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HIGHLIGHTS 33 

• Sediment exposure results in bioaccu-mulation of As and Pb in flamingo 34 

feathers. 35 

• Feather bioaccumulation of Cu, Hg, Se, Sn and Zn likely reflects diet exposure. 36 

• Feather bioaccumulation of Hg, Pb, and Se affects chick body condition. 37 

• Feather bioaccumulation of As, Cu, Se and Pb affects microbiome composition. 38 

• Pb and Se bioaccumulation is of particu-lar ecotoxicological concern. 39 
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Abstract 47 

Elevated concentrations of trace elements represent a major concern to wetland 48 

ecosystems, since river estuaries are geochemical endpoints that accumulate pollution. 49 

Although the negative impact of environmental exposure of highly toxic elements such 50 

as Pb and Hg has received substantial attention, we still lack a comprehensive 51 

understanding of the effects that these and other common trace elements have on 52 

natural populations. We used greater flamingos as astudy system within three sites that 53 

represent a gradient of pollution. Controlling for environmental sediment exposure, we 54 

assessed if signatures of bioaccumulation in feathers for ten trace elements (As, Cd, 55 

Cr, Cu, Hg, Ni, Pb, Se, Sn and Zn) are associated with two known proxies of health: 56 

body condition and the gut bacterial microbiome. We found evidence of an adverse 57 

effect of Se, Hg, and Pb bioaccumulation on body condition. Furthermore, 58 

bioaccumulation of the elements As, Cu, Se, Pb and Zn influenced different aspects of 59 

the gut microbiome. Bioaccumulation of Se led to a shift in the microbiome 60 

composition, largely driven by an enrichment of Bacteroides plebeius, which is linked 61 

to the breakdown of sulphated polysaccharides of algae. Bacteroides plebeius was 62 

negatively associated with chick body condition, suggesting an adverse effect of a 63 

microalgae diet rich in Se. Pb bioaccumulation was linked with a decrease in microbial 64 

diversity (adjusted-R2 = 10.4%) and an increase in heterogeneity of the microbial 65 

community (adjusted-R2 = 10.5%), an indication of impaired gut homeostasis. As, Cu 66 

and Zn had more nuanced effects on gut microbiome heterogeneity according to 67 

breeding site and bioaccumulation concentration. Our results therefore suggest that in 68 

addition to well-studied elements, bioaccumulation of poorly studied elements also 69 

adversely affect health of natural populations. 70 

  71 
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1. Introduction 72 

Most trace elements, including metals, occur naturally in the environment and are 73 

essential for growth, development and physiology, to both micro- and macro-74 

organisms. However, since the industrial revolution, anthropogenic activities have 75 

dramatically increased the levels of trace elements in the natural environment (Nriagu, 76 

1989, 1996). As a result of limited microbial degradation on soil surfaces, 77 

anthropogenic sources of trace elements tend to accumulate and persist for long periods 78 

of time on the top layer of soil and sediment (Kirpichtchikova et al., 2006). In such 79 

conditions, toxic concentration levels are often prone to be taken up by organisms and 80 

bioaccumulated because they are normally not firmly bonded to inert materials (Bryan 81 

et al., 1979; Di Giuseppe et al., 2014; Migani et al., 2015). The detrimental effects of 82 

exposure to toxic levels of non-essential metals through the diet on organismal fitness 83 

are widely recognized (Järup, 2003; Nriagu, 1989, 1996). For instance, body condition, 84 

a key predictor of health and fitness (Peig and Green, 2009, 2010), has been found to 85 

be adversely associated with bioaccumulation of heavy metals, such as As, Cd, Cu, Hg, 86 

Pb and Zn in birds (e.g. Debacker et al., 2000; Janssens et al., 2003; Takekawa et al., 87 

2002). However, less attention has been given to the potential adverse effects of 88 

constitutive and essential elements that can be toxic at the high exposure levels 89 

recorded at polluted sites, particularly for natural populations. 90 

Aside from body condition, another key proxy of health and fitness in multicellular 91 

organisms is the gut microbiome community (Gould et al., 2018; Shin et al., 2011). 92 

The tight interaction between the microbial flora inhabiting the gastrointestinal tract 93 

and the host is crucial in facilitating nutrient intake, gut development, immune system 94 

maturation and resistance against enteric pathogens (Delsuc et al., 2014; Ley et al., 95 

2008a; Ley et al., 2008b; Phillips et al., 2012; Shin et al., 2011; Stecher and Hardt, 96 

2008). The gut microbiota may also play an important role in protecting the host against 97 

exposure to toxic levels of metals by regulating bioavailability in a number of ways. 98 

First, the microbiome may act as a physical barrier limiting absorption of trace 99 

elements via microbial-host interactions that involve epithelial junctions and physical 100 
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impediments of the mucous layer (Breton et al., 2013a; Ninkov et al., 2015). Second, 101 

the microbiota may passively bind to, absorb and metabolize toxins and trace elements 102 

(Halttunen et al., 2008; Morozzi et al., 1986). Finally, the metabolic interaction 103 

between the microbiota and the host may regulate the pH, oxidative balance, 104 

detoxification enzymes, and xenobiotic-metabolizing and transporting host proteins 105 

within the gut (Claus et al., 2011), which may impact host absorption rates of trace 106 

elements (Breton et al., 2013a; Ninkov et al., 2015). 107 

Given the indiscriminate nature of high exposure to toxic levels of elements, which 108 

will harm beneficial microbes in the gut, toxic exposure is likely to disrupt the 109 

homeostasis of the gut microbiome (Assefa and Köhler, 2020; Claus et al., 2016; 110 

Rosenfeld, 2017). Most of our current understanding of the impact of toxic trace 111 

elements on the microbiome and gastrointestinal diseases comes from experiments 112 

using laboratory rodents (e.g. Breton et al., 2013a, 2013b; Fazeli et al., 2011; Gao et 113 

al., 2017; Liu et al., 2014; Ninkov et al., 2015; Ruan et al., 2018; Tinkov et al., 2018). 114 

However, gut microbiomes of laboratory animals are rarely representative of natural 115 

microbiota (Bolnick et al., 2014; Chandler et al., 2011) and few studies have 116 

investigated the impact of toxic trace elements on the microbiome of natural 117 

populations (but see: Coolon et al., 2010; Zhang et al., 2016 that compare gut 118 

microbiomes be-tween polluted and unpolluted sites). 119 

Birds are regularly used as bioindicators for various pollutants, including metals 120 

(Furness and Greenwood, 1993). If careful methodological techniques are applied to 121 

avoid falling into known pitfalls, such as external contamination, feather analysis can 122 

be an effective non-invasive method to assess bioaccumulation for some trace elements 123 

(Borghesi et al., 2011, 2016, 2017; Burger, 1993; Jaspers et al., 2019; Smith et al., 124 

2003; Tsipoura et l., 2008). An important benefit of feathers relative to blood samples, 125 

is that metal accumulation represents a longer-term contamination process rather than 126 

a recent contamination directly associated with a feeding bout (Carvalho et al., 2013). 127 

Waterbirds are of particular interest since they inhabit wetland and river estuaries 128 

which are particularly vulnerable to pollution because they are geochemical endpoints 129 
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of large river systems that often flow near or through cities, roads, factories, industries, 130 

cultivated lands, and/or mines. 131 

Greater flamingos (Phoenicopterus roseus) regularly breed within Odiel marshes, 132 

which is located at the mouth of the Odiel and Tinto rivers, both of which have been 133 

strongly affected by acid mine drainage from long term mining activities (Guillén et 134 

al., 2011; Nieto et al., 2007). The latter combined with natural mineralisation of 135 

massive sulphurs and waste from industrial activities (fertiliser factories and cop-per 136 

foundries) makes the Odiel marshes one of the most polluted sites in trace elements in 137 

the world (Borrego et al., 2002; Guillén et al., 2011; Nieto et al., 2007). Nevertheless, 138 

the Odiel marshes is known to be a feeding site of adult greater flamingos breeding at 139 

a nearby colony (~200 km) at the Fuente Piedra lagoon, one of the largest breeding 140 

colony in the western Mediterranean (Amat et al., 2005). An essential com-ponent of 141 

the greater flamingo diet, brine shrimp (Artemia spp.), represents a main route through 142 

which toxic trace element exposure can enter the food web in Odiel marshes 143 

(Rodríguez-Estival et al., 2019). As filter feeders greater flamingos also regularly ingest 144 

large quantities of sediment (Jenkin, 1957), which directly exposes them to polluted 145 

