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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The trophic transfers of MeHg and IHg 
within an avian food chain were 
investigated. 

• Caterpillars, cockroaches, and spiders 
provide the most Hg to Great Tit 
nestlings. 

• Provisioned invertebrates tended to 
contribute more IHg to the nestlings. 

• Imbalanced Hg integration may influ
ence the Hg isotopes ratios in nestling 
feathers.  
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A B S T R A C T   

In order to comprehend the transfer of inorganic mercury (IHg) and methylmercury (MeHg) within food chains 
in terrestrial pine forests, we collected samples of Great Tit nestlings, common invertebrates, plants, and soil in a 
subtropical pine forest and used Bayesian isotope mixing model analysis, Hg daily intake, and stable Hg isotopes 
to elucidate the flow of MeHg and IHg in these food chains. Results indicate that caterpillars and cockroaches are 
the predominant prey items for nestlings, accounting for a combined contribution of 81.5%. Furthermore, cat
erpillars, cockroaches, and spiders were found to contribute the most (~80%) of both IHg and MeHg that dietary 
accumulated in nestlings. The provisoned invertebrates tend to supply more IHg and diluting the proportion of 
MeHg as total Hg (MeHg%). Notably, nestling feathers displayed the highest Δ199Hg values but a relatively lower 
MeHg%, suggesting an imbalanced incorporation of Hg from maternal transfer and dietary accumulation during 
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the nestling stage. This study highlights the efficacy of nestlings as indicators for identifying Hg sources and 
transfers in avian species and food chains. However, caution must be exercised when using Hg isotope com
positions in growing feathers, and the contribution of maternally transferred Hg should not be ignored.   

1. Introduction 

Mercury (Hg) is a globally distributed contaminant known for its 
toxic nature and long-range transport [11,6]. Methylmercury (MeHg), a 
highly neurotoxic organic form of Hg, is generated in anaerobic condi
tions and undergoes biomagnification along food chains, posing risks to 
wildlife and human health [36,50]. Terrestrial songbirds have emerged 
as effective indicators of Hg contamination in terrestrial environments 
[21]. Recent studies have demonstrated that songbirds can acquire Hg or 
MeHg from aquatic sources through predation on riparian spiders or 
emergent aquatic insects, thereby contributing to the biomagnification 
of Hg in food chains [8,66,68]. 

To understand Hg transfers and biomagnification in avian food 
chains, it is crucial to determine the dietary composition of songbirds 
[17]. Traditional methods involving manual observation of feeding be
haviors [40,39,48,64] or the identification of prey items from the 
stomach and fecal samples [54] have limitations, such as laborious 
fieldwork, low taxonomically precise detection, failure to detect rela
tively small, rapidly digested, and highly fragmented prey [14,23,53, 
58], as well as the certain lifestages (e.g., breeding season) when using 
natural or artificial nest boxes. In contrast, the analysis of stable carbon 
and nitrogen isotopes (δ13C and δ15N) combined with Bayesian isotope 
mixing models (BIMM) has emerged as a reliable approach for studying 
animal diets [35,42]. This method has been successfully applied to 
investigate the diets of wolves [10], raptors [48], and songbirds [2,40, 
63]. 

Due to its widespread distribution, large population, small home 
ranges, insectivorous nature, and ease of monitoring in artificial nest 
boxes during the breeding season, the Great Tit (Parus major) is 
frequently employed as a model species for studying heavy metal 
pollution [7,49]. During the breeding season, parent birds feed their 
nestlings with invertebrates from various trophic levels, including 
lepidopteran larvae (caterpillars), spiders, and other arthropods [38, 
64]. Therefore, studying an avian food chain composed of leaves, in
vertebrates, and nestlings would provide valuable insights into bird di
etary compositions and facilitate a deeper understanding of Hg transfers 
and biomagnification within the local ecosystem. Currently, although 
the diets of Great Tit nestlings have been extensively documented 
through video observations [39,64], the application of stable isotopes 
(δ13C and δ15N) in conjunction with BIMM [40] is expected to provide a 
more detailed understanding of bird diets and the trophic transfers of 
both IHg and MeHg in songbirds, especially within well-defined avian 
food chains during the nestling stage. 

Stable Hg isotopes have recently emerged as reliable tools for tracing 
Hg sources and transport processes in the environment [5,59,73]. 
Mercury isotopes exhibit two types of fractionation: mass-dependent 
fractionation (MDF, primarily δ202Hg) and mass-independent fraction
ation (MIF, primarily Δ199Hg and Δ201Hg). Previous studies have shown 
that MIF is absent in the trophic transfers within food chains, such as 
from fish to their diets [25] or from fish to waterfowl [26], making MIF 
of Hg isotopes a reliable tool for tracing Hg sources. Currently, Hg iso
topes have been widely utilized in raptor feathers and tissues [31], 
seabird or waterfowl eggs, blood, feathers, and internal tissues [9,26,44, 
46,45], as well as songbird blood and feathers [61,68]. Although the Hg 
isotopes in bird blood and feathers can served as efficient tools to 
investigate Hg sources or transfers in birds [47,61], the potential and 
control factors of Hg isotopes in nestling stage of terrestrial songbirds 
when Hg is rapidly integrated both the dietary intake and manternal 
deposition, are still poorly understood. Moreover, the difference or 
comparison of source identification results of multi-isotopes systems 

(δ13C, δ15N, and Hg isotopes) combined with BIMM are still unclear and 
need to be established in food chain studies. 

In our previous study, a clear avian food chain of pine needles/ 
grasses–herbivorous invertebrates–carnivorous invertebrates–nestlings 
was identified in a subtropical pine forest [34], which can serve as ideal 
targets for elucidating Hg sources in nestlings and the trophic transfers 
of Hg from diets to nestlings using a combined multi-istope system. 
Therefore, in this research, we selected this subtropical pine forest as the 
study area, collected samples of the inhibited nestling food chains, and 
employed BIMM and stable Hg isotopes to reconstruct Hg sources and 
transfers within this pine avian food chain during the breeding season. 
The primary objectives of this study are as follows: 1) reconstruct the 
dietary compositions of Great Tit nestlings using BIMM; 2) investigate 
the stable Hg isotope compositions and fractionations during trophic 
transfers; and 3) discuss the Hg sources and the trophic transfer pro
cesses in the pine avian food chains by integrating the daily intake of Hg 
and stable Hg isotopes. 

