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Mercury (Hg) exposure is increasing in terrestrial birds; however, studies on its sources are scarce. In the present
study, we elucidated the food composition of green-backed tit nestlings from three urban forest parks (CPL, AHL,
and LCG) using live videography observation (LVO). Furthermore, the daily dietary intakes of inorganic Hg (IHg)
(MDIyg) and methylmercury (MeHg) (MDIyeng) were determined using the Bayesian isotope mixing model
(BIMM) to uncover the nestlings’ specific dietary Hg contribution. Both LVO and BIMM indicated that Lepi-
doptera (primarily caterpillar) constituted the primary food source for the nestlings in the three forests, ac-
counting for approximately 60% of their diet in all three forest parks. The estimated MDI of Hg revealed that
lepidopterans and spiders primarily contributed to IHg exposure, with a co-contribution ratio of 71.8%-97.7%.
Unexpectedly, dietary MeHg was mostly derived from spiders; the highest contribution ratio of 93.6% was
recorded at CPL, followed by another peak ratio of 92.9% at LCG. However, the dietary exposure was primarily
IHg, accounting for 69.8% (AHL), 62.0% (LCG), and 61.3% (CPL) of the nestlings. Our study findings highlight
the importance of dietary IHg transfer in evaluating the effects of Hg in nestlings. LVO, coupled with BIMM, is an
effective tool for determining the food compositions of songbird nestlings and estimating the contribution of
specific diets.

1. Introduction

Mercury (Hg) is a persistent toxic metal that can be transported as
gaseous forms (primarily Hg®) over a long distance in the atmosphere,
resulting in widespread environmental distribution (Driscoll et al.,
2013). Due to significant atmospheric diffusion and its high toxicity, Hg
has been defined as a global pollutant by the World Health Organization
and included in the list of the top 10 chemicals of public health concern
(Lindqvist et al., 1991; WHO, 2020). Atmospheric Hg eventually enters
the surface environment via wet and dry deposition. Once the inorganic
Hg (IHg) of gaseous Hg® and Hg?" are deposited into the environment,
they can be readily converted to the highly neurotoxic organic form, i.e.,
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methylmercury (MeHg), by microbes under certain conditions. MeHg
has a high degree of bioavailability and bioaccumulation; therefore, it
can be significantly biomagnified in organisms via the food chain
(Cristol et al., 2008; Tsui et al., 2012). Several studies have reported that
extremely high MeHg levels can accumulate in the top consumers of
aquatic food chains, highlighting the significant accumulation and bio-
magnification of MeHg in the aquatic biota (Hall et al., 2020; Lavoie
et al., 2013; Ponton et al., 2021; Zabala et al., 2019).

While the majority of studies on Hg transfer in food chains have
traditionally concentrated on aquatic ecosystems, there has been a
growing body of research over the past two decades that has shown the
bioaccumulation and biomagnification of Hg in terrestrial food chains.
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For example, Abeysinghe et al. (2017) reported an extremely high Hg
concentration of 123.3 + 34.2 mg/kg in the feathers of spot-breasted
scimitar ~ babbler = (Pomatorhinus  mcclellandi)  inhabiting a
Hg-contaminated area; this value was considerably higher than the
highest Hg concentration of 91.6 mg/kg measured in the feathers of the
wandering albatross (Diomedea exulans) (Renedo et al., 2017). Recently,
a risk level of 5.3 mg/kg Hg (>1.8 times the threshold for detrimental
health effects on songbirds, Jackson et al., 2011a) was observed in the
feathers of grey-headed canary-flycatcher (Culicicapa ceylonensis) living
in a remote forest ecosystem (Li et al., 2021). Compared with the aquatic
food diets of waterbirds, the food diets of terrestrial birds are more
complex, with varying Hg exposure pathways. Therefore, identifying the
food sources and determining diet-specific Hg contribution are partic-
ularly vital for understanding the high Hg concentrations in terrestrial
birds.

Green-backed Tit (Parus monticolus) as a model species is frequently
employed for studying Hg exposure due to their limited habitat range,
widespread distribution, insect-eating habits, and the ease of monitoring
them in artificial nest boxes during the breeding season (Xu et al.,
2023a). Throughout the breeding season, the parent Green-backed Tit
primarily feed their nestlings with Lepidoptera larvae (caterpillars),
spiders, and other invertebrates from various trophic levels (Garcia--
Navas et al., 2015; Tomasz and Grzegorz, 2017; Sinkovics et al., 2021).
Since feathers Hg as a reliable indicator of birds’ Hg exposure, the
accumulation of Hg in nestling feathers can provide insights into Hg
exposure during their growth stage.

Using an artificial nest box coupled with live videography observa-
tion (LVO) is an efficient method for investigating the breeding behavior
and environmental pollutant exposure of cavity-nesting birds (Surmacki
and Podkowa, 2022). High-resolution cameras installed inside nest
boxes can directly and continuously observe and record incubation data,
including the food types and feeding frequencies of nestlings (lezekiel
et al., 2021); as a result, the proportions of the food sources of nestlings
can be estimated. For example, Pagani-Ntinez et al. (2017) successfully
used infrared motion cameras to estimate the dietary compositions of
great tit nestlings. Furthermore, Hartman et al. (2019) monitored the
incubation behavior of tree swallows and observed that females with
higher Hg concentrations decreased their brood-rearing period, result-
ing in adverse effects on reproduction. Furthermore, Sinkovics et al.
(2021) conducted a comparison of the food compositions of great tit
nestlings in both urban and forest habitats, utilizing video records.
Recently, Luo et al. (2020) and Zhang et al. (2022) used nest boxes,
established the food chains of pine forest birds, and revealed Hg accu-
mulation and biomagnification. Therefore, LVO can serve as a feasible
tool to solve the challenges of complex food composition and diverse
exposure routes in studies on the food chains of terrestrial birds.