sediment. Greater flamingo chicks may be exposed to pollutants via crop milk fed from 146 

adults which, along with proteins, fat, carotenoids and blood cells, may contain 147 

pollutants (Fisher, 1972; Lang, 1963; Rendón et al., 2011). Furthermore, chicks are 148 

further exposed to local environmental elements when from the age of three weeks, 149 

they leave the nest and form a large crèche within the wetland surrounding the breeding 150 

island (Johnson and Cézilly, 2007). Greater flamingo chicks therefore provide an ideal 151 

model to investigate trace element bioaccumulation (using feather samples). 152 

Apart from Hg (Borghesi et al., 2011), to date, little is known about the relationship 153 

between environmental trace element expo-sure and bioaccumulation in greater 154 

flamingos (Borghesi et al., 2016) and its potential effect on health. To address this issue, 155 

we first evaluated differences in environmental (sediment) exposure to 10 trace 156 

elements (As, Cd, Cr, Cu, Hg, Ni, Pb, Se, Sn and Zn) across three breeding colonies in 157 

the Mediterranean which are thought to represent a gradient in environmental pollution. 158 
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Second, by taking advantage of a new method to assess trace element bioaccumulation 159 

in feathers (Borghesi et al., 2017), we assessed the relationship between variation in 160 

environmental exposure and feather bioaccumulation between elements across 161 

breeding sites. Finally we investigated the relationship between feather 162 

bioaccumulation and two proxies of health: chick body condition, a known predictor 163 

of dispersal in greater flamingos (Barbraud et al., 2003), and the gut microbiome which 164 

has recently been described in greater flamingos (Gillingham et al., 2019). 165 

 166 

2. Methods 167 

2.1. Sampling sites 168 

Greater flamingos colonially breed in a few relatively unstable breeding sites in the 169 

Mediterranean. Colony breeding success depends on favorable climatic conditions and 170 

local water levels (Béchet et al., 2009a, 2012; Béchet and Johnson, 2008; Cézilly et al., 171 

1995; Johnson and Cézilly, 2007). In 2014, a greater flamingo colony established itself 172 

in the salt pan of Aigues-Mortes in southern France (AIG; N 43° 33′,E 4° 11′; Fig. 1) 173 

due to unfavourable conditions in their more habitual site in the Fangassier lagoon, 174 

located in the Rhône river delta in the Camargue region (Gillingham et al., 2019). The 175 

second colony sampled was at the Fuente de Piedra lagoon (FDP; 37° 06′N; 04° 45′W; 176 

Fig. 1), the largest breeding colony in the western Mediterranean (Balkız et al., 2010; 177 

Rendón et al., 2001). AIG and FDP are thought to be relatively unpolluted sites and 178 

were thus considered control sites in this study (Borghesi et al., 2017). Finally the 179 

heavily polluted site investigated in this study is Odiel marshes, where a colony settled 180 

and successfully produced chicks from 2008 onwards (ODI, 37° 17′ N; 06° 55′ W; Fig. 181 

1). 182 

 183 
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 184 

Fig. 1. Location of the sampling sites at the breeding colonies of the Greater 185 
flamingo. Sample size is indicated within 186 

 187 
2.2. Sample collection 188 

All samples (feather, sediment and swabs) were collected in 2014 during ringing 189 

operations (Borghesi et al., 2017; Gillingham et al., 2019; Johnson and Cézilly, 2007). 190 

Chicks were flightless and two to four months old at the time of sampling. Since greater 191 

flamingos are colonial breeders and chicks were forming a large crèche at the time of 192 

sampling, all chicks were captured and sampled at the same location within each 193 

breeding site. 194 

We used trace element data (As, Cd, Cr, Cu, Hg, Ni, Pb, Se, Sn and Zn) of feathers and 195 

sediments that were collected and analysed following the new method to reliably 196 

interpret bioaccumulation in feathers by controlling for external environmental 197 

contamination (Borghesi et al., 2017). Thus, we used 119 chick feathers (AIG, n = 39; 198 

FDP, n =40; ODI, n = 40) and 21 sediment samples (AIG, n = 7; FDP, n = 7; ODI, n = 199 
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7) that were collected in the three breeding colonies in the western Mediterranean (Fig. 200 

1). 201 

The gut microbiome dataset is a subset from our previous study which characterized 202 

the gut microbiome of chicks in nine Mediterranean breeding sites (Gillingham et al., 203 

2019; but see below for molecular methods. We sexed birds using the CHD gene 204 

sequence polymorphism as described by Balkız et al. (2007). For our analyses of the 205 

effect of trace elements on chick body condition and gut microbiome, we used 99 206 

samples for which we have trace element bioaccumulation data, gut microbiome, body 207 

condition and sex data (Fig. 1; AIG, n = 29; FDP, n = 38; ODI, n = 32). We also included 208 

the microbiome analysis of the 21 sediment samples, of which 20 (AIG, n = 6; FDP, n 209 

= 7; ODI, n = 7) were retained after molecular and bioinformatic processing (see 210 

molecular methods below), to investigate the relative contribution of the sediment 211 

microbiome to the gut microbiome of chicks. 212 

 213 

2.3. Trace element analyses for sediments and feather samples 214 

Methods for trace element analyses are identical to Borghesi et al. (2017). For each 215 

individual, we collected ten feathers by cutting the distal part from random individuals 216 

using stainless steel scissors. We selected the longest internal scapulars that were 217 

protected from aerial deposition (Borghesi et al., 2011, 2016, 2017). We analysed 14 218 

elements Al, As, Cd, Cr, Cu, Fe, Hg, K, La, Ni, Pb, Se, Sn and Zn. We removed the 219 

vanes of the feathers from the rachides and we pooled five rachides per sample for 220 

analysis. All 595 rachides from 119 samples were sequentially washed in three steps 221 

using acetone, Triton X™ (Rohm and Haas, Philadelphia, PA, USA) detergent and 222 

deionized water. During each step, washing sonication was performed for 20 min. After 223 

washing, feathers were dried in a dry box at room temperature. All samples 224 

(approximately 0.100 g from each sample) were digested and analysed at the Trace 225 

Element Analysis Core Laboratory of Dartmouth College, Hanover, NH, USA. 226 

Because Al, Fe, K and La concentration in feathers are almost exclusively due to 227 
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external contamination (Borghesi et al., 2017), only the remaining 10 bioaccumulated 228 

elements corrected for external contamination were analysed in this study. 229 

To assess environmental exposure, we also collected seven sediment samples of 200–230 

500 g at each sampling site within and on the shore of the water body where the 231 

breeding islet was situated. All sediment samples were kept in plastic containers in dry 232 

room temperature conditions prior to analysis. Digestion and trace analysis of sediment 233 

samples was carried out by ACME Labs, Vancouver (Canada). 234 

Since external environmental contamination is mainly due to particles from the 235 

sediment, Borghesi et al.'s (2017) method enabled us to infer what the predicted 236 

concentration of feather elements would be if external contamination was 100% for 237 

each element. From this predicted concentration, we could then estimate the 238 

concentration of the trace element that is due to external contamination and corrected 239 

our estimates using simple ratios and a reference element known to not be 240 

bioaccumulated (Borghesi et al., 2017). Here, we chose Fe as the reference element for 241 

external contamination because it is well recovered by the methods applied in our 242 

study, it is reported to be only negligibly bioaccumulated in shafts of seabirds (Howell 243 

et al., 2012) and it represents a wide gamma of compounds in sediments (Borghesi et 244 

al., 2017). 245 

 246 

2.4. Estimating chick body condition 247 

Chick body condition was estimated using the scaled mass index (SMI) proposed by 248 

Peig and Green (2009): 249 

Mi = Mi |T0/Ti|bSMA 250 

where Mi and Ti are the mass and structural size indicator of individual i respectively, 251 

T0 is the population mean of the structural size indicator and bSMA is the slope of an 252 

standardized major axis (SMA) regression between the log of Mi and the log of Ti. 253 

Chick tarsus length was used as a proxy for body size since it is a good indicator of 254 
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structural body size in tall lengthy greater flamingos (Amat et al., 2007; Béchet and 255 

Johnson, 2008; Cézilly et al., 1995; Gillingham et al., 2012, 2013; Yohannes et al., 256 

2014). The SMA slope between log transformed mass and log trans-formed tarsus 257 

length was used as the scaling factor (SMA: p-value <0.001; n = 352; R2 = 0.666; β 258 

[95%CI] = 2.269 [2.135; 2.411]; we used the larger dataset from Gillingham et al. 259 