2. Materials and methods 

2.1. Study area and sampling 

Wenjing Town (24.02–24.44◦ N, 100.78–101.14◦ E) is located on Mt. 
Wuliang and is in close proximity to Mt. Ailao in the central west region 
of Yunnan Province, Southwest China (Fig. S1). The local climate is 
characterized as a subtropical monsoon, with an average annual tem
perature of 20.1 ◦C and precipitation of 722.9 mm [24]. The nearby 
average ambient concentration of total gaseous Hg (TGM; 1.6–2.0 
ng/m3 and 1.70 ± 0.41 ng/m3; [13,72]) indicates the absence of 
anthropogenic point source Hg contamination, making it suitable as a 
background site. In Wenjing, a pure pine forest dominated by Pinus 
kesiya at an altitude of ~1500 m was selected as the study area for 
installing nest boxes. Around 100 nest boxes were placed at four sam
pling sites in January 2018 [34]. 

During the breeding season (April to June) in 2018, we systemati
cally collected surface soil, pine needles, grasses, and various in
vertebrates (including caterpillars, grasshoppers, katydids, and spiders) 
in the vicinity of the nest boxes, as well as the feathers of Great Tit 
nestlings. To ensure sufficient biomass for Hg isotope analysis, an 
additional collection of feathers from a total of 50 Great Tit nestlings 
(approximately 14 days old) was conducted in 2019. The collection and 
treatment procedures for soil, grasses, pine needles, invertebrates, and 
nestling feathers were detailed in Luo et al. [34]. All sampling activities 
were conducted with the necessary permissions from the Forestry and 
Grassland Administration of Jingdong County and the Institute of 
Geochemistry, Chinese Academy of Sciences. 

2.2. Analytical methods 

2.2.1. Hg determination 
The digestion of total Hg (THg) and MeHg in plants, invertebrates 

(insects and spiders), and soils was conducted following the procedures 
described by Liang et al. [29,30]. In summary, for THg, approximately 
0.2 g of plant and soil samples were digested using 4 mL of HNO3 at 
95 ◦C in a water bath for three hours. THg was then determined using a 
cold-vapor atomic absorption spectrometer (CVAFS, Brooks Rand III, 
USA) according to Method 1631e [56]. For MeHg, about 0.2 g of soil 
samples were digested with 1.5 mL of CuSO4 (1 M) and 7.5 mL of HNO3 
(3 M). MeHg in the soil was extracted into 10 mL of CH2Cl2. About 0.2 g 
of plant samples and 0.05–0.1 g of invertebrates were digested using a 5 
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mL solvent of 25% KOH in methanol at 75 ◦C for three hours. The digests 
were acidified and then extracted into 10 mL of CH2Cl2. The MeHg in the 
solvent digests of both soil and plants was back-extracted into the water 
phase, purged and trapped, and then measured using gas chromatog
raphy coupled with a cold-vapor atomic fluorescence spectrometer 
(GC-CVAFS, Brooks Rand III, USA) in accordance with USEPA Method 
1630 [55]. 

Due to the limited biomass and relatively lower Hg concentrations in 
feathers, a modified method based on Hammerschmidt and Fitzgerald 
[16] and Tsui et al. [61] was used to determine THg and MeHg simul
taneously. This modified method has also been successfully applied in 
studies by Zhang et al. [71] and Xu et al. [68]. In brief, about 0.005 g of 
feather samples were digested using 3 mL of HNO3 (4.6 M) at 60 ◦C for 
20 h in 15 mL centrifuge tubes. An aliquot was taken for MeHg deter
mination using GC-CVAFS, following the same procedures used for soil 
and plant samples. The remaining digests were further digested using 
HNO3 at 95 ◦C for THg measurement, following the procedures applied 
for soil and plant sample analyses. 

Method blanks, duplicates, and certified reference materials (CRMs) 
were employed for data quality control. The CRMs used for THg in soil, 
plants, invertebrates, and feathers were yellow-red soil (GSS-5, China), 
citrus leaves (GBW10020, China), lobster hepatopancreas (Tort-2, 
Canada), fish muscle (GBW10029, China), and human hair 
(GBW09101b, China), respectively. Tort-2 and estuarine sediment 
(CC580, Belgium) were used to validate MeHg in biota samples (in
vertebrates) and soil samples, while fish muscle was used to validate the 
data of MeHg and THg in feathers. The recoveries of THg and MeHg in 
soil, plants, and invertebrates were in the range of 95.7%− 103% (THg) 
and 93.1%− 96.1% (MeHg), which were reported in our previous study 
by Luo et al. [34]. In this study, the recoveries of THg and MeHg using 
the modified analytical method for feathers were reported as 95.7 ±
9.0% (THg) and 94.1 ± 5.9% (MeHg) in Table S1. The method blanks for 
plants and invertebrates, soils, and feathers samples were 0.02 ± 0.01 
ng/mL, 0.026 ± 0.007 ng/mL, and 0.013 ± 0.001 ng/mL, respectively. 
The standard deviations of duplicated samples were less than 10%. Hg 
concentrations in all samples were reported on a dry weight (d.w.) basis, 
and inorganic Hg (IHg) was calculated as the difference between THg 
and MeHg. 

2.2.2. Stable carbon and nitrogen isotopes 
The carbon and nitrogen isotope ratios were measured using a gas 

mass spectrometer (MAT 253, Thermo Scientific, Germany) at the State 
Key Laboratory of Environmental Geochemistry, Institute of Geochem
istry, Chinese Academy of Sciences. The stable isotope ratios are re
ported in per mill (δ) notation as follows:  

δRsample = (Rstandard/Rsample-1) ×1000                                                 (1) 

where R represents the abundance ratios of 15N/14N and 13C/12C. Cel
lulose (IAEA-C3) and ammonium sulfate (IAEA-N1) were used as 
certificated materials for δ13C and δ15N. The measured isotope values of 
δ13C and δ15N were converted based on Vienna Pee Dee Belemnite (V- 
PDB) and standard atmospheric nitrogen, respectively. 