Stable isotopes of carbon (613C) and nitrogen (8'°N) are widely used
to identify food sources and the trophic position of biota in food chains
(Hyodo, 2015; Post, 2002). !3C is generally used to distinguish different
sources/origin of carbon since different sources/origin (e.g., terrestrial
vs aquatic, C3 vs C4, etc.) that have different carbon isotope composi-
tions. Because of the insignificant fractionations of §'3C (A3C ~ 0.4%o
+1.3%0) between pray and predators, namely, little changes in food
chains, 5!3C can be also elucidated the energy flow to consumers in both
terrestrial and aquatic ecosystems. When the isotopic characteristics of
carbon sources are different, the carbon source of organisms can be
assessed in food chains. Unlikely, the §!°N value generally increases
with trophic levels; furthermore, its fractionation value (A®N) between
consumers and their food is significant (~3.4%o +1%o). Therefore, it is
frequently used to evaluate the trophic position of organisms (Post,
2002). Moreover, based on the 5'3C and 5'°N compositional features of
consumers and their identified food sources, the contribution portions of
different food sources to consumers can be evaluated using the Bayesian
isotope mixture model (BIMM) (Parnell et al., 2010, 2013). This method
has been successfully used to elucidate the diet composition of birds,
including raptors (Robinson et al., 2018) and songbirds (Ai et al., 2019;
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Pagani-Nunez et al., 2017; White and Dawson, 2021; Xu et al., 2023a).

In the present study, we used an artificial nest box and LVO in urban
pine forests to induce bird breeding and identifying the food diets of
nestlings. BIMM was employed to ascertain the contribution portions of
the identified food diets and the diet-specific Hg loads to nestlings. The
objectives were as follows: (1) identify the food compositions and pro-
portions of nestlings; (2) elucidate Hg accumulation and exposure risk in
urban forest birds; and (3) estimate the daily dietary intakes of [Hg and
MeHg (MDIg and MDIyepg, respectively) and diet-specific Hg loads to
nestlings.

2. Materials and methods
2.1. Study area

The parks selected for field investigation were as follows:
Changpoling National Forest Park (CPL, 106°68'E, 26°67'N), Aha Lake
National Wetland Park (AHL, 106°65'E, 26°53'N), and Luchongguan
Forest Park (LCG, 106°70'E, 26°63'N). These parks are present in
Guiyang, Guizhou Province, Southwest China (Fig. 1). The dominant
vegetation types in the three parks are Pinus armandii Franch, Pinus
hunbergia Parl, and Pinus massoniana Lamb.

Approximately 300 artificial nest boxes were placed in the pine
forests in all three parks. The process of installing nest boxes is sum-
marized in Supplementary Information (SI). No apparent water sources
were evident in the vicinity of the nest box placement sites at CPL.
Nonetheless, a small reservoir is located near AHL and LCG. Therefore,
in these two parks, the nest box placement sites were selected suffi-
ciently far away (>200 m) from aquatic habitats to minimize the effects
of the aquatic origin of MeHg (Tsui et al., 2014).

2.2. Sample collection and preparation

2.2.1. Live videography observation (LVO)

During the Green-backed Tit (Parus monticolus) breeding period, nest
boxes were inspected every week. Once the birds laid eggs in the nest
box, the investigation period was adjusted to every 3 days. The species of
occupied birds, number of eggs laid, and number of hatchlings were
recorded.

A portable HD 4K motion camera (Mi Technology, China) was
installed inside the selected bird breeding nest box for videographic
observations of the feeding behavior of parental nestlings (Fig. S1).
Video recordings were performed during 8 a.m.-12 p.m. and 2 p.m.-5
pm; The hot midday period was avoided, when feeding was low. The
duration of a single video recording was 2 h; this period can be sufficient
to describe the feeding behavior of nestlings (Pagani-Ntinez and Senar,
2013). Long recordings were avoided to decrease interference with
parental feeding.

A nest box situated in an open area was selected for video recording
to ensure video clarity and precise food identification. The nest box
selected for recording typically had nestlings aged >5 days to prevent
the occurrence of parental abandonment caused by human interference.
A total of 28 nest boxes were recorded for a cumulative duration of 117 h
over three years, and each of them recorded 2-4 times. Videographic
recordings were made in all 3 years, but most concentrated in 2020. All
video recordings were dated and numbered for further food species
identification. More information about the LVO method were presented
in SL

2.2.2. Sampling and preparation

Nestling feathers and invertebrates were collected during the bird
breeding season from April to July 2020, 2021, and 2022. In total, 301
individual (64 broods) feather samples of green-backed tit nestlings
were collected from the three forest parks, with 185 (38 broods) from
CPL, 31 (7 broods) from AHL, and 85 (19 broods) from LCG. We sampled
the feathers of all nestlings individually in each clutch. In brief, nestlings
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Fig. 1. Sampling sites in Guiyang city urban forest. Red rectangles were study areas, and red dots indicated occupied nest boxes. (a) Changpoling Forest Park; (b)

Luchongguan Forest Park; (c) Aha Lake National Wetland Park.

of approximately 14 days old were gently moved from the nest box to a
ventilated cloth bag and their weight was measured. Subsequently, the
secondary flight feathers on both sides were collected in a clean poly-
vinyl chloride ziplock bag. After the collection, the nestlings were
allowed to rest for a short period and then safely returned to the nest
box. Follow-up inspections revealed that all sampled nestlings success-
fully left the nest, indicating that the noninvasive sampling method did
not affect the subsequent normal activities of the nestlings. Feather
samples were transported to the laboratory and thoroughly cleaned with
detergent and deionized water in an ultrasonic cleaner, air-dried in a
cool ventilated place, and bagged for the subsequent processes (Luo
et al., 2020; Zhang et al., 2022).

