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Abstract

:

Bird feces are commonly used as a proxy for measuring dietary metal exposure levels in wild populations. Our study aims to improve the reliability and repeatability of fecal metal measurements and gives some recommendations for sampling. First, we studied levels of variation in metallic element (arsenic, calcium, cadmium, cobalt, copper, nickel, lead) concentrations: temporal variation within an individual, among siblings in a brood and among-brood/spatial variation. Second, we explored the variation caused by dual composition (urate vs. feces) of bird droppings. Two sets of fresh fecal samples were collected from pied flycatcher (Ficedula hypoleuca) nestlings living in a metal polluted area in summers 2017 (dataset 1) and 2018 (dataset 2). We found a great deal of temporal intra-individual variation in metal levels, suggesting that dietary exposure varied markedly in a short time scale (within a day). A sample from only one nestling per brood did not well describe the brood mean value, and we recommend that at least four siblings should be sampled. Brood level samples give relatively good temporal repeatability for most metals. For all the metals, the levels in the fecal portion were more than double to those in the urate portion. Since the mass proportion of urate in the bird droppings varied a great deal among samples, standardizing sampling, e.g., by collecting only the fecal part, would markedly reduce the variation due to composition. Alternatively, urate portion could be used for biomonitoring of internally circulated bioavailable metal.






Keywords:


bird feces; calcium; heavy metals; measurement error; pied flycatcher; repeatability; uric acid












1. Introduction


Birds are widely used as biomonitors to give information on the state of the environment—for example, the levels of environmental pollution [1,2,3,4]. In this respect, non-destructive monitoring methods are urgently needed for ecotoxicological field studies, which sometimes include also endangered species [5,6,7]. Bird feces are often used as a proxy for measuring dietary contaminant exposure levels [8,9,10,11]. For example, the levels of non-essential metals in the feces of passerine birds reflect well the pollution loads in the environment and correlate with the levels measured in their food items, and this methodology is therefore widely used [12,13]. Collecting feces from nestlings is relatively easy and can be done, e.g., by voluntary bird ringers, since nestlings often defecate when they are handled for marking and measuring. In addition to measuring pollutants, bird feces are useful for measuring diet with DNA meta-barcoding, some physiological biomarkers such as stress hormone levels and gut microbiome [14,15,16,17,18]. At best, all this information can be obtained from the same sample. On the other hand, it is not always clear what can be concluded on the fecal pollutant levels [19], and there are several potential methodological pitfalls, such as unknown temporal and spatial variation in concentrations. For example, it is not clear how well a sample collected in a single time-point reflects the general exposure level of an individual.



Birds are exposed to metals via food, water, inhalation and preening their feathers, but food is in most cases considered the most important route in wildlife [20,21,22]. In general, metals are relatively easily absorbed as soluble salts, but the proportion absorbed from food varies, e.g., among metals and their form, bioavailability, bird species and food quality [23,24,25]. For example, fecal concentrations of essential elements like copper (Cu) and zinc (Zn) tend to show weaker correlations with internal levels than some of the more toxic non-essential elements, such as arsenic (As) or lead (Pb) [19,26]. This is probably because animals can better regulate the absorption of essential mineral elements, although this may fail as well at very high exposure levels [27,28]. The unabsorbed part will be excreted together with the feces. However, bird droppings consist of two components: feces and urine, the largest component in the latter being derivatives of uric acid or its salts (urate) [5,29,30]. Uric acid contains nitrogenous waste but it is also a route for excreting metals from the bloodstream, initially absorbed from the gut [5,31]. Therefore, when bird droppings are measured for their metal content, it remains unclear how much the concentration reflects the unabsorbed part in feces and how much the internal route through kidneys to uric acid and through bile to feces [32].