(2019) to obtain more precise SMA estimates). The allometric relationship between 260 

mass and tarsus did not differ significantly between breeding sites (SMA: p-value = 261 

0.714; n = 352) and sexes (SMA: p-value = 0.454; n =340), thus justifying the pooling 262 

of data across sites and gender when estimating body condition. 263 

 264 

2.5. DNA extraction of swabs, PCR amplification, library preparation, and high-265 

throughput sequencing 266 

Cloacal and sediment swabs were collected using forensic swabs (Sarstedt, 267 

Nuembrecht, Germany) that were placed in 2 ml Eppendorf tubes with 600 μl of 268 

RNAlater®. All samples were stored at −20 °C within 48 h of sampling until DNA 269 

extraction was performed. DNA extraction, PCR amplification, library preparation and 270 

high through-put sequencing methods are identical to Gillingham et al. (2019). Briefly, 271 

we amplified a 291-bp fragment of the hypervariable V4 region of the 16S rRNA gene 272 

using the universal bacterial primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 273 

806R (5′-GGAC TACHVGGGTWTCTAAT-3′) (Caporaso et al., 2011). Individual 274 

PCR reactions were tagged with a 10-base pair identifier, using a standardized Fluidigm 275 

protocol (Access Array™ System for Illumina Sequencing Systems, ©Fluidigm 276 

Corporation). Amplifications were quantified by UV/VIS spectroscopy on the Xpose 277 

(Trinean, Gentbrugge, Belgium) and samples were pooled to equimolar amounts of 278 

DNA. The library was prepared as recommended by Illumina (Miseq System Denature 279 

and Dilute Libraries Guide 15039740 v05) and was loaded at 7.5 pM on a MiSeq flow 280 

cell with a 10% PhiX spike. Paired-end sequencing was performed over 2×251 cycles. 281 

We ran our 814 cloacal swab samples (of which only 99 samples are used in this study), 282 
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21 sediment samples, 41 ex-traction blanks and 44 PCR blanks (a total of 85 extraction 283 

and PCR controls) across five sequencing runs. 284 

 285 

 286 

2.6. Bioinformatics 287 

We used DADA2 (Callahan et al., 2016) withi nQIIME2 (https:// qiime2.org; Bolyen 288 

et al., 2018) to denoise our data from artifacts (including chimeras), merge paired-end 289 

sequences and remove primer sequences. Any ASV with fewer than 20 sequences in 290 

the entire dataset were filtered out of the dataset and we excluded samples with fewer 291 

than 10,000 sequences. We assigned ASVs to taxonomy within QIIME 2 using the 292 

Greengenes database (DeSantis et al., 2006). We excluded sequences that did not assign 293 

to any known bacterial lineage at the phylum taxonomic level. We used FastTree 2.1.8 294 

(Price et al., 2010) to build a tree with an archaea sequence (Accession number: 295 

KU656649) used to root the tree. The branch and taxonomic name of the root archaea 296 

sequence was removed prior to analysis. The R package “phyloseq” (McMurdie and 297 

Holmes, 2013) was used to import and analyse the data into R version 3.6.3 (R Core 298 

Team, 2020). As in Gillingham et al. (2019), sequences that were found with a relative 299 

abundance of at least 1% across extraction and PCR blanks were considered to be 300 

contaminant sequences and were excluded from the dataset. 301 

 302 

2.7. Statistics 303 

Statistical analyses aim at evaluating three main questions: first we tested for evidence 304 

of bioaccumulation of trace elements across site, second we tested for the influence of 305 

bioaccumulation on body condition and third we investigated the effect of 306 

bioaccumulation on microbiome diversity, composition and stochasticity. For all 307 

regression type analyses, we followed recommended model validation steps, plotted 308 

residuals against fitted values and checked for violation of model assumptions (Zuur et 309 
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al., 2009; Zuur and Ieno, 2016). Validation plots for regression type analyses can be 310 

found in the supplementary mate-rials next to Tables S1–S193. 311 

We first analysed whether concentrations in trace elements of the abiotic environment 312 

in the soil and bioaccumulated in feathers varied between sites. We analysed 313 

differences between sites for each trace element using linear model regression (Cu and 314 

Zn), general least square (GLS) regression if controlling for heterogeneity between 315 

sites was necessary (As, Hg, Ni, Pb, Se and Sn) with the R “nlme” package (Pinheiro 316 

et al., 2020) and using zero-inflated general linear models (GLM) if con-trolling for 317 

zero inflation was necessary (Cd and Cr) with the R “pscl” package (Zeileis et al., 2008) 318 

(Fig. 2). Since trace element bioaccumulation can be age and gender specific (Scheirs 319 

et al., 2006), we first analysed the effects of site, tarsus length (the best proxy of age in 320 

lengthy greater flamingo chicks), sex and the interaction between all terms (n = 105; 321 

AIG, n = 31; FDP, n = 39; ODI, n = 35). Since the effects of age and sex (and associated 322 

interactions) were never supported statistically, we reanalysed the data on the full 323 

dataset (n =119; AIG, n = 39; FDP, n = 40; ODI, n = 40) and reported the effect of site 324 

only (but see supplementary materials Tables S182–S191 for full analyses of all 325 

parameters). Since chicks were 2–4 months old, our results suggest that a difference in 326 

age of two months was too short to generate differences in trace element 327 

bioaccumulation as a result of variable exposure time. 328 

For all subsequent analyses, because there is a lack of independence between breeding 329 

sites and the trace elements (see Results section), we analysed the effect of trace 330 

elements on the microbiome and chick body condition both across and within breeding 331 

sites. Because of collinearity between trace elements within sites and to avoid over-332 

parameterizing models, we modelled the effect of each trace element separately with 333 

the exception of Hg and Se which were also modelled together since both elements are 334 

known to be antagonists and bioaccumulation of Se has previously been shown to 335 

mitigate the negative effects of Hg (El-Begearmi et al., 1977). In addition, unless 336 

otherwise stated, we used the information-theoretic approach to infer model selection 337 

(Burnham and Anderson, 2002), whereby all possible hypotheses are modelled and the 338 
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weight of support for each hypothesis is assessed using the model's Akaike Information 339 

Criterion for small sample sizes (AICc), AICc weight and adjusted-R2. For all 340 

analyses, we checked for non-linear effects using General Additive Models (GAM) 341 

using the “mgcv” package within R (Wood, 2017) and proceeded with GAMs if a non-342 

linear relationship was found. Effect sizes for linear continuous and categorical 343 

variables were estimated using partial-r and Cohen's D respectively and 95% 344 

confidence intervals were estimated by bootstrap (n = 10,000) (Nakagawa and Cuthill, 345 

2007). Full model selection tables are presented in the supplementary materials 346 

(supplementary Tables S1–S181). 347 

We evaluated the effect of trace element, sex, breeding site and the interaction between 348 

breeding site and trace element on chick body condition using linear models. We 349 

subsequently analysed the relationship between trace elements on microbiome alpha 350 

diversity, microbiome beta diversity and microbiome differential abundance. In 351 

addition, we investigated the relative contribution of sediment microbiome to the gut 352 

microbiome of chicks. Finally, we predicted that specific ASVs that were differentially 353 

abundant according to element bioaccumulation would also be associated with 354 

metabolism and thus with body condition. Therefore for those ASVs that were found 355 

to be differentially abundant according to bioaccumulation of an element, we tested if 356 

they were associated with body condition. 357 

For alpha diversity, we chose to measure the number of ASVs (i.e. unweighted 358 

observed species diversity) and Shannon index (i.e. an alpha diversity metric that is 359 

weighted for species abundance). We modelled the effect of trace element, sex, 360 

breeding site, sequencing depth and the interaction between breeding site and trace 361 

element on the number of ASVs and Shannon index using GLMs. A GLM with a 362 

negative binomial error distribution and Gamma distribution with a log link was used 363 

to model the number of ASVs and Shannon index, respectively. 364 

There is increasing recognition of the importance of treating microbiome data as 365 

compositional data during data analyses (Martino et al., 2019; Quinn et al., 2018, 366 
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2019). Therefore, for beta diversity analyses we applied the Aitchison's log-ratio 367 

approach (Aitchison, 1982), which consists in transforming the data into centered log 368 

ratio (clr) and applying euclidean distance matrix for ordination analyses. While 369 

unconstrained ordination analyses are frequently used methods to ex-plore variability 370 

in beta diversity of the microbiome, these methods do not allow the direct assessment 371 

of how different environmental variables contribute to observed patterns (Anderson 372 

and Willis, 2003; Shankar et al., 2017). We therefore applied a redundancy analysis 373 