The invertebrates observed by LVO were gathered from the adjacent
habitats of the sampled birds during the breeding season using the
sweeping web method. During each sampling campaign, we selected at
least 3 sub-sites within each site to collect invertebrates, ensuring the
randomness of invertebrates. The numbers within the following brackets
indicate the total number of final samples (each final sample was
composed of at least 10 individual subsamples) from all three sites. The
invertebrates included caterpillars (Lepidoptera, n = 14), moths (Moth, n
= 11), spiders (Araneae, n = 33), grasshoppers (Acrida cinerea, n = 30),
katydids (Longhorned grasshoppers, n = 16), and mantis (Mantodea, n =
17). The individuals were collected and stored in 50 mL centrifuge tubes
with sealed gauze, placed in a cooler with ice packs, and transported to
the laboratory. All sampled invertebrates were left for 24 h to eliminate
their excrements and remnants of food in the digestive system, as these
could potentially influence the chemical analyses. Afterward, samples
were meticulously rinsed with deionized water, humanely sacrificed,
and subjected to freeze-drying. Thereafter, the samples were ground to

powder using an agate mortar and pestle and stored in ziplock bags for
analysis (Luo et al., 2020; Zhang et al., 2022). All sampled species are
not listed in the National List of Key Wildlife.

2.3. Analytical methods

2.3.1. Analysis of total Hg (THg) and MeHg

Owing to the low mass of the feathers and invertebrates, an acid
digestion method for simultaneously measuring THg and MeHg was
modified based on the methods described by Hammerschmidt and
Fitzgerald (2005), Hintelmann and Nguyen (2005), and Tsui et al.
(2018, 2019), which have been validated in our previous studies (Xu
et al., 2023a; Zhang et al., 2022). In summary, about 0.005-0.010 g of
feathers and 0.05-0.10 g of invertebrates was measured and placed into
a 50 mL centrifuge tube. Subsequently, 5 mL of 4.6 M HNO3 was added,
and the tube was subjected to digestion in a 60 °C oven for 24 h. The
tube was shaken every 2 h during this period to ensure thorough
digestion, and it remained completely sealed throughout the process.

For MeHg analysis, 2 mL of the above digestion solution was pipetted
into a 15 mL centrifuge tube and placed in a water bath at 60 °C for 30
min. Thereafter, an appropriate amount of the water-bathed digestion
solution was taken and added to a bubble vial, followed by the addition
of sodium acetate buffer solution (2 M, 0.2 mL) to adjust the pH and
ethylation with NaBEt4. Then, an appropriate amount of the solution
was taken, and MeHg content was measured via gas chromatogra-
phy-cold vapor atomic fluorescence spectrometry (GC-CVAFS, Brooks
Rand Model III, USA) according to the USEPA Method 1630 (US EPA,
1998).

For THg analysis, the remaining part of the digestion solution was
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added to 3 mL of concentrated HNO3 for further digestion in a water
bath at 95 °C for 3 h. Then, 0.5 mL of BrCl was added to the solution, and
the volume was fixed to 25 mL. The solution was allowed to fully oxidize
for 24 h. Then, NH,OH-HCl was added for neutralization, followed by
SnCl, reduction. Lastly, an appropriate aliquot was pipetted into a
bubbler for measuring THg levels via CVAFS (Brooks Rand Model III,
USA) according to the USEPA Method 1631 (US EPA, 2002).

2.3.2. Quality assurance and quality control (QA/QC)

Method blanks, duplicate samples, and certified materials were used
to conduct QA/QC of the analytical data for THg and MeHg. TORT-2
(lobster hepatopancreas, THg certified value: 270 + 60 ng/g; MeHg
certified value: 152 + 13 ng/g) and human hair (GBW07601a, THg
certified value: 670 + 100 ng/g) were used as the biological samples.
The THg recoveries for TORT-2 and human hair were 95.2% + 5.1%
(range: 92.1%-103.2%, n = 15) and 102.9% =+ 4.9% (range: 95.3%—
109.9%, n = 9), respectively. The MeHg recovery for TORT-2 was 96.7%
+ 5.1% (range: 87.3%-101.6%, n = 6). In addition, the RSDs were 5.3%
(THg) and 5.3% (MeHg) for TORT-2 and 4.7% (THg) for human hair
(Table S1).

2.3.3. Stable isotope analysis

The stable 5'3C and 8!°N compositions of the nestling feathers and
invertebrates were measured at the State Key Laboratory of Environ-
mental Geochemistry, Institute of Geochemistry, Chinese Academy of
Sciences. An elemental analyzer (EA-2000, Thermo Fisher Inc., USA)
along with a gas isotope mass spectrometer (MAT-253, Thermo Fisher
Inc.) as well as the rapid combustion method were used to determine the
813C and 8'°N compositions in the samples. Around 100 pg of the
samples for §13C and 400 pg for 815N were carefully measured into a tin
cup for isotopic composition analysis. The test’s precision was within
<0.1%o, and the outcomes were reported in per mil (%o):

SRsample = (Rsample/Rslundard - 1) x 1000 1)

Where R represents 5'3C or 5'°N and Rsample and Rtandard represent the
carbon and nitrogen isotopic abundance ratios (**C/!2C and >N/'*N) in
the samples and standards, respectively. The isotopic standards of 5'3C
and 8'°N were cellulose IAEA-C3 (5'°C = —24.9%c) and ammonium
sulfate IJAEA-N1 (615N = 0.4%0). They were converted into the interna-
tional common reference values of V-PDB for carbon and standard at-
mospheric nitrogen for nitrogen, respectively. In the present study,
green-backed tit nestling feathers (n = 36), spiders (n = 9), Lepidop-
tera (n = 22, with 13 caterpillars and 9 moths), Orthoptera (n = 14, with
8 grasshoppers and 6 katydids), and Mantises (n = 11) were selected for
5'3C and 5'°N ratio analysis.

2.4. Trophic structure of the food webs and identification of nestling food
items

2.4.1. Trophic structure

Stable Isotope Bayesian Ellipses in R was used to determine Layman’s
community metrics (Layman et al., 2007) to assess the trophic structure
of the food webs in the three parks based on the 8'3C and 8'°N values of
the predators (birds) and preys (invertebrates) in these parks.