2.2.3. Stable Hg isotopes and MeHg isotope signature estimation 
To overcome the low Hg concentrations in the samples, we employed 

a concentrate method following the procedures outlined by Huang et al. 
[18] and listed in the supporting information (SI). In summary, the 
samples underwent thermal combustion in a double-stage furnace 
(Lindberg/Blue M™ Mini-Mite, Thermo Scientific, Germany), and the 
resulting Hg was trapped using an 40% reverse aqua regia solution 
(HNO3:HCl = 2:1, v/v). The Hg-trapped solutions were then transferred 
to brown borosilicate glass bottles, and the THg concentrations were 
measured using the CVAFS method. Prior to Hg isotope analysis, the 
trapping solution was adjusted to about 1 ng/mL and 10% acidity. 

The Hg isotope compositions were determined using a multi- 

collector inductively coupled plasma mass spectrometer (Neptune 
Plus, Thermo Scientific, Germany) at the State Key Laboratory of Envi
ronmental Geochemistry, Institute of Geochemistry, Chinese Academy 
of Sciences. NIST 3133 Hg solution served as an external standard for 
sample analysis, and the NIST 997 Tl standard was used to correct the 
instrumental mass bias. The isotopic values were reported in delta no
tation, expressed in permil (‰). The mass-dependent fractionation 
(MDF), denoted as δxxxHg (with xxx referring to 199, 200, 201, and 202), 
and the mass-independent fractionation (MIF), represented as ΔxxxHg 
(with xxx as 199 and 201), were calculated using equations recom
mended by Bergquist and Blum [4]:  

δxxxHg = 1000×[(xxxHg/198Hg)sample/(xxxHg/198Hg)NIST3133–1]                (2)  

Δ199Hg ≈ δ199Hg-(0⋅2520×δ202Hg)                                                    (3)  

Δ201Hg ≈ δ201Hg-(0⋅7520×δ202Hg)                                                    (4) 

During the determination process, the Hg isotope compositions of 
certified reference materials, RM 8610 (UM-Almadén) (0.03 ± 0.06‰ 
and –0.52 ± 0.08‰; Δ199Hg and δ202Hg; 2 SD, n = 8), BCR 482 (–0.65 
± 0.08‰ and –1.71 ± 0.11‰; Δ199Hg and δ202Hg; 2 SD, n = 5), GSS-5 
(–0.28 ± 0.08‰ and –1.83 ± 0.10‰; Δ199Hg and δ202Hg; 2 SD, n = 4), 
and Tort-2 (0.71‰ and 0.00‰; Δ199Hg and δ202Hg; n = 1), were found 
to be consistent with the values reported by Huang et al. [18], Estrade 
et al. [12], and Kwon et al. [26] (Table S2). The largest 2 SD values of 
0.08‰ and 0.11‰ for BCR 482 were used to represent the analytical 
uncertainty of Δ199Hg and δ202Hg. 

2.3. Dietary compositions analysis by the Bayesian isotope mixing model 

To estimate the proportional contribution of different food sources to 
the nestlings’ diet, we utilized the "simmr" package of Fits Stable Isotope 
Mixing Models [41] in the R package (Version 4.2.0; [43]). The model 
incorporated trophic discrimination factors of Δ15N (3.2 ± 0.1‰) and 
Δ13C (2.7 ± 0.1‰) reported by Pagani-Núñez et al. [40] and White and 
Dawson [63] for songbirds and their prey, respectively (refer to the 
Supplementary Information (SI) for the R code). 

Among the nine invertebrates collected, lacewings were excluded as 
potential prey items based on previous video recordings [34]. Addi
tionally, since the estimated carbon-to-nitrogen concentration ratios 
([C]: [N]) in vertebrates reported by Tsui et al. [60], Girard et al. [15], 
and White and Dawson [63] were similar, no further corrections were 
made to the estimated diet contributions, and these values were 
considered as the final dietary compositions. 

2.4. Hg daily intake of nestlings 

The estimation of Hg daily intake (MDI) for Great Tit nestlings was 
conducted using the recommended daily food intake rate (DIR, g/d, dry 
weight) from Liu et al. [32], Xia et al. [67], and Wu et al. [65]. This 
method was combined with the body weight (BW, g) of the nestlings 
(13.9 ± 0.77 g, here we use 14 g), as reported by Su et al. [52] in a 
control site. The Hg concentrations (C, ng/g, dry weight), absorption 
factors (abs, MeHg: 95%, IHg: 7%; [57]), the diet contribution propor
tion (ρ), and the Hg daily intake (MDI, ng/gBW/d) of Great Tit nestlings 
via diets were estimated as follows:  

DIR = 0⋅648 BW 0⋅651                                                                      (5)  

MDI = DIR/BW × C × ρ × abs                                                        (6)  
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3. Results and discussion 

3.1. Hg concentrations 

3.1.1. Bird feathers 
In Table 1, the concentrations of THg and MeHg in the feathers were 

measured as 412 ± 104 ng/g and 79.1 ± 28.0 ng/g, respectively. The 
average THg concentration was similar to the control site value of 300 
± 220 ng/g reported for Great Tit nestlings by Su et al. [52]. It was also 
comparable to the levels found in nestlings of Russet Sparrow (797 ±
221 ng/g) and Green-backed Tit (521 ± 156 ng/g) in a city pine forest, 
as reported by Zhang et al. [71]. However, the THg concentration in the 
feathers was significantly lower than the value of 2960 ± 1440 ng/g 
observed in Hg mining areas [52]. Compared with other studies, the 
MeHg concentrations in nestling feathers is much lower than that in 
adult insectivorous songbirds (172–4352 ng/g) and omnivorous (mean 
156 ± 41 ng/g, range 112–217 ng/g) and frugivorous songbirds 
(104–596 ng/g) in neary by Mt. Ailao area [28]. Even in another pine 
forest in Guiyang City, Southwest China, the MeHg concentrations were 
still lower than those in Green-backed Tit (115 ± 31 ng/g) and Russet 
Sparrow nestlings (388 ± 156 ng/g) reported by Zhang et al. [71]. 

