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Abstract 16 

Arsenic (As) is a ubiquitous metalloid classified as one of the most hazardous 17 

substances, but information about its exposure and effects in free-living passerines is 18 

lacking. The aim of this study is to elucidate the effect of an As manipulation 19 

experiment on survival, growth and physiology of great tits (Parus major). Wild P. 20 

major nestlings inhabiting an unpolluted area were dosed with water, 0.2 or 1 µg g−1 d−1 21 

of sodium arsenite (Control, Low and High As groups), whereas those living in a metal-22 

polluted area were dosed with water (Smelter group). Birds accumulated As in tissues 23 

(liver, bone and feathers) in a dose-dependent way. Nestlings exposed to 1 µg g−1 d−1 of 24 

sodium arsenite showed reduced number of fledglings per successful nest, and those 25 

exposed to 0.2 µg g−1 d−1 had reduced wing growth, which could have post-fledging 26 

consequences such as increased predation risk. These results suggest that the LOAEL 27 

for effects on nestling survival and development in great tits is likely equal to or below 28 

1 µg g−1 d−1. However, limited effects on the biochemical parameters evaluated were 29 

found. It has been shown that As may produce oxidative stress and tissue damage, so 30 

further research exploring this issue will be carried out in a future study. 31 

Capsule: Biochemistry, growth and survival of wild Parus major nestlings dosed with 32 

arsenic 33 

Key-words: breeding success; insectivorous passerines; Parus major; vitamins; 34 

pollution. 35 

36 
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Introduction 37 

Arsenic (As) is a common component of the soil and is present in different rock types. 38 

Some industrial activities such as metallurgical processes and combustion of coal are 39 

important anthropogenic sources of As and other metals into the environment (Pacyna 40 

and Pacyna, 2001). In addition, some arsenical pesticides such as sodium arsenite have 41 

been widely used, although they are now prohibited in most countries (WHO, 2000). 42 

The Agency for toxic substances and disease registry (ATSDR), has ranked arsenic as 43 

the first compound in the Substance priority list 2015 based on its frequency, toxicity, 44 

and potential for human exposure (ATSDR, 2015), which points out the fact that As is 45 

of great toxicological concern.  46 

Birds have been successfully used as biomonitoring tools of environmental pollution all 47 

over the world (Furness et al., 1993). However, the scientific community has prioritized 48 

studies on other elements such as lead (Pb), mercury (Hg) and cadmium (Cd) (e.g. 49 

Burger and Gochfeld, 2000; Scheuhammer, 1987), whereas very few (and correlative) 50 

field studies have assessed the effects of As in birds so far (Sánchez-Virosta et al., 51 

2015). Moreover, in the wild, birds are generally exposed to a mixture of metals and 52 

other stressors. Thus, proving a relationship between a specific contaminant and its 53 

associated health effects is very challenging. In addition, long-term pollution may 54 

disturb biological communities, which may end up causing secondary effects on bird 55 

species due to changes in food availability and quality (Eeva et al., 1997). Arsenic is of 56 

particular concern for mammalian exposure and toxicity, however, it is not clear 57 

whether the same applies for wild birds. Therefore, As manipulation experiments 58 

providing environmentally-relevant levels are needed to explore the specific effects of 59 

As on growth, survival and physiology in wild bird populations.  60 
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Experimental studies providing As compounds to bird species have mainly found 61 

developmental and reproductive effects (Sánchez-Virosta et al., 2015). Arsenic-treated 62 

mallard (Anas platyrhynchos) ducklings and zebra finch (Taeniopygia guttata) showed 63 

decreased weight gain and growth and reduced tarsus and wing length upon fledging 64 

(Albert et al., 2008a, 2008b; Camardese et al., 1990). Stanley et al. (1994) found that As 65 

altered mallard reproduction and ducklings’ growth, decreased egg weight and produced 66 

eggshell thinning. Several physiological parameters, such as calcium (Ca), alkaline 67 

phosphatases (ALPs), vitamins D3 (cholecalciferol), E (tocopherol), K, A (retinol) and 68 

carotenoids are involved in different ways in nestling growth and development (Bügel, 69 

2008; Chin and Ima-Nirwana, 2014; Cranenburg et al., 2007; Deeming and Pike, 2013; 70 

Espín et al., 2016a; Khazai et al., 2008; Zile, 2004). Regarding the effects of As in 71 

biochemistry, Albert et al. (2008a) suggested that its interaction with the mineral 72 

fraction of the bone may explain the effects on bone development, whereas Ortiz-73 

Santaliestra et al. (2015) observed that As was associated with decreased retinol in 74 

plasma and increased creatine phosphokinase activity in Bonelli’s eagle (Aquila 75 

fasciata) nestlings.  76 

The main objective of this study is to explore if environmentally relevant As levels 77 

affect growth, survival and physiological biomarkers of great tits (Parus major). For 78 

this purpose, during the breeding season of 2015, nestlings were orally dosed with 79 

sodium arsenite daily (from day 3 to day 13 post-hatching) and were measured in terms 80 

of brood size, nestling survival, number of fledglings, body size and growth rate. 81 

Concentrations of As in feces of nestlings were analyzed to be used as indicators of As 82 

dietary intake, and a set of physiological biomarkers (hematocrit, vitamins, carotenoids 83 

and other biochemical parameters) that are expected to be potential indicators of health 84 

and/or As toxicity were measured in the blood. Dead nestlings were necropsied to 85 
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investigate As accumulation in liver, bone and feathers. The responses to three 86 

experimental manipulations (Control, Low and High groups) carried out in a great tit 87 

population with low metal exposure levels are compared with those in a population 88 

breeding in the vicinity of a copper-nickel (Cu-Ni) smelter, an anthropogenic As source 89 