Seven ecological metrics were calculated to quantify the trophic
structure of the food webs (Hilgendag et al., 2022; Jackson et al., 2011b;
Layman et al., 2007): 5'°N range (NR, representing trophic level length),
813C range (CR, representing diversity in basal carbon sources), mean
distance to centroid (CD, representing average trophic diversity), mean
nearest neighbor distance to centroid (MNND, representing trophic
ecological redundancy), standard deviation of nearest neighbor distance
to centroid (SDNND, representing trophic distribution evenness), total
area enclosed by the isotopic values of all species (TA, representing total
isotopic niche space), and standard ellipse area-corrected (SEAc, indi-
cating the use of ecological space by organisms).
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2.4.2. Identification of nestling food items and calculation of contributing
rates

Field video recording data were used to preliminarily identify the
food items fed to the nestlings by their parents. Subsequently, the
"simmr” function in R was employed to compute the proportion of each
identified food item contributing to nestlings. The trophic enrichment
factors (TEF) of A'3C (1.9%0 £0.1%0) and AN (3.2%o +0.1%o0) between
food items and great tit nestling feathers (Pagani-Ntinez et al., 2017)
were referred to represent the TEF between the items of green-backed tit
nestlings and preys. The Markov chain Monte Carlo algorithm was used
to determine the contribution ratios of each food source.

2.4.3. Nestling dietary intake and proportional Hg contribution

Estimation of food intake. The daily food intake rate (DIR, g/day,
dry weight) of the birds was estimated using the conventional equation
of the body weight (W, g, Table S2) of the birds. This method was
originally described by Agency (1993) and has been applied to various
songbirds in a study conducted by Wu et al. (2022). The daily food
intake (DFI, g/day, dry weight) of each food item (Ai et al., 2019) was
calculated based on the contribution ratio (p;) of the food item I obtained
from BIMM.

The corresponding equations are as follows:

DIR = 0.648W"! (2)
DFI = DIR x p, 3)
p,=1 4
~DFI = DIR )

Proportional Hg contribution. The contribution of the food item I
to the total dietary Hg of the nestling (Y;) was calculated as follows:

MDI = C x DFI (6)
Y = MDI / SMDI (7

Where MDI represents the daily Hg intake from each food item (ng/day);
C represents the Hg concentration in each food item (including THg,
MeHg, and IHg); and ZMDI represents the sum of the masses of all food
items of Hg (ng).

2.5. Statistical analysis and graphing

Origin Pro 2023 (Origin Lab Inc., USA) and GraphPad Prism 9
(GraphPad Software., USA) were used to perform data analysis, statis-
tical analysis, and mapping. The raw data underwent assessments for
normality of distribution and homogeneity of variance using the D’Ag-
ostino-Pearson test and Brown-Forsythe test, respectively. Ordinary one-
way ANOVA was employed to examine differences (p < 0.05) in feather
concentration and carbon/nitrogen isotopes. ArcGIS 10.2 (ESRI Inc.,
USA) and Adobe Illustrator (Adobe Inc., USA) were used to create the
sampling sites and study regions. The R language platform (R Team,
2023) was used to determine food web structure metrics and nestling
food composition.

3. Results
3.1. Urban pine forest food webs

3.1.1. Stable isotope compositions

There were variations in the 5'°N values of green-backed tit nestling
feathers among the three parks, with the highest average value of 4.03%o
=+ 0.50%o observed at CPL, which was similar to LCG (3.58%o =+ 0.44%o)
(p > 0.05), but significantly higher at AHL (2.35%0 + 0.53%0) (p <
0.0001) (Table 1 and Fig. 2a). In CPL and LCG, the lowest 5!°N values
were found for Orthoptera, measuring 0.91%o + 0.94%0 and 0.53%0 +
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Table 1
Carbon and nitrogen isotopic compositions and the concentrations of THg, MeHg and MeHg% in different samples from CPL, LCG and AHL.
Site Sample 513C%o 5'°N%o THg(ng/g) MeHg(ng/g) MeHg%
Mean + SD N Mean + SD N Mean + SD Range N Mean + SD Range N Mean + SD
CPL Green-backed Tit —25.6 + 0.57 12 4.03 £+ 0.50 12 486 + 151 231-1291 185 158 + 47 70-405 185 34 +8.6
Lepidoptera —30.9 + 0.90 6 0.96 + 1.58 6 54 + 27 32-98 6 27+1.4 1.4-4.9 6 5.0 + 0.9
Spider -25.54+0.17 2 3 5.06 + 0.69 ? 3 353 £ 123 100-527 23 191 + 98 51-351 23 53 +17
Orthoptera —-26.2+1.91 5 0.91 £+ 0.94 5 8.4+22° 6.4-13.9? 19 0.6 £0.3° 0.3-1.0° 19 7.8+39°%
Mantis —20.6 + 1.67 5 3.29 + 0.27 5 30 +567 23-36 2 4 17 £5.02 13-24° 4 56 +£8.9?
LCG Green-backed Tit —25.0 +£ 0.32 12 3.58 £ 0.44 12 564 + 163 216-1006 85 249 + 109 104-596 85 45+ 16
Lepidoptera -30.5+1.73 8 0.73 £0.21 8 69 + 57 22-173 7 30+14 1.4-5.4 7 56 +1.9
Spider —26.3 + 0.88 3 4.14 + 0.04 3 363 + 101 263-523 5 211 + 53 263-523 5 59 +12
Orthoptera —22.5+1.58 6 0.53 £ 0.34 6 28 +£11 15-53 13 20+1.3 1.0-4.4 6 6.4+1.5
Mantis —21.2 + 0.47 3 2.69 £0.18 3 145 + 82 79-272 5 22+1.8 20-25 5 18 +7.9
AHL Green-backed Tit —25.0 £ 0.70 12 2.35+0.53 12 491 + 84 310-669 31 239+ 71 106-405 31 48 + 9.6
Lepidoptera —30.0 £ 1.26 8 —0.66 + 1.36 8 63 + 41 22-125 12 85+5.7 1.9-18 12 24 +20
Spider —25.0 + 0.54 3 5.53 £ 0.20 3 291 + 46 261-371 5 141 + 14 126-157 5 49 £5.1
Orthoptera —22.4 + 0.58 3 0.88 + 0.36 3 25+7.1 10-35 14 1.2+0.4 0.7-1.9 7 48 +£1.6
Mantis —26.9 + 0.58 3 2.22 + 0.58 3 120 +£18 96-151 8 48 +£ 11 35-62 6 39 +4.7
@ Data from Zhang et al. (2022).
10
() (a)
\
2 54 J\
=S Y-
R \./
. £ ol X
—~ < Y
)
£
‘5 T T T
Z CPL LCG AH
AHLA
LCGH —o—%—
CPL| =< [P
T T T T T T T T
T T T T
3230 28 -26 24 222 220 -I8 R SR P S
13 3
813C (%o) 5C (%)