(RDA) with a Euclidean distance matrix to investigate the relationship between beta 374 

diversity and the explanatory variables breeding site, sex, trace element concentration 375 

and the interaction between breeding site and trace element. To deal with positively 376 

skewed data due to sparse taxa and high zero inflation which may bias beta diversity 377 

analyses (Martino et al., 2019), we applied a high filter threshold whereby only taxa 378 

with prevalence of 0.32 were kept in the dataset (which was also the same cutoff 379 

threshold we used for differential abundance analyses described below). Applying such 380 

a stringent filtering step meant that all RDA residuals were very close to normal 381 

distribution. P-values and adjusted-R2 were estimated by permutation (n = 99,999). 382 

To investigate the effect of trace elements bioaccumulation on microbiome 383 

stochasticity/heterogeneity, we used the betadisper function with the R “vegan” 384 

package (Oksanen et al., 2019) using a Euclidean distance and using the median 385 

distance to centroid within site. We used a linear model to explore the effect of breeding 386 

site, sex, trace element concentration and the interaction between breeding site and 387 

trace element concentration on microbiome stochasticity. 388 

To investigate the relative contribution of sediment microbiome exposure to chick gut 389 

microbiome composition, we analysed the percentage of gut microbiome ASVs that 390 

could be traced to sediment microbiome using the Bayesian method from the R 391 

package “SourceTracker” (Knights et al., 2011), as has previously been done in a study 392 

on Red-necked stints, Calidris ruficollis (Risely et al., 2017). SourceTracker makes use 393 

of the relative abundances in both the host and sediment sample to estimate the 394 

probability that the source of each ASV found in the gut is the sediment. In so doing, 395 
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the output of SourceTracker is an estimate of the proportions of ASVs in the host that 396 

can be traced to the local sediment for each sample. Since sediment microbiome is site 397 

specific, SourceTracker analyses were carried out within site. We report the median 398 

percent-age and 95% range (i.e. the 2.5% and 97.5% percentile) of ASVs that were 399 

traced to local sediment samples. 400 

To investigate the effect of trace elements bioaccumulation on differential relative 401 

abundance we used an analysis of composition of microbiomes (ANCOM) (Mandal et 402 

al., 2015). Because of high variability in ASV relative abundance between sites, we 403 

modified the original ANCOM function to apply GLS models to control for 404 

heterogeneity be-tween sites. We also controlled for the additive effect of site. The 405 

same prevalence threshold of 0.32 was used as for beta analyses since it was the cutoff 406 

threshold value at which GLS models converged. Furthermore high prevalence values 407 

are recommended to avoid high zero inflation and false positives (Mandal et al., 2015). 408 

ANCOM generates W scores, which is the number of rejected null sub-hypotheses of 409 

the log ratios of ASVi/ASVj according to the predictor. Thus, the higher the W score 410 

the stronger the evidence that the relative abundance of a specific ASV is associated 411 

with a given predictor. For each element, we plotted vol-cano plots of the ANCOM W 412 

score in relation to the estimates of a GLS controlling for the additive effect of site and 413 

using the same clr trans-formed dataset used for beta diversity. We only considered the 414 

relative abundance of a specific ASV to be differentially abundant according to a 415 

predictor if the W was above a threshold of 0.6 (60% of sub-hypotheses are rejected) 416 

and if the 95% confidence interval of GLS estimates (here-after referred to as 417 

differential logs) did not overlap 0. 418 

In total, ANCOM revealed three ASVs of interest (see Results section), which were 419 

assigned taxonomically as members of Tissierellaceae, Porphyromonas and 420 

Bacteroides plebeius. The effects of the Tissierellaceae and Porphyromonas ASVs on 421 

chick body condition were analysed using linear models, whilst the effect of the 422 

Bacteroides plebeius ASV was analysed using a GLS controlling for heterogeneity 423 

across sites. The full models additionally include the fixed effects of site and sex. 424 
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 425 

3. Results 426 

3.1. Trace element concentrations from the abiotic environment of sampling sites 427 

 428 

A gradient ODI >> FDP > AIG was evident for: As, Cd, Cr, Cu, Hg, Ni, and Pb, while 429 

FDP and AIG show similar levels of Sn and Zn (>> ODI) (Fig. 2). The sole exception 430 

of the above trends was Se which was similar in FDP and ODI, with AIG showing very 431 

low concentrations (Fig. 2). ODI sediments were heavily polluted for some of the most 432 

important elements of environmental concern, which include As (more than 30-fold 433 

higher than the other two sites), Cu (20-fold FDP, 60-folds AIG), Hg (8-fold FDP, 16 434 

fold AIG), Pb (6-fold FDP, 12-fold AIG), Zn (28-fold). Sn in AIG was highly variable, 435 

because the presence of a warning peak of 7.0 mg/kg. 436 

 437 

3.2. Variation in bioaccumulation of trace elements and between sites 438 

In feathers, there was a strong spike in concentration of As and Pb in ODI, which 439 

mirrored abiotic environmental differences. In contrast to the abiotic environment, FDP 440 

had lower concentrations for these elements than AIG (Fig. 2). In addition, there were 441 

no significant differences for Cd, Cr, Hg, Ni and Zn between sites (Fig. 2). While 442 

bioaccumulation varied significantly between sites for Cu, Se, and Sn, once again 443 

differences did not mirror the patterns observed in the abiotic environment (Fig. 2). 444 

The highest concentration of Cu was found in AIG, while the lowest was in FDP. 445 

Selenium was significantly lower in ODI (Fig. 2). Although significant, differences 446 

between sites in Sn con-centration were weak with a gradient ODI > FDP > AIG (Fig. 447 

2). 448 

Across sites Pb and As were highly significantly correlated (Spearman rho = 0.82; p-449 

value < 0.001), however this correlation was mainly driven by collinearity between site 450 

and element concentration since this correlation was no longer significant when 451 
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analysed within site (see supplementary material Figs. S1-S4). Arsenic was highly 452 

correlated with Se within AIG (Spearman rho = 0.62; p-value < 0.001). Cd was highly 453 

correlated with Ni and Sn within FDP (Spearman rho = 0.56; p-value < 0.001 and 454 

Spearman rho = 0.56; p-value < 0.001, respectively) as was Ni with Sn within FDP 455 

(Spearman rho = 0.55; p-value < 0.001). All other significant correlations between trace 456 

elements within and across sites had a Spearman rho below 0.5 (see supplementary 457 

materials Figs. S1-S4). 458 
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 459 

Fig. 2. Trace element concentrations of sediment and feathers between sites. Statistical 460 
differences between sites are shown within the figures of each element 461 
 462 
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3.3. Association between chick body condition and bioaccumulation of trace 463 

elements 464 

Females had a higher chick body condition than males (ΔAICc = 9.96; Cohen's D 465 

[±95%CI] = 0.730 [0.655; 1.192]; adjusted-R2 =6.5%; Fig. 3a.). In addition, chick body 466 

condition differed between breeding sites with a gradient of AIG>>ODI=FDP (ΔAICc 467 

= 60.96; Cohen's D AIG-FDP [±95%CI] = 1.706 [1.152; 2.311]; Cohen's D AIG-ODI 468 

[±95% CI] = 1.610 [1.053; 2.244]; Cohen's D FDP-ODI [±95%CI]  =  0.162 [−0.258; 469 

0.595]; adjusted-R2 =43.8%; Fig. 3a.). Se was the only trace element found to have a 470 

small negative effect on chick body condition (ΔAICc = 3.16; partial-r [±95%CI] = 471 

−0.231 [−0.444; −0.195]; adjusted-R2 = 2.6%; Fig. 3b.). None of the other trace 472 

elements were supported by model selection (supplementary Tables S1–S181). 473 

Because there is a lack of independence between breeding sites and the trace elements 474 

(see above), we reanalysed the effect of trace elements on chick body condition within 475 

each breeding site. The only site for which we found an association between trace 476 

elements and chick condition was in FDP, whereby there was a negative association 477 

with Se (ΔAICc = 6.35; partial-r [±95%CI] = −0.461 [−0.675; −0.149]; adjusted-R2 = 478 

12.8%; Fig. 3b.) and Pb (ΔAICc = 2.58; partial-r [±95% CI] = −0.358 [−0.660; −0.027];  479 

adjusted-R2 =15.5%;Fig. 4d.). 480 

When controlling for the effect of Se, we also found a strong negative as-sociation 481 

between body condition and Hg (ΔAICc = 5.00; partial-r [± 95%CI] = −0.427 [−0.639; 482 

