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Abstract 20 

Blood and feathers are the non-lethal matrices most used to monitor mercury (Hg) in birds. Blood reflects recent intake 21 

at the sampling site, whereas feathers record exposure during moult, possibly elsewhere. Their correspondence should 22 

therefore vary with spatial scale and with site-fidelity. We tested this using 229 paired red blood cell and feather samples 23 

from 199 adult white-throated dippers (Cinclus cinclus) of mixed sex and age on eight rivers in the Chartreuse 24 

Mountains, France. Bivariate Bayesian mixed models estimated blood–feather correlations in Hg concentrations at the 25 

population level, among and within rivers, and by site fidelity. River explained about half the variance in both matrices, 26 

whereas territory explained more variance in blood than in feather Hg (intra-class correlation 0.24 vs. 0.03). Blood and 27 

feather Hg were moderately correlated (rpop = 0.45 [95% highest density interval 0.31, 0.59]), combining strong 28 

correspondence among rivers (rriver = 0.88 [0.60, 1.00]) with weak correspondence within rivers (rwithin-river = 0.09 [−0.07, 29 

0.27]). Correspondence was stronger in site-faithful than in other birds (rpop = 0.67 vs. 0.19). Within rivers, breeding 30 

partners were strongly correlated in blood but not in feather Hg (rwithin-river = 0.70 vs. 0.14). Concentrations in blood Hg, 31 

but not feather Hg, declined by 56% within four months. Feathers suit comparisons among rivers or regions, particularly 32 

in site-faithful adults, whereas blood is better suited to territories and to birds of unknown moult location, provided that 33 

sampling date is standardised or modelled. Blood–feather correlations should be reported at the spatial scale of 34 

inference. 35 
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1. Introduction 39 

Mercury (Hg) is a persistent environmental contaminant whose distribution has been profoundly altered by 40 

human activities (Panagos et al., 2021; Pompeani et al., 2018). Even environmentally relevant 41 

concentrations can disrupt oxidative balance, impair behaviour and reduce reproductive success 42 

(Ackerman et al., 2024; Chételat et al., 2020), and higher exposure can cause complete reproductive failure 43 

(Ackerman et al., 2016; Bjedov et al., 2025; Depew et al., 2012), reducing fitness and threatening population 44 

persistence (Chételat et al., 2020). Risks are greatest for animals feeding on aquatic resources, because 45 

microbial processes in aquatic systems convert inorganic Hg into methylmercury (MeHg), which 46 

biomagnifies through food webs (Chételat et al., 2020; Mahat et al., 2025). Monitoring Hg in biota is 47 

therefore a global priority and is required under the United Nations Minamata Convention on Mercury 48 

(UNEP, 2013). 49 

Birds are valuable bioindicators: many species occupy high trophic positions and show fitness costs of 50 

contamination (Albert et al., 2019; Bjedov et al., 2025; Rutkowska et al., 2018). Their Hg contamination can 51 

be measured in several matrices that integrate exposure over different time windows (Ackerman et al., 52 

2024; Chételat et al., 2020; Eagles-Smith et al., 2008). Internal tissues have well-defined toxicity 53 

benchmarks (Chételat et al., 2020) but require destructive sampling, so avian biomonitoring increasingly 54 

relies on blood and feathers (Low et al., 2020; Zabala et al., 2019). Blood reflects dietary intake over the 55 

preceding days to weeks and thus Hg bioavailability at the bird’s most recent location (Furness et al., 1986). 56 

Its strong correlations with Hg in eggs and internal tissues make it the indicator of choice for health and 57 

reproductive risk (Ackerman et al., 2024). 58 

Feathers, in contrast, incorporate Hg during growth and are metabolically inert thereafter (Bottini et al., 59 

2021; Furness et al., 1986), recording exposure during moult, including Hg remobilised from internal stores 60 

(Honda et al., 1986; Renedo et al., 2021). Simpler sampling, sample preparation, and storage make them 61 

attractive for biomonitoring (Peterson et al., 2019). Interpreting feather Hg, however, requires species-62 

specific knowledge (Chételat et al., 2020; Low et al., 2020), because it depends on when and where the 63 

feather was grown (Bertram et al., 2022, 2026), on feather type (Bertram et al., 2026; Peterson et al., 2019) 64 

and on how Hg is transferred from blood into growing feathers (Bottini et al., 2021). Consequently, 65 

correlations between feather and blood Hg in adult birds have often been reported as weak or inconsistent 66 

(Ackerman et al., 2019; Low et al., 2020). Strong correlations do occur under some conditions. In captive 67 

song sparrows (Melospiza melodia), Hg in growing feathers closely tracked blood Hg (r ≈ 0.98; Bottini et 68 

al., 2021). In field studies, however, feathers are usually sampled months after moult, whereas blood 69 

reflects recent exposure (Furness et al., 1986), so strong correlations are expected mainly in species that 70 

have small home ranges and experience limited change in exposure (Ackerman et al., 2012; Chételat et 71 

al., 2020), as reported for California clapper rails (r ≈ 0.87; Rallus obsoletus; Ackerman et al., 2012) and 72 

Carolina wrens (r ≈ 0.94; Thryothorus ludovicianus; Jackson et al., 2011). However, in a closely related 73 



resident species, the marsh wren (Cistothorus palustris), Hartman et al. (2013) found correlations of r ≈ 74 

0.10–0.63 across feather types and sexes in adult birds.  75 

Beyond the blood to feather transfer during growth, blood–feather correspondence depends on the 76 

circumstances of sampling, which we refer to collectively as the ecological context. Two aspects are central. 77 

The first is the spatial scale of comparison: local area means of blood and feather Hg can track the same 78 

geographic pattern even when individual values within a site correspond only weakly (Edmonds et al., 2010; 79 

Zabala et al., 2019). The second is whether a feather was grown at the same place as, and close in time 80 

to, the blood sample, which depends on whether a bird remained at its moult site until it was sampled, that 81 

is, on its site fidelity, a trait that can differ among individuals even within resident species (Bertram et al., 82 

2026; Low et al., 2020; Peterson et al., 2019). Because environmental Hg exposure varies both spatially 83 

and seasonally (Hartman et al., 2017; Zabala et al., 2019), feathers grown elsewhere or months before 84 

sampling need not reflect current exposure. Partly for this reason, fully grown feathers were excluded when 85 

avian toxicity reference values were derived, as their Hg often reflects a temporal mismatch with the 86 

endpoint measured (Ackerman et al., 2024), and their exposure window must be considered before they 87 

are used to infer exposure at particular locations or times (e.g. Chételat et al., 2020; Low et al., 2020).  88 

To our knowledge, no field study has examined both factors together, partitioning blood–feather correlations 89 

across spatial scales while accounting for where the sampled feather was grown. It therefore remains 90 

unclear whether the weak correlations often reported in adult birds reflect an inherent limitation of feathers 91 

as indicators or, at least in part, a mismatch between the scale and context of sampling. The white-throated 92 

dipper (Cinclus cinclus) is well suited to test how the ecological context shapes blood–feather 93 

correspondence, that is, the strength of their correlation. Most dippers hold small, linear river territories 94 

year-round and are exposed to Hg through their aquatic diet (Silverthorn et al., 2018; Tyler & Ormerod, 95 

1994). Individuals differ in site fidelity (Galarza et al., 2023), and the river network provides a natural 96 

hierarchy of spatial scales. Breeding partners share a territory, which allows a test of whether a shared 97 

location produces similar exposure. In our study population in the Chartreuse Mountains, France, long-term 98 

monitoring of territory use, sex and age allows us to estimate where most birds grew the sampled feather, 99 

and so whether feather and blood reflect the same location. 100 

Using paired blood and feather samples from adult dippers of mixed sex and age (yearlings to ≥ 5 years), 101 

we asked under which conditions blood and feather Hg correspond. Because individual traits, seasonal 102 

timing and spatial structure can all influence Hg accumulation (Chételat et al., 2020), we first (i) quantified 103 

their contributions to variation in each matrix. We then (ii) estimated blood–feather correlations at the 104 

population level, among rivers and within rivers, predicting weaker correspondence within rivers. We tested 105 

whether correspondence was stronger (iii) in birds that remained site-faithful between moult and capture 106 

and (iv) for feathers grown in the moult after, rather than before, blood sampling. Finally, (v) we estimated 107 

correlations between breeding partners within each matrix, predicting greater similarity between partners 108 

in blood than in feather Hg if shared location drives exposure. Identifying these conditions indicates at which 109 



spatial scales and for which individuals the more easily collected feathers can complement blood in 110 

monitoring. 111 

2. Methods 112 

2.1 Study species and study area 113 

White-throated dippers are small passerines (50–70 g; this study) living near fast-flowing rivers across 114 

Eurasia (Tyler & Ormerod, 1994). They feed mainly on benthic macroinvertebrates, such as caddisfly, 115 

mayfly and stonefly larvae, and on small fish, and are widely used as indicators of river water quality 116 