(Smelter group). Thus, we will be able to compare the effects of dietary As levels to 90 

those caused by exposure to a mixture of As and metals, other pollutants and potential 91 

associated resource limitations. Based on the developmental and reproductive effects 92 

reported in As-manipulation experiments, we hypothesize that As will interfere with 93 

one or several physiological parameters and decrease growth and survival.  94 

Material and methods 95 

Experimental set-up 96 

The As-manipulation experiment was performed during the breeding season 2015 in the 97 

proximities of a Cu-Ni smelter in Harjavalta (61°20′ N, 22°10′ E), SW Finland. There is 98 

an accumulation of heavy metals (mainly Cu, Ni, Pb, Cd, As, and zinc, Zn) in the area 99 

of the smelter (polluted zone) as a result of present and previous emissions. Metal 100 

concentrations decrease with distance to the smelter. The study area is described in 101 

detail by Eeva and Lehikoinen (1995). The As-manipulation was done on a great tit 102 

population using nest boxes placed in 11 different sites along the pollution gradient. The 103 

area was divided into the polluted and the unpolluted zone (0-2 km and 4.5-11 km, 104 

respectively, from the smelter). This study is part of a long-term (since 1991) follow-up 105 

of hole-breeding passerines in this area. The study sites have been selected to represent 106 

similar habitat, i.e. relatively barren pine dominated forests. Variation in tree species 107 

composition has been a very weak explanatory factor for clutch size or fledgling 108 

number, and no significant effects were found in our earlier studies (Eeva and 109 
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Lehikoinen 2000, 2013). On the other hand, long-term pollution has changed some 110 

habitat characteristics, like ground layer vegetation, which can be considered as one of 111 

the secondary effects of pollution. Tit population densities have been similar between 112 

study areas (Eeva and Lehikoinen 2013). Details of the study species are given in 113 

Supplementay Material (Document S1). 114 

There are ca. 500 nest boxes in the study area that were checked in April and then 115 

periodically to track the progress in the nest building. When newly hatched nestlings 116 

were found in a nest in the unpolluted area, the nest was assigned randomly either to the 117 

Control (distilled water), Low (0.2 µg g−1 d−1 of liquid sodium arsenite), or High (1 µg 118 

g−1 d−1 of liquid sodium arsenite) As-supplemented groups. In the polluted area, all the 119 

nests received distilled water (hereafter called Smelter group).  120 

We aimed to provide environmentally relevant As doses in order to achieve As 121 

concentrations at which wild passerines are currently exposed at polluted sites. After 122 

preliminary trials of 8 µg g−1 d−1 and 2 µg g−1 d−1, we set 1 µg As g−1 d−1 as the high 123 

treatment (hereafter called High As) corresponding to As exposure in relatively highly 124 

polluted areas, and another dose at 0.2 µg As g−1 d−1 as the low treatment (hereafter 125 

called Low As). A more detailed explanation on the selection of these dosing levels is 126 

provided in Document S2. Sodium arsenite (Sigma S7400, Batch SLBH5736V, 98% 127 

pure) was used to prepare dilutions to dose the nestlings. Sodium arsenite was used 128 

because it is one of the most common trivalent inorganic As compounds (WHO, 2000) 129 

and because of its well-known toxic effects. Moreover, Moriarty et al. (2009) found that 130 

most of the As in terrestrial invertebrates is inorganic, with the proportion as arsenite 131 

versus arsenate varying by invertebrate type. Lepidoptera, particularly in larval form, is 132 

the main invertebrate group in the diet of great tits in our study area (Eeva et al., 2010). 133 

In this sense, Moriarty et al. (2009) showed that the As speciation in their study was 134 



7 

 

60% arsenite versus 34% arsenate in mature Lepidoptera and 29% arsenite versus 64% 135 

arsenate in larval Lepidoptera in contaminated zones, while larval Lepidoptera in the 136 

background zone had 55% arsenite and 45% arsenate. Two different dilutions of 100 µg 137 

As mL−1 and 20 µg As mL−1 in distilled water were used. 138 

At 3 days of age (d3), we started providing As or distilled water daily for eleven days 139 

(until d13). We established d14 as the end of the experiment (last sampling and 140 

measurements) to avoid handling and dosing birds too close to the fledging date. 141 

Nestlings were dosed with increasing volumes of the corresponding treatment (Control, 142 

Low or High As) in order to receive the appropriate dose (0, 0.2 or 1 µg g−1 d−1) 143 

according to their body mass. The volumes were provided orally with pipettes (from 50 144 

to 170 µL from d3 to d13). For volume calculations, we used the long-term data on 145 

daily nestling body mass from nestlings of the same area. All nestlings from the same 146 

brood received the same treatment. In exceptional cases, if one sibling was clearly 147 

smaller than the other nestlings in the brood (around half weight), we provided half of 148 

the volume. 149 

The ideal number of nests in the experiment was set at 60 (15 nests per treatment group: 150 

Control, Low As, High As and Smelter). Since some nests could fail later, we took a 151 

higher number of nests at the beginning of the experiment. In total, the experiment was 152 

carried out on 70 nests (16 Control nests, 17 Low As nests, 16 High As nests, and 21 153 

Smelter nests) with a total of 400 nestlings dosed. 154 

The study was approved by the Centre for Economic Development, Transport and the 155 