−0.046]; adjusted-R2 = 12.8%; Fig. 3c.). The effect of Se was also slightly better 483 

supported and stronger when controlling for Hg (ΔAICc = 11.34; partial-r [±95%CI] = 484 

−0.567 [−0.757; −0.247]; adjusted-R2  = 18.4%). 485 

 486 

 487 
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 488 

Fig. 3. The effect of breeding site, sex (a.), Se (b.), Hg (c.) and Pb (d.) on chick body 489 
condition. In b. to d. fitted lines from linear models are shown along with 95% 490 
confidence intervals. 491 
 492 

3.4. Association between microbiome alpha diversity and bioaccumulation of trace 493 

elements 494 

An effect of site on Shannon index was not supported, although there was a tendency 495 

for ODI to have a lower Shannon index than AIG and FDP (ΔAICc = 1.52; Cohen's D 496 

AIG-FDP [±95%CI] = 0.313 [−0.093; 0.670]; Cohen's D AIG-ODI [±95%CI] = −0.197 497 

[−0.644; 0.253]; Cohen's D FDP-ODI [±95%CI] = −0.602 [−1.035; −0.170]; adjusted-498 
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R2 = 7.1%; Fig. 4a.). There was a strong support for an association between the number 499 

of ASVs and breeding site, with higher ASV richness in FDP compared to the two other 500 

sites and AIG tending to have a similar number of ASVs to ODI (ΔAICc = 35.76; 501 

Cohen's D AIG-FDP [±95%CI] = 1.150 [0.656; 1.625]; Cohen's D AIG-ODI [±95% 502 

CI] = 0.007 [−0.426; 0.476]; Cohen's D FDP-ODI [±95%CI] = −1.218 [−1.692; 0.693]; 503 

adjusted-R2 = 23.2%; Fig. 4b.). There was no evidence of an association between alpha 504 

diversity and sex (Fig. 4a. and b.). 505 

When analysing across sites, a non-linear negative relationship between Pb and 506 

Shannon index was supported by model selection (ΔAICc = 3.141; adjusted-R2 = 507 

10.4%; Fig. 4c.), where Pb bioaccumulation was negatively associated with Shannon 508 

index when bio-accumulation was less than 0.1 mg/kg (partial-r [±95%CI] = −0.291 509 

[−0.468; −0.044]). Whilst a similar tendency was found when analysing the number of 510 

ASVs, it was not statistically supported following model selection due to the lack of 511 

independence between breeding site and Pb, and insufficient power within site (Fig. 512 

4d.). Model selection also retained an effect of Sn across sites (ΔAICc = 28.681) and 513 

within AIG (ΔAICc = 65.526) on Shannon index, however this effect was driven by a 514 

single outlier and was no longer supported once the outlier was removed. Model 515 

selection did not retain an effect of any other trace element on Shannon index and the 516 

number of ASVs across or within sites (supplementary Tables S1–S181). 517 

 518 

 519 
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 520 

Fig. 4. The effect of breeding site and sex on Shannon index (a.) and number of ASVs 521 
(b.). The effect of Pb across breeding sites on Shannon index (c.) and within sites on 522 
number of ASVs (d.).Inc.tod.fitted lines from general linear models are shown along 523 
with 95% confidence intervals. 524 
 525 

3.5. Association between microbiome beta diversity and bioaccumulation of trace 526 

elements 527 

We found that breeding site was significantly associated with beta di-versity based on 528 

RDA analysis (F2,96 = 12.083; p-value < 0.001, adjusted-R2 = 0.18, Fig. 4a.). However 529 

SourceTracker analyses revealed that environmental exposure of sediment microbiome 530 

plays a minor role in explaining the strong site specific effects, since a median of only 531 

0.013% (95% range: 0–0.568%), 0.155% (95% range: 0.004–7.336%) and 0.016% 532 
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(95% range: 0–4.4%) of gut microbiome ASVs in AIG, FDP and ODI respectively 533 

could be traced to environmental sediment sources. The effect of sex was not 534 

statistically supported (F1,95  = 1.395; p-value = 0.125). 535 

When analysing across sites we found significant support for a small effect of Se on 536 

beta diversity (F1,95 = 1.926; p-value = 0.031, adjusted-R2 = 0.01), with the effect 537 

mainly driven by an ASV assigned as Bacteroides plebeius (Fig. 5a). Within site, Se 538 

was significantly supported within FDP (F1,37 = 2.138; p-value = 0.002, adjusted-R2 = 539 

0.03), but the effect of Se was not significant within AIG (F1,27 = 1.308; p-value = 0.150, 540 

adjusted-R2 = 0.01) or ODI (F1,33 = 0.888; p-value = 0.632, adjusted-R2 =0). We found 541 

no significant effect of any other trace element, both across and within sites, or any 542 

interaction between trace elements and breeding site on beta diversity (all p-values 543 

>0.05). 544 

Beta diversity divergence was higher in the polluted site of ODI than in AIG and FDP, 545 

with the latter two having similar beta diversity diver-gence (ΔAICc = 5.262;; Cohen's 546 

D AIG-FDP [±95%CI] = 0.131 [−0.422; 0.716]; Cohen's D AIG-ODI [±95%CI] = 547 

0.645 [0.064; 1.218]; Cohen's D FDP-ODI [±95%CI] = 0.747 [0.271; 1.212]; adjusted-548 

R2 = 9.2%; Fig. 5b.) but no effect of sex was supported by model selection. We found 549 

support for an effect of the interaction between As and breeding site on beta diversity 550 

divergence (ΔAICc = 2.449; adjusted-R2 = 8.1%; Fig. 5c). The latter was driven by a 551 

negative association within AIG which had low to intermediate bioaccumulation of As 552 

(ΔAICc = 2.908; partial-r [±95%CI] = −0.412 [−0.583; −0.158]; adjusted-R2 = 17%; 553 

Fig. 5c), but no association was found either within FDP which had low 554 

bioaccumulation nor within ODI which had high As bio-accumulation. We also found 555 

strong support for an interaction between Cu and breeding site on beta diversity 556 

divergence (ΔAICc = 3.661; Fig. 5d), with a negative association supported within FDP 557 

(ΔAICc = 4.463; partial-r [±95%CI] =−0.405 [−0.613; −0.045]; Fig. 4d) and a positive 558 

association  supported  within  ODI  (ΔAICc = 3.019; partial-r [±95%CI] = 0.396 559 

[−0.035; 0.714]; Fig. 5d). We found strong support of a positive association between 560 

Pb and beta diversity divergence across sites (ΔAICc = 3.700; partial-r [±95%CI] = 561 
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0.326 [0.145; 0.518]; Fig. 5e). When modelling the effect of Pb on beta diversity 562 

divergence, the effect of breeding site was no longer supported suggesting that most of 563 

the variation in beta diversity divergence between sites was driven by variation in Pb 564 

bioaccumulation. Finally, there was support for a negative association between beta 565 

diversity divergence and Zn across sites (ΔAICc = 1.021; partial-r [±95%CI] = −0.179 566 

[−0.341; −0.007]; Fig. 5e). 567 

None of the other trace elements, both across and within sites, or any other interaction 568 

between trace elements and breeding site on beta diversity divergence was supported 569 

by model selection (supplementary Tables S1–S181). 570 

 571 

3.6. Association between differential relative abundance of specific ASVs and 572 

bioaccumulation of trace elements 573 

Mirroring results from beta diversity we found evidence of an association between 574 

relative differential abundance of specificASVsand four elements: As, Cu, Pb and Se 575 

(Fig. 6a). For both As and Pb, ANCOM identified six ASVs whose relative abundance 576 

was differentially expressed according to trace element concentrations, but parameter 577 

e-timates of differential logs overlapped 0 for each of these ASVs (Fig. 6a). The latter 578 

result further supports that stochastic processes are driving differences in microbiome 579 

assemblage according to the elements, rather than a systemic shift of specific ASVs. In 580 

contrast for Cu, two out of 12 ASVs above the ANCOMW threshold of 0.6 had 581 

differential log estimates whose 95% confidence intervals did not overlap 0. The two 582 

ASVs were assigned  to Tissierellaceae and Porphyromonas and both were nega-tively 583 

associated with Cu concentrations (Fig. 6b and c, respectively; partial-r [±95%CI] = 584 