The proportion of MeHg in relation to THg (hereafter as MeHg%) in 
the nestling feathers was measured as 20.0 ± 7.7%. This value was 
similar to the MeHg% found in nestlings of Green-backed Tit (24 ± 11%) 
but lower than that in Russet Sparrow (49 ± 14%), as reported by Zhang 
et al. [71]. However, it was much lower than the results reported for 
Skuas chicks (94.3 ± 2.9%) and seabirds (84–97%) by Renedo et al. 
[44]. In our opinion, these observed differences might be related to the 
differences in bird species (terrestrial or aquatic birds), living environ
ments (Hg contaminated or remote areas), the rapid imbanlanced 
incorporation of Hg during feather growth (Ackerman et al., 2013), and 
the different time scales of Hg integration. For example, the feathers of 
Great Tit nestling is collected before fledging in ~14-days old, which is 
much lower than the time before fledging of seabirds chicks, such as 
Southern and Northern Giant Petrel chick (> 100 days; [19]) and Skuas 
chicks (~40 days; [22,20]). 

3.1.2. Soils, plants, and invertebrates 
Table 1 presents the concentrations of THg and MeHg in soils, pine 

needles, and invertebrates. For a detailed overview of THg and MeHg 
concentrations in soil, pine needles, cockroaches, grasshoppers, katy
dids, stick insects, spiders, lacewings, and mantises, refer to our previous 
study by Luo et al. [34]. Grasses exhibited similar THg and MeHg con
centrations to pine needles, with values of 6.03 ± 0.49 ng/g and 0.15 ±
0.07 ng/g, respectively. In contrast, crickets had lower THg (87.4 ±
17.0 ng/g) and MeHg (2.53 ± 0.86 ng/g) concentrations compared to 
omnivorous cockroaches and carnivorous mantises, spiders, and lace
wings. Regarding MeHg%, higher trophic levels such as carnivorous 
spiders (39.5 ± 9.2%), lacewings (37.3 ± 1.4%), and mantises (37.4 ±
7.35%) exhibited significantly higher MeHg% than herbivorous stick 
insects (3.0%), caterpillars (3.13 ± 1.33%), grasshoppers (4.07 ±
2.18%), crickets (3.40 ± 1.70%), and omnivorous crickets (3.40 ±
1.70%) and cockroaches (14.9 ± 8.1%). 

3.2. Dietary compositions of nestlings 

Fig. 1(a) confirms the eight potential diet sources of Great Tit nes
tlings based on δ13C and δ15N measurements, as well as video obser
vations from Luo et al. [34]. The estimated dietary compositions of the 
nestlings, obtained using BIMM, are presented in Fig. 1(b). Among these 
diets, caterpillars made the highest contribution at 67.1 ± 9.1% (72.0%, 
normalized median, N.M.), followed by cockroaches at 14.4 ± 11.4% 
(12.1%, N.M.). Crickets, katydids, stick insects, grasshoppers, mantises, 
and spiders accounted for approximately 18.5% (15.9%, N.M.) of the 
total diet. 

The estimated contribution of caterpillars by BIMM aligns with the 
findings from previous video observations in this pine forest (67.3%, 
[34]) as well as video observations (75%) and neck-collar methods 
(44%) for Great Tit nestlings in Wytham Woods, United Kingdom [64]. 
Considering the high consistency in the diet composition of tit nestlings 
over time, even within a one-hour video observation period [37], the 
dietary compositions of 14-days old nestlings in this study can be 
regarded as representative of the overall dietary composition from 

Table 1 
The concentrations of THg, MeHg, and the isotopic compositions of Hg were measured in each taxonomic group within the food chain of the pine forest ecosystem.  

Taxon THg (ng g− 1) MeHg (ng g− 1) MeHg% Trophic 
Level 

Δ199Hg (2sd) Δ201Hg (2sd) δ202Hg (2sd) 

N Range Mean ±
Std 

Range Mean ± Std Mean ±
Std 

Mean ± Std Mean ± Std Mean ± Std 

Soil 17 29.0–64.6 43.3 ±
10.6 

0.019–0.272 0.109 ±
0.073 

0.3 ± 0.2 — − 0.35 ± 0.05 − 0.33 ± 0.07 − 1.46 ±
0.14 

Pine needless 15 2.60–27.0 11.1 ± 7.7 0.056–0.276 0.127 ±
0.072 

2.2 ± 2.2 1 − 0.21 ± 0.08 − 0.24 ± 0.14 − 2.56 ±
0.36 

Grasses 16 4.17–7.98 6.03 ±
0.49 

0.06–0.265 0.149 ±
0.072 

2.2 ± 0.5 1 − 0.28 ± 0.13 − 0.29 ± 0.04 − 1.89 ±
0.20 

Foliar samples — — — — — — — − 0.24 ± 0.10 − 0.26 ± 0.10 − 2.26 ±
0.45 

Caterpillars 25 (8)a 11.9–53.8 27.2 ±
13.2 

0.65–1.66 1.26 ± 0.37 3.1 ± 1.3 1.32 − 0.27 ± 0.03 − 0.10 ± 0.06 − 2.87 ±
1.65 

Cockroaches 30 (5) 83.6–139 106 ± 21.6 10.9–25.8 16.9 ± 7.87 14.9 ± 8.1 1.31 − 0.34 ± 0.06 − 0.17 ± 0.04 − 2.43 ±
0.07 

Crickets 16 (3) 58.3–103 87.4 ±
17.0 

1.54–3.05 2.53 ± 0.86 3.4 ± 1.7 1.45 − 0.23 ± 0.01 − 0.22 ± 0.20 − 2.28 ±
0.20 

Grasshoppers 25 (3) 16.8–34.5 24.6 ±
6.23 

0.46–1.63 0.96 ± 0.41 4.1 ± 2.2 1.59 − 0.30 ± 0.03 − 0.27 ± 0.06 − 2.63 ±
0.04 

Stick insects 5 (2) 36.1–64.2 54.1 ±
15.6 

— 1.62 3.0 1.27 − 0.14 (0.08) − 0.08 (0.08) − 2.58 (0.11) 