The aim of our study is to improve the reliability and repeatability of fecal metal measurements. For this, we have collected two sets of fecal samples from nestlings of an insectivorous passerine, the pied flycatcher (Ficedula hypoleuca), to explore the sources of variation in metal levels. First, we want to reveal the most important levels of variation by variance partitioning: temporal variation within individual, among siblings in a brood and among-brood/spatial variation. Second, we want to explore the variation caused by dual composition (urate vs. feces) of bird droppings. Most studies using bird droppings for biomonitoring of environmental metal levels have used whole feces, e.g., [1,11,33,34]. However, this is a potential source of measurement error, because the proportions of feces and urate vary in samples, and information on their relative metal concentrations is lacking. Information on metal exposure levels is often combined with some physiological or fitness-related variables. If there are unknown sources of variation in sample concentrations, finding a connection between the exposure level and response may fail. Finally, we want to give some practical recommendations for improving sampling and the reliability of results. Reliability of laboratory analyses, differences in diet quality and absorption and connections between fecal concentrations and internal tissue levels are, however, beyond the scope of our study.




2. Materials and Methods


2.1. Study Area and Study Species


The data were collected in summers 2017 and 2018 around a copper-nickel (Cu-Ni) smelter (61°20′ N, 22°10′ E) in Harjavalta town, Southwestern Finland. Sulphur oxides (SOx) and metallic elements (especially As, cadmium Cd, cobalt Co, Cu, Ni, Pb) are common pollutants in this area [35,36,37]. Elevated metal concentrations occur in the soil, vegetation and fauna of the polluted area due to current and historical (since 1945) deposition [35]. More details on emissions and metal levels in birds are given in Eeva et al. [38] and Berglund et al. [11,39]. Six study plots with nest boxes [40] were established in different directions < 2 km from the smelter (Supplementary Materials, Table S1).



A small migratory and insectivorous bird, F. hypoleuca, is the most abundant species breeding in our nest boxes and its population has been studied in this area since 1991 [41]. The diet of nestlings consists of wide variety of insects and other arthropods, which parents collect relatively close to their nest [42]. Therefore, the dietary metal exposure of nestlings reflects the concentrations in local invertebrate fauna and local contamination in general. An earlier investigation in the same study area indicated that the metal levels in the feces of F. hypoleuca nestlings showed strong positive correlations to the metal levels in soil, vegetation and insects [37]. Both parents feed the nestlings, and the average sized brood (circa 6 nestlings) receives on average 32 food loads per hour [43]. Mean (±SD) brood sizes in our sample broods in 2017 and 2018 were as follows: 5.5 ± 0.80 and 5.9 ± 1.07, respectively.




2.2. Sampling


In summer 2017, we collected 396 fecal samples from 208 F. hypoleuca nestlings in 38 broods at six study plots (dataset 1; Supplementary Materials, Table S1). Each brood was sampled twice during the same day (and only in one day) to get paired samples from the same nestlings, the mean (±SD) interval between the two successive samples being 5.6 ± 1.3 h. Nestlings were 5–12 days (mean ±SD: 8.4 ± 1.8) old. The sampling period to obtain samples from all broods took 10 days in 2017.



Fresh fecal samples were taken individually into clean 1.5 mL polypropylene tubes when nestlings were individually marked with aluminum rings (licenses by the Finnish Center for Economic Development, Transport and the Environment: VARELY/959/07.01/2012; date of approval: 7 Jan 2012; VARELY/3622/2017; date of approval: 11 Dec 2017). Nestlings of this species normally defecate during ringing but this can also be induced by pressing gently the cloaca, e.g., with a round-ended hairpin. Samples were frozen at −20 °C, dried later in the laboratory at 40 °C for 72 h and ground to powder. Both fresh and dry mass was taken to estimate the water content (mean ± SD) of samples, which was 79.0 ± 6.1%. Dry to wet conversion factor for metal concentrations was then 0.210.