(Silverthorn et al., 2018; Tyler & Ormerod, 1994). Adults defend linear territories of 300–2500 m along rivers 117 

and remain highly faithful to them across seasons and years (Crowther et al., 2018; Tyler & Ormerod, 1994). 118 

Young birds often leave their natal territory between June and October (Tyler & Ormerod, 1994), and usually 119 

settle within a few kilometres of their natal site (Galarza et al., 2023). Moult differs between age classes 120 

(Jenni et al., 2020): adults undergo a complete post-breeding moult starting mid-June (B.D., personal 121 

observation), whereas juveniles undergo a partial post-juvenile moult (Jenni et al., 2020). Undertail coverts, 122 

the feathers sampled here, are replaced in both age classes.  123 

The study population in the Chartreuse Mountains, France (Fig. 1), has been monitored since 2014 by 124 

ringing adults and nestlings. The river network (200–1100 m a.s.l.) spans a gradient from formerly 125 

industrialised, now largely urbanised valleys to remote catchments. Capture locations were assigned to 126 

eight river units (hereafter rivers; 15–46 samples each; Fig. 1). The region has among the highest topsoil 127 

Hg concentrations in Europe, with legacy industrial sources contributing to small-scale variation in Hg 128 

bioavailability (Panagos et al., 2021).  129 

2.2 Field methods 130 

From mid-January to mid-May in 2024 and 2025, adult dippers were caught with mist nets at active 131 

territories. Birds were weighed and ringed with a metal ring provided by the French national ringing scheme 132 

(C.R.B.P.O., Muséum National d’Histoire Naturelle, Paris) and a unique colour-ring combination. Adults 133 

were sexed from body size and the presence of a brood patch (Tyler & Ormerod, 1994), and aged as 134 

yearlings (born in the previous calendar year) or older adults from plumage (Jenni et al., 2020). Exact ages 135 

were determined from ringing records. At each bird's first capture in a year, we collected 200–250 µl of 136 

blood from the metatarsal vein and plucked two undertail covert feathers for Hg analyses (sampling and 137 

storage details in Appendix A.1).  138 

Breeding pairs were identified from colour-ring combinations read on videos recorded during nest building 139 

and nestling feeding. From approximately 200 pairs monitored annually, about 55 per year were included 140 

in this study, selected to span ages and rivers. The final dataset comprised 229 paired blood and feather 141 

samples from 199 individuals (99 females, 100 males) on 109 territories in eight rivers. It is a mixed-sex, 142 



mixed-age sample covering different adult ages. Because 30 birds were sampled in both years, group sizes 143 

are given as n samples (N individuals).  144 

2.3 Mercury analysis 145 

We measured total Hg in red blood cells, which carry over 90% of Hg in avian blood (Bond & Robertson, 146 

2015), and in undertail coverts. Because MeHg accounts for most of the Hg in avian blood and feathers 147 

(84–99%; Mahat et al., 2025; Renedo et al., 2018), total Hg can be used as a proxy for this most biologically 148 

active form (Chételat et al., 2020). We therefore refer to total Hg in our red blood cell and feather samples 149 

as blood Hg and feather Hg, and use 'Hg' alone for mercury in general.  150 

For the laboratory analysis, about 15 µl of thawed red blood cells were dried on filter paper, and feathers 151 

were washed and oven-dried. Total Hg was quantified in dried blood strips and whole feathers with a Direct 152 

Mercury Analyser (DMA-80 evo, Milestone Srl, Sorisole, Italy) by thermal decomposition, gold 153 

amalgamation and atomic absorption spectrometry (U.S. EPA, 2007), and is reported in mg·kg−1 dry weight 154 

(dw). Duplicate analyses gave a coefficient of variation of 2.3 ± 2.6% (mean ± standard deviation (SD); n = 155 

36) for blood and 14.6 ± 15.9% (n = 39) for feathers. Feather duplicates were two different feathers from 156 

the same bird, so their variation includes among-feather differences as well as analytical error. Sample 157 

preparation, instrument settings and quality control are given in Appendix A.1.  158 

2.4 Statistical analysis 159 

Analyses were run in R (version 4.6.1; R Core Team, 2026). Blood and feather Hg were natural log-160 

transformed, and age and Julian capture date were standardised (mean = 0, SD = 1 across all 229 161 

samples). All models were Bayesian Gaussian mixed models fitted with brms (Bürkner, 2017). Table A.2 162 

lists the response, fixed and random effects and sample size of every main model. Models used the default 163 

weakly informative priors of brms (Bürkner, 2021) and four chains of 12,000 iterations (6,000 warm-up), 164 

thinned by a factor of 2, giving 12,000 posterior draws. We report posterior means with 95% highest density 165 

intervals (HDI) computed with bayestestR (Makowski, Ben-Shachar, & Lüdecke, 2019) and the probability 166 

of direction (Pd), the proportion of the posterior with the same sign as its median (Makowski, Ben-Shachar, 167 

& Lüdecke, 2019). Pd relates to a two-sided p-value as p ≈ 2 × (1 – Pd) (Makowski, Ben-Shachar, Chen, 168 

et al., 2019). We treated Pd ≥ 0.975 as evidence and 0.95 ≤ Pd < 0.975 as weak evidence for an effect. 169 

Model fit was summarised with conditional and marginal Bayesian R2 (Gelman et al., 2019). Convergence 170 

and sampler behaviour were checked with R-hat, bulk and tail effective sample sizes, divergent transitions, 171 

and trace and posterior predictive plots from bayesplot (Gabry et al., 2019). For comparisons between 172 

correlations from different models, we computed the difference between the two correlations in each 173 

posterior draw, following Gerritsma et al. (2023). 174 

 175 



2.4.1 Sources of variation in blood and feather Hg 176 

First, we assessed sources of variation in Hg measured in each matrix. For both blood and feathers, we 177 

fitted a univariate model including age (1 to ≥ 5 years), sex, year and capture date as fixed effects, and 178 

random intercepts for capture territory (109 levels) nested in river (8 levels) and for bird identity (199 levels). 179 

We compared this linear model with three extended models that added quadratic terms of age and date 180 

(quadratic model), their interactions with sex (interaction model), or both (full model; Table A.2). 181 

We compared the four candidate models by their expected log predictive density (ELPD), estimated with 182 

Pareto-smoothed importance-sampling leave-one-out cross-validation (PSIS-LOO) in the loo package 183 

(Vehtari et al., 2017). PSIS-LOO was unreliable (Pareto k > 0.7) for 22–31 of the 229 observations in the 184 

blood models and for 3–6 in the feather models, depending on the candidate model. Most of these were 185 

birds sampled once or birds on territories sampled only once, whose individual or territory random effects 186 

each rest on a single observation. We therefore refitted each model once per problematic observation and 187 

replaced the approximate ELPD contributions of these observations with exact ones. An extended model 188 

was preferred over the linear model only if its ELPD was higher by more than 4 units and by more than 189 

twice the standard error of the difference (Sivula et al., 2025). 190 

Intra-class correlation coefficients (ICC), the proportion of variance at each random-effect level, were 191 

estimated for the selected model with the performance package (Lüdecke et al., 2021). Because 22 of the 192 

30 birds sampled in both years were captured on the same territory, territory and individual variance were 193 

partly confounded (Ohse et al., 2026). We therefore refitted both models with one randomly chosen sample 194 

per bird (n = N = 199; Table A.3). 195 

2.4.2 Blood–feather Hg correlations across scales and sampling contexts 196 

To quantify how closely blood and feather Hg correspond when sampled from one bird, we fitted bivariate 197 

mixed models in which blood Hg and feather Hg were the two responses. Each response had its own fixed 198 

effects: those with at least weak evidence in the univariate models (Pd ≥ 0.95), plus year for both responses 199 

to account for interannual variation. Bird identity was fitted as a random intercept for each response. 200 

Because most birds were sampled only once, among- and within-individual covariance could not be 201 

separated (Dingemanse & Dochtermann, 2013). 202 

The quantity of interest is the residual correlation between the two responses, i.e. the correlation that 203 

remains after the fixed and random effects have been accounted for. We separated spatial scales by fitting 204 

two versions of the model that differed only in their random effects (Table A.2). In the population model, 205 

bird identity was the only random effect, giving the population-level correlation (rpop: do birds with higher 206 

blood Hg also have higher feather Hg across the study area?). The river-structured model added correlated 207 

river intercepts for the two responses, which split the covariance into an among-river correlation (rriver: do 208 

rivers where mean blood Hg is high also have higher mean feather Hg?) and a within-river correlation (rwithin-209 

river: within the same river, does a bird with higher blood Hg than expected also have higher feather Hg than 210 



expected?). We did not fit a random intercept for territory, because most territories held only one or two 211 

samples. Consequently, rpop combines covariance among rivers, territories and individuals, whereas rwithin-212 

river combines covariance among territories and individuals within rivers . Because rriver is estimated from 213 

only eight rivers and is bounded at 1, we interpret it from its lower HDI limit. Finally, to estimate river-specific 214 

correlations, we reused the fitted river-structured model: for every posterior draw, we split the observation-215 

level residuals by river and computed the blood–feather correlation within each river (Table A.4). 216 