−0.325 [−0.719; −0.002] and partial-r [±95%CI] = −0.220 [−0.641; 0.036], 585 

respectively; adjusted-R2  = 4.39% and adjusted-R2 = 2.47%, respectively). ANCOM 586 

found support for a single ASV, assigned as Bacteroides plebeius, to be significantly 587 

enriched along Se concentrations (Fig. 6 d; partial-r [±95%CI] = 0.239 [0.046; 0.433]; 588 

adjusted-R2 = 3.54%). In turn, Bacteroides plebeius was negatively associated with 589 
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body condition (ΔAICc = 2.852; partial-r [±95%CI] = −0.230 [−0.455; 0.019]; 590 

adjusted-R2 = 4.46%; Fig. 7). In contrast, we found no support for an effect of 591 

Tissierellaceae and Porphyromonas on body condition (supplementary Tables S1–592 

S181). 593 

 594 

Fig. 5. Redundancy analysis modelling the effect of breeding site (inset of a.) and Se 595 
(a.) on beta diversity Aitchison distance. Dots in a. represent individual ASVs which 596 
are labelled at the lowest assigned taxonomic level. Within the inset of a. dots represent 597 
individual samples. The effect of breeding site (b.), As (c.), Cu (d.), Pb (e.) and Zn (f.) 598 
on beta diversity divergence. In c. to f. fitted lines from general linear models are shown 599 
along with 95% confidence intervals. 600 
 601 
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 602 

Fig. 6. Volcano plots show the results of analysis of composition of microbiomes 603 
(ANCOM) according to differential log estimates of centred logged ratios (clr) from 604 
general least square (GLS) regressions across the ten trace elements investigated in this 605 
study (a.). Both ANCOM and GLS analyses control for the fixed effect of breeding 606 
sites and the effect of heterogeneity within breeding sites. Dots represent individual 607 
ASVs and are colored grey if below the ANCOM W threshold of 0.6. If the W threshold 608 
was above 0.6 dots were colored red if the 95% confidence intervals of the GLS 609 
parameter estimate overlapped 0 and black if confidence intervals did not overlap 0. 610 
Taxonomic assignment and confidence intervals are shown only for ASVs in red. 611 
Relative differential abundance (clr) of an ASV assigned as Tissierellaceae (b.) and 612 
Porphyromonas (c.) according to bioaccumulation of trace elements Cu are fitted with 613 
GLS regressions controlling the fixed effect of breeding site and breeding site 614 
heterogeneity. An identical model structure was used to investigate the relationship 615 
between Bacteroides plebeius and Se bioaccumulation (d.). In b. to d. fitted lines are 616 
shown along with 95% confidence intervals 617 
 618 

 619 

 620 

 621 
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 622 

Fig. 7. The effect of Bacteroides plebeius relative abundance on chick body condition 623 
controlling for the effect of site and sex. Fitted lines from general least squares models 624 
are shown along with 95% confidence intervals. 625 
 626 

4. Discussion 627 

Our results demonstrate that high environmental exposure of trace elements from the 628 

sediment only equated to high feather bioaccumulation for the harmful elements As, 629 

Pb and perhaps Sn but not for the remaining trace elements. Importantly, we found that 630 

body condition was adversely associated with bioaccumulation of two antagonist trace 631 

elements, Se and Hg, and with Pb. Among these trace elements, Se and Pb 632 

bioaccumulation influenced gut microbiome composition, while we also found subtler 633 

effects of As, Cu and Zn. 634 

 635 

4.1. Variation in sediment element concentration is not mirrored in feather 636 

bioaccumulation of trace elements 637 

Our results are consistent with the extensive literature which demonstrates that ODI is 638 

one of the most polluted estuarine areas in the world (Achterberg et al., 2003; Barba-639 

Brioso et al., 2010; Guillén et al., 2011; Morillo et al., 2008; Ruiz et al., 2008), since 640 



29 
 

ODI sediment element concentration was much higher for 9 out of 10 elements (the 641 

exception was Se) compared to AIG and FDP. In contrast, our results confirmed that 642 

both AIG and FDP can be considered relatively unpolluted sites for the trace elements 643 

investigated in this study. FDP tended to be slightly richer in trace elements than AIG, 644 

which is likely driven by the fact that FDP sediment is characterized by more fine 645 

particles (clays and organic matter) which are more prone to accumulate undesirable 646 

toxic metals and metalloids (Davis, 1984; Lukman et al., 2013). 647 

Despite evidence of high environmental pollution in ODI, we found that variation in 648 

bioaccumulation in feathers between sites did not mirror the pattern observed in 649 

sediment, whereby higher concentration of trace elements in ODI was only observed 650 

in feathers for the harmful elements As, Pb and to a lesser extent Sn. Overall two 651 

alternative, but non-mutually exclusive, interpretations can explain our results: (i) 652 

feathers are a good indicator of trace element bioaccumulation in greater flamingos for 653 

As and Pb in highly polluted sites but not for the remaining trace elements or (ii) the 654 

relative role of local sediment and diet exposure on trace element bioaccumulation 655 

varies according to the trace element and site investigated. 656 

Both explanations are likely for Cd, Cr and Ni for which bioaccumulation was rather 657 

low and variable within site, despite high exposure from the abiotic environment in 658 

ODI. In contrast, several lines of evidence makes the former an unsatisfactory 659 

explanation for the remaining elements. First, metals have a strong affinity to the 660 

sulfhydryl groups in the keratin of feathers (Burger and Gochfeld, 2002). In theory, all 661 

trace elements circulating in the blood at the time of feather growth, including the 662 

essential elements Cu and Zn required for feather formation (Lai et al., 2010; Leeson, 663 

2009; Sunde, 1972; Supplee et al., 1958; Vohra and Kratzer, 1957), may enter the 664 

structure of the feather and may be a good bioindicator of exposure (Burger, 1993). 665 

Indeed trace element concentrations in feathers have been shown to be correlated with 666 

blood concentrations of chicks for As, Hg, Se, and Pb (Burger and Gochfeld, 1990; 667 

Dolan et al., 2017; Monteiro and Furness, 2001). Furthermore, a previous study on fish 668 

in Tinto and Odiel rivers revealed that Cu and Zn are more bioavailable than Pb 669 
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(Vicente-Martorell et al., 2009) and high concentration levels across sites indicate that 670 

both elements clearly bioaccumulated in feathers in our study. Second, the bio-671 

accumulation of the toxic elements Hg, Se and, to a lesser extent, Sn followed a similar 672 

pattern to supposedly constitutive and essential elements (Cu and Zn) and were 673 

considerably more concentrated relative to the basal level in the environment than the 674 

other toxic bioaccumulated elements (As, Cd, Cr, Ni, and Pb). For instance, in FDP, 675 

the ratio Pb:Hg is about 655 in sediments but only 0.08 in feathers; the ratio Pb:Se is 676 

23 in sediments and about 0.02 in feathers. For Sn, the ratio of Pb:Sn is lower by a 677 

factor of 2.3–9.2 in sediment compared to feathers depending on the site and the high 678 

bioaccumulation in feathers observed in this study is consistent with previous results 679 

in chickens (Sun et al., 2014). Therefore, our results are a strong indication that feathers 680 

are incorporating the toxic elements Hg, Se and Sn more efficiently than Pb. Third, 681 

there is extensive evidence demonstrating that feathers play a primary role as an 682 

excretion pathway for methyl-Hg in seabirds (Becker et al., 1994; Lewis and Furness, 683 

1991) and low levels of Hg in feathers in ODI relative to sediment exposure is 684 

consistent with previous studies in water birds (Borghesi et al., 2011, 2016; Rubio et 685 

al., 2016). Therefore, overall our results suggest that, in addition to As and Pb, there is 686 

clear bioaccumulation of Cu, Hg, Se, Sn and Zn in feathers. However, unlike As and 687 

Pb in ODI, the main source of exposure for these elements is likely to be the greater 688 

flamingo's diet rather than local sediment. Indeed, diet exposure has been shown to 689 

result in Cd, Cu, Hg, Ni, Pb, Se, Sn and Zn feather bioaccumulation (Cd: Pilastro et 690 

al., 1993;Cu:Kim and Kil, 2015; Kim et al., 2016; Hg: Monteiro et al., 1998; Falkowska 691 

et al., 2013; Keller et al., 2014; Thompson et al., 1998;Ni:Eastin and O'Shea, 692 

1981;Pb:Markowski et al., 2013;Se: Ševčíková et al., 2006; Couloigner et al., 693 

2015;Sn:Sun et al., 2014;Cu and Zn: Vohra et al., 1968) and indirect evidence also 694 

points to diet resulting in As feather bioaccumulation (Tasneem et al., 2020; Sánchez-695 