In summer 2018, we collected 40 fecal samples from 7–11-day-old nestlings from six study plots and 20 broods, always sampling two randomly chosen nestlings in a brood, but this time only one sample per nestling was taken (dataset 2; Supplementary Materials, Table S1). The sampling period to obtain samples from all broods took 6 days in 2018. Sampling itself was otherwise similar to the previous study, except that we now split each sample into two parts: fecal part (dark feces) and urate (white solid urine). This was done on a clean plate by carefully peeling the white urate from the top of the feces with a plastic teaspoon. However, small amounts of urate may have remained within the feces and vice versa. Samples were then treated as described above. Water contents (mean ± SD) of the fecal and urate parts were 76.8 ± 8.9% and 73.3 ± 8.9%, respectively. Dry to wet conversion factors for metal concentrations were then 0.232 for the feces and 0.267 for the urate.




2.3. Trace Element Analyses


For 2017 samples, element concentrations (aluminum Al, As, boron B, Cd, calcium Ca, chromium Cr, Co, Cu, iron Fe, Pb, lithium Li, magnesium Mg, manganese Mn, molybdenium Mo, Ni, phosphorus P, potassium K, rubidium Rb, silicon Si, sodium Na, strontium Sr, sulphur S, titanium Ti, Zn) were determined in University of Murcia with an inductively coupled plasma optical emission spectrometer (ICP-OES) Thermo Scientific iCAP 6500 Duo (Thermo Fisher Scientific Inc., Waltham, MA, USA). Dried samples (n = 396) were placed in digestion tubes to which a mixture of 4 mL HNO3 (70%) and 1 mL H2O2 (33%) was added. The sample was then submitted to progressive thermal treatment and, after the microwave procedure, the sample was diluted in ultrapure water before analysis. The limits of quantification (LOQs) ranged between 0.01 and 1 μg/g, and the accuracy of measurements was in the range of 94−108%, with uncertainties below 8% in all cases. Five samples, typically with small sample mass (<0.01 g) and deviating concentrations for several elements (>20 times higher or lower than the mean value), were discarded from all the subsequent analyses, the final sample size being 391.



For 2018 samples, element concentrations (As, Ca, Cd, Co, Cu, Ni, Pb) were determined in University of Eastern Finland with an inductively coupled plasma mass spectrometer (ICP-MS) PerkinElmer NexIon 350D-AMS (PerkinElmer Inc., MA, USA). Dried samples (n = 80) were placed in digestion tubes with 8 mL HNO3 (67−69%). The sample was then submitted to progressive thermal treatment and, after the microwave procedure, the sample was diluted in ultrapure water before analysis. Calcium levels were too high to give reliable results, and they are not reported. Samples of Bovine Liver 1577b (for Cd, Cu and Pb) and Tomato Leaves 1573a (for Co, Ni and As) were used as certified reference materials (SRM; Sigma-Aldrich, St. Louis, MO, USA). Recoveries (%) were as follows: 97.6% for As, 71.6% for Cd, 86.6% for Co, 92.5% for Cu, 102% for Ni, 192% for Pb. Since observed Pb values were high as compared to the certified values, the absolute levels of this metal should be interpreted with caution. All concentrations are reported on a dry mass basis (d.m.). For urate, one sample was discarded from all the subsequent analyses because of exceptionally low (>100 times lower than the mean value) concentrations for most elements. Furthermore, one exceptionally high value for Cu (16 times higher than the mean) was omitted.




2.4. Statistics


All the analyses were run with statistical software SAS 9.4 [44]. For all 24 elements in dataset 1 (2017), we first calculated ranges and quartiles and checked the proportions of values below the limit of quantification (<LOQ) to assess data quality (Supplementary Materials, Table S2). Because, in all cases, the proportion of <LOQ values was less than 15%, we substituted them by a random number between 0 and LOQ [45]. There were no <LOQ values in dataset 2 (2018). Associations among elements in dataset 1 were further inspected with a hierarchical cluster analysis [44] by using Pearson correlation matrix with average linkage method for clustering (Supplementary Materials, Figure S1). With this exploratory analysis, we sought to determine which elements showed similar distributions among the samples, indicating similar spatial distribution and source.