Environment, ELY Centre Southwest Finland (VARELY/593/2015) and the Animal 156 

Experiment Committee of the State Provincial Office of Southern Finland 157 

(ESAVI/11579/04.10.07/2014). 158 
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Parents were not captured in this experiment because this species is relatively sensitive 159 

for capturing and handling, and there is a small risk for nest desertion even during the 160 

late nestling period. Moreover, data (n = 508 nests) from previous years showed that 161 

even though old females (age > 2 calendar years) lay c.a. 0.3 eggs (mean = 9.23 eggs) 162 

more than young ones (mean = 8.93), the age effects on fledgling numbers (old, mean = 163 

5.45; young, mean = 5.20) or nestling survival (fledglings/clutch size; old, mean = 47%; 164 

young, mean = 0.43%) are statistically non-significant, indicating that female age is a 165 

weak explanatory factor for fledgling number or nestling survival (unpublished data). 166 

Sampling, measurements and metal analysis 167 

Details on sampling and measurements are provided in Document S3. Briefly, on d7 168 

birds were ringed, and on d8 feces were collected for metals analysis. On d8 and d14 169 

post-hatching, nestlings were weighed, wing, tarsus and total head length were 170 

measured and blood samples were collected. Some birds in all the treatment groups died 171 

during the experiment, especially in June, probably due to a combination of relatively 172 

low food availability, low temperatures and high rainfall during that period (Figure 1). 173 

All the dead nestlings found in the nests were collected and frozen at −20 °C until 174 

necropsies could be performed in July 2015. We used the carcasses to measure As and 175 

metal concentrations in liver, bone and feathers in order to compare As accumulation 176 

among groups and its distribution among tissues. Prior to dissection, the carcasses were 177 

completely thawed and morphometric measurements taken (wing length and body 178 

mass). During necropsy, the liver and the two femurs were weighed and collected in 179 

different tubes. Wing feathers were removed and collected. The lengths of the 4th 180 

primary feathers from both wings were determined. The necropsies were performed on 181 

80 nestlings (16 from Control nests, 14 from Low As nests, 21 from High As nests, 18 182 

from Smelter nests, 9 from the trial of 2 µg g−1 d−1, and 2 from the trial of 8 µg g−1 d−1). 183 
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Carcasses of nestlings from different ages (3-15 days old) evenly distributed among the 184 

treatment groups were selected to evaluate As accumulation in liver and bone along 185 

time. Note that birds did not receive As after d13. Since younger nestlings have not 186 

developed the wing feathers yet, feathers were collected from 13-19 day-old nestlings (n 187 

= 42: 10 from Control nests, 10 from Low As nests, 11 from High As nests, and 11 from 188 

Smelter nests). 189 

Feces collected on d8, and liver, bone and feathers from dead nestlings were dried for 190 

As and other elements (Ca, Cd, Cu, Ni, Pb, selenium, Se and Zn) determination by 191 

inductively coupled plasma optical emission spectrometry (ICP-OES). Further 192 

information on metal analysis is provided in Document S4. Arsenic concentrations were 193 

also analyzed in 9 samples of moth larvae, spiders and beetles collected directly from 194 

parent great tits feeding their nestlings in the polluted area in 2000 and 2002 (sampling 195 

is described in Eeva et al., 2005). 196 

Caterpillar index, rainfall and temperature 197 

The frass-fall method (Southwood, 1978) was used to measure the abundance of 198 

caterpillars and sawfly larvae using round plastic funnels (diameter 34 cm, 4 collectors 199 

per site, 10 sites). Temperature also affects the falling frass, since caterpillars develop 200 

faster in warmer weather, producing more frass (Eeva et al., 1997). Daily mean 201 

temperature data was downloaded from the database provided by the Finnish 202 

Meteorological Institute (Kokemäki Tulkkila, 61°15’ N, 22.21’ E). We also measured 203 

rainfall at each of the 10 sites using rain gauges placed close to one of the funnels. More 204 

details are provided in Document S5. 205 
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Vitamins and biochemistry analyses 206 

Plasma collected at d8 was pooled by brood (n = 69) to obtain a volume of 90 µL for 207 

vitamin and carotenoid analysis. Vitamins and carotenoids were analyzed with an 208 

Acquity ultra-performance liquid chromatography system (UPLC; Waters Corp., 209 

Milford, MA, USA) coupled to a Xevo TQ triple-quadrupole mass spectrometer with 210 

electrospray ionization (ESI). Details of the technique are given in Document S6.  211 

Creatine kinase (CK) and ALP activities, and the plasma components uric acid and Ca 212 

were measured from plasma from 120 individuals (2 nestlings randomly selected per 213 

brood) collected on d14. A microplate reader (EnSpire, Perkin-Elmer) was used to 214 

analyze the samples. All measurements were done in triplicate using 384-well 215 

microplates to minimize the sample volume. Reagent volumes were adjusted according 216 

to this miniaturization. 217 

Statistical analysis 218 

The statistical packages SAS 9.4 and SPSS 22.0 were used to perform the statistical 219 

analyses. A detailed explanation on the statistics is provided in Document S7. Briefly, 220 

generalized linear mixed models (GLMMs) were run to study the differences in As and 221 

metal concentrations between treatment groups and to evaluate the effect of the 222 

experiment on different response variables: (i) survival and growth parameters, (ii) 223 

biochemical parameters from d8 and d14. Tukey’s test was used to make pairwise 224 

comparisons between treatment groups. The site was included as random factor in the 225 

models. GLMMs were also used to evaluate the effect of the zone (polluted vs. 226 