Virosta et al., 2015; Dauwe et al., 2004). 696 

In greater flamingo chicks diet exposure comes from crop milk fed by the adults and 697 

hence reflects adult foraging behaviour. While foraging behaviour by breeding greater 698 
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flamingos shows extensive geo-graphic variation, individuals are known to cover large 699 

distances. Resighting data from dye-marked breeding birds at the Etang du Fangassier 700 

site in the Camargue, south of France (which is 34 km from AIG and the preferred 701 

breeding site in the south of France when environmental conditions are favorable) 702 

indicate that around a third of birds forage within 10 km of the breeding site but some 703 

individuals were recorded to forage up to 70 km away (Béchet et al., 2009b). In AIG, 704 

Cu was significantly higher than in other sites and AIG is surrounded by vineyards 705 

(Sable-de-camargue IGP) where Cu has been heavily dispersed since the late 19th 706 

century to fight and control fungal diseases (Ballabio et al., 2018), including organic 707 

farms who continue to preferentially use Cu as a fungicide (Ballabio et al., 2018; 708 

Provenzano et al., 2010). Therefore the higher concentrations of Cu feather 709 

bioaccumulation in AIG may be explained by agricultural contamination of adult 710 

feeding sites. The baseline level of Cu in flamingos should be assessed in future studies 711 

in order to properly use Cu in feathers as a bioindicator. 712 

Unlike AIG and ODI, the lagoon at the FDP breeding site dries out and the lack of local 713 

foraging sites forces adults to forage in distant sites around 130–400 km away, 714 

including the heavily polluted sites of the Tinto-Odiel estuary (~200 km from FDP) 715 

(Amat et al., 2005; Rendón et al., 2011, 2014). We therefore speculated that FDP adults 716 

may be ex-posing their chicks to toxic levels of trace elements through their crop milk, 717 

leading to high bioaccumulation in chick feathers. However this is not supported by 718 

our results since FDP had lower bioaccumulation concentrations for As and Pb than in 719 

AIG, despite higher abiotic expo-sure in FDP. In fact, for all trace elements investigated 720 

in this study, FDP had either similar levels of trace element bioaccumulation to AIG or 721 

lower concentrations. Our results therefore suggest that ODI may not be a major 722 

feeding site of adults (for both birds breeding in ODI and FDP). The latter is supported 723 

by data of sightings of individually banded birds, when during the chick provisioning 724 

period, adults show a strong fidelity to the foraging sites and about 80% of adults 725 

breeding in FDP were observed to forage in a fish farm in Doñana (130 km from FDP), 726 
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about 10% in ODI, about 5% in Cádiz Bay saltpans, and the remain-ing in other areas 727 

(J. A. Amat, A. Garrido, M.A. Rendón, M. Rendón-Martos, unpubl. data). 728 

Selenium bioaccumulation was also significantly different across breeding sites with a 729 

gradient of AIG > FDP > ODI. Se pollution is known to quickly bioaccumulate in 730 

aquatic environments through diet exposure and has only been recognized as an 731 

important pollutant in the 1990s (Lemly, 2004). Sources of Se pollution ranges from 732 

mining (coal, gold, silver, and nickel), agricultural practices (e.g. subsurface irrigation 733 

drainage) and industrial activities (e.g. coal power combustion) and water is the 734 

primary driver of anthropogenic sourced Se in aquatic environments (Lemly, 2004; 735 

Maher et al., 2010). Despite the fact that elevated Se pollution can cause devastating 736 

effects in waterbirds, resulting in high embryonic abnormalities and mortalities 737 

(Presser and Ohlendorf, 1987), there is scarce data of Se contamination and bio-738 

accumulation in our study sites (Alvárez et al., 2013; Amiard-Triquet et al., 1991; 739 

Cosson et al., 1988; Guan and Martin, 1991). Our results suggest variation in dietary 740 

Se exposure across sites in greater flamingos and the effects of Se contamination in 741 

Mediterranean wetlands merits further research. 742 

Overall our results are consistent with diet exposure playing a greater role in 743 

determining trace element exposure than local sediment exposure for AIG and FDP, as 744 

well as for all trace elements in ODI except for Pb, As and perhaps Sn. Only the 745 

sampling of crop milk can elucidate further the interplay between diet, environmental 746 

exposure and chick bioaccumulation, which merits further investigation in the future. 747 

 748 

4.2. Site specific effects indicate that environmental and ecological factors affect 749 

body condition and gut microbiome 750 

According to studies on both neutral and adaptive genetic markers, greater flamingo 751 

breeding colonies form a single genetic population with high gene flow at the scale of 752 

the Mediterranean (Geraci et al., 2012; Gillingham et al., 2017). Therefore differences 753 

in parental genotypes cannot explain site specific effects of chick phenotypes, 754 
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suggesting strong local environmental and ecological effects on chick body condition 755 

and gut microbiome, as has previously been reported (body condition: Amat et al., 756 

2007; Béchet and Johnson, 2008; Cézilly et al., 1995; Yohannes et al., 2014; gut 757 

microbiome: Gillingham et al., 2019). Variation in chick body condition is known to 758 

be negatively associated with the number of breeding pairs in a colony, presumably 759 

due to density-dependent effects (Béchet and Johnson, 2008). In the Bouche-du-Rhône 760 

estuary, which includes the AIG site, chick body condition is also negatively associated 761 

with river discharge levels of the Rhône. Béchet and Johnson (2008) speculated that 762 

higher water discharge may increase the release of metal and sewage contaminants 763 

suspended in solids in the Bouche-du-Rhône estuary and have a detrimental effect on 764 

invertebrate productivity resulting in lower food availability, negatively affecting chick 765 

body condition. In addition, evidence from feather and blood isotopes suggests that 766 

chicks fed a diet richer in food from temporary marshes than permanent salt pans had 767 

higher body condition (Yohannes et al., 2014). Food availability and diet, which will 768 

vary across and within sites, is also known to be an important predictor of gut 769 

microbiome composition in many taxa (Muegge et al., 2011), parameters that we could 770 

not directly investigate in this study but merits further future investigation in the future. 771 

Another potential source of site specific effects in microbiome gut composition is 772 

variation in microbial exposure from the environment and in particular sediment. 773 

However, sediment microbiome explained a small amount of variation of gut 774 

microbiome composition (0.013–0.155% of gut microbiome ASVs could be traced to 775 

sediment microbiome), as previously reported in the Red-necked stint, Calidris 776 

ruficollis (Risely et al., 2017). Chick age is also not a significant parameter in 777 

explaining chick gut microbiome composition in our study system (see Gillingham et 778 

al., 2019). Therefore, chick gut microbiome at 2–4 months of age has already 779 

undergone strong host selection (Gillingham et al., 2019) and is resilient to site specific 780 

environmental microbial exposure. 781 

 782 
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4.3. Trace element bioaccumulation is associated with two proxies of health: body 783 

condition and the gut microbiome 784 

Our study reveals that exposure to environmental pollution of trace elements, including 785 

heavy metals, is an important predictor of site specific variation in body condition and 786 

microbiome composition. Toxic levels of heavy metal bioaccumulation can play an 787 

ambivalent role on body condition depending on the element and the tissue sample 788 

used to estimate bioaccumulation (e.g. Debacker et al., 2000; Esselink et al., 1995; 789 

Janssens et al., 2003; Takekawa et al., 2002). These ambivalent results can be explained 790 

by the fact that the liver and kidney can incorporate some trace elements at a higher 791 

rate than feathers (Cosson et al., 1988) and that body condition estimates are an indirect 792 

measure of true condition (Peig and Green, 2009, 2010). In this study, we found no 793 

evidence of an effect of bioaccumulation As, Cd, Cr, Cu, Ni, Sn and Zn in feathers on 794 

chick body condition but the aforementioned limitations do not allow us to exclude the 795 

possibility that these elements do not affect physiological health. Indeed, we found 796 

evidence that feather bioaccumulation of As, Cu and Zn did affect gut microbiome 797 

divergence from the population median, an indicator of impairment in gut homeo-stasis 798 

(Ma, 2020; Zaneveld et al., 2017). 799 

Whilst As is toxic and has been shown to disrupt microbiome com-position in 800 

experimental rodents and in humans (Assefa and Köhler, 2020; Brabec et al., 2020; Lu 801 