Six main pollutants (As, Cd, Co, Cu, Ni and Pb) of the smelter, together with Ca, were selected for further analyses. Selection of toxic elements was based on earlier information on the emission profile of the smelter [35,37]. Calcium was included because it interacts with toxic metals, and therefore it is often measured together with the other metals [46,47]. These concentrations were first log10 transformed to make them better conform to normal distribution, which was confirmed by visual inspection of histograms. Because the age of the broods varied, we first assessed whether metal concentrations were age-dependent by using a linear regression model. All metals, except Cd, showed a decreasing trend with age (result not shown), and therefore we used age-corrected residuals in all the following analyses. This was important in order to avoid mixing the age effect with the other sources of among-brood variation.



The differences in metal levels among plots, broods, nestlings and sampling times were inspected with general linear models (GLM procedure in SAS) with fully nested structure (i.e., brood nested within plot and nestling nested within brood; Table 1). In such models, also mean squares need to be compared sequentially, i.e., the correct denominator in the test for the first factor is the mean square due to the second factor, and so on [44]. Model estimates (least squares means and confidence limits) for log10-transformed values were back-transformed to the original scale for tables. After this, we partitioned the variation by using a similar hierarchical model in the NESTED procedure of SAS to inspect which levels in our hierarchical data showed the most variation (i.e., among study plots, among broods within a plot, among nestlings in a brood and between two sampling occasions for each nestling within a day; Table 2) [44]. We also calculated Pearson correlation coefficients and repeatabilities between the metal levels in successive samples (Table 3). Repeatability values (intra-class correlation coefficients) were calculated following Lessells and Boag [48] by including only those cases where we had a value from both successive sampling occasions. Repeatabilities are given for individual, brood (average value of nestlings of a brood) and plot (average value of all broods within a study plot) levels.



Finally, we explored for each metal how many nestlings within a brood need to be sampled to obtain a representative value for a brood mean. For this, we calculated Pearson correlation coefficients between the brood mean element concentrations and the mean concentrations for increasing numbers of randomly chosen nestlings within brood. From all the brood-level samples (two successive samples from 38 broods = 76), we only included for this comparison those with at least five measurements (i.e., at least five nestlings sampled), leaving 59 brood-level samples for the analysis.



In the 2018 data, where the fecal part and urate were separately weighted and measured for their metallic element concentrations, the fecal part represented on average 61% (range 23−94%) of the total (i.e., feces and urate combined) sample mass. We calculated how large a proportion (%) of the total metal content in a combined sample was included in the fecal part, by taking into account the concentrations and relative masses of the two components. Thereafter, we ran for each metallic element a linear regression model where the mass proportion (%) of the fecal part was used to explain the standardized (mean = 0, SD = 1) metal concentrations of the combined sample (Table 4). This will indicate how sensitive the total concentration is to the variation in mass proportions of feces and urate. The significance level was set at p < 0.05 in all analyses.





3. Results


3.1. Levels of Variation (Dataset 1): Among Plots, among Broods, within Broods and within Individuals


Metal levels showed significant spatial variation: among-brood variation was significant for all metals and the variation among study plots was significant for Ca, Ni and Pb (Table 1). Within-brood variation was significant for Co, Cu, Ni and Pb (Table 1). However, by far, most of the variation (on average 66%) in metal levels took place in time (i.e., between two successive samples from the same nestling within a day), indicating that there is a great deal of short-term temporal variation and especially so for the levels of Ca and Cd (Table 2). The second largest share of variation took place among broods, although for Cu and Pb, within-brood variation was slightly higher (Table 2). The least variation took place among the study plots (Table 2), suggesting relatively even pollution load over the whole area. Although our partition of variation suggested that a relatively small proportion of variation took place within brood (Table 2), this was mainly because there were always two samples per nestlings. If two sampling occasions were analyzed separately, within-brood variation would be the largest source of variation for all elements (e.g., in Ca explaining circa 85% of variation in both sampling occasions).