unpolluted) and period on the caterpillar index. During the experiment, we lost 14 nests 227 

after day 8 (ca. June 5-June 17), which was likely related to a combination of relatively 228 

low food availability, low temperatures and high rainfall during that period (Figure 1). 229 
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Therefore, we also ran the models removing those 14 nests with no fledglings since they 230 

could have an important effect on the survival and growth parameters. When working 231 

with all the broods, the treatment had no effect on those variables (fledging success, 232 

nestling survival, brood size, number of fledglings, body size and growth). However, 233 

when excluding the 14 failed nests, few but some significant effects were found, 234 

suggesting that these nests may mask the effect of the treatment. Therefore, we provide 235 

results from the models excluding these possibly confounding nests for the survival and 236 

growth parameters. 237 

GLMMs were also used to analyze the effects of As and metals on survival and growth 238 

parameters, biochemistry and vitamin/carotenoid concentrations. Since metal 239 

concentrations (Cd, Cu, Ni, Pb) in feces were positively correlated to each other, we 240 

performed principal component analysis. The first principal component (PC1met) from 241 

metals and log-transformed fecal As levels were included as explanatory variables in the 242 

model, as well as hatching date and brood size at d3, since they could be confounding 243 

variables. Explanatory variables were retained when significant. For all the parameters 244 

individually measured (biometric and biochemical parameters on d14), the mean value 245 

per brood was considered in the models due to the non-independence of measurements. 246 

For statistical analyses, metal concentrations below the detection limit were substituted 247 

with a value equal to limit of quantitation (LOQ)/√2. 248 

The correlations among response variables were tested with the Pearson (rp) or 249 

Spearman’s (rs) correlation coefficients. Normality of data was checked with the 250 

Kolmogorov-Smirnov test. The significance level was set at p ≤ 0.05 in all analyses. 251 
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Results 252 

Arsenic and metals in feces, liver, bone and feathers 253 

Arsenic concentrations in feces at d8 varied significantly among the four treatment 254 

groups (Table 1, Figure 2), and were highest in the Smelter group, followed by the High 255 

As group, and then the Low group, with levels respectively 16.6, 9.6 and 3.7 times 256 

higher than the Control group. Fecal Cd, Cu, Ni and Pb concentrations tend to be higher 257 

in the Smelter group (significantly higher for Ni) as compared to the groups from the 258 

unpolluted area (Control, Low As and High As; Table 1).  259 

Arsenic levels in liver, bone and feathers also showed significant differences among 260 

treatment groups (Table 2, Figure 2), showing the same trend in all three matrices. The 261 

highest As concentrations were found in the High As group, followed by the Low As 262 

and the Smelter group with similar levels among them, and then the Control group with 263 

the lowest As concentrations (Table 2, Figure 3). The mean ratio of As concentrations 264 

for Control, Low, High and Smelter groups was 1:13:72:16 in liver and 1:9:46:10 in 265 

bone. Arsenic concentrations in liver and bone from the trial nestlings are also reported 266 

(Table 2), and concentrations in liver and bone of nestlings receiving 8 µg g−1 d−1 and 2 267 

µg g−1 d−1 were significantly higher than those found in the High As group (Table 2). 268 

Arsenic concentrations were positively correlated between liver and bone (rs = 0.87, p < 269 

0.001, n = 80), liver and feathers (rs = 0.50, p = 0.014, n = 23) and bone and feathers (rs 270 

= 0.75, p < 0.001, n = 23; Table S1). The prediction equations of hepatic and bone As 271 

concentrations (d.w.) to use feathers as non-destructive samples, obtained via GLMs, 272 

are described below [Eqs. (1) and (2)]. 273 

Loge As Liver (µg g−1) = −1.8015 + 0.5899 * Loge As Feathers (µg g−1)                      (1) 274 
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Loge As Bone (µg g−1) = −1.040 + 0.4038 * Loge As Feathers (µg g−1)                        (2) 275 

Arsenic concentrations in liver and bone were correlated with different element 276 

concentrations such as Cd (rs = 0.26, p = 0.021 and rs = 0.43, p < 0.001, n = 80), Ni (rs = 277 

0.39, p < 0.001 and rs = 0.45, p < 0.001, n = 80), Pb (rs = 0.24, p = 0.034 and rs = 0.24, p 278 

= 0.031, n = 80), and Se (rs = −0.23, p = 0.037 and rs = −0.39, p < 0.001, n = 80) in liver 279 

and bone, respectively (Table S1). In feathers, As concentrations were correlated with 280 

levels of Cd (rs = 0.35, p = 0.023, n = 42). The other elements were also correlated 281 

between them in the different tissue types (see Table S1). 282 

Arsenic concentrations in samples of moth larvae, spiders and beetles collected in the 283 

polluted area in 2000 and 2002 were 5.22 ± 7.89 (n = 5), 0.50 ± 0.63 (n = 2) and 6.49 ± 284 

4.72 (n = 2) µg g−1, respectively.  285 

Effects of arsenic on growth, survival and plasma biochemistry 286 

Nestlings in the Low As group showed a slower wing growth rate than nestlings from 287 

the other treatment groups (12% slower than the Control group). A similar tendency 288 

was found in the High As group compared to the Control, but the effect was not 289 

significant (Figure 3, Table S2). The number of fledglings per successful nest was 290 

smaller in the High As group compared to the Low As group (2.91 vs. 4.49 fledglings) 291 

but it did not significantly differ compared to the Control group (2.91 vs. 4.19 292 

fledglings; Figure 3, Table S2). 293 

Vitamin K1 concentrations in plasma at d8 were slightly lower in nestlings from the 294 