Next, we assessed whether site fidelity affects blood–feather correspondence by fitting the above models 217 

separately to site-faithful and not site-faithful birds. Where feathers were grown was not observed directly, 218 

so we used each bird's last known location before the preceding moult as its presumed feather growth 219 

location (hereafter, moult location) and compared it with the capture location. The last known location was 220 

the breeding territory in the preceding year (older adults, n = 110 samples), the last capture in that year if 221 

no breeding attempt was recorded (n = 18), or the natal territory (n = 63; for one further yearling, its capture 222 

site as a juvenile). Birds captured within 1 km of this location, measured along the river network 223 

(OpenStreetMap Wiki contributors, 2026), were classified as site-faithful (n = 118, N = 103). All others, 224 

together with the 37 birds first ringed as yearlings, which had most likely hatched outside the exhaustively 225 

monitored population, were classified as not site-faithful (n = 111, N = 108). For yearlings, the natal territory 226 

only approximates the moult location, because the post-juvenile moult coincides with natal dispersal. Any 227 

misclassification would mix the two groups and thus reduce, rather than inflate, the difference between 228 

them. Because only three not site-faithful birds were sampled in both years, bird identity was omitted from 229 

the models of not site-faithful birds (Table A.2). The 1 km threshold approximates the mean territory length 230 

reported by Tyler and Ormerod (1994). To test whether our conclusions depended on the choice of this 231 

threshold, we refitted the models with alternative thresholds of 0.5, 2 and 5 km (Table A.5). Furthermore, 232 

because site fidelity and age class are strongly associated in dippers, we refitted the same models 233 

separately for older adults and yearlings (Table A.6). 234 

Finally, we tested whether the timing of feather growth relative to blood sampling affects the 235 

correspondence. Using the 30 birds sampled in both years, we correlated blood Hg in 2024 with (1) the 236 

feather collected at the same capture, grown in the 2023 moult, before the blood sample, and (2) the feather 237 

collected at the 2025 recapture, grown in the 2024 moult, after the blood sample but in the same year. We 238 

expected feather (2) to correspond more closely to blood, as it reflects exposure in the same year. Given 239 

the small sample, we estimated only the population-level correlation (Table A.2).  240 

2.4.3 Correlations between breeding pair members within each matrix 241 

To test the role of shared location, we correlated Hg between the members of 110 breeding pairs (96 242 

females and 96 males; some birds bred in both years). For each matrix, we fitted a bivariate model with 243 

female and male Hg of the same pair as the two responses and estimated the correlation at the same three 244 

spatial scales as in Section 2.4.2, assigning rivers by nest location. Fixed effects were selected as in Section 245 

2.4.2 (Pd ≥ 0.95 in the univariate models), with year included for both responses (Table A.2). Random 246 



intercepts for female and male identity accounted for birds sampled in both years. The pair identity was not 247 

modelled because only five pairs were sampled twice. To identify pairs in which both pair members had 248 

grown their feathers at the same location, we recorded whether their moult locations (Section 2.4.2) lay 249 

within 1 km of each other. Again, birds first ringed as yearlings were assumed to have moulted outside the 250 

study area and thus at a different location from their partner. To assess whether the correlation strengths 251 

differ based on the choice of the threshold, we refitted the models with alternative thresholds of 1, 2, 5 km 252 

for bird that moulted within the same river (Table A.7). 253 

3. Results 254 

We analysed 229 simultaneously collected blood and feather samples from 199 individual dippers across 255 

the two study years. Mean ± SD blood Hg was 0.48 ± 0.25 mg·kg−1 dw (range 0.12–1.59) and feather Hg 256 

was 1.82 ± 1.04 mg·kg−1 dw (range 0.40–7.23).  257 

3.1 Sources of variation in blood and feather Hg 258 

For both matrices, no extended model had clearly higher predictive accuracy than the linear model, and the 259 

full blood model had clearly lower predictive accuracy (∆ELPD = −4.4 ± 1.7; Appendix A.2), so the linear 260 

models were retained. Blood Hg did not differ detectably between the sexes, whereas there was weak 261 

evidence that feather Hg was lower in males than in females (Pd = 0.96, Table 1). Neither blood nor feather 262 

Hg showed a detectable trend with age (Table 1).  263 

Blood Hg showed pronounced temporal variation, decreasing linearly on a log scale over the four-month 264 

sampling season: blood Hg fell by 56% [42, 66]. Blood was also a further 12% [4, 19] lower in 2025 than in 265 

2024 (Table 1). Feather Hg, by contrast, varied neither within the sampling season nor between years 266 

(Table 1). 267 

Spatial structure captured by the random effects accounted for the largest share of variation in both 268 

matrices, reflected in conditional Bayesian R2 values far exceeding the marginal values (Table 1). Variation 269 

in blood Hg was structured by both river (ICC = 0.55) and territory (ICC = 0.24), whereas feather Hg was 270 

structured mainly by river (ICC = 0.50), with little additional territory-level variation (ICC = 0.03). Bird identity 271 

accounted for little variance in either matrix (ICC ≤ 0.05; Table 1). Including each bird only once gave a 272 

similar variance structure (Table A.3). 273 

 274 



Table 1. Sources of variation in blood and feather Hg (aim i). Univariate Bayesian mixed-effects models were fitted separately to log-275 
transformed blood and feather Hg (mg·kg−1 dw; n = 229 samples from N = 199 birds). Upper block: fixed-effect posterior means with 95% 276 
highest density intervals (HDI) and probability of direction (Pd); age and capture date were standardised (mean 0, SD 1). Lower block: random-277 
effect standard deviations (SD) with their 95% HDI, intra-class correlation coefficients (ICC) and Bayesian R2. Values in bold indicate Pd ≥ 278 
0.975. 279 

 log blood Hg (mg·kg−1 dw) log feather Hg (mg·kg−1 dw) 

Fixed effects Estimate 95% HDI Pd  Estimate 95% HDI Pd  

Intercept −0.85 [−1.18, −0.52] 1.00 0.49 [0.13, 0.83] 0.99 

age 0.03 [−0.02, 0.07] 0.89 0.01 [−0.05, 0.08] 0.66 

sex [male] −0.05 [−0.13, 0.02] 0.91 −0.10 [−0.22, 0.01] 0.96 

year [2025] −0.13 [−0.21, −0.05] 1.00 −0.09 [−0.21, 0.03] 0.93 

date −0.17 [−0.23, −0.11] 1.00 0.02 [−0.05, 0.09] 0.73 

       

Random effects SD 95% HDI ICC SD 95% HDI ICC 

river (N = 8) 0.42 [0.19, 0.72] 0.55 0.45 [0.20, 0.76] 0.50 

territory (N = 109) 0.28 [0.22, 0.34] 0.24 0.11 [0.00, 0.22] 0.03 

bird identity (N = 199) 0.08 [0.00, 0.17] 0.02 0.14 [0.00, 0.28] 0.05 

       

Residual 0.25 [0.20, 0.29]  0.40 [0.33, 0.47]  

R2conditional / R2marginal 0.80 / 0.14  0.48 / 0.03  
 280 



3.2 Blood–feather Hg correlations across scales and sampling contexts 281 

The blood–feather correlation depended on spatial scale (Table 2; Fig. 2). It was moderate at the population 282 

level (rpop = 0.45 [0.31, 0.59]) and weak within rivers (rwithin-river = 0.09 [−0.07, 0.27]), whereas among rivers 283 

it was strong (rriver = 0.88 [0.60, 1.00]). When evaluating the correlation per river, we found that correlations 284 

ranged from −0.17 to 0.24 and were positive only in Morge (Table A.4). 285 

Correspondence depended strongly on site fidelity. Among site-faithful individuals, blood and feather Hg 286 

were strongly correlated at the population level and remained positively correlated within rivers (rpop = 0.67, 287 

rriver = 0.91 [0.68, 1.00], rwithin-river = 0.35; Table 2; Fig. 3A). Among birds that were not site-faithful, the 288 

population-level correlation was weak (rpop = 0.19), the among-river correlation was moderate but imprecise 289 

(rriver = 0.58 [−0.04, 1.00]; Table 2; Fig. 3A), and there was no evidence of a within-river correlation (Table 290 

2; Fig. 3A). Posterior comparisons showed clearly stronger correlations in site-faithful than in not site-faithful 291 

birds at the population level (∆ = 0.48 [0.25, 0.71]) and within rivers (∆ = 0.36 [0.06, 0.65]), but not among 292 

rivers (Table 2). Repeating the analyses by age class, a grouping which is closely associated with site 293 

fidelity in this population, gave similar but slightly smaller differences (Table A.6). The contrast was also 294 

robust to the distance threshold used to define site fidelity: with thresholds of 0.5, 2 and 5 km, correlations 295 

remained higher in site-faithful than in not site-faithful birds at the population level (∆rpop = 0.47 to 0.58, Pd 296 

