ambivalent role on body condition depending on the element and the tissue sample
used to estimate bioaccumulation (e.g. Debacker et al., 2000; Esselink et al., 1995;
Janssens et al., 2003; Takekawa et al., 2002). These ambivalent results can be explained
by the fact that the liver and kidney can incorporate some trace elements at a higher
rate than feathers (Cosson et al., 1988) and that body condition estimates are an indirect
measure of true condition (Peig and Green, 2009, 2010). In this study, we found no
evidence of an effect of bioaccumulation As, Cd, Cr, Cu, Ni, Sn and Zn in feathers on
chick body condition but the aforementioned limitations do not allow us to exclude the
possibility that these elements do not affect physiological health. Indeed, we found
evidence that feather bioaccumulation of As, Cu and Zn did affect gut microbiome
divergence from the population median, an indicator of impairment in gut homeo-stasis

(Ma, 2020; Zaneveld et al., 2017).

Whilst As is toxic and has been shown to disrupt microbiome com-position in
experimental rodents and in humans (Assefa and Kohler, 2020; Brabec et al., 2020; Lu
Kun et al., 2014; McDermott et al., 2020), trace quantities are thought to be essential
to both eukaryotes and prokaryotes (Stolz et al., 2006). In our study, we found that
divergence from the median decreased with increasing As bioaccumulation within the
site with intermediate bioaccumulation for this element (AIG; range: 0.003-0.09
mg/kg), suggesting an optimal concentration in feathers of As at around 0.1 mg/kg (Fig.

5¢).

Copper is an essential element to all living organisms but high exposure is toxic to
animals and whilst copper ions are naturally antimicrobial, few studies have

investigated the relationship between Cu and the intestinal flora (Dempsey et al., 2019).
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Interestingly in birds it has been found that both low and high intake of Cu lead to gut
dysbiosis and a shift in gut microbiome composition (Song et al., 2017). We found a
negative association between Cu bioaccumulation and microbiome di-vergence in the
site with low to intermediate bioaccumulation values (FDP; range: 2.12—-8.72 mg/kg)
and a positive association in the site with intermediate to high bioaccumulation values
(ODI; range: 5.80-12.84 mg/kg), suggesting an optimal Cu concentration in feathers
of around 7.5 mg/kg (Fig. 5 d.). Cu was also associated negatively with two ASVs
assigned to Tissierellaceae, of the Firmicutes phylum and Porphyromonas of the
Bacteroidetes phylum. The family Tissiserellaceae and the genus Porphyromonas have
previously been described in host-associated microbiota, and although their functions
remain unknown, some opportunistic pathogens have been identified (Bemis et al.,
2011; Capellari et al., 2016; Kawamura et al., 2015; Sakamoto et al., 2015; Summanen
et al., 2009; Wagener et al., 2014). Therefore our re-sults are in broad agreement with
experimental work in birds which suggest that an optimal intake of dietary Cu is

associated with gut homeostasis (Song et al., 2017).

Zinc is also essential to both eukaryotes and prokaryotes and is only toxic at very
elevated levels (Berg and Shi, 1996; Blencowe and Morby, 2003; Gaither and Eide,
2001). Healthy dietary intake of Zn is known to be key to gut homeostasis (Hajberg et
al., 2005; Pieper et al., 2012; Smith et al., 1972; Starke et al., 2014; Vahjen et al., 2010)
and a deficiency in Zn has been associated with decreased homeostasis of the gut in
chick microbiota of birds (Reed et al., 2015). Therefore, the negative association
between Zn bioaccumulation and microbiome divergence from the population median
in our study adds to the growing body of evidence of the central beneficial role of this

element in gut homeostasis in birds.

Our results indicate that there is a threshold effect of Pb bioaccumulation on chick body
condition. We found a strong negative association with chick body condition in the site
with low Pb bioaccumulation (FDP: range 0.011-0.065 mg/kg), but Pb
bioaccumulation was no longer associated with chick body condition in breeding sites

with intermediate bioaccumulation (AIG: range 0.033-0.110 mg/kg) and high
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bioaccumulation (ODI: range 0.060—0.269 mg/kg). Pb also affected gut microbiome
richness (alpha diversity). A negative log-linear association between Pb and alpha
diversity is in broad agreement with previous work showing lower alpha diversity in a
mine affected polluted site than in an unpolluted site in the Mongolian toad
(Strauchbufo raddei) (Zhang et al., 2016) and with experimental work in mice
reporting decreased microbial diversity with high levels of exposure to Pb (Gao et al.,

2017).