Low and High As groups compared to the Control group (13 and 15% lower, 295 

respectively), although not significantly, but nestlings from the Smelter group showed 296 

significantly higher vitamin K1 levels compared to the Low and High As groups (90 297 

and 95% higher, respectively; Figure 3, Table S2). Nestlings from the Smelter group 298 
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also showed slightly higher vitamin A levels in plasma compared to the other treatment 299 

groups, although not significantly (Figure 3, Table S2). The PC1met was negatively 300 

associated with vitamin K1 and vitamin D3, while fecal As concentrations were 301 

positively related to hematocrit (Table S3). The correlations for growth, survival and 302 

biochemical parameters, and single metals in feces are shown in Table S4.  303 

Finally, the zone (polluted vs. unpolluted) had no effect on the caterpillar index (Fndf, ddf 304 

= 2.271,38.7, p = 0.14), while it varied significantly among periods (Fndf, ddf = 30.6710,318.4, 305 

p < 0.001; Figure 1). 306 

Discussion 307 

Arsenic in feces, liver, bone and feathers 308 

Our experiment aimed to provide environmentally relevant As doses in order to achieve 309 

As concentrations at which wild passerines are actually exposed at polluted sites. Since 310 

some nestlings died during the experiment, they were necropsied to investigate internal 311 

accumulation and distribution of As among tissues. The liver is clearly the most 312 

commonly used internal tissue to analyze As in dead passerines (Sánchez-Virosta et al., 313 

2015), and it was selected as an appropriate organ to determine As accumulation. Since 314 

data on As concentrations in bone tissue is scarce, bone As concentrations were also 315 

measured. Moreover, feathers have been shown to be suitable matrices to evaluate As 316 

exposure in passerines, but studies evaluating the relationship between As levels in 317 

internal tissues and feathers in wild passerines are scarce, so As levels in wing feathers 318 

were also analyzed. Our results are indicative of an As accumulation in liver, bone and 319 

feathers over time. The Low As treatment resulted in significantly higher As 320 

concentrations in liver, bone and feathers than the Control group and similar As 321 

concentrations than those found in the Smelter group, while the High As treatment 322 
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showed significantly higher As concentrations than the Control and Low As groups. In 323 

addition, As concentrations were positively correlated between liver, bone and feathers. 324 

The accumulation pattern in liver, bone and feathers shows that we were successful in 325 

achieving concentrations that have been measured in polluted environments. In this 326 

sense, Berglund et al. (2012) found that emission reductions in the Cu/Ni smelter in 327 

Harjavalta resulted in decreased hepatic As concentrations in great tit nestlings, from 328 

3.2 µg g−1 d.w. in 1991 in nestlings within 2 km from the smelter, being slightly lower 329 

than those found in the High As group in our experiment, to 0.24 µg g−1 d.w. in 2009. 330 

On the other hand, As concentrations in liver, bone and feathers in the Low As group 331 

are similar to those currently found in the smelter zone. However, nestlings receiving 332 

the trial doses (2 and 8 μg g−1 d−1) reached hepatic As levels far above those reported in 333 

polluted environments in previous studies (Sánchez-Virosta et al., 2015), suggesting 334 

that those trial doses were too high taking into account our aim of providing 335 

environmentally relevant As doses at which wild passerines are currently exposed at 336 

polluted sites.  337 

Although internal tissues have been traditionally used as indicators of contaminant 338 

exposure, non-destructive sampling is becoming the trend in recent years (Espín et al., 339 

2016c; García-Fernández et al., 2013). In this sense, As is integrated in feathers during 340 

their growth (Janssens et al., 2001). In unpolluted sites, As concentrations in feathers of 341 

great tit nestlings are generally lower than 0.3 μg g−1, as found in our Control group, 342 

whereas in polluted sites, concentrations are within 0.6-1.1 μg g−1 (Dauwe et al., 2004; 343 

Eeva et al., 2006; Janssens et al., 2002), as observed in our Low As and Smelter groups. 344 

Our experiment backs feathers of nestling passerines as a good type of sample for As 345 

monitoring. Thus, we provide prediction equations for estimating hepatic and bone As 346 

concentrations in great tit nestlings using the As concentrations in wing feathers. 347 
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Newly-grown feathers from nestlings should well represent the load of As in the 348 

organism, as pollutant concentrations in the first plumage are unaffected by migration or 349 

molting, and the external contamination should be negligible (Sánchez-Virosta et al., 350 

2015).  351 

Feces are a good alternative to blood samples in small animals where a limited amount 352 

of blood is available for sampling (Sánchez-Virosta et al., 2015). Fecal As 353 

concentrations in passerines from different areas range from 0.1 to 1.4 μg g−1 d.w. in 354 

unpolluted sites and from 5 to 16 μg g−1 d.w. in polluted areas (see articles reviewed by 355 

Sánchez-Virosta et al., 2015). In the present experimental study, nestlings from the 356 

High As group reached fecal As concentrations ranging 0.7-18.8 μg g−1 d.w., so this 357 

group could represent levels found in polluted sites, while our Control group (0.01-1.8 358 

μg g−1 d.w.) has similar levels to those found in unpolluted sites in the literature. 359 