= 1.00 in all three cases) and, less clearly, within rivers (∆rwithin-river = 0.28 to 0.43, Pd = 0.97 to 0.99), whereas 297 

no differences among rivers were detected (Table A.5). 298 

The timing of feather growth relative to blood sampling had no strong effect on the correlation. In the 30 299 

dippers sampled in both years, blood Hg showed only weak evidence of a correlation with Hg in the feather 300 

grown before the blood sample, in the 2023 moult (rpop = 0.35 [0.01, 0.66], Table 2; Fig. 3B), and was 301 

positively correlated with Hg in the feather grown after the blood sample, in the 2024 moult (rpop = 0.46 302 

[0.16, 0.74]; Table 2; Fig. 3B). The difference ran in the predicted direction, with stronger correlation for 303 

feathers grown in the moult after, rather than before, blood sampling, yet the posterior comparison did not 304 

support it (∆ = −0.12 [−0.54, 0.35]; Table 2). 305 

 306 



Table 2. Blood–feather and within-pair correlations in Hg (aims ii–v). Correlations (r) are posterior means [95% highest density interval, 307 
HDI] with probability of direction (Pd) from bivariate Bayesian mixed-effects models, estimated at the population level (rpop), among rivers (rriver) 308 
and within rivers (rwithin-river). Upper block: blood–feather Hg correlations for all birds (aim ii), by site fidelity (aim iii) and by the timing of feather 309 
growth relative to blood sampling (aim iv). Lower block: correlations between the male and female member of a breeding pair within each 310 
matrix (aim v). ∆ is the difference between the two rows above it (site-faithful − not site-faithful; grown before − grown after; blood − feather), 311 
computed in each posterior draw. Values in bold indicate Pd ≥ 0.975. n = number of samples; N = number of individuals; f = female; m = male. 312 

Correlations (r) Population level (rpop) Among rivers (rriver) Within-river (rwithin-river) 

   Aim n (N) mean [95% HDI] Pd mean [95% HDI] Pd mean [95% HDI] Pd 

  Blood–feather Hg correlations       

(ii) all birds 229 (199) 0.45 [0.31, 0.59] 1.00 0.88 [0.60, 1.00] 1.00 0.09 [−0.07, 0.27] 0.87 

(iii)   site fidelity       

 site-faithful 118 (103) 0.67 [0.54, 0.81] 1.00 0.91 [0.68, 1.00] 1.00 0.35 [0.12, 0.56] 1.00 

 not site-faithful 111 (108) 0.19 [0.01, 0.37] 0.98 0.58 [−0.04, 1.00] 0.94 −0.01 [−0.20, 0.18] 0.55 

    difference ∆  0.48 [0.25, 0.71] 1.00 0.33 [−0.19, 1.09] 0.90 0.36 [0.06, 0.65] 0.99 
(iv) feather growth timing relative to blood    

 grown before 
(2023 moult) 30 (30) 0.35 [0.01, 0.66] 0.97     

 grown after 
(2024 moult)  30 (30) 0.46 [0.16, 0.74] 1.00     

    difference ∆  −0.12 [−0.54, 0.35] 0.70     

  Between breeding pair members       

  (v) same breeding location      

  blood 110 (f, m = 96) 0.79 [0.67, 0.94] 1.00 0.84 [0.48, 1.00] 0.99 0.70 [0.52, 0.87] 1.00 

  feather 110 (f, m = 96) 0.50 [0.25, 0.76] 1.00 0.77 [0.29, 1.00] 0.99 0.14 [−0.12, 0.40] 0.85 

    difference ∆  0.29 [0.01, 0.58] 0.98 0.07 [−0.49, 0.76] 0.60 0.57 [0.25, 0.89] 1.00 

 313 

3.3 Correlations between breeding pair members within each matrix 314 

Correlations between the two breeding pair members differed between the matrices and with spatial scale 315 

(Table 2; Fig. 4). At the population level, pair member correlations were strong for blood (rpop = 0.79) and 316 

moderate for feathers (rpop = 0.50). Among rivers, they were clearly positive in both matrices (rriver = 0.84 317 

[0.48, 1.00] for blood and 0.77 [0.29, 1.00] for feathers). Within rivers, blood Hg remained strongly correlated 318 

between pair members (rwithin-river = 0.70), whereas feather Hg did not (rwithin-river = 0.14). Partner similarity 319 

was therefore higher in blood than in feather Hg at the population level (∆ = 0.29 [0.01, 0.58]) and, most 320 

markedly, within rivers (∆ = 0.57 [0.25, 0.89]), but not among rivers. Restricting the analysis to pairs whose 321 

moult locations lay within 0.5 to 5 km of each other, or in the same river, did not increase the similarity of 322 

partners’ feather Hg (rpop = 0.34 to 0.42; rwithin-river = −0.07 to 0.10; Table A.7). 323 



4. Discussion 324 

Blood and feather Hg corresponded closely in white-throated dippers under two ecological conditions: when 325 

birds were compared across rivers rather than within one, and when feathers had grown where the blood 326 

was sampled. Spatial structure, and river in particular, accounted for most of the variation in both matrices, 327 

with an additional territory-level component mainly in blood. Accordingly, the two matrices identified the 328 

same rivers as having higher Hg, but not the same birds within a river. Within-river correspondence was 329 

low overall but increased when comparisons were restricted to site-faithful birds. Blood Hg was also strongly 330 

correlated between breeding pair members sharing a territory, even within rivers. Taken together, these 331 

results indicate that where a bird lives and feeds, rather than its age or sex, accounts for most of the 332 

variation in its Hg exposure in this system, and that blood resolves this spatial variation at a finer resolution 333 

than feathers. 334 

4.1 Spatial structure, not age or sex, accounts for most Hg variation 335 

Spatial structure accounted for most of the variation in Hg in both matrices, whereas age and sex 336 

contributed comparatively little (Table 1). Blood Hg varied strongly among rivers and also among territories 337 

within rivers, despite the close proximity of neighbouring territories, whereas feather Hg was structured 338 

mainly at the river level. Blood Hg therefore reflected both broad- and fine-scale spatial heterogeneity in 339 

exposure, whereas feather Hg in our sample reflected mainly the broader, river-specific pattern. This is 340 

consistent with the spatial structuring reported in other avian biomonitoring studies (Hartman et al., 2013; 341 

Zabala et al., 2019) and with capture location predicting blood but not feather Hg in Forster's terns (Sterna 342 

forsteri, Ackerman et al., 2008).  343 

The weak territory signal in feathers probably reflects the composition of our sample. In adult females aged 344 

two years or more from the same population, which had mostly moulted on their established territory, 345 

feather Hg did vary among territories, although less than among individuals and rivers (Ohse et al., 2026). 346 

Our mixed-sex, mixed-age sample from the same population, in contrast, included 101 samples from 347 

yearlings, most of which were classed as not site-faithful (Section 2.4.2). Because these feathers probably 348 

record exposure elsewhere, they reduce any territory signal. 349 

In addition to the strong spatial signal, blood Hg declined substantially across the sampling period, falling 350 

by more than half over four months. A similar decline of about 60% from spring to autumn was reported in 351 

grebes, in which sampling date predicted blood Hg more strongly than moult (Hartman et al., 2017). Feather 352 

Hg showed no seasonal variation, consistent with feathers recording exposure during a discrete moulting 353 

period independent of capture date (Bottini et al., 2021; Chételat et al., 2020). The absence of a date trend 354 

in feathers also makes it unlikely that the blood decline is an artefact of sampling less contaminated rivers 355 

later in the season. The most obvious explanations for blood Hg declines, depuration through moult and 356 

through maternal transfer to eggs (Bottini et al., 2021; Chételat et al., 2020), are unlikely here: all individuals 357 

were sampled before moult, and most females before egg laying. A more likely explanation is seasonal 358 



change in Hg intake or physiological processes such as redistribution of Hg from blood to internal tissues 359 

as body condition changes (Chételat et al., 2020; Eagles-Smith et al., 2008; Zabala et al., 2019). 360 

Resampling dippers early and late within a single season, combined with measurements of Hg 361 

bioavailability on the same territories, would help separate a within-individual decline from differences 362 

between the individuals sampled, and changes in intake from physiological redistribution (Anderson et al., 363 

2009; Chételat et al., 2020). For monitoring, this decline means that blood Hg can be compared among 364 

individuals, territories or rivers only if sampling dates are standardised or modelled.  365 

Neither blood nor feather Hg showed a detectable trend with age, and only feather Hg showed weak 366 

evidence of a sex difference, being slightly lower in males than in females. This contrasts with the age- and 367 

sex-related patterns often reported in birds, in which Hg burdens increase with age and are lower in females 368 

that offload Hg during egg laying (Beccardi et al., 2025; Bertram et al., 2024; Chételat et al., 2020). In this 369 

population, age and sex therefore added little to the spatial signal. For monitoring, this means that samples 370 

need to be stratified by location, but pooling males and females is unlikely to bias the comparison of 371 

exposure much. 372 

4.2 Blood–feather correlations depend on spatial scale 373 

The moderate population-level blood–feather correlation in dippers (rpop = 0.45; Table 2) falls within the 374 

range reported for other resident or territorial species: weaker than in Carolina wrens (r ≈ 0.94; Jackson et 375 

al., 2011) and common loons (Gavia immer, r ≈ 0.59; Scheuhammer et al., 1998), but stronger than the 376 

lowest estimates for marsh wrens (r ≈ 0.10; Hartman et al., 2013). These comparisons are approximate, for 377 

two reasons. First, the estimates were obtained with different approaches: other studies typically report 378 

simple correlations or regressions of (log-transformed) concentrations, whereas rpop is the residual 379 

correlation after accounting for the fixed effects and bird identity (Section 2.4.2). Second, a blood–feather 380 

correlation is not a fixed property of a species. It expresses the size of the shared exposure signal relative 381 

to all other sources of variation, and therefore depends also on the exposure range sampled (Goodwin and 382 