Katydids 20 (3) 30.8–50.1 39.4 ± 8.0 5.20–10.5 8.40 ± 2.82 20.9 ± 9.2 1.61 — — — 
Mantises 21 (6) 65.6–100 79.5 ±

15.2 
24.4–39.5 31.3 ± 4.86 37.4 ± 7.4 3.19 − 0.08 ± 0.07 − 0.10 ± 0.10 − 1.74 ±

0.18 
Spiders 30 (3) 303–459 397 ± 51 116–188 145 ± 26 39.5 ± 9.2 4.77 − 0.04 ± 0.08 0.02 ± 0.07 − 1.94 ±

0.10 
Lacewings 6 (2) 97.5–106 102 ± 5.7 — 36.4 37.3 ± 1.4 4.82 — — — 
Great Tit nestlings 50 252–628 412 ± 104 35.0–157 79.1 ± 28.0 20.0 ± 7.7 4.31 0.47 ± 0.06 0.43 ± 0.07 − 2.04 ±

0.04  

a : Number in bracket is the number of homogenized samples. 
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hatching to fledging. 

3.3. Hg daily intakes of nestlings and Hg flow in the food chain 

Based on the estimated total mass (3.61 g/d, dry weight) of nestling 
diets, the estimated dietary composition, and Hg concentrations, we 
calculated the MDIs of MeHg and IHg of nestlings at 14 days. We also 
created a conceptual map of Hg flow in the nestling food chains in 
terrestrial pine forests using e!Sankey pro (ifu Hamburg, Germany) as 
depicted in Fig. 2. Since the provisioned items were not fully digested 
and were often consumed by parents (Fig. S2), and no available ab
sorption factors for Hg in terrestrial songbird nestlings were found, we 
established two dietary exposure scenarios: one without absorption 

factor correction (Scenario 1, Table S3) and one with absorption factor 
correction (Scenario 2, Table S4). 

In Scenario 1, the MDIs of MeHg and IHg for an individual nestling 
were 1.86 ng/gbw/d and 10.8 ng/gbw/d, respectively, indicating that 
dietary IHg exposure accounted for the major proportion (85.3%) of Hg 
exposure in nestlings when absorption factors were not considered. 
However, in Scenario 2, the MDIs of MeHg and IHg were 1.77 ng/gbw/ 
d and 0.76 ng/gbw/d, respectively, suggesting that dietary MeHg 
exposure became the major route (70.1%) of Hg exposure in nestlings 
when absorption factors were taken into account. 

Although the Hg daily intake of nestlings was calculated only at 14 
days, the contribution rates of provisioned items are likely consistent 
based on field observations by Pagani-Núñez and Senar [37], suggesting 

Fig. 1. The mixing space geometry of Great tit nestling prey items for the BIMM analysis (a) and the estimated boxplots of each nestling prey item using the simmr 
package (b). In (a), contour lines and color represent the variation in isotopic values of Great tit nestling feathers (mixture, depicted as white circles), which would 
influence the probability of a BIMM model using prey items (sources, depicted as black rectangles) as reported by Smith et al. [51]. Srcs 1–8 refer to caterpillars, 
cockroaches, crickets, katydids, stick insects, grasshoppers, mantises, and spiders. 

Fig. 2. The flow chart illustrates the MDIs depicting the transfer of IHg and MeHg from invertebrates to nestlings. Panel (left) represents the MDIs after correction, 
while panel (right) shows the MDIs without correction. The values within the boxes and belts represent the contribution rates of prey items, MDIs of THg, IHg, and 
MeHg, respectively. 
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that the relative contribution of Hg daily intake via each prey item also 
remained stable over the period before fledging. Therefore, from 
hatching to fledging (about 14 days), caterpillars contributed 44.6% 
(IHg) and 12.6% (MeHg) of the total MDIs, while spiders, despite being 
less provisioned, contributed comparable proportions of 12.6% (IHg) 
and 42.1% (MeHg) of the total MDIs in the two scenarios, respectively. 
On the other hand, cockroaches contributed similar proportions of 
25.6% (MeHg) and 28.3% (IHg) of the total MDIs, respectively. There
fore, these three prey items accounted for a total of 83.0% (MeHg) and 
82.8% (IHg) of the total MDIs, indicating that the provision of spiders, 
cockroaches, and caterpillars were the major dietary exposure pathways 
for IHg and MeHg in nestlings. 

3.4. Stable Hg isotope compositions and fractionations 

3.4.1. MDF 
In Table 1, the highest δ202Hg value (–1.46 ± 0.14‰) was observed 

in soil, which was similar to previously reported values in surface forest 
soil (–1.44 ± 0.24‰) and soil profiles (–1.48 ± 0.57‰), but lower than 
the unweathered bedrock (–0.12 ± 0.31‰) in the vicinity of Mt. Ailao 
[62,70]. Pine needles had a δ202Hg value of –2.56 ± 0.36‰, which 
closely resembled the δ202Hg of their consumer caterpillars (–3.50 
± 1.06‰). Grasses exhibited a higher δ202Hg value (–1.89 ± 0.20‰) 
compared to herbivorous grasshoppers (–2.63 ± 0.04‰) and stick in
sects (–2.58 ± 0.11‰, 2 SD). Cockroaches and crickets showed similar 
values of –2.43 ± 0.07‰ and –2.28 ± 0.20‰, respectively, while 
mantises and spiders exhibited relatively positive values of –1.74 
± 0.18‰ and –1.94 ± 0.10‰, respectively. Additionally, the δ202Hg in 
high trophic nestling feathers was –2.04 ± 0.04‰, which was relatively 
higher (+0.83‰) than the δ202Hg of their main prey of caterpillars. 