Interestingly, concentrations found in the Smelter group (ranging 0.1-48.7 μg g−1 d.w.) 360 

were higher than those observed in nestlings in the other experimental groups, although 361 

significantly higher only compared to the Control and Low As groups. Feces do not 362 

reflect the As accumulated in the organism, but As that was not absorbed and As that 363 

was excreted after absorption (Sánchez-Virosta et al., 2015). It is likely that As is better 364 

absorbed from sodium arsenite dissolved in water than from prey (i.e. invertebrates such 365 

as caterpillars, spiders and beetles) that have accumulated As, thus resulting in higher 366 

fecal As levels from excretion in the Smelter group. In this sense, Moriarty et al. (2012) 367 

used a physiologically based extraction test and estimated that 47% of invertebrate As 368 

was bioaccessible in the shrew (Sorex cinereus) gastrointestinal tract. In addition, while 369 

sodium arsenite was dosed once a day in As-treated birds, nestlings in the Smelter group 370 

are continuously exposed to As and metal-polluted food. Feces were collected ca. 24 h 371 

after the previous As dosing, so it is likely that a higher proportion of sodium arsenite is 372 
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excreted in the first droppings after exposure and feces collected 24 h after dosing are 373 

mostly reflecting the body active excretion to feces of absorbed As. It is notable that As 374 

concentrations in feathers relative to those in liver and bone were higher in the As-dosed 375 

nestlings than in either the Control or the Smelter group. This is consistent with greater 376 

As absorption in the As-dosing treatments, as depuration into feathers is an elimination 377 

mechanism for absorbed As only, whereas fecal elimination applies to both non-378 

absorbed and absorbed As. Regarding the As concentrations in food items, this study 379 

provides some results in moth larvae, spiders and beetles collected in the polluted area 380 

in previous years. Since those samples were collected directly from parent great tits 381 

feeding their nestlings (Eeva et al., 2005), they should be very relevant indicators of As 382 

exposure for great tit nestlings. Another study in the same area showed that moth 383 

(Epirrita autumnata) larvae collected in 2014 in the polluted area had 12 times higher 384 

As concentrations than larvae from the unpolluted area (geometric means and 95% 385 

confidence limit): 0.48 (0.36-0.64) (n = 12) and 0.039 (0.029-0.052) (n = 12) μg g−1 386 

d.w., respectively (Fdf = 322.21,20, p < 0.0001; unpublished data).  387 

Correlation tests revealed the presence of significant relationships between different 388 

element concentrations in all three tissues and between tissues. The positive correlations 389 

described between As, Cd, Ni and Pb, and the negative correlation found between all 390 

those elements and Se in both liver and bone tissue, may be indicative of shared uptake 391 

and accumulation pathways and similar regulation and detoxification mechanisms, as 392 

suggested before by different researchers (e.g. Ribeiro et al., 2009). In this sense, the 393 

negative relationship between the different elements and Se indicates that, in addition to 394 

metalothioneins, Se is important in the storage and detoxification of those elements, 395 

since it protects against Cd, Pb, As and Hg toxicity (Schwalfenberg et al., 2015). 396 
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Effects of arsenic on growth, survival and plasma biochemistry 397 

Our As experiment aimed to explore if growth, survival and physiology are affected by 398 

environmentally relevant As levels in great tits. Experimental studies on birds dosed 399 

with different As forms have reported decreased body weight, tarsi and wing length, and 400 

rate of growth (see articles reviewed by Sánchez-Virosta et al., 2015).  Our As treatment 401 

had no effect on body mass, tarsus or head growth. However, As-dosed nestlings had 402 

depressed wing growth rate compared to Control nestlings, only significant for the Low 403 

As group. As suggested by other researchers (Albert et al., 2008a), this could be related 404 

to an interaction between the mineral fraction of the bone and As, most likely with As 405 

substituting phosphate in the hydroxyapatite (Kretshmer et al., 2002). Thus, wild 406 

nestlings exposed to similar doses to those provided in this experiment could suffer 407 

skeletal growth problems which could lead in longer term effects such as increased 408 

predation risk after fledging. In this respect, skeletal growth problems were observed in 409 

F. hypoleuca nestlings in the vicinity of the smelter in the beginning of the 1990’s, 410 

before metal emissions decreased (Eeva and Lehikoinen, 1996). However, although a 411 

tendency of slower wing growth rate in the High As group compared to the Control is 412 

observed, this result was not significant. The lack of a dose-response relationship for 413 

this endpoint suggests that further research would be needed to support this result.  414 

In addition, nestlings in the High As group showed lower fledging success, nestling 415 

survival and number of fledglings per successful nest compared to the other 416 

experimental groups, although significant differences were only found between the Low 417 

and High As group for the number of fledglings per successful nest. According to the 418 

results found in our experiment, we consider that the lowest-adverse-effect level 419 

(LOAEL) for effects on size and growth in great tit nestlings is likely equal to or below 420 

our higher dose of 1 µg g−1 d−1. Since the trial dose of 8 µg g−1 d−1 resulted in the death 421 
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of 4 nestlings after the first dose and the death of the other 3 nestlings after the second 422 

dose, this was clearly a high lethal dose for great tit nestlings. The trial dose of 2 µg g−1 423 

d−1 also resulted in the death of 1 nestling per day after the first 2 or 3 doses depending 424 

on the brood, and the rest of the nestlings also died in one of the broods at different 425 

ages. Thus, the oral LD50 of sodium arsenite for nestling of this species could fall 426 

between 2 and 8 μg g−1. 427 

The As treatment showed limited effects on the biochemical parameters evaluated. 428 

Fecal As concentrations were positively related only to hematocrit (the percentage of 429 

red blood cells in a blood sample). Previous studies have found that As exposure may 430 

result in hemolysis and reduced hematocrit in experimental animals (e.g. Antonio 431 