Leech, 2006). That range usually widens with the spatial scale of sampling, although not necessarily: 383 

contamination may be uniform across a whole catchment, or vary steeply over a few hundred metres around 384 

a point source. 385 

In our population, river was the largest single source of variance in both matrices (ICC = 0.55 and 0.50; 386 

Table 1), although about half of the variance still lay within rivers. As predicted, the two matrices 387 

corresponded among rivers but only weakly within them: river means of blood and feather Hg were strongly 388 

correlated (rriver = 0.88, lower HDI limit 0.60), whereas within a river a bird's blood and feather Hg 389 

corresponded only weakly (rwithin-river = 0.09; Fig. 2; Table 2). Averaging over the 15–46 samples of a river 390 

cancels most of the variation specific to one matrix, such as among-feather variation in feather Hg or short-391 

term dietary variation in blood Hg, and leaves the exposure signal that both matrices share; in a single bird, 392 

this shared signal is weakened by matrix-specific variation. The same pattern was reported in great egret 393 



nestlings (Zabala et al., 2019), in which colony means of Hg correlated closely among albumen, blood and 394 

feathers (R2 > 0.53), whereas concentrations from the same individual did not (R2 < 0.23). For 395 

biomonitoring, a population-level blood–feather correlation therefore has to be interpreted at the spatial 396 

scale at which it was obtained: in our system, it supports feather Hg for comparisons among rivers and 397 

regions, whereas inference about the current exposure of individual birds within a river requires blood or 398 

knowledge of where the feather grew.  399 

4.3 Site fidelity shapes blood–feather correspondence 400 

As predicted, site fidelity, and hence a shared location for feather growth and blood sampling, was 401 

associated with stronger blood–feather correspondence. Correlations were substantially higher in site-402 

faithful than in not site-faithful birds, both at the population level (rpop = 0.67 vs. 0.19; Fig. 3A; Table 2) and 403 

within rivers (rwithin-river = 0.35 vs. −0.01; Table 2). This classification assumes that each bird moulted at its 404 

last known location; birds that moved before or during moult would have been misclassified, which would 405 

weaken rather than inflate the contrast, so the true difference may be larger. The clearly positive within-406 

river correlation in site-faithful birds indicates that the two matrices remain correlated even at this fine spatial 407 

scale when both reflect the same location, so the weak overall within-river estimate is not an intrinsic limit 408 

of feather Hg. In birds that were not site-faithful, capture and moult locations probably differed, so the two 409 

samples integrated exposure at two places and the correspondence was weak. Nevertheless, even without 410 

a shared location, correlations may arise. For example, through consistent individual foraging, as in 411 

migratory common terns, in which body feathers grown in the wintering area correlated with breeding-412 

season blood Hg (Bertram et al., 2026).  413 

In dippers, site fidelity is closely linked to age. Young birds commonly leave their natal area after fledging 414 

(Galarza et al., 2024; Tyler & Ormerod, 1994), so the undertail coverts of yearlings had often grown far from 415 

where the birds were later captured. Older adults, by contrast, typically remain on the same territory across 416 

years (110 of 128 samples from older adults in this study were site-faithful) and replace all their feathers in 417 

a complete post-breeding moult, thus feathers and blood reflect exposure at the territory they defend. Site 418 

fidelity and age class were accordingly strongly overlapping in our population. Repeating the models by 419 

age class instead of site fidelity yielded similar but slightly smaller differences (Table A.6). In practice, this 420 

makes age a useful field proxy: age in dippers is far easier to determine than site fidelity, and it can identify 421 

the individuals, or the subsets of a population, in which feather Hg is most likely to reflect exposure at the 422 

sampling location. Such a proxy is species-specific, however. In marsh wrens, blood–feather correlations 423 

tended to be stronger in juveniles and adult females than in adult males (Hartman et al., 2013). Age is 424 

therefore informative only in combination with species-specific knowledge on for example dispersal, moult 425 

strategy and dietary preferences (Ackerman et al., 2008; Chételat et al., 2020). 426 

Feathers grown after blood sampling corresponded more closely to blood Hg than feathers from the 427 

previous moult (0.46 vs 0.35), but the difference was uncertain, so our data neither confirm nor rule out an 428 



effect of growth timing. One explanation for why both feathers tracked blood Hg is that 22 of the 30 429 

recaptured birds stayed on the same territory in both years. Where territories differ consistently in exposure 430 

between years (Ohse et al., 2026), a feather from either moult reflects the same exposure, and growth 431 

timing should matter little. This is consistent with the stronger blood–feather correspondence in site-faithful 432 

birds. Growth timing should matter more in birds that move between moults, which were too few in our 433 

recapture sample to test. 434 

4.4 Breeding pair members are highly similar in blood Hg 435 

Breeding partners resembled each other strongly in blood Hg, and this similarity remained high within rivers 436 

(rpop = 0.79, rwithin-river = 0.70; Table 2). Because blood Hg reflects dietary intake over the preceding days to 437 

weeks (Bottini et al., 2021; Chételat et al., 2020), and dipper pair members forage on the same territory, a 438 

shared feeding area is the most parsimonious explanation for their similarity. In common terns, by contrast, 439 

partner similarity in blood Hg was much weaker (r ≈ 0.25) and was attributed to courtship feeding (Bertram 440 

et al., 2025). The similarity in dippers does not simply reflect partners being sampled at the same point in 441 

the seasonal decline of blood Hg, because each partner’s Hg was adjusted for its own capture date and for 442 

year, nor age-assortative mating, because Hg showed no detectable relationship with age (Table 1). 443 

Partners could also resemble each other if individuals of similar quality, for example as a result of favourable 444 

early-life conditions, paired with each other and settled on preferred territories (Bruinzeel et al., 2006). Such 445 

pairing, however, should then also make partners similar in feather Hg, which was less strongly the case in 446 

our sample (Table 2). Partner similarity in blood Hg is therefore consistent with current Hg exposure being 447 

set largely at the territory scale.  448 

As predicted, partners resembled each other less in feather than in blood Hg, most markedly within rivers 449 

(rwithin-river = 0.14 vs. 0.70; Table 2). Feathers record where each bird moulted, and only 39 of the 110 pairs 450 

had moulted within 1 km of each other. To test whether this explains the lower similarity of feathers, we 451 

restricted the analysis to pairs that had moulted within 0.5 to 5 km of each other, or in the same river. This 452 

did not raise the within-river correlation of their feather Hg (rwithin-river = −0.07 to 0.10; Table A.7), so differing 453 

moult locations alone do not explain the weak similarity of feathers within rivers. These subsets were small 454 

(36 to 67 pairs), and estimates showed large HDIs. Such correlation analyses would be interesting to repeat 455 

in a larger sample. Among rivers, the feather correlation remained positive and did not differ clearly from 456 

blood (rriver = 0.77 vs. 0.84; lower HDI limits 0.29 and 0.48; Table 2), consistent with both partners having 457 

moulted in the same river in 67 of the 110 pairs, which maintains the river-level signal. Within a river, the 458 

feather Hg of one partner is therefore only weakly informative about that of the other, beyond what is already 459 

known based on the river. In contrast, blood Hg differed among territories within the same river, which 460 

supports its use for monitoring at the territory scale. 461 



5. Conclusion 462 

Whether feather Hg corresponded to blood Hg depended on the ecological context: on the spatial scale of 463 

comparison and on whether the feather had grown where the blood was sampled. In white-throated dippers, 464 

blood and feather Hg identified the same rivers as more contaminated, but not the same birds within a river. 465 

Within rivers, correspondence was clearly stronger in site-faithful birds, whose feathers had grown near the 466 

place of blood sampling. Breeding partners, which share a territory, were strongly similar in blood Hg but 467 

not in feather Hg within rivers. 468 

These results lead to four recommendations for using blood and feathers as Hg indicators. First, feathers 469 

are well suited to comparing rivers or regions, preferably in birds that moulted where they were sampled. 470 