Because of the large temporal within-individual variation, Pearson correlation coefficients between the first and second samples were relatively low (all <0.4), although significant for all metals, except Ca (Table 3). At individual level, repeatability was low (<0.4, see [49]) for As, Ca, Cd, Cu and moderate (0.4−0.7) for Co, Ni, Pb (Table 3). Calcium showed a value close to zero, which means that the repeatability is not essentially better than between random values. Brood-level repeatability was still low for Ca and Cd, moderate for As and high (>0.7) for the other metals (Table 3). At plot level, repeatability was still low for Cd, moderate for Ca and Cu and high for the other metals (Table 3). Pearson correlations between the brood mean element concentrations and the mean concentrations for increasing numbers of randomly chosen nestlings indicate that sampling at least four nestlings would produce a good correlation (r > 0.85) with brood mean for all the studied elements (Figure 1).




3.2. Levels in Feces and Urate (Dataset 2)


On average, 61% of the sample dry mass consisted of feces, the rest being urate (Table 4). For all the metals, the levels in the fecal portion were more than double (on average 2.2 times higher) those in the urate portion (Table 4). Since the water content was relatively similar in the two matrices, this ratio would not be very different in fresh samples (1.8−2.2 times higher in feces). When taking into account the relative mass of the two components, circa 75% of the total metal load is stored in the fecal part, the proportion being relatively constant among the six studied elements (Table 4). In the regression models, variation in the mass proportion of fecal part explained 0.0–9.3% of the variation in total metal concentration, depending on the element and showing highest value for As (Table 4). Concentrations correlated positively and significantly between the two matrices for all elements (Table 4).





4. Discussion


Significant among-brood variation for all metals suggests that fecal levels are a useful measure of metal pollution exposure at brood level (i.e., they indicate spatial differences), although the repeatabilities for Ca and Cd remained relatively low. As a rule of thumb for this species, we recommend sampling at least four nestlings, since this would produce a good correlation with brood mean for all the studied elements (Figure 1). Samples can be pooled by brood or analyzed individually to retain the information on within-brood variation, but the latter alternative would cause much greater analytical costs. An alternative, but more time-consuming, option would be sampling the same individual twice (or more) and combining the samples for metal analysis. This would level off most of the short-term temporal variation. Especially for Ca, it might be reasonable to use the average of several nests within a study plot to describe general levels in the area. Due to large within-individual variation, using metal levels of a single individual fecal sample, e.g., for explaining some physiological or fitness parameters, cannot be recommended, although even this may work if the range of metal exposure levels is large.



Relatively large short-term temporal variation in fecal metal levels likely arises from varying dietary invertebrate composition. Food retention times in nestlings of small insectivorous birds are short (circa 1 h), and a single item of bird dropping may include remains of several consecutive meals [50,51]. F. hypoleuca, like many other insectivorous passerines, feeds nestlings with a high diversity of invertebrates [42] and successive food loads contain varying species with different metal composition [52]. This is especially the case with the essential element Ca, since birds need to search for specific Ca-rich food items (e.g., snails, millipeds and woodlice) to fulfill the Ca requirements of growing nestlings [53,54]. Therefore, some food loads contain such Ca-rich invertebrates while some do not. For example, in another insectivorous passerine, the tree swallow (Tachycineta bicolor), 33% of nestling stomachs contained specifically Ca-rich food items [55]. This would manifest in high temporal or within-brood variation in fecal Ca concentrations. It is also possible that specific Ca-rich food items are found farther from the nest than other types of food, which could mean that several pairs breeding in the same study plot exploit some common Ca sources [56]. This might explain the relatively low among-brood variation in Ca levels (Table 2). The rich Ca content of diet is known to mitigate the harmful effects of toxic metals and, on the other hand, toxic metals can alter Ca metabolism, e.g., by interfering with its transport and storage or substituting Ca at important Ca-binding sites [24,46,57,58].