Garcia et al., 2013; Hong et al., 1989). However, in accordance with our results, blood 432 

hematocrit was increased in rats after sodium arsenite administration (single dose of 0.1 433 

or 1 μg g−1; Mitchell et al., 2000). This result could suggest a hormetic effect of As, 434 

showing that exposure to relatively low doses of As could stimulate erythropoiesis as a 435 

protective effect, increasing hematocrit levels, but at certain As exposure, this metalloid 436 

would produce its hemolytic effect and consequent anemia. In this sense, sodium 437 

arsenite has been found to induce ABCB6 expression, a mitochondrial porphyrin 438 

transporter essential for heme biosynthesis (Krishnamurthy et al., 2006), in mice and 439 

cells in vitro, which might be indicative of a hormetic mechanism triggered to protect 440 

cells against the oxidative stress induced by As (Chavan et al., 2011). In addition, 441 

Kajiguchi et al. (2005) observed that the expression of erythropoietin, a glycoprotein 442 

that promotes the proliferation and differentiation of erythrocyte precursors (Lacombe et 443 

al., 1991), markedly increased in cells exposed to a therapeutic concentration (0.5 µM) 444 

of arsenic trioxide, while a bigger concentration (2.5 µM), was found to inhibit cell 445 

growth and decrease the erythropoietin expression to the baseline.  446 
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Regarding the bigger levels of vitamin K1 or phylloquinone in the polluted 447 

environment, we hypothesize that, since it is synthesized by green leafy plants (Basset 448 

et al., 2016), a putative source of this difference could be the diet, with birds in the 449 

polluted area consuming more vitamin K1-rich food items. Dietary differences have 450 

been documented in great tit nestlings between the polluted and reference areas (Eeva et 451 

al., 2005) but we cannot evaluate this hypothesis due to the lack of knowledge on the 452 

vitamin K1 content in their food items. 453 

Vitamin K1 is primarily involved in coagulation and vascular and skeletal metabolism 454 

(Basset et al., 2016). Different studies have described that metals decrease whole-blood 455 

coagulation time (Lim et al., 2010; Sangani et al., 2010). This metal-related 456 

anticoagulant activity supports our higher vitamin K1 levels in metal-exposed nestlings 457 

from the Smelter group. Metal-induced oxidative stress is one of the defining means of 458 

metal toxicity (Ercal et al., 2001). Thus, a possible mechanism underlying the 459 

procoagulative changes following metal exposure in the Smelter group is an association 460 

between oxidative stress and coagulation responses (Bind et al., 2014). In addition, 461 

evidence suggests that hepatic stores of phylloquinone are very mobile and, under 462 

dietary scarcity conditions, these stores are diminished (Usui et al., 1990). Thus, birds 463 

facing poor food quality and/or quantity could activate a mechanism to stimulate 464 

vitamin K1 absorption. On the other hand, our results showed that PC1met was 465 

negatively associated with vitamin K1. This negative association between vitamin K1 466 

and metals seems to contradict our finding of higher vitamin K1 levels in the Smelter 467 

group. However, it should be noted that the negative association depends quite much on 468 

two broods with high metal concentrations. The generally higher vitamin K1 values in 469 

the Smelter group cannot be explained by metals, or at least not solely by them, but 470 

maybe by a different diet composition or an indirect effect of metals on diet quality and 471 
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quantity resulting in a mechanism to enhance vitamin K1 absorption. We encourage 472 

further studies on vitamin K1 levels in birds to better understand the metal-related 473 

effects on its metabolism. 474 

Additionally, fecal concentrations of Cu and Pb were negatively correlated with vitamin 475 

K2. This vitamin is important for regulating the Ca deposition and proper Ca use in the 476 

organism (Maresz, 2015). However, metal effects on vitamin K2 have been poorly 477 

evaluated in free-living birds. A previous study by our research group showed that great 478 

tit nestlings exposed to low doses of Pb showed the lowest vitamin K concentrations 479 

among treatment groups (Ruiz et al., 2016). Although further studies are needed to 480 

understand the effects of metals on vitamin K2 homeostasis, a possible mechanism 481 

explaining its relationship with Pb could be related to the negative effects of this metal 482 

on Ca metabolism (Pounds, 1984). 483 

In addition, PC1met negatively affected vitamin D3 levels, which is consistent with 484 

previous studies on the same area where we reported a negative association between 485 

metals and yolk vitamin D3 in great tit (Espín et al., 2016b). It is known that metals 486 

(particularly Cd and Pb) disrupt vitamin D3 metabolism by interfering with renal 1,25-487 

dihydroxyvitamin D synthesis (Moon, 1994; Smith et al., 1981). However, in a previous 488 

study in the same area, additional Pb increased vitamin D3 levels (Ruiz et al., 2016). 489 

Thus, future studies should assess in detail the effect of metals on vitamin D3. 490 

Furthermore, the single metals Cd and Cu were negatively correlated with vitamin E. 491 

These metals induce oxidative stress and damage by increasing ROS generation 492 

(Koivula and Eeva, 2010), which can deplete the levels of antioxidants such as vitamin 493 

E, suggesting that the defense mechanism is removing reactive species in the organism 494 