In species in which site fidelity increases with age, as in dippers, age class can serve as a field proxy to 471 

identify site-faithful birds. Second, blood is better suited to assessing recent exposure on a territory, 472 

particularly in birds of unknown moult location. Third, as blood Hg declined by more than half over four 473 

months in our study population, blood-based monitoring should standardise sampling dates or account for 474 

their effects statistically, as done in the present study. Where possible, analyses should also consider 475 

physiological state, including breeding stage and body condition. Fourth, blood–feather correlations should 476 

be reported at the spatial scale of inference, because a single population-level correlation combines strong 477 

correspondence among rivers with weak correspondence within them. 478 

Without Hg data from prey or the abiotic environment, we cannot determine how closely either matrix tracks 479 

environmental contamination. The correlation estimates themselves depend on the range of exposure 480 

sampled and should not be generalised to other systems, even for the same species. What remains valid 481 

is the pattern: site fidelity, moult and spatial scale determine when the two matrices carry the same 482 

information.  483 

Blood and feather Hg are therefore complementary rather than interchangeable. Their correspondence in 484 

other systems should be anticipated from a species’ site fidelity, moult pattern and the exposure range 485 

sampled, rather than assumed. Knowing when feathers can complement blood, and when they cannot, will 486 

improve avian Hg monitoring and its contribution to evaluating the Minamata Convention on Mercury 487 

(UNEP, 2013). 488 

 489 
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Figures and Legends 718 

 719 

 720 
Fig. 1. Spatial variation in blood Hg in white-throated dippers across the study area (n = 229 samples from N = 199 birds, 2024–2025). 721 
(A) Blood Hg (mg·kg−1 dry weight, dw) by river (Ainan, Central area, Fure, Guiers Mort, Guiers Vif, Hyères, Morge and Tier), with rivers ordered 722 
by increasing median blood Hg; violins show the distribution of concentrations and are shaded by the river median, and points show individual 723 
samples. (B) Capture locations in the Chartreuse Mountains, France, coloured by blood Hg class; points are slightly displaced to reduce 724 
overlap. The inset shows the location of the study area in France, with Paris and Grenoble for reference. The map was created in QGIS 725 
(sources: Ministère de la Culture France | Esri | Earthstar Geographics | TomTom | Garmin | NASA | NGA | USGS | METI/NASA | IGNF). Map 726 
lines do not necessarily depict accepted national boundaries. 727 

 728 



 729 

Fig. 2. Blood–feather Hg correlations at three spatial scales (aim ii; n = 229 samples from N = 199 birds). All panels show log-transformed 730 
Hg (mg·kg−1 dw) from bivariate mixed-effects models; residuals are observed values minus the posterior mean of the expected value, that is, 731 
after the fixed and random effects of the respective model have been accounted for. (A) Population level: residual blood Hg against residual 732 
feather Hg for all samples (population model). (B) Among rivers: posterior distributions of the river-level random intercepts of the river-structured 733 
model for blood (darker shading) and feather Hg (lighter shading), expressed as deviations from the population mean; colours identify rivers, 734 
which are ordered by their mean intercept. (C) Within rivers: residual blood Hg against residual feather Hg of the river-structured model, after 735 
river-level structure has been removed, for four rivers (Guiers Vif, Central area, Morge, Fure) chosen to span low to high mean Hg; the value 736 
in each panel is that river's own within-river correlation (Table A.4), whereas the estimate pooled across all eight rivers is rwithin-river = 0.09. All 737 
correlations are reported in Table 2 and, for each river, in Table A.4. 738 
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 739 

Fig. 3. Site fidelity and the timing of feather growth in relation to population-level blood–feather Hg correlations (aims iii and iv). Axes 740 
show residual log-transformed Hg (mg·kg−1 dw) in paired blood and feather samples, after the fixed and random effects of the respective 741 
bivariate model have been accounted for. (A) Site fidelity: site-faithful birds, whose last known pre-moult location lay within 1 km of the capture 742 
location (green open circles, n = 118 samples; rpop = 0.67), and birds that were not site-faithful (dark grey filled points, n = 111; rpop = 0.19). (B) 743 
Timing of feather growth, for the 30 birds sampled in both years: blood Hg sampled in 2024 against Hg in the feather grown before blood 744 
sampling, that is, collected at the same capture and grown in the 2023 moult (black filled points; rpop = 0.35), or in the feather grown after blood 745 
sampling, collected at the 2025 recapture and grown in the 2024 post-breeding moult (purple open circles; rpop = 0.46). Shaded polygons are 746 
convex hulls around each group, both shown for visualisation only. Correlations are reported in Table 2. 747 

 748 

Fig. 4. Correlations in blood and feather Hg between the male and female member of a breeding pair (aim v; n = 110 pairs, N = 96 749 
females and 96 males). Axes show residual log-transformed Hg (mg·kg−1 dw) of the female (x-axis) and the male (y-axis) of each pair, after 750 
the fixed and random effects of the respective bivariate model (population model: female and male identity as random effects) have been 751 
accounted for, in (A) for blood and in (B) for feathers. Points and convex hulls are coloured by the river unit of the nest. All correlations are 752 
reported in Table 2. 753 
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A.1 Sample collection, mercury analysis details and conversion of toxicity 21 

benchmarks 22 

Blood was collected with a 27G 3/4″ single-use needle into a 300 µl Microvette® capillary tube (CB 300 LH, 23 

SARSTEDT, Nürnberg, Germany), kept on ice and processed within 17 h; plasma and red blood cells were 24 

separated by centrifugation and stored at −20 °C. Feathers were stored in sealed plastic bags in the dark 25 

at room temperature. For analysis, about 15 µl of thawed red blood cells were pipetted onto filter paper 26 

strips (Whatman™ Grade 4) and dried for 16 h in a desiccator at room temperature. Feathers were rinsed 27 

twice with deionised water, ultrasonicated in a 2% alkaline solution (RBS-50) for 5 min, rinsed again and 28 

dried overnight at 65 °C. Dry weights of both sample types were recorded before analysis. Samples were 29 

thermally decomposed at 950 °C; volatilised Hg was captured on a gold amalgamator and quantified by 30 

atomic absorption spectrometry at 253.7 nm.  31 

Total mercury (Hg) concentrations were measured using the Direct Mercury Analyser (DMA-80 evo, 32 

Milestone Srl, Sorisole, Italy) at the cLab, Institute of Geography, University of Bern. The instrument is 33 

subject to regular maintenance, calibration, and performance checks according to institutional quality 34 

control procedures. Each analytical run comprised 30 samples and included analytical blanks at the 35 

beginning and end of the run. After every 10 biological samples, an empty sample boat, a certified reference 36 

material (CRM), and, for blood samples, a boat containing filter paper only were analysed to monitor 37 

potential contamination and analytical drift. For feather analyses conducted in 2024, we used lobster 38 

hepatopancreas (TORT-3), yielding a mean ± standard deviation (SD) recovery of 98.4 ± 5.5% (n = 42). In 39 

2025, we used human hair (ERM-DB001) as CRM, with a recovery of 92.7 ± 3.9% (n = 20). All blood 40 

samples were analysed in 2025, and we used mussel tissue (NIST® 2976) as CRM, resulting in a recovery 41 

of 97.5 ± 4.0% (n = 30). 42 

Analytical methods differed between the two sample matrices. Feather samples were analysed in nickel 43 

boats using the standard DMA method for solid materials (Table A.1). Blood samples were analysed in 44 

quartz boats, which are commonly used to improve analytical accuracy and precision. Method settings were 45 

adapted from protocols developed for the analysis of human and avian dried blood spots (González-Rubio 46 

et al., 2023; Perkins & Basu, 2018). The Hg contribution of the filter paper was subtracted from the total Hg 47 

measured in blood samples. 48 

 49 

 50 

 51 

 52 

 53 



 

 

Table A.1. DMA-80 evo method parameters for feather and blood Hg analyses.  54 

 Blood Feathers 

Sample type Dried red blood cells on filter paper Washed undertail covert feather 

Sample weights (mean ± standard deviation) Paper: 20.2 ± 1.4 mg; dried blood: 5.0 ± 0.9 mg Feather: 3.2 ± 1.1 mg 

Sample boat material Quartz Nickel 

Maximum start temperature 200 °C 400 °C 

Drying time 1 min – 

Temperature ramp 1 min 1 s 

Decomposition temperature 950 °C 950 °C 

Decomposition time 1.5 min 4 min 

Purge time 1 min 1 min 

Amalgamator time 12 s 12 s 

Signal recording time 24 s 30 s 

Total time 5 min 6 s 5 min 43 s 

 55 



 

 

A.2 Overview table of all models 56 

Table A.2 presents all Bayesian univariate (one response variable; i) and bivariate (two response variables; 57 

ii–v) mixed models used in this study. Models are ordered according to the study aims, which are indicated 58 

in the first column. Models met the convergence criteria (R-hat ≤ 1.01, bulk and tail effective sample sizes 59 