Another metal showing large temporal variation was Cd, which may again reflect uneven accumulation of this metal among invertebrate species. Cadmium shows high mobility in the soil–plant system and tends to accumulate, e.g., in wood ant species (Formica sp.), which use phloem sap excreted by aphids (Aphidoidea) as their main food [59]. Wood ants are an important food source for F. hypoleuca [43,60] and, together with relatively low Cd levels in our study area, the varying amounts of ants in the diet could explain the high temporal variation in fecal concentrations of this metal. Likewise, relatively high within-brood variation in fecal Cu levels (Figure 1) could reflect the proportion of spiders (Araneae) in the diet [52]. Spiders are an important prey group for F. hypoleuca and typically contain more Cu than insects because they use Cu containing hemocyanin in their hemolymph as an oxygen carrier protein [43,61]. Therefore, the Cu content of a fecal sac may vary according to how many spiders happened to be recently fed to a chick. Instead, the availability of As, Co and Ni showed less within-brood variation (Figure 1), which may indicate that these smelter emitter metals are more evenly available from different food items. These three metals further showed the highest correlations between feces and urate (Table 4), which suggests that their fecal levels correlate better with internal levels than those of the other metals, as was earlier documented for As [26]. In general, short-term variation in dietary levels may explain why some studies have found poor correlations between the fecal and dietary levels [62]. Decreasing trends in metal levels during nestling growth might arise from changing dietary composition or decreased digestive efficiency during nestling growth [48]. The sex of the sampled individuals was unknown but a recent study indicated that both internal and fecal metal levels of nestlings are independent of sex in this species [19].



Differences among plots likely reflect their varying direction and distance from the main pollution source (smelter; Table S1) and spatial location of different functions (e.g., foundry, tailings) within the industrial area. A common emission source was, however, evident in the clustering analysis (Figure S1) for some of the main pollutants of the smelter (Pb, Co, Ni, As). Elements also likely grouped together according to their similar dietary availability, biological activity, homeostatic control (e.g., Cu + Mn) and chemical or geological properties (e.g., Ca + Sr, Cd + Zn, P + S, Mg + K, Fe + Cr + Ti). For example, alkaline earth metals Ca and Sr typically occur together in biological samples because of their similar pathways of uptake and utilization [63,64]. Likewise, Cd and Zn show similar chemical properties, with Cd showing high affinity in Zn binding sites in biological systems [65].



We found a marked difference in metal concentrations between urate and fecal components, the latter showing around two times higher levels. Since the mass proportions of feces in the bird droppings varied significantly (from 23 to 94%) among samples, standardizing sampling, e.g., by collecting only the fecal part, would markedly reduce the variation in metal levels due to composition. For example, the total concentration of As would increase 1.7 fold over this range just by changing the composition. This may partly explain the large variation among individual samples, which was evident in the first part of our study and again warns against using single fecal measurements, e.g., for explaining individual fitness measures. Despite this, standardizing sampling, e.g., by collecting only the fecal part, would reduce the variation in the level of whole data due to the composition being only less than 10% for all metals (Table 4). Therefore, even though error variation due to composition can be high among individual samples, it was, on average, relatively low.



The urate portion could be used as a biomonitor of internally circulated bioavailable metal, which is transferred via blood and kidneys. We would expect this measure to be better associated with any fitness variable than fecal measures, which partly reflect the unabsorbed metal fraction. Significant correlations between metal levels of feces and urate, however, indicate that also feces do reflect internal burden, although there is independent variation as well. This may relate to the fact that part of the metals found in feces also comes through an internal route via liver into bile [66]. For example, in rats (Rattus norvegicus), the biliary route is known to have an important role in the excretion of metals like As, Cd, Cu and Pb [67]. The roles of urinary and biliary routes are likely species and metal-dependent, and, e.g., for As in mammals, depend on the chemical speciation [68]. However, we are not aware of any study which has attempted to measure directly the proportional importance of urinary and biliary metal secretion in birds.