Fig. 2. Carbon and nitrogen isotope compositions from different parks. (a) Stable nitrogen isotope (§'°N) composition: the thicker dashed lines indicated the mean
values for 5'°N; (b) Stable carbon isotope (5'°C) composition: the thicker dashed lines indicated the mean values for §'°C. (c) Bi-plotted 5'°C and §'°N: the shaded
part indicated the corrected Bayesian standard elliptical area (SEAc) and the dashed line indicates the total area (TA) of the area surrounded by isotopic values for all

species in each park.

0.34%o, respectively. However, at AHL, the lowest 5!°N value was
—0.66%0 + 1.36%0 for Lepidoptera. The highest 5'°N values were
recorded for spiders, with values of 5.53%0 + 0.20%0 (AHL), 5.06%o +
0.69%o (CPL), and 4.14%o0 + 0.04%o (LCG), respectively (Table 1 and
Fig. 2a).

The 8'3C values of green-backed tit nestling feathers from CPL, LCG,
and AHL were quite similar, with average values of —25.6%o 4-0.57%o,
—25.0%0 £0.32%o, and —25.0%0 +0.70%o, respectively (Table 1 and
Fig. 2b). For invertebrates, 513C value ranges were as follows: 30.9%o
+0.90%o (Lepidoptera) to —20.6%o0 +1.67%0 (mantis) at CPL, —30.5%o
+1.73%0 (lepidoptera) to —21.2%o0 +0.47%0 (mantis) at LCG, and
—29.6%0 +1.26%o (lepidoptera) to —22.4%c +0.58%o (orthoptera) at
AHL. In all three parks, Lepidoptera exhibited the lowest average value
among the invertebrates.

3.1.2. Trophic structure

Fig. 2c and Table S3 present the differences in the nutrient ecological
niches in the food webs of the three parks. CPL exhibited the largest CR
value (14%o), followed by LCG (CR = 12%o). The lowest CR value was
documented at AHL (9.5%o), suggesting the presence of abundant and

diverse food sources in CPL. Conversely, AHL showed the highest NR
value (8.2%o), followed by CPL (NR = 6.1%0), with LCG having the
lowest NR value (4.2%o), indicating greater distinctions among the three
parks. The trophic diversity of AHL (CD = 26.27) was slightly higher
than that of CPL (CD = 25.43) and LCG (CD = 25.39). Furthermore, CPL
(MNND = 0.23) and AHL (MNND = 0.23) had higher trophic redun-
dancy than LCG (MNND = 0.11). Within the isotopic niche, species
distribution was more even in both AHL (SDNND = 0.001) and CPL
(SDNND = 0.08) than in LCG (SDNND = 0.11). Moreover, the total
degree of trophic diversity was larger for CPL (TA = 43.64) than for AHL
(TA = 39.05) and LCG (TA = 33.04). Finally, the SEAc values were
comparable and high among the three parks, indicating intensive
competition among the biomes in the food webs (Hilgendag et al., 2022;
Layman et al., 2007).

Considering the fractionation of stable isotopes of mean values, the
differences in carbon and nitrogen isotopes (A13C, AlsN) between
feathers and lepidoptera (the lowest trophic level) at the three sites
showed that A*C was —5.3%o (CPL), —5.5%0 (LCG), and —5.0%o (AHL),
while A'®N was 3.07%o (CPL), 2.85%o (LCG), and 3.01%. (AHL). These
results indicate that there were no significant differences in the
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fractionation of stable isotopes among the three locations (p > 0.05).
When considering extreme values, A3C was —7.1%o (CPL), —7.3%0
(LCG), and —7.3%0 (AHL), while A>N was 5.04%o (CPL), 4.21%o (LCG),
and 5.78%o0 (AHL). This suggests that while there was no difference in
carbon isotope fractionation (p > 0.05), there was a significant differ-
ence in nitrogen isotope fractionation (p < 0.05). This finding indicates
that nitrogen isotopes can serve as a valuable metric, at least at the
trophic level, for evaluating food web structure based on niche.

3.2. Nestling diet composition and contribution ratios

3.2.1. Diet composition identification via LVO

Among the three forest parks, 117 h of the video records of the
parental brood rearing of green-backed tits were achieved. The details
are presented in SI. In the brood-rearing video records, 951 feedings
were recorded, with an average of 8.1 feedings per hour. In total, 856
feedings were effectively identified, and the identification percentages
were as follows: 90.3% (n = 624), 89% (n = 137), and 89.6% (n = 95)
for CPL, LCG, and AHL, respectively. Ninety-five feedings were not
identified, accounting for 9.7%-11.0% of the total nestling diets in these
three parks.