Fig. 3 reveals the presence of distinct MDF in the trophic transfers 
within terrestrial food chains. Notably, foliar samples to herbivorous 
invertebrates and herbivorous to carnivorous invertebrates exhibited 
MDF, such as the relatively smaller MDF of − 0.31‰ between pine 
needles (2.2 ± 2.2%, MeHg%) and caterpillars (3.1 ± 1.3%, MeHg%) 
and large MDF of 0.69‰ between grasshoppers (4.1 ± 2.2%, MeHg%) to 
spiders (39.5 ± 9.2%, MeHg%). This large MDF may relate to the 
various MeHg% between consumers and prey. Moreover, the transfer 
from caterpillars to nestlings also displayed a relatively higher MDF of 
+ 0.83‰, which closely resembled the MDF observed in the transfers 
from fish (+0.88‰)/crab (+0.96‰)/mussel (+0.79‰) to common ei
ders [26]. 

3.4.2. MIF 
Soil samples displayed the lowest Δ199Hg value of –0.35 ± 0.05‰, 

which closely resembled the values observed in forest surface soil 
(–0.36 ± 0.10‰) and soil profiles (–0.46 ± 0.24‰), but were lower 
than the unweathered bedrock (–0.08 ± 0.06‰) near Mt. Ailao [62,70]. 
As primary components of forest food chains, pine needles, and grasses 
exhibited lower Δ199Hg values of –0.21 ± 0.08‰ and –0.28 ± 0.13‰, 
respectively, which were comparable to the Δ199Hg values in foliar 
samples (–0.29 ± 0.06‰) and atmospheric Hg (–0.18 ± 0.03‰ and 
–0.08 ± 0.08‰; total gaseous Hg, TGM) in the vicinity of Mt. Ailao [13, 
33,69]. Invertebrates demonstrated varying Δ199Hg values, including 
cockroaches (− 0.34 ± 0.06‰), grasshoppers (− 0.30 ± 0.03‰), cater
pillars (–0.27 ± 0.03‰), and stick insects (–0.14 ± 0.08‰, 2 SD). 
Carnivorous spiders and mantises displayed relatively higher Δ199Hg 
values of –0.04 ± 0.08‰ and –0.08 ± 0.08‰, respectively. As expected, 
nestling feathers exhibited the highest Δ199Hg values (0.47 ± 0.06‰), 
which were similar to those observed in Russet Sparrow nestling 
feathers (0.46 ± 0.21‰) and insectivorous adult songbirds 
(0.28–0.43‰) in Hg mining areas [68]. 

In contrast to MDF, minimal MIF was observed in the trophic 
transfers within avian food chains, such as pine needles to caterpillars 
(–0.07‰) and grass to grasshoppers (–0.02‰)/stick insects (–0.14‰). 
This finding aligns with the understanding that MIF is absent in trophic 

transfers within both aquatic and terrestrial food chains [27,68]. How
ever, significant MIFs (+0.55‰ to +0.81‰) were observed between 
nestling feathers and their prey items, particularly the primary provi
sioned caterpillars (+0.74‰). These substantial MIFs differed from the 
negligible MIF observed in the transfers from fish and crab to Common 
Eiders [26], but were comparable to the MIF observed between spiders 
and arachnivorous Chestnut-headed Tesia (+0.23‰ to +0.51‰), rice 
grains and granivorous Tree Sparrow (+0.50‰), and raspberries and 
frugivorous Brown-breasted Bulbul (+0.46‰) in Hg mining areas [68]. 

3.4.3. Estimating MeHg isotope ratios 
Given the limited influence of aquatic food chains on the pine forest 

food chain, the average Hg isotope compositions in foliar samples 
(–0.24 ± 0.10‰ and –2.26 ± 0.45‰, Δ199Hg and δ202Hg) were 
considered representative of the IHg isotopic compositions in this 
terrestrial avian food chain. Consequently, the estimated MeHg isotope 
ratios (Δ199Hg and δ202Hg) were determined for mantises (0.19‰ and 
–0.87‰) and spiders (0.27‰ and –1.45‰). However, due to the lower 
proportion of MeHg and the presence of maternally deposited Hg, the 
MeHg isotope ratios in nestling feathers were not calculated. 

3.5. Potential reasons for the large MIFs between nestlings and prey items 

In local ecosystems, it was seen that lower values of Δ199Hg and 
δ202Hg were favored in the accumulation of IHg by consumers (e.g., 
caterpillars and grasshoppers), while higher values of Δ199Hg and 

Fig. 3. The correlation between Δ199Hg versus Δ201Hg (a) and the values of 
Δ199Hg and δ202Hg (b) of soil and food chain samples obtained from the pine 
forest ecosystem. 
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δ202Hg were favored in the accumulation of MeHg by high trophic 
consumers (e.g., spiders and mantises). Thus, one possible explanation 
for the large MIFs observed between nestlings and prey items is the 
significant association between MIF and variations in MeHg% (or the 
mixture of IHg and MeHg) between predators (or consumers) and prey 
items (or diets), as also noted in our previous study in Hg mining areas 
[68]. For instance, both conifer pine needles and caterpillars had rela
tively lower MeHg% (2–3%), resulting in measured Hg isotopic com
positions being close to IHg isotope compositions with minimal impact 
from MeHg isotope compositions. However, in the transfers of 
caterpillars-nestlings and grasshoppers-spiders, the substantial differ
ences in MeHg% between prey items (3–4%) and predators (20–30%) 
may lead to the observed large MIFs. 

Factors such as Hg mixture from out-habitat sources like aquatic 
environments [61], bird movement or changes in foraging areas [44, 
45], and nutritional stress [25] can attribute to Hg isotope variations in 
songbirds. However, in a pure terrestrial ecosystem over a relatively 
short period (~14 days), these factors are unlikely to have a significant 
effect on the Hg isotope compositions in nestlings. Furthermore, 
considering the minimal differences in Hg isotope compositions between 
feathers and blood of Skuas chicks [44], the distinct Hg isotope 
composition discrepancies observed in adult bird tissues (e.g., blood and 
feathers; [44,45]) also cannot explain the observed large MIFs. 