In the first part of our study, we partitioned variation in metal levels by using whole droppings, including feces and urate. However, analyzing sources of variation separately for the two components would be interesting too. Metals in urate are expected to be primarily of internal origin, and avian half-life of, e.g., Pb in blood and soft tissues is estimated to range from weeks to months [69]. Therefore, we would expect that urate metal levels show smaller within-individual variation in a short time scale due to varying diet. If so, measuring exposure levels from urate samples could decrease unwanted noise in the data. For measuring feces and urate separately, we would need a simple way of separating urate from feces in relatively small samples. Clapp et al. [5] report one method for separating urate spheres from feces by using 200 g samples of chicken guano, but we do not know if this would be successful for much smaller samples of small-sized insectivorous passerines (dry mass of a single F. hypoleuca dropping was 55 ± 30.6 mg).




5. Conclusions


Due to considerable among-individual and short-term within-individual variation in the metal levels of bird droppings, we recommend sampling at least four nestlings in a brood to obtain a representative sample describing the brood level exposure. Using metal levels of a single individual fecal sample, e.g., for explaining some physiological or fitness parameters, cannot be recommended. However, these recommendations may not be directly applicable to other species or environments, e.g., because of different diets and physiology. Due to marked differences in metal levels and mass proportions between urate and feces, standardizing sampling, e.g., by collecting only the fecal part, would markedly reduce the variation due to composition. Alternatively, urate portion could be used as a biomonitor of internally circulated bioavailable metals. Information on levels of variation will help in planning the sampling schemes for obtaining representative measurements, and we encourage for conducting similar comparisons in other species and tissues (e.g., blood).
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Figure 1. Pearson correlation coefficients between the brood mean element concentrations and the mean concentrations for increasing numbers of randomly chosen nestlings within brood. N = 59. 
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Table 1. Geometric means (±95% confidence limits) and hierarchical linear models a for element concentrations (μg/g, d.m.) in feces of the pied flycatcher (Ficedula hypoleuca) nestlings. N = 391 samples.
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Mean (CL)

	

	
As

	
Ca

	
Cd

	
Co

	
Cu

	
Ni

	
Pb




	

	
4.08

(3.48–4.80)

	
1932

(1652–2258)

	
5.51

(5.10–5.95)

	
3.19

(2.92–3.49)

	
248

(229–265)

	
50.4

(46.2–54.8)

	
5.83

(5.31–6.41)




	
df

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p






	
Plot

	
5

	
1.81

	
0.14

	
2.92

	
0.028

	
0.54

	
0.75

	
2.42

	
0.057

	
1.75

	
0.15

	
3.39

	
0.014

	
3.09

	
0.022




	
Brood (plot)

	
32

	
5.11

	
<0.0001

	
1.78

	
0.011

	
2.44

	
0.0001

	
4.24

	
<0.0001

	
2.61

	
<0.0001

	
4.25

	
<0.0001

	
2.42

	
0.0002




	
Nestling (brood)

	
170

	
1.17

	
0.15

	
0.80

	
0.93

	
1.16

	
0.16

	
1.68

	
0.0003

	
1.56

	
0.0016

	
1.53

	
0.0024

	
1.53

	
0.0024








a Linear models with nested structure for age-corrected values (i.e., residuals from regression with age as an explanatory factor). F values were calculated by always using the Type I mean squares of the next lower level term as an error term. Error df = 183.
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Table 2. Hierarchical models a for partitioning the variation (%) in element concentrations (μg/g, d.m.) of feces of pied flycatcher (Ficedula hypoleuca) nestlings among study plots, broods, siblings within a brood and an individual nestling sampled two times within a day. N = 391 samples.
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	Source of Variation
	df
	As
	Ca
	Cd
	Co
	Cu
	Ni
	Pb
	     X ¯     