The effectively identified food items from the three forest parks
included eight invertebrate species: caterpillars, moths, wasp spiders
(Argiope bruennichi), white-fronted cancer spiders (Heteropoda venato-
ria), small spiders (unknown name), grasshoppers, katydids, and mantis.
These eight species were further divided and classified into four major
groups based on their characteristics: Lepidoptera (caterpillars and
moths), spiders (wasp spiders, white-fronted cancer spiders, and small
spiders), Orthoptera (grasshoppers and katydids), and Mantises.
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3.2.2. Contribution ratios

LVO. Fig. 3a presents that Lepidoptera was the dominant food
composition of green-backed tit nestlings in the three parks, with the
following proportions: 74.0% (CPL), 84.4% (LCG), and 63.2% (AHL).
These results are consistent with those of great tit nestlings (67.3%) in
China (Luo et al., 2020) and great tit nestling diets (75%) in UK (Wilkin
et al., 2009). Lepidoptera larvae was also identified as the primary diet
of songbirds’ nestlings in various countries worldwide, including Spain
(Garcia-Navas et al., 2015), Poland (Tomasz and Grzegorz, 2017),
Hungary (Sinkovics et al., 2021), and Finland (Eeva et al., 1997, 2003).
The dietary proportion of Orthoptera was as follows: 9.3% (CPL), 2.0%
(LCG), and 15.0% (AHL). The dietary proportion of spiders was 6.9%
(CPL), 2.0% (LCG), and 5.7% (AHL). However, the dietary proportion of
mantis was low: 0.1% (CPL), 0.6%(LCG), and 5.7% (AHL).

BIMM. Fig. 3b summarize that Lepidoptera comprised 62.7% + 4.8%
(CPL), 58.9% =+ 4.4% (LCG), and 61.4% =+ 6.4% (AHL) of the nestling
food composition. These results are comparable with those recently re-
ported by Xu et al. (2023b) in a remote forest (67.1% + 9.1%).
Furthermore, the dietary proportions of spiders were similar at CPL
(21.0% =+ 6.8%) and LCG (23.6% =+ 5.6%) but lower at AHL (8.0% =+
4.7%). Moreover, the dietary proportion of mantis was the highest at
AHL (22.1% + 10.6%) but comparable at LCG and CPL (8.8% + 4.9%
and 5.9% =+ 3.4%, respectively). In conclusion, the dietary proportions
of Orthoptera were similar in the three parks, ranging from 8.5% +
4.2%-10.4% =+ 6.0%.

3.3. Dietary Hg exposure to nestling birds

3.3.1. Total Hg and MeHg concentrations
Nestling feathers. Fig. 4 summarize the THg and MeHg concentra-
tions in the nestling feathers in the three parks. The THg concentrations
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Fig. 4. Concentrations of THg (ng/g), MeHg (ng/g) and MeHg% for all sam-
ples. (CPL= Changpoling Forest Park; LCG = Luchongguan Forest Park; AHL =
Aha Lake National Wetland Park; THg = Total Hg; MeHg = methylmercury;
IHg = inorganic mercury).

in the green-backed tit nestling feathers from LCG, AHL, and CPL were
564 + 163, 491 + 84, and 486 + 151 ng/g, respectively. The average
THg concentrations in the nestling feathers in the three parks are com-
parable with those reported by Zhang et al. (2022) for green-backed tits
from CPL (521 + 156 ng/g) but slightly higher than those in great/-
Japanese tit nestling reported by Luo et al. (2020), Su et al. (2021), and
Xu et al. (2023b), which were 175.1 + 191.4, 300 + 220, and 412 +
104 ng/g, respectively. Conversely, MeHg concentrations in
green-backed tit nestling feathers exhibited slight variations among the
three parks, with higher concentrations of 249 + 109 and 239 + 71 ng/g
observed at LCG and AHL, respectively, in comparison to 158 + 47 ng/g
at CPL. The average MeHg% (34% =+ 8.6%-48% =+ 9.6%) observed in
the nestling feathers in the three parks was slightly higher than MeHg%
in the feathers of terrestrial forest birds reported by Luo et al. (2020)
(great tit: 26.2% + 12.0%), Zhang et al. (2022) (green-backed tit: 24%
+ 11%), and Xu et al. (2023b) (great tit: 20.0% =+ 7.7%).

Invertebrates. Among all the invertebrates in the three parks, spiders
had the highest THg and MeHg concentrations (291 + 46-363 + 101
and 141 + 14-211 + 53 ng/g, respectively). Additionally, the MeHg
percentage in spiders (49% + 5.1%-59% + 12%) exceeded that in
nestling feathers (34% + 8.6%-48% =+ 9.6%) (Fig. 4). The elevated
MeHg concentrations observed in spiders may be attributed to their
higher trophic positions (indicated by the highest 5'°N value) and their
ability to undergo significant MeHg enrichment within the food chains.
Nonetheless, the average THg concentrations in Lepidoptera did not
exhibit significant differences among the three parks. However, MeHg
and MeHg% were higher at AHL compared to the other two parks. This
discrepancy may be attributed to the higher trophic diversity (CD) and
species distribution (SDNND) at AHL compared to the other two sites,
indicating differences in the ecological environment that led to greater
MeHg accumulation in biota. The THg and MeHg concentrations in
mantis were significantly lower at CPL than at the other two parks;
however, MeHg% was the highest at CPL compared with the other two
parks. The average THg and MeHg concentrations in Orthoptera were
higher at LCG (28 + 11 and 2.0 & 1.3 ng/g, respectively) and AHL (25
+7.1and 1.2 + 0.4 ng/g, respectively) than at CPL (8.4 + 2.2 and 0.6 +
0.3 ng/g, respectively). Nevertheless, MeHg% was comparable (4.8% +
1.6%-7.8% + 3.9%).

3.3.2. Hg daily intakes of nestlings
Based on the total DIR, diet composition, and Hg concentration in
nestlings, the MDIs of THg (MDIryg), MeHg (MDlyeng), and IHg
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(MDIyy) to nestlings and the MDI percentage of each diet composition
were estimated; the results are presented in Table S6.