We found that microbiome divergence from the population median was strongly
associated with Pb bioaccumulation (adjusted-R?> = 10.6%). Indeed, the higher
divergence in the polluted site of ODI was largely explained by Pb bioaccumulation.
Our results are consistent with a number of studies in experimental mice which have
found that Pb exposure disrupts the homeostasis of the gut microbiome (Breton et al.,
2013a, 2013b; Gao et al., 2017). Overall our results suggest a strong negative effect of
Pb bioaccumulation on chick greater flamingo health. Whilst Pb is well known to be
detrimental to wildlife health, our study highlights that the adverse effects of Pb on
both body condition and gut microbiome in a natural population was only detected be-
cause both polluted and unpolluted sites were sampled, capturing a broad range of

exposure for this harmful element.

We also found a negative association between Se bioaccumulation in feathers and body
condition in greater flamingo chicks. Despite being an essential element, exposure of
Se above beneficial doses is known to have detrimental effects in birds (Ackerman and
Eagles-Smith, 2009; Beijer and Jerneldv, 1978; Heinz and Fitzgerald, 1993; Heinz and
Hoffman, 1998; Takekawa et al., 2002). For instance, feeding of mallard ducks, Anas
platyrhynchos, with ad libitum diets enriched with 20 pg/g or more of selenium
significantly caused weight loss and mortality in an experimental study (Heinz and
Fitzgerald, 1993). In addition, Se is known to be an antagonist to Hg and can reverse
the negative effects of Hg and increase survival of birds exposed to toxic levels of Hg
(El-Begearmi et al., 1977). However, elevated levels of Se can cause increased

retention of Hg which counteract the positive effect of Se de-creased intoxication
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(Beijer and Jernelov, 1978; Heinz and Hoffman, 1998). An experimental study in
mallards, has found that the additive adverse effects of Se and Hg are worse than when
birds are exposed to elevated levels of only one of the two elements (Heinz and
Hoffman, 1998). In our study, we found that Hg and Se bioaccumulation had an
additive negative effect on body condition in FDP (the site with the highest median Hg
bioaccumulation). Thus, our study further suggests that both Hg and elevated Se

bioaccumulation is additively and negatively affecting host health in birds.

Selenium but not Hg, was also associated with a shift in microbiome composition,
mostly driven by an enrichment of Bacteroides plebeius. B. plebeius has previously
been associated with diets rich in red seaweed in humans (Hehemann et al., 2012). B.
plebeius is involved in the production of carbohydrate active enzymes, or CAZymes,
in the gut and plays an important function in the breakdown of sulphated
polysaccharides that are found in marine algae (Hehemann et al., 2012), a key part of
flamingo species diet (Johnson, 1997). Interestingly, microalgae is known to be
enriched in Se in many species for which it is required for growth and metabolic
functions via selenoproteins (Araie and Shiraiwa, 2009; Obata and Shiraiwa, 2005;
Schiavon et al., 2017). There-fore, B. plebeius enrichment may reflect higher intake of
selenium rich microalgae which requires the metabolization of the associated carbo-
hydrates. In addition, B. plebeius enrichment in chicks was negatively as-sociated with
chick body condition in our study. Our results therefore suggest that a Se rich diet of
microalgae may be associated with high Se bioaccumulation which in turn adversely

affected body condition.

5. Conclusion

We found that only three elements out of 10 were significantly higher in feathers of
greater flamingo chicks at the highly polluted breeding site of Odiel: As, Pb and to a
lesser extent Sn. We can therefore conclude that high local sediment exposure of As

and Pb pollutants and perhaps Sn resulted in high bioaccumulation in the polluted site.
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In contrast, bioaccumulation in feathers did not reflect local sediment expo-sure for all
other elements investigated in this study (Cd, Cr, Cu, Hg, Ni, Se and Zn) and exposure
is likely driven by parental transfer of diet. Se, Hg and Pb bioaccumulation affected
chick body condition, whilst gut microbiome composition was affected by As, Cu, Pb
and Zn bioaccumulation. Unsurprisingly, Pb emerged as an element of particular
concern, affecting chick body composition, microbial diversity and composition. Our
study also highlights the concern of Se, which impacted chick body condition,
microbiome composition and the interplay between both of these parameters across all
sites. Our results therefore suggest that in addition to well-studied elements such as Pb
and Hg, bioaccumulation of poorly studied elements, such as Se, are adversely
affecting the health of natural populations. More studies are greatly needed on the
metabolic processes driving trace element accumulation of contaminants into feathers
and how they relate to direct measures of fitness such as survival and reproductive

success in order to further understand their potential use as bioindicators.
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