	Plot
	5
	5.7
	4.0
	0.0
	7.9
	3.1
	12.4
	7.7
	5.8



	Brood (plot)
	32
	27.7
	5.5
	13.0
	25.7
	15.3
	24.0
	12.9
	17.7



	Nestling (brood)
	170
	1.58
	0.0
	7.0
	17.7
	18.9
	14.1
	17.6
	11.0



	Time (nestling)
	183
	65.0
	90.5
	80.0
	48.7
	62.8
	49.6
	61.8
	65.5



	Total
	390
	100
	100
	100
	100
	100
	100
	100
	







a Linear models with nested structure for age-corrected values (i.e., residuals of age). The figures show relative proportions (%) of each term from total variance.
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Table 3. Pearson correlations (r) a and repeatability coefficients b for metal levels between successive fecal samples. Repeatability is calculated both for individual and brood level.
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n

	
As

	
Ca

	
Cd

	
Co

	
Cu

	
Ni

	
Pb






	
Correlation

	
r

	
183

	
0.35

	
0.0074

	
0.16

	
0.36

	
0.35

	
0.35

	
0.32




	
p

	
<0.0001

	
0.92

	
0.0028

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001




	
Repeatability,

individual level

	
366

	
0.36

	
0.0018

	
0.18

	
0.48

	
0.38

	
0.49

	
0.41




	
Repeatability,

brood level

	
76

	
0.64

	
0.15

	
0.39

	
0.79

	
0.71

	
0.78

	
0.70




	
Repeatability,

plot level

	
6

	
0.77

	
0.42

	
0.23

	
0.79

	
0.69

	
0.92

	
0.76








a Correlations were calculated with log10-transformed values. b Intra-class correlation coefficients were calculated with log10-transformed values, following Lessells and Boag (1987).
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Table 4. Geometric means (±95% confidence limits) for metal concentrations (µg/g, d.m.) in urate and feces of F. hypoleuca nestlings.
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Matrix

	
Mean Mass Proportion

(% ± SD)

	
As

	
Cd

	
Co

	
Cu

	
Ni

	
Pb






	
Urate

	
39 ± 17%

	
3.31

	
1.26

	
2.53

	
186

	
33.9

	
5.66




	
(2.64–4.16)

	
(1.03–1.54)

	
(1.96–3.27)

	
(152–228)

	
(26.2–43.8)

	
(4.36–7.34)




	
n = 39

	
n = 39

	
n = 39

	
n = 38

	
n = 39

	
n = 39




	
Feces

	
61 ± 17%

	
6.87

	
2.86

	
5.82

	
382

	
84.2

	
12.7




	
(5.39–8.77)

	
(2.32–3.53)

	
(4.75–7.12)

	
(326–448)

	
(67.2–105)

	
(10.1–16.0)




	
n = 40

	
n = 40

	
n = 40

	
n = 40

	
n = 40

	
n = 40




	
Combined sample a

	
5.63

	
2.27

	
4.60

	
308

	
64.9

	
10.2




	
(4.38–7.24)

	
(1.86–2.77)

	
(3.70–5.72)

	
(261–228)

	
(51.7–81.5)

	
(8.10–12.8)




	
n = 39

	
n = 39

	
n = 39

	
n = 38

	
n = 39

	
n = 39




	
Mean (±SD) proportion (%) of metal in the fecal part a

	
73.3 ± 15

	
74.5 ± 15

	
74.9 ± 15

	
73.4 ± 16

	
76.3 ± 15

	
74.7 ± 14




	
Proportion of variation (R2) explained by relative mass of the fecal part b

	
9.3

	
0.0

	
5.6

	
5.4

	
1.0

	
3.2




	
Pearson correlation between urine and feces (p-value)

	
0.84

	
0.50

	
0.71

	
0.60

	
0.74

	
0.65




	
p < 0.0001

	
p = 0.0011

	
p < 0.0001

	
p < 0.0001

	
p < 0.0001

	
p < 0.0001








a Takes into account the relative mass (d.m.) proportions of urate and feces. b Linear regression.
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