The total MDIry; of the nestling diets was 413.5 ng/day (CPL), 520.1
ng/day (LCG), and 329.6 ng/day (AHL). At CPL, Lepidoptera (126 ng/
day) and spiders (277.5 ng/day) contributed the highest to MDItyg,
accounting for 97.6% of the total MDItyg of the nestlings. Similar
findings were observed at LCG, where Lepidoptera (148.9 ng/day) and
spiders (315.3 ng/day) constituted 89.2% of the total MDITHg intake of
the nestlings. In contrast, due to the markedly distinct ecological con-
ditions, the nestlings at AHL displayed more intricate diets during their
parental brood rearing. Besides Lepidoptera (143.5 ng/day) and spiders
(85.1 ng/day), mantis (96.4 ng/day) also became an important dietary
item for THg exposure, with the three food items accounting for 97.7%
of the total MDItyg of the nestlings.

The estimated MDIyeng of the nestlings was 160.2, 197.4, and 99.4
ng/day at CPL, LCG, and AHL, respectively. At both CPL and LCG, spi-
ders were the main dietary contributor, accounting for 93.6% and 92.9%
of the total MDIyeng of the nestlings, respectively; in contrast, at AHL,
both spiders (41.3 ng/day) and mantis (38.6 ng/day) became the main
contributors, accounting for 80.3% of the total MDIryg of the nestlings.
For MDIyy, Lepidoptera and spiders were the main contributors at CPL
and LCG, with high contributions of 97.7% and 85%, respectively.
Nonetheless, at AHL, mantis also emerged as a significant contributor,
contributing to 96.9% of the total MDIyy, intake of the nestlings,
alongside Lepidoptera and spiders. These findings indicate that Lepi-
doptera and spiders serve as the primary sources of dietary IHg expo-
sure, with the latter also playing a vital role in MeHg exposure.

4. Discussion
4.1. Comparison between LVO and BIMM

Both LVO and BIMM revealed that Lepidoptera was the dominant
dietary item of green-backed tit nestlings; however, they had different
dietary contribution ratios. The contribution ratios of Lepidoptera
calculated using BIMM were generally lower than those calculated using
LVO, with differences of 11.3% (CPL), 25.5% (LCG), and 1.8% (AHL).
Interestingly, when compared to the estimated results by LVO, the BIMM
results showed higher concentrations in spiders, and these differences
were similar to the reductions observed in Lepidoptera across the three
parks: 14.1% (CPL), 21.6% (LCG), and 2.3% (AHL) (Fig. 3c). These
findings suggest the important role of spiders in the dietary composition
of green-backed tit nestlings.

Robinson et al. (2018) have reported a significant discrepancy in the
food compositions of Arctic peregrine falcon nestlings between BIMM
(SIAR) and the infrared-sensitive camera video technique. They
observed that using video records, the primary diet of Arctic peregrine
falcons was insectivorous birds; however, the primary diet was lem-
mings using the SIAR model. They postulated that the variation in
spatial factors and the compositions of §13C and 815N in the prey might
have contributed to this disparity. Therefore, explaining the different
contribution ratios between BIMM and LVO in our data may contribute
to the significantly wide range of §'3C and 5°N compositions in
potentially natural food items.

Moreover, in the present study, another possible reason was that
BIMM calculations were based on only the four main food categories
identified by LVO, i.e., approximately 9.7%-11.0% of the unidentified
items were not included in model processing. Numerous studies have
consistently reported that spiders constitute the primary food choice for
passerines when feeding their nestlings during the early stages of
development (Beaubien et al., 2020; Howie et al., 2018; Samplonius
etal., 2016; Serrano-Davies and Sanz, 2017) since spiders could offer the
specific nutritional components essential for the growth phase of nes-
tlings (Garcia-Navas et al., 2015; Tomasz and Grzegorz, 2017).
Comparing these two methods, the decreased proportions of the diet
sources accounted for Lepidoptera were similar to the increased values
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for spiders. This suggests that the unidentified food items primarily
comprised spiders.

Therefore, we hypothesize that the differences in dietary §'C and
51N compositions combined with the presence of unidentified items
lead to differences between the two methods. Furthermore, we suggest
that the former was the primary factor affecting the proportion of di-
etary contributions. Nevertheless, using LVO to identify dominant food
types, then to apply BIMM to calculate the dietary contribution may
provide more accurate results.

4.2. Variations in THg and MeHg among the three parks

Significant variations of THg in nestling feathers existed among the
three parks, with the mean value at LCG being higher than those at CPL
and AHL (p < 0.001; p < 0.05, Fig. S2). Significantly higher MeHg
concentrations (p < 0.0001, Fig. S2) were observed in the nestling
feathers at LCG and AHL compared to CPL.

Videographic observations and model analyses revealed consistent
feeding behaviors of nestlings across the three parks. Therefore, the
differences in Hg concentrations in terrestrial birds may be linked to
their habitats. The ecological metrics differences provided evidence that
the food web structures differed at the three study sites. Notably, there
are water bodies near the LCG and AHL sites, and aquatic environments
tend to have enriched §'3C values (less negative 53¢, i.e., more positive
513C values) (Post, 2002). The §'3C values in nestling feathers at LCG
and AHL were consistent (p > 0.05) and significantly more positive than
those at CPL (p < 0.05), indicating differences in the underlying carbon
sources of their diets.

Although nestlings at all three sites had the same type of diet, nes-
tlings at LCG and CPL likely consumed a greater proportion of prey from
aquatic environments. Owing to the nearby water body, which is
available for Hg methylation, resulting in increased MeHg levels in the
surrounding organisms, particularly riparian spiders, which were then
transferred to the nestlings via food chains (Cristol et al., 2008; Tsui
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et al., 2012). This clarifies why the MeHg concentration in the nestling
feathers at LCG and AHL was noticeably higher compared to that at CPL.