Feathers provide a reflection of the Hg concentration in the blood 
during feather growth [3] and are strongly influenced by the dynamic 
changes in blood Hg concentration, especially in juvenile or chick birds 
that simultaneously incorporate maternally deposited and diet-derived 
Hg before fledging [1]. During the short breeding period, the rapid 
and imbalanced integration of Hg from dietary route and maternal 
deposition with various values of Δ199Hg, such as the much lower 
Δ199Hg in prey items in this study but elevated Δ199Hg in murre eggs 
(~0.88‰) as reported by Day et al. [9] and Green-backed Tit (1.37 
± 0.07‰) and Russet Sparrow eggs (0.88 ± 0.10‰) in another pure 
pine forest (personal unpublished data), could be an possible contrib
uting factor to the observed large MIF between nestling feathers and 
their prey items. 

3.6. Hg sources in nestlings and their environmental implications 

Maternally deposited Hg and dietary-acquired Hg are two primary 
sources of Hg for birds during the chick or juvenile stage [1]. As depicted 
in Fig. 4, since MeHg is predominant in egg contents (Ackerman et al., 
2013) as well as the high proportion of MeHg (94.2 ± 12.0%, unpub
lished data) in the eggs of Great Tits inhabiting both heavily contami
nated and control sites in Hg mining areas. Therefore, it is likely that 
MeHg also prevails in eggs from the studied pine forest. Moreover, with 
the exclusion of cockroaches and stick insects as outliers for MeHg% and 
Δ199Hg, the estimated Δ199Hg of MeHg in food chain is 0.25‰ (Fig. S3), 
suggesting there is another MeHg source with elevated Δ199Hg to Great 
Tit nestlings. Consequently, due to the significant disparity in MeHg% 
between eggs (~90%) and feathers (~20%), the dietary pathway ap
pears to be the primary route supplying more IHg to nestlings, leading to 
a dilution of MeHg levels in growing feathers. Furthermore, despite the 
pine forest being distant from aquatic or riparian habitats, parent birds 
with larger foraging ranges may have already acquired Hg from 
non-pine habitat sources, exhibiting higher Δ199Hg values before the 
breeding season or egg laying. This factor could explain why nestling 
feathers exhibited the highest Δ199Hg values but relatively lower MeHg 
%. 

Although Hg isotope compositions in blood have been regarded as a 
suitable tool for accurately determining Hg sources in birds [44,46,61], 
our findings suggest that the rapid and imbalanced mixture of 
dietary-acquired Hg and maternally deposited Hg can influence Hg 
isotope compositions in nestlings. Therefore, caution should be exer
cised when utilizing growing nestling feathers to identify Hg sources and 
discuss the biomagnification of food chains. In future studies, it is crucial 
and urgent to investigate the differences in Hg isotope composition or 
fractionation during Hg transfer among internal organs, blood, and 
feathers in nestlings to quantitatively evaluate the contribution of 
maternally transmitted Hg to nestlings. 

4. Conclusions 

This investigation revealed that caterpillars, cockroaches, and spi
ders constituted the primary sources of MeHg and IHg of Great Tit 

Fig. 4. The conceptual diagram represents the Hg flow from prey items to nestlings within the food chain of the pine forest ecosystem.  
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nestlings through the dietary pathway. Remarkably high Δ199Hg values 
in feathers and substantial differences between consumers and their 
diets, such as caterpillars and cockroaches-nestlings, were observed. As 
for this large MIF, the inconsistent MeHg% between prey items and 
nestling feathers as well as the rapid and imbalanced integration of 
maternally deposited and dietary-acquired Hg during the relatively 
short breeding stage (from hatching to fledging) are the two most likely 
explanations. Therefore, caution should be exercised when utilizing the 
concentration and Hg isotope compositions in growing nestling feathers 
to reconstruct Hg sources and discuss bioaccumulation in nestlings and 
juvenile birds. Further studies, such as analyzing Hg isotope composi
tions in parents and eggs, as well as implementing long-term monitoring 
of nestlings, would facilitate the quantification of maternally deposited 
and dietary-acquired Hg in songbird nestlings. 

Environmental implication 

In a clear bird food chain identified via artificial nest boxes, Bayesian 
isotope mixing model and stable mercury isotopes were used to trace the 
Hg sources and transfers in this food chan. We found that dietary 
exposure tends to provide more inorganic Hg and dilute the MeHg as 
total Hg (MeHg%) in nestlings, and the imbalanced Hg incorporation 
from maternal transfers and dietary intake may affect the MIF of Hg 
isotopes in nestling growing feathers. Therefore, the Hg isotope com
positions in growing feathers should be used with caution, and the 
maternally transferred Hg in nestlings should also be considered. 

CRediT authorship contribution statement 

Zhidong Xu: Conceptualization, Methodology, Writing – original 
draft, Writing – review & editing, Funding acquisition; Kang Luo: 
Investigation, Writing – review & editing, Funding acquisition; Qinhui 
Lu: Investigation, Methodology; Lihai Shang: Visualization, Investiga
tion Writing – review & editing; Jing Tian: Methodology; Zhiyun Lu: 
Investigation, Supervision; Qiuhua Li: Methodology; Zhuo Chen: 
Reviewing and editing, Supervision; Guangle Qiu: Writing – reviewing 
and editing, Supervision, Funding acquisition. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

This work was supported by the National Natural Science Foundation 
of China (NSFC, 42103080, 42207311, 41573135), and the Program of 
the Department of Science and Technology of Guizhou Province 
(QianKeHe [2019] 2307). We also appreciate the great assistance from 
Mr. Zhongxue Wang and Mr. Qi Luo in the field work, Mr. Fudong 
Zhang, Ms. Hongmei Wu, and Ms. Chan Li in the Hg determination, and 
Mr. Hai Zhao for the support for the nest box installation and manage
ment from the Forestry and Grassland Administration of Jingdong 
County, Yunnan Province. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.jhazmat.2023.132263. 