Kun et al., 2014; McDermott et al., 2020), trace quantities are thought to be essential 802 

to both eukaryotes and prokaryotes (Stolz et al., 2006). In our study, we found that 803 

divergence from the median decreased with increasing As bioaccumulation within the 804 

site with intermediate bioaccumulation for this element (AIG; range: 0.003–0.09 805 

mg/kg), suggesting an optimal concentration in feathers of As at around 0.1 mg/kg (Fig. 806 

5c). 807 

Copper is an essential element to all living organisms but high exposure is toxic to 808 

animals and whilst copper ions are naturally antimicrobial, few studies have 809 

investigated the relationship between Cu and the intestinal flora (Dempsey et al., 2019). 810 
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Interestingly in birds it has been found that both low and high intake of Cu lead to gut 811 

dysbiosis and a shift in gut microbiome composition (Song et al., 2017). We found a 812 

negative association between Cu bioaccumulation and microbiome di-vergence in the 813 

site with low to intermediate bioaccumulation values (FDP; range: 2.12–8.72 mg/kg) 814 

and a positive association in the site with intermediate to high bioaccumulation values 815 

(ODI; range: 5.80–12.84 mg/kg), suggesting an optimal Cu concentration in feathers 816 

of around 7.5 mg/kg (Fig. 5 d.). Cu was also associated negatively with two ASVs 817 

assigned to Tissierellaceae, of the Firmicutes phylum and Porphyromonas of the 818 

Bacteroidetes phylum. The family Tissiserellaceae and the genus Porphyromonas have 819 

previously been described in host-associated microbiota, and although their functions 820 

remain unknown, some opportunistic pathogens have been identified (Bemis et al., 821 

2011; Capellari et al., 2016; Kawamura et al., 2015; Sakamoto et al., 2015; Summanen 822 

et al., 2009; Wagener et al., 2014). Therefore our re-sults are in broad agreement with 823 

experimental work in birds which suggest that an optimal intake of dietary Cu is 824 

associated with gut homeostasis (Song et al., 2017). 825 

Zinc is also essential to both eukaryotes and prokaryotes and is only toxic at very 826 

elevated levels (Berg and Shi, 1996; Blencowe and Morby, 2003; Gaither and Eide, 827 

2001). Healthy dietary intake of Zn is known to be key to gut homeostasis (Højberg et 828 

al., 2005; Pieper et al., 2012; Smith et al., 1972; Starke et al., 2014; Vahjen et al., 2010) 829 

and a deficiency in Zn has been associated with decreased homeostasis of the gut in 830 

chick microbiota of birds (Reed et al., 2015). Therefore, the negative association 831 

between Zn bioaccumulation and microbiome divergence from the population median 832 

in our study adds to the growing body of evidence of the central beneficial role of this 833 

element in gut homeostasis in birds. 834 

Our results indicate that there is a threshold effect of Pb bioaccumulation on chick body 835 

condition. We found a strong negative association with chick body condition in the site 836 

with low Pb bioaccumulation (FDP: range 0.011–0.065 mg/kg), but Pb 837 

bioaccumulation was no longer associated with chick body condition in breeding sites 838 

with intermediate bioaccumulation (AIG: range 0.033–0.110 mg/kg) and high 839 
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bioaccumulation (ODI: range 0.060–0.269 mg/kg). Pb also affected gut microbiome 840 

richness (alpha diversity). A negative log-linear association between Pb and alpha 841 

diversity is in broad agreement with previous work showing lower alpha diversity in a 842 

mine affected polluted site than in an unpolluted site in the Mongolian toad 843 

(Strauchbufo raddei) (Zhang et al., 2016) and with experimental work in mice 844 

reporting decreased microbial diversity with high levels of exposure to Pb (Gao et al., 845 

2017). 846 

We found that microbiome divergence from the population median was strongly 847 

associated with Pb bioaccumulation (adjusted-R2 = 10.6%). Indeed, the higher 848 

divergence in the polluted site of ODI was largely explained by Pb bioaccumulation. 849 

Our results are consistent with a number of studies in experimental mice which have 850 

found that Pb exposure disrupts the homeostasis of the gut microbiome (Breton et al., 851 

2013a, 2013b; Gao et al., 2017). Overall our results suggest a strong negative effect of 852 

Pb bioaccumulation on chick greater flamingo health. Whilst Pb is well known to be 853 

detrimental to wildlife health, our study highlights that the adverse effects of Pb on 854 

both body condition and gut microbiome in a natural population was only detected be-855 

cause both polluted and unpolluted sites were sampled, capturing a broad range of 856 

exposure for this harmful element. 857 

We also found a negative association between Se bioaccumulation in feathers and body 858 

condition in greater flamingo chicks. Despite being an essential element, exposure of 859 

Se above beneficial doses is known to have detrimental effects in birds (Ackerman and 860 

Eagles-Smith, 2009; Beijer and Jernelöv, 1978; Heinz and Fitzgerald, 1993; Heinz and 861 

Hoffman, 1998; Takekawa et al., 2002). For instance, feeding of mallard ducks, Anas 862 

platyrhynchos, with ad libitum diets enriched with 20 μg/g or more of selenium 863 

significantly caused weight loss and mortality in an experimental study (Heinz and 864 

Fitzgerald, 1993). In addition, Se is known to be an antagonist to Hg and can reverse 865 

the negative effects of Hg and increase survival of birds exposed to toxic levels of Hg 866 

(El-Begearmi et al., 1977). However, elevated levels of Se can cause increased 867 

retention of Hg which counteract the positive effect of Se de-creased intoxication 868 
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(Beijer and Jernelöv, 1978; Heinz and Hoffman, 1998). An experimental study in 869 

mallards, has found that the additive adverse effects of Se and Hg are worse than when 870 

birds are exposed to elevated levels of only one of the two elements (Heinz and 871 

Hoffman, 1998). In our study, we found that Hg and Se bioaccumulation had an 872 

additive negative effect on body condition in FDP (the site with the highest median Hg 873 

bioaccumulation). Thus, our study further suggests that both Hg and elevated Se 874 

bioaccumulation is additively and negatively affecting host health in birds. 875 

Selenium but not Hg, was also associated with a shift in microbiome composition, 876 

mostly driven by an enrichment of Bacteroides plebeius. B. plebeius has previously 877 

been associated with diets rich in red seaweed in humans (Hehemann et al., 2012). B. 878 

plebeius is involved in the production of carbohydrate active enzymes, or CAZymes, 879 

in the gut and plays an important function in the breakdown of sulphated 880 

polysaccharides that are found in marine algae (Hehemann et al., 2012), a key part of 881 

flamingo species diet (Johnson, 1997). Interestingly, microalgae is known to be 882 

enriched in Se in many species for which it is required for growth and metabolic 883 

functions via selenoproteins (Araie and Shiraiwa, 2009; Obata and Shiraiwa, 2005; 884 

Schiavon et al., 2017). There-fore, B. plebeius enrichment may reflect higher intake of 885 

selenium rich microalgae which requires the metabolization of the associated carbo-886 

hydrates. In addition, B. plebeius enrichment in chicks was negatively as-sociated with 887 

chick body condition in our study. Our results therefore suggest that a Se rich diet of 888 

microalgae may be associated with high Se bioaccumulation which in turn adversely 889 

affected body condition. 890 

 891 

5. Conclusion 892 

We found that only three elements out of 10 were significantly higher in feathers of 893 

greater flamingo chicks at the highly polluted breeding site of Odiel: As, Pb and to a 894 

lesser extent Sn. We can therefore conclude that high local sediment exposure of As 895 

and Pb pollutants and perhaps Sn resulted in high bioaccumulation in the polluted site. 896 
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In contrast, bioaccumulation in feathers did not reflect local sediment expo-sure for all 897 

other elements investigated in this study (Cd, Cr, Cu, Hg, Ni, Se and Zn) and exposure 898 

is likely driven by parental transfer of diet. Se, Hg and Pb bioaccumulation affected 899 

chick body condition, whilst gut microbiome composition was affected by As, Cu, Pb 900 

and Zn bioaccumulation. Unsurprisingly, Pb emerged as an element of particular 901 

concern, affecting chick body composition, microbial diversity and composition. Our 902 

study also highlights the concern of Se, which impacted chick body condition, 903 

microbiome composition and the interplay between both of these parameters across all 904 

sites. Our results therefore suggest that in addition to well-studied elements such as Pb 905 

and Hg, bioaccumulation of poorly studied elements, such as Se, are adversely 906 

affecting the health of natural populations. More studies are greatly needed on the 907 

metabolic processes driving trace element accumulation of contaminants into feathers 908 

and how they relate to direct measures of fitness such as survival and reproductive 909 

success in order to further understand their potential use as bioindicators. 910 
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