(Halliwell and Gutteridge, 2007).  495 
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As reported in previous studies in the same study area (Espín et al., 2016a), since the 496 

bone isoform of ALP is related to active skeletal growth, the positive relationship 497 

between ALP and nestling size, growth and number of fledglings in great tit nestlings 498 

seems logical (Viñuela and Ferrer, 1997). The number of fledglings was positively 499 

correlated with the nestling size, wing and head growth, hematocrit, lutein + zeaxanthin 500 

and vitamin K1, while nestling size and growth were positively correlated with 501 

hematocrit. These results show that hematocrit and carotenoid levels, which are closely 502 

related to food quality and quantity (Eeva et al., 2009), play a major role in the nestling 503 

growth and survival. The positive correlation observed between Ca and vitamin K2 or 504 

menaquinone in plasma is due to vitamin K2 being important for regulating the Ca 505 

deposition and proper Ca use (Maresz, 2015). Moreover, some vitamins were positively 506 

intercorrelated, probably due to their role in essential physiological mechanisms in 507 

growing birds. In this sense, vitamin E has different functions: it is a potent antioxidant 508 

that inhibits the production of ROS, it is an important anti-inflammatory agent, it can be 509 

beneficial to bone health, and it stimulates humoral and cell immune responses and 510 

phagocytic functions (Chin and Ima-Nirwana, 2014; Rizvi et al., 2014). Vitamin A is 511 

involved in cell differentiation, growth and immune function (Tanumihardjo, 2011; 512 

Zile, 2004), and vitamins K1 and K2 are essential in blood coagulation and in bone and 513 

vascular metabolism (Bügel, 2008; Cranenburg et al., 2007; Maresz, 2015). Finally, 514 

vitamin D3 (cholecalciferol) is well known for its role in Ca homeostais and proper 515 

skeletal growth (Khazai et al., 2008). Therefore, it is not surprising that these vitamins 516 

are positively correlated with each other during nestling development. 517 

Conclusions 518 

Great tit nestlings receiving sodium arsenite through the diet accumulate As in liver, 519 

bone and feathers in a dose-dependent manner. Broods exposed to 1 µg g−1 d−1 of 520 
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sodium arsenite showed reduced number of fledglings per successful nest compared to 521 

broods exposed to 0.2 µg g−1 d−1 but not to the Control group. Lower concentrations (0.2 522 

µg g−1 d−1) resulted in sublethal effects as reduced wing growth, which could have post-523 

fledging consequences such as increased predation risk. Due to the lack of a dose-524 

response relationship for this endpoint, further research would be needed to support an 525 

effect on the wing growth rate. These results suggest that the LOAEL for effects on 526 

nestling survival and development in great tits is likely below 1 µg g−1 d−1. 527 

In spite of the clear As accumulation, limited effects on the biochemical parameters 528 

evaluated were found. This could suggest that nestlings exposed to similar doses in the 529 

wild will not suffer effects on Ca, uric acid, ALP, CK, carotenoids and vitamin levels in 530 

plasma. However, this should be interpreted prudently, especially when As exposure is 531 

associated with exposure to other contaminants or resource limitations (e.g. low calcium 532 

availability or restrictions in food intake).  533 

It is known that As may produce oxidative stress, and other physiological effects with 534 

potential long-term consequences cannot be discarded. Further research on this issue 535 

will be carried out in our future studies. 536 

537 
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Table captions 700 

Table 1. Arsenic and metal concentrations (μg g−1, d.w.) in feces of great tit nestlings 701 

(age 8 days) in the four treatment groups. N = number of broods 702 

Table 2. Arsenic concentrations (μg g−1, d.w.) in liver, bone and feathers of dead great 703 

tit nestlings (age 3-15 days). N = number of individuals 704 

Table S1. Spearman correlation coefficients and their p-values for metal concentrations 705 

in liver, bone and feathers of great tit nestlings. N = Number of samples 706 

Table S2. Generalized linear mixed models for variation in growth, survival and 707 

biochemistry of great tit nestlings in the four treatment groups 708 

Table S3. Generalized linear models for variation in growth, survival and biochemistry 709 

of great tit nestlings. PC1met includes fecal concentrations of Cd, Ni, Pb and Cu 710 

Table S4. Correlation coefficients (number of broods) and their p-values for survival 711 

and growth parameters and biochemistry in great tit nestlings 712 

Figure captions 713 

Figure 1. Mean (± 95% CI) caterpillar index or frass fall (bars, mg d−1) in the polluted 714 

and unpolluted zone, rain (top graph, bars, mm d−1) and mean temperature (top graph, 715 

black dots, °C) measured during the experiment (May 4-July 23). Each bar represents 716 

the mean frass fall from 20 collectors. Dashed line denotes the whole nestling period of 717 

great tits from this study from hatching (mean = June 5, min-max = May 21-June 29) to 718 

the age of 14 days (mean = June 19, min-max = June 4-July 13) 719 

Figure 2. Least square means (± 95% CI) of arsenic levels in feces (age 8 days), liver, 720 

bone (age 3-15 days) and feathers of great tit nestlings in the four treatment groups. 721 
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Statistical differences within each tissue type are shown in Tables 1 and 2. The numbers 722 

above the error bars indicate the number of broods (feces) or individuals (liver, bone, 723 

feathers) 724 

Figure 3. Least square means (± 95% CI) of number of fledglings per successful nest, 725 

wing growth (mm d−1), plasma vitamin A and plasma ∑Vitamin K1 (µg mL−1) of great 726 

tit nestlings in the four treatment groups. The numbers above the error bars indicate the 727 

number of broods. Vitamins were log-transformed for GLMMs shown in Table S2 and 728 

then back-transformed for representation. Letters in bars denote significant differences 729 

among treatments (means with different letter are statistically different) 730 