References 

[1] Ackerman, J.T., Eagles-Smith, C.A., Herzog, M.P., 2011. Bird mercury 
concentrations change rapidly as chicks age: toxicological risk is highest at 
hatching and fledging. Environ Sci Technol 45 (12), 5418–5425. https://doi.org/ 
10.1021/es200647g. 

[2] Ai, S., Yang, Y., Ding, J., Yang, W., Bai, X., Bao, X., Ji, W., Zhang, Y., 2019. Metal 
exposure risk assessment for tree sparrows at different life stages via diet from a 
polluted area in Northwestern China. Environ Toxicol Chem 38 (12), 2785–2796. 
https://doi.org/10.1002/etc.4576. 

[3] Bearhop, S., Ruxton, G.D., Furness, R.W., 2000. Dynamics of mercury in blood and 
feathers of great skuas. Environ Toxicol Chem 19 (6), 1638–1643. https://doi.org/ 
10.1002/etc.5620190622. 

[4] Bergquist, B.A., Blum, J.D., 2007. Mass-dependent and -independent fractionation 
of hg isotopes by photoreduction in aquatic systems. Science 318 (5849), 417–420. 
https://doi.org/10.1126/science.1148050. 

[5] Blum, J.D., Sherman, L.S., Johnson, M.W., 2014. Mercury isotopes in earth and 
environmental sciences. Annu Rev Earth Planet Sci 42 (1), 249–269. https://doi. 
org/10.1146/annurev-earth-050212-124107. 

[6] Clarkson, T.W., Magos, L., 2006. The toxicology of mercury and its chemical 
compounds. Crit Rev Toxicol 36 (8), 609–662. https://doi.org/10.1080/ 
10408440600845619. 

[7] Costa, R.A., Eeva, T., Eira, C., Vaqueiro, J., Vingada, J.V., 2013. Assessing heavy 
metal pollution using great tits (parus major): feathers and excrements from 
nestlings and adults. Environ Monit Assess 185 (6), 5339–5344. https://doi.org/ 
10.1007/s10661-012-2949-6. 

[8] Cristol, D.A., Brasso, R.L., Condon, A.M., Fovargue, R.E., Friedman, S.L., 
Hallinger, K.K., Monroe, A.P., White, A.E., 2008. The movement of aquatic 
mercury through terrestrial food webs. Science 320 (5874). https://doi.org/ 
10.1126/science.1154082. 

[9] Day, R.D., Roseneau, D.G., Berail, S., Hobson, K.A., Donard, O.F.X., Vander Pol, S. 
S., Pugh, R.S., Moors, A.J., Long, S.E., Becker, P.R., 2012. Mercury stable isotopes 
in seabird eggs reflect a gradient from terrestrial geogenic to oceanic mercury 
reservoirs. Environ Sci Technol 46 (10), 5327–5335. https://doi.org/10.1021/ 
es2047156. 

[10] Derbridge, J.J., Krausman, P.R., Darimont, C.T., 2012. Using Bayesian stable 
isotope mixing models to estimate wolf diet in a multi-prey ecosystem. J Wildl 
Manag 76 (6), 1277–1289. https://doi.org/10.1002/jwmg.359. 

[11] Driscoll, C.T., Mason, R.P., Chan, H.M., Jacob, D.J., Pirrone, N., 2013. Mercury as a 
global pollutant: sources, pathways, and effects. Environ Sci Technol 47 (10), 
4967–4983. https://doi.org/10.1021/es305071v. 

[12] Estrade, N., Carignan, J., Sonke, J.E., Donard, O.F.X., 2010. Measuring Hg isotopes 
in bio-geo-environmental reference materials. Geostand Geoanalytical Res 34 (1), 
79–93. https://doi.org/10.1111/j.1751-908X.2009.00040.x. 

[13] Fu, X., Zhang, H., Liu, C., Zhang, H., Lin, C.-J., Feng, X., 2019. Significant seasonal 
variations in isotopic composition of atmospheric total gaseous mercury at forest 
sites in China caused by vegetation and mercury sources. Environ Sci Technol 53 
(23), 13748–13756. https://doi.org/10.1021/acs.est.9b05016. 

[14] Galimberti, A., Spinelli, S., Bruno, A., Mezzasalma, V., Mattia, F.D., Cortis, P., 
Labra, M., 2016. Evaluating the efficacy of restoration plantings through DNA 
barcoding of frugivorous bird diets. Conserv Biol 30, 763–773. https://doi.org/ 
10.1111/cobi.12687. 

[15] Girard, J., Baril, A., Mineau, P., Fahrig, L., 2012. Foraging habitat and diet of song 
sparrows (melospiza melodia) nesting in farmland: a stable isotope analysis. Can J 
Zool 90, 1339–1350. https://doi.org/10.1139/z2012-103. 

[16] Hammerschmidt, C.R., Fitzgerald, W.F., 2005. Methylmercury in mosquitoes 
related to atmospheric mercury deposition and contamination. Environ Sci Technol 
39 (9), 3034–3039. https://doi.org/10.1021/es0485107. 

[17] Hoenig, B.D., Snider, A.M., Forsman, A.M., Hobson, K.A., Latta, S.C., Miller, E.T., 
Polito, M.J., Powell, L.L., Rogers, S.L., Sherry, T.W., Toews, D.P.L., Welch, A.J., 
Taylor, S.S., Porter, B.A., 2021. Current methods and future directions in avian diet 
analysis. Ornithology 139 (1), 1–28. https://doi.org/10.1093/ornithology/ 
ukab077. 

[18] Huang, Q., Liu, Y., Chen, J., Feng, X., Huang, W., Yuan, S., Hongming, C., Fu, X., 
2015. An improved dual-stage protocol to pre-concentrate mercury from airborne 
particles for precise isotopic measurement. J Anal Spectrom 30, 957–966. https:// 
doi.org/10.1039/C4JA00438H. 

[19] Hunter, S., 1984. Breeding biology and population dynamics of giant petrels 
Macronectes at South Georgia (Aves: Procellariiformes). J Zool 203, 441–460. 
https://doi.org/10.1111/j.1469-7998.1984.tb02343.x. 
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