≥ 400 of 12,000 draws). For aim i, ∆ELPD (± standard error) relative to the model with the highest predictive 60 

accuracy was −0.9 ± 1.2 (interaction), −1.2 ± 0.7 (quadratic) and −4.4 ± 1.7 (full) for blood, where the linear 61 

model ranked first. For feathers, the quadratic model ranked first, followed by the linear (−0.3 ± 2.7), 62 

interaction (−1.5 ± 3.0) and full model (−2.6 ± 1.6). ELPD values for observations with Pareto k > 0.7 were 63 

obtained from exact refits (Section 2.4.1). 64 

Table A.2. Overview of Bayesian models used to investigate log total mercury (Hg) concentrations in blood and feathers of white-65 
throated dippers. The table shows all main models used in the manuscript. For bivariate models, the random-effects column is divided into 66 
two columns: the left column shows the random effects in the population model used to estimate correlations at the population level, whereas 67 
the right column shows the random effects of the river-structured model used to estimate correlations among and within rivers. n = number of 68 
samples; N = number of individuals; f = female; m = male; ring = bird identity; × = interaction; Ixn = interaction model; Quad = quadratic model.  69 

Aim Dataset n (N) Response  Fixed effects  Random effects 

i all birds 229 (199) blood Hg  

or 

feather Hg 

Linear:   age + date + sex + year  

Quad:    age2 + date2 + sex + year 

Ixn:        (age + date)  ×	sex + year 

Full:       (age2 + date2) ×	sex + year 

river | territory + ring 

 

  

     Population  River-structured  

ii all birds 229 (199) feather Hg 
blood Hg 

sex + year 
date + year 

ring  
ring 

river + ring  
river + ring 

       

iii site-faithful 118 (103) feather Hg 
blood Hg 

sex + year 
date + year 

ring  
ring 

river + ring  
river + ring 

 not site-faithful 111 (108) feather Hg 
blood Hg 

sex + year 
date + year 

 river  
river  

       

 

older adults 128 (108) 

feather Hg 
blood Hg 

sex + year 
date + year 

ring  
ring 

river + ring  
river + ring 

 

yearlings 101 (101) 

feather Hg 

blood Hg 

sex + year 

date + year 

 

river  

river  

       

iv recaptured individuals 30 (30) feather Hg (2023 moult) 
blood Hg 2024 

sex 
date 2024 

 

 

 

  30 (30) feather Hg (2024 moult) 
blood Hg 2024 

sex 
date 2024 

 

 

 

     

Population  River-structured  

v breeding pairs 110 
(f, m = 96) 

blood Hg female 
blood Hg male 

date female + year 
date male + year 

ring f 
ring m 

river + ring f 
river + ring m 

 
 110  

(f, m = 96) 
feather Hg female 
feather Hg male 

year 
year 

ring f 
ring m 

river + ring f 
river + ring m 

       



 

 

A.3 Univariate models without repeated individuals 70 

We repeated the univariate models (aim i) with each bird included only once (n = N = 199). For each of the 71 

30 birds sampled in both years, one of its two samples was selected at random; all other birds contributed 72 

their single sample. The bird-identity random effect could therefore be dropped, and territory variance could 73 

not be inflated by repeated sampling of the same bird. The variance structure closely matched that of the 74 

full dataset (Table 1). River and territory each accounted for a substantial share of the variance in blood Hg 75 

(ICC = 0.54 and 0.23, vs. 0.55 and 0.24 in the full dataset). Feather Hg, in contrast to blood, was structured 76 

mainly by river (ICC = 0.46 vs. 0.50), with little territory-level variance (ICC = 0.06 vs. 0.03; Table A.3). 77 

Table A.3. Sources of variation in blood and feather Hg in a restricted dataset (aim i). Parameter estimates (posterior mean, 95% highest 78 
density interval [HDI] and probability of direction [Pd]) from univariate Bayesian mixed-effects models of blood and feather total Hg, fitted to 79 
one randomly chosen sample per bird (n = N = 199; 105 territories, because four territories were represented only by samples that were not 80 
selected). The upper block reports fixed-effect posterior means with 95% HDI and Pd; the lower block reports random-effect standard deviations 81 
(SD) with 95% HDI, intra-class correlation coefficients (ICC) and Bayesian R². Values in bold indicate Pd ≥ 0.975. 82 

 log blood Hg (mg·kg−1 dw) log feather Hg (mg·kg−1 dw) 

Fixed effects Estimate 95% HDI Pd  Estimate 95% HDI Pd  

Intercept −0.86 [−1.18, −0.53] 1.00 0.49 [0.15, 0.83] 1.00 

age 0.04 [−0.01, 0.09] 0.95 0.02 [−0.05, 0.08] 0.71 

sex [male] −0.07 [−0.15, 0.02] 0.94 −0.10 [−0.23, 0.02] 0.95 

year [2025] −0.10 [−0.20, 0.00] 0.97 −0.06 [−0.20, 0.08] 0.81 

date −0.17 [−0.23, −0.11] 1.00 0.02 [−0.06, 0.09] 0.67 

       

Random effects SD 95% HDI ICC SD 95% HDI ICC 

river (N = 8) 0.42 [0.18, 0.72] 0.54 0.42 [0.19, 0.73] 0.46 

territory (N = 105) 0.27 [0.21, 0.33] 0.23 0.15 [0.00, 0.26] 0.06 

       

Residual 0.27 [0.23, 0.31]  0.44 [0.38, 0.49]  

R2conditional / R2marginal 0.76 / 0.14   0.40 / 0.03   
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A.4 Mercury concentrations and blood–feather correlations by river 84 

The within-river correlation in Table 2 is a single estimate pooled across all eight rivers (rwithin-river = 0.09). 85 

To examine how it varied among rivers, we took the observation-level residuals of the same model (river-86 

structured model, Section 2.4.2) and, in every posterior draw, computed the blood–feather correlation 87 

separately within each river. For these computations no models were refitted. River-specific estimates were 88 

imprecise and ranged from −0.17 (Ainan) to 0.24 (Morge; Table A.4). Only Morge reached our evidence 89 

threshold for a positive within-river correlation (Pd = 0.98), and Fure provided weak evidence (Pd = 0.97); 90 

the remaining six rivers showed no clear evidence of a correlation in either direction. All river-specific HDIs 91 

included the pooled estimate, so we found no clear evidence that the correlation differed among rivers; with 92 

only eight rivers, these comparisons are descriptive.  93 

Table A.4. River-specific mercury concentrations and within-river blood–feather Hg correlations (aim ii). For each river, the table gives 94 
mean blood and feather Hg (raw data, mg·kg−1 dw) and the within-river correlation (r) between blood and feather Hg. Correlations are posterior 95 
means [95% highest density interval, HDI] with probability of direction (Pd), obtained by splitting the observation-level residuals of the river-96 
structured mode (aim iii)l, rather than by refitting the model for each river. SD blood and SD feather are the within-river residual standard 97 
deviations of log-transformed Hg (posterior means). Rivers are ordered by increasing r. Values in bold indicate Pd ≥ 0.975. n = number of 98 
samples; N = number of individuals. 99 

  Raw data (mg·kg−1 dw)  Model data 

River n (N) Blood Hg Feather Hg   rwithin-river [95% HDI] Pd SD blood SD feather 

Ainan 26 (21) 0.60 1.75 −0.17 [−0.50, 0.21] 0.82 0.23 0.33 

Guiers Mort 15 (15) 0.27 1.16 −0.06 [−0.43, 0.32] 0.64 0.31 0.32 

Hyères 18 (18) 0.32 1.58 −0.04 [−0.40, 0.35] 0.58 0.25 0.34 

Central area 41 (35) 0.40 1.26 0.01 [−0.20, 0.22] 0.52 0.35 0.40 

Guiers Vif 19 (16) 0.20 1.04 0.03 [−0.28, 0.30] 0.59 0.26 0.50 

Tier 26 (20) 0.59 2.54 0.10 [−0.15, 0.34] 0.81 0.32 0.45 

Fure 46 (39) 0.67 2.48 0.22 [0.01, 0.40] 0.97 0.34 0.37 

Morge 38 (35) 0.51 1.94 0.24 [0.02, 0.43] 0.98 0.34 0.49 
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A.5 Sensitivity to the site-fidelity threshold 101 

Site-faithful birds were defined as birds captured within 1 km along the river of their moult location (Section 102 

2.4.2). To test whether the contrast between site-faithful and not site-faithful birds depended on this 103 

threshold, we repeated the classification with thresholds of 0.5, 2 and 5 km and refitted the bivariate models 104 

(aim iii) to each group (Table A.5). Birds were reclassified by their distance along the river where this 105 

distance was known; birds without a proxy for the moult location, or whose locations were not connected 106 

along the mapped rivers, remained not site-faithful, as in the main analysis. Correlations in site-faithful birds 107 

were stable across thresholds (rpop = 0.63 to 0.68), and the population-level correlation was higher in site-108 

faithful than in not site-faithful birds at every threshold (∆ = 0.47 to 0.58, Pd = 1.00). Within rivers, the 109 

difference had the same direction (∆ = 0.28 to 0.43, Pd = 0.97 to 0.99), but its interval included zero at 0.5 110 

and 2 km, and among rivers the difference remained uncertain (Pd = 0.85 to 0.96). With increasing 111 

threshold, the not site-faithful group became smaller (n = 128, 111, 92 and 64 for 0.5, 1, 2 and 5 km) and 112 

consisted increasingly of birds without a proxy for the moult location (44 of 64 samples at 5 km), so that its 113 

estimates at high thresholds are less informative about birds that moulted far away. 114 