4.3. Differences in dietary IHg and MeHg contribution

The high IHg contribution ratios (range: 61.3%-69.8%) suggest that
green-backed tit nestlings have heavier body IHg than the MeHg burden
via the dietary pathway (Fig. 5). The low average MeHg% (34%—48%)
observed in the nestling feathers in this study also revealed heavier body
THg loadings; this is similar to the findings in a remote pine forest (Xu
et al., 2023a).

In the present study, Lepidoptera was the main food source for green-
backed tit nestlings, with a range of 58.9% + 4.4%-62.7% =+ 4.8%;
however, it was not the highest contributor to MeHg exposure owing to
the lower contribution of 3.3%-19.3%. In contrast to the proportion of
Lepidoptera, the proportion of spiders (8.0% =+ 4.7%-23.6% + 5.6%) in
the food sources was lower. However, the contribution of MeHg through
the consumption of spiders was the highest, particularly at CPL (93.6%)
and LCG (92.9%) (Figs. 3 and 5).

The 5'°C values indicated that Lepidoptera occupied a lower trophic
level in the food chain, with limited biomagnification and bio-
accumulation of MeHg. In contrast, spiders were situated at the top of
the food chain, even higher than birds, exhibiting more complex feeding
habits, and substantial biomagnification and bioaccumulation of MeHg.
This resulted in a greater MeHg supply to nestlings through their con-
sumption of spiders. This suggests that spiders play a vital role in the
MeHg intake of green-backed tit nestlings, even in terrestrial food
chains. This finding is consistent with that of previous studies, consid-
ering that spiders are a vital source of Hg exposure in birds (Ai et al.,
2019; Beaubien et al., 2020; Cristol et al., 2008; Hall et al., 2020). It is
worth noting that while spiders offer nestlings the specific nutritional
components required for growth, they also elevate the risk of MeHg
exposure (Garcia-Navas et al., 2015; Tomasz and Grzegorz, 2017).
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Fig. 5. The proportion of MDIs of THg, MeHg and IHg for dietary composition. The values in the boxes indicated the contribution of dietary composition and MDIs of
THg, MeHg and IHg, respectively. The yellow padding indicated the main composition of each part. (CPL= Changpoling Forest Park; LCG = Luchongguan Forest
Park; AHL = Aha Lake National Wetland Park; THg = Total Hg; MeHg = methylmercury; IHg = inorganic mercury).
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4.4. Environmental implications

Maternal transfer and dietary exposure can contribute to Hg in
nestlings (Ackerman et al., 2011). In general, almost all the Hg in eggs is
present as MeHg (96.4%) (Ackerman et al., 2013). In the present study,
we also observed increased MeHg% (CPL: 82.4% =+ 8.8% and LCG:
86.3% =+ 3.9%, Table S7) in green-backed tit eggs from these urban
forest parks. This result is comparable with that of Xu et al. (2023b), who
recently reported a MeHg ratio of as high as 94.2% + 12.0% in the eggs
of great tits living in highly contaminated Hg mines. In summary, the
findings presented above imply that the primary route of maternal Hg
transfer to green-backed tit nestlings is predominantly through MeHg,
and the maternal transfer of MeHg is a significant contributor to the
MeHg exposure of nestlings (Abeysinghe et al., 2017; Ackerman et al.,
2020).

However, compared with the high MeHg% in eggs, considerably
lower MeHg ratios (34%-45%) were observed in nestling feathers in this
study. Fig. 5 demonstrates that the IHg form dominates the dietary Hg of
nestlings, accounting for 61.3% (CPL), 62.0% (LCG), and 69.8% (AHL)
of the content. As both the food intake rate and body weight remained
stable when nestlings were approximately 14 days old, the acquired
dietary pathway for inorganic IHg is likely the reason for the relatively
lower MeHg% in nestling feathers. This observation aligns with the
findings of a study on great tit nestlings conducted in another pine forest
(Xu et al., 2023a). This phenomenon may indicate that the high MeHg
ratios in eggs brought by the mother are bio-diluted by dietary IHg. In
future studies, both maternal transfer and dietary pathways should be
considered to evaluate the origin of Hg in nestlings. It is important to
recognize that the calculation focused solely on dietary route Hg expo-
sure, and the total Hg exposure remains unknown. Given the presence of
parental transfer, nestlings are likely exposed to elevated levels of Hg,
warranting further investigation in this regard.

The use of isotopic Hg composition to trace Hg origin and biota
processes has rapidly grown over the decade. Previous studies have re-
ported the absence of mass-independent fractionation (MIF, A'°°Hg/
AZOng) for trophic transfer within the food chain (Kwon et al., 2013,
2014); therefore, the MIF of Hg isotopes may be a reliable tool for
tracing biological Hg sources. In addition, this technique has become an
effective tracer to study the Hg origin in eggs, internal tissues, blood, and
bird feathers (Day et al., 2012; Renedo et al., 2018; Tsui et al., 2018; Xu
et al., 2023a, 2023b). Therefore, characterizing the isotopic Hg com-
positions of food items and eggs can help better understand the
biogeochemical processes and contributions that lead to high IHg ratios
in green-backed tit nestlings.

5. Conclusions

Our study on dietary compositions and their contribution to green-
backed tit nestlings sheds light on Hg origin and Hg accumulation and
exposure in songbirds. In three small forest parks, we performed LVO
and identified four main types of nestling food items. The estimated
daily dietary intakes of Hg using BIMM revealed that Lepidoptera is the
main diet of green-backed tit nestlings, whereas Lepidoptera and spiders
are the main Hg contributors. Despite spiders not being the primary food
source for nestlings, their MeHg contribution through the nestling diets
accounted for the majority of the total MeHg burden, presenting a sig-
nificant risk to nestlings during their growth phase. The proportion of
IHg was higher in the nestling diet, and Lepidoptera and spiders were
the primary sources of exposure to IHg. Therefore, dietary [Hg transfer is
important for evaluating the effects of the Hg sources of nestlings. The
using of incorporated LVO and BIMM technique to evaluate the diet-
specific contribution of IHg and MeHg exposure to nestlings can yield
a more desirable result.
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