Table A.5. Sensitivity of the blood–feather correlations of site-faithful and not site-faithful birds to the distance threshold defining 115 
site fidelity (aim iii). Correlations (r; posterior mean [95% HDI]) and probability of direction (Pd) of each correlation and of the difference ∆ 116 
(site-faithful minus not site-faithful) from bivariate Bayesian mixed-effects models at three spatial scales, fitted separately to each group 117 
(population level, rpop; among rivers, rriver; within rivers, rwithin-river). Birds were classed by their distance along the river between capture and 118 
moult location where it was known; for birds without a known distance, the class of the main analysis was kept. The 1 km rows are the main 119 
analysis (Table 2). Values in bold indicate Pd ≥ 0.975. n = number of samples; N = number of individuals. Bird identity was included as a 120 
random effect only in groups with at least ten birds sampled in both years, i.e. in all site-faithful groups (13, 15, 19 and 24 birds at 0.5, 1, 2 and 121 
5 km) but in none of the not site-faithful groups (5, 3, 1 and 0 birds). 122 

Correlations (r) Population level (rpop) Among rivers (rriver) Within-river (rwithin-river) 

Threshold n (N) mean [95% HDI] Pd mean [95% HDI] Pd mean [95% HDI] Pd 

0.5 km       

site-faithful 101 (88) 0.68 [0.54, 0.82] 1.00 0.90 [0.62, 1.00] 1.00 0.33 [0.05, 0.58] 0.98 

not site-faithful 128 (123) 0.22 [0.05, 0.38] 1.00 0.63 [0.05, 1.00] 0.96 0.00 [−0.18, 0.18] 0.52 

   difference ∆  0.47 [0.24, 0.68] 1.00 0.27 [−0.27, 1.02] 0.85 0.32 [−0.01, 0.64] 0.97 

1 km       

site-faithful 118 (103) 0.67 [0.54, 0.81] 1.00 0.91 [0.68, 1.00] 1.00 0.35 [0.12, 0.56] 1.00 

not site-faithful 111 (108) 0.19 [0.01, 0.37] 0.98 0.58 [−0.04, 1.00] 0.94 −0.01 [−0.20, 0.18] 0.55 

   difference ∆  0.48 [0.25, 0.71] 1.00 0.33 [−0.19, 1.09] 0.90 0.36 [0.06, 0.65] 0.99 

2 km       

site-faithful 137 (118) 0.63 [0.51, 0.76] 1.00 0.91 [0.65, 1.00] 1.00 0.29 [0.10, 0.50] 1.00 

not site-faithful 92 (91) 0.15 [−0.05, 0.35] 0.93 0.36 [−0.36, 0.95] 0.82 0.02 [−0.19, 0.24] 0.56 

   difference ∆  0.48 [0.24, 0.72] 1.00 0.54 [−0.11, 1.39] 0.95 0.28 [−0.01, 0.56] 0.97 

5 km       

site-faithful 165 (141) 0.63 [0.50, 0.75] 1.00 0.93 [0.72, 1.00] 1.00 0.30 [0.12, 0.49] 1.00 

not site-faithful 64 (64) 0.05 [−0.20, 0.29] 0.65 0.35 [−0.39, 1.00] 0.80 −0.13 [−0.39, 0.13] 0.82 

   difference ∆  0.58 [0.30, 0.85] 1.00 0.57 [−0.07, 1.45] 0.96 0.43 [0.11, 0.75] 0.99 
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A.6 Blood–feather correlations in age class groups 124 

Site fidelity and age class were closely linked in our population: 110 of the 118 samples from site-faithful 125 

birds came from older adults, and 93 of the 101 yearling samples came from birds that were not site-faithful. 126 

To test whether age class can serve as a field proxy for site fidelity, we repeated the bivariate models (aim 127 

iii) with age class instead of site fidelity. Yearlings were in their first breeding season and were therefore 128 

sampled only once (n = N = 101), so bird identity was omitted from their models; all other settings were as 129 

in Section 2.4.2. Correlations were stronger in older adults than in yearlings at the population level (rpop = 130 

0.60 vs. 0.22; ∆ = 0.37 [0.13, 0.60]) and within rivers (rwithin-river = 0.29 vs. −0.01; ∆ = 0.30 [0.01, 0.59]), but 131 

not clearly among rivers (∆ = 0.30 [−0.27, 1.08]; Table A.6). These differences were slightly smaller than 132 

those between site-faithful and not site-faithful birds (Table 2). Because the two classifications differed for 133 

only 26 samples (18 older adults that were not site-faithful and 8 site-faithful yearlings), this analysis cannot 134 

show whether age or site fidelity underlies the pattern. It does show, however, that age class reproduces 135 

the contrast and can therefore serve as a practical field proxy where moult locations are unknown. 136 

Table A.6. Blood–feather Hg correlations in age class groups (aim iii). Correlations (r; posterior mean [95% HDI]) and probability of 137 
direction (Pd) from bivariate Bayesian mixed-effects models at three spatial scales, fitted separately for older adults and yearlings. ∆ is older 138 
adults minus yearlings. Values in bold indicate Pd ≥ 0.975. n = number of samples; N = number of individuals. 139 

Correlations (r) Population level (rpop) Among rivers (rriver) Within-river (rwithin-river) 

   Aim n (N) mean [95% HDI] Pd mean [95% HDI] Pd mean [95% HDI] Pd 

  Blood–feather Hg correlations       

(iii)    age groups       

 older adults 128 (108) 0.60 [0.46, 0.74] 1.00 0.90 [0.63, 1.00] 1.00 0.29 [0.08, 0.49] 1.00 

 yearlings 101 (101) 0.22 [0.02, 0.40] 0.99 0.60 [0.01, 1.00] 0.95 −0.01 [−0.22, 0.19] 0.53 

    difference ∆  0.37 [0.13, 0.60] 1.00 0.30 [−0.27, 1.08] 0.87 0.30 [0.01, 0.59] 0.98 
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A.7 Sensitivity of the feather correlation between breeding partners to the 141 

distance between their moult locations 142 

Feathers record where each bird moulted, and the partners of many pairs had moulted apart (Section 4.4). 143 

If this explains why partners resemble each other less in feather than in blood Hg, the feather correlation 144 

should rise in pairs that had moulted close together. To test this, we refitted the feather models (aim v) to 145 

subsets of pairs whose moult locations lay within 1, 2 or 5 km of each other along the river, and to pairs 146 

whose moult locations lay in the same river (Table A.7). Pairs for which the moult location of one partner 147 

was unknown, or the two locations were not connected along the mapped rivers, were not included in any 148 

subset. Individual random effects were omitted because fewer than ten females or fewer than ten males 149 

per subset were sampled in both years. All other settings were as in Section 2.4.3. The correlations did not 150 

increase in the subsets: the population-level correlation was not higher (rpop = 0.34 to 0.42, against 0.50 for 151 

all pairs), and the within-river correlation remained close to zero even for pairs that had moulted within 1 152 

km of each other (rwithin-river = −0.07 [−0.42, 0.29]). The subsets were small (39 to 67 pairs), so their intervals 153 

are wide, and the among-river correlations, which rest on eight rivers, were imprecise. 154 

Table A.7. Feather Hg correlation between the two members of a breeding pair in subsets of pairs defined by the distance between 155 
the partners’ moult locations (aim v). Correlations (r; posterior mean [95% HDI]), probability of direction (Pd) from bivariate Bayesian mixed-156 
effects models at three spatial scales (population level, rpop; among rivers, rriver; within rivers, rwithin-river). Rivers refer to the pair’s nest location. 157 
Subsets are nested (0.5 km within 1 km within 2 km within 5 km) and were fitted without individual random effects. The first row (all pairs) is 158 
the analysis from the main models (Table 2), which include individual random effects. n: number of samples, N: number of individuals (f = 159 
females, m = males). Values in bold indicate Pd ≥ 0.975. 160 

Correlations (r) Population level (rpop) Among rivers (rriver) Within-river (rwithin-river) 

Subset n (N) mean [95% HDI] Pd mean [95% HDI] Pd mean [95% HDI] Pd 

All pairs 110 (f = m = 96) 0.50 [0.25, 0.76] 1.00 0.77 [0.29, 1.00] 0.99 0.14 [−0.12, 0.40] 0.85 

1 km 39 (f = 35, m = 34) 0.35 [0.06, 0.62] 0.99 0.73 [0.16, 1.00] 0.97 −0.02 [−0.36, 0.32] 0.55 

2 km 51 (f = m = 45) 0.37 [0.13, 0.61] 1.00 0.78 [0.26, 1.00] 0.98 0.05 [−0.24, 0.35] 0.64 

5 km 62 (f = 55, m = 54) 0.41 [0.19, 0.61] 1.00 0.79 [0.30, 1.00] 0.99 0.09 [−0.18, 0.35] 0.75 

Same river 67 (f = 58, m = 57) 0.42 [0.22, 0.62] 1.00 0.80 [0.34, 1.00] 0.99 0.10 [−0.15, 0.35] 0.79 
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