


each year, with most being released safely. In 2021, four

owls (one adult and three juveniles) were found dead in the

airport perimeter fog net, and these were collected and

stored in a refrigerator at –20 � C.

The owls were dissected and external tissues (chest

feathers and nails), internal tissues/organs (heart, liver,

gizzard, muscles), and gastric contents were collected. The

24 samples of tissues/organs were thoroughly cleaned with

Milli-Q ultrapure water, lyophilized, and ground into

powder (200 mesh) for analysis. The four samples of

gastric contents were lyophilized after the removal of sand

and stones, and ground to powder.

Sample collection was approved by the administrative

office of Jingmai Airport, and the State Key Laboratory of

Environmental Geochemistry, Institute of Geochemistry,

Chinese Academy of Sciences.

2.3 Mercury analysis

Due to the small mass of each tissue sample, acid digestion

methods were applied in both THg and MeHg analyses

(Hammerschmidt and Fitzgerald 2005; Tsui et al. 2018).

Feather (5–10 mg) and other (200–500 mg) samples

were weighed into pre-cleaned Teflon vessels; 5 mL

4.6 mol/L HNO3 was added, and the mixture was digested

at 60 � C for * 20 h. The mixtures were shaken every 2 h

during digestion to ensure sufficient reaction. After diges-

tion, * 1 mL of solution was taken for MeHg determi-

nation; 5 mL concentrated HNO3 was added to the

remaining solution, and digestion continued for 3 h at

95 � C. After cooling, 400 lL BrCl solution was added, and

the solution was diluted to 25 mL after a further 24 h for

THg determination.

For THg determination, hydroxylamine hydrochloride

was added to * 4 mL of digestate to neutralize excess

BrCl before an appropriate aliquot was placed in a bubbler

tube for analysis by SnCl2 reduction and cold-vapor atomic

fluorescence spectrometry (CVAFS; Brooks Rand Model

III, USA) following US Environmental Protection Agency

Method 1631E (USEPA 2002). For MeHg determina-

tion, * 50 lL of digestate was placed in a bubbler with

acetic acid–sodium acetate buffer solution for aqueous

ethylation, Tenax trap (SUPELCO, USA) collection, gas

chromatographic separation, and CVAFS analysis follow-

ing USEPA Method 1630 (USEPA 2001). All results are

reported on a dry-weight basis.

Quality control and assurance (QA/QC) procedures

included analysis of blanks, duplicates, and reference

materials (GBW 0901b and TORT2). GBW 0901b (human

hair, Shanghai Institute of Applied Physics, Chinese

Academy of Sciences, Shanghai, China) was used for THg

analyses and TORT2 (lobster pancreas, National Research

Council Canada) for MeHg analyses. The specific results

are shown in Table S1. Duplicate analyses were undertaken

for 10% of the samples. Recoveries of THg and MeHg

were 87 ± 8.4 % and 94 ± 9.1 %, respectively, with rel-

ative standard deviations of \ 20% for both sets of results.

For THg, the TORT2 certified value is 270 ± 60 ng/g, the

measured value is 237 ± 32 ng/g (n = 7), and the human

hair certified value is 1060 ± 280 ng/g, the measured

value is 1010 ± 160 ng/g (n = 4). Our measured values

were no significant difference with certified at the 95%

confidence level. For MeHg, the TORT-certified value is

152 ± 13 ng/g, the measured value is 142 ± 14 ng/g. The

slightly low measured value may be due to changes in the

sensitivity of the instrument to the environment (Azemard

and Vassileva 2015, 2021).

2.4 Hg isotopic composition

Hg isotopic analyses were undertaken at the State Key

Laboratory of Environmental Geochemistry (SKLEG),

Institute of Geochemistry, Chinese Academy of Sciences,

Guiyang, China, using a Neptune Plus multicollector–in-

ductively coupled plasma–mass spectrometry system

(Thermo Fisher Scientific, Germany) equipped with a

continuous-flow injection system. Isotopic compositions

are expressed as per mil (%). US National Institute of

Standards and Technology (NIST) standard reference

material (SRM) 3133 solution matching the THg concen-

tration and solution acidity was analysed before and after

each sample. The instrumental error was corrected using

NIST SRM 997 TL throughout the process. The injection

system was cleaned with 5% HNO3 between samples to

eliminate interference.

The d202Hg (MDF), and D199Hg and D201Hg (MIF) values

were calculated as follows (Bergquist and Blum 2007):

d202Hg ¼ 1000

� d202Hg = d198Hg
� �

Sample
= d202Hg = d198Hg

� �
NIST3133

h �

� 1�&
ð1Þ

D199Hg � d199Hg� d202Hg � 0:2520
� �

ð2Þ

D201Hg � d201Hg � d202Hg � 0:7520
� �

ð3Þ

NIST SRM 8610 (UM-Almadén) was used as a second

standard with analysis after every seven samples.

The measured values (d202Hg = - 0.53 ± 0.05 %,

D199Hg = - 0.04 ± 0.04 %, 2 SD) were consistent with

those reported by (Bergquist and Blum 2007). Certificated

reference materials BCR-482 (epiphytic lichen) and

TORT3 (lobster hepatopancreas, Canada) were analysed as

samples to assess result accuracy. The measured values

(d202Hg = - 1.54 ± 0.09 %, D199Hg = - 0.60 ± 0.03 %,
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2SD, n = 3) for BCR-482, and (d202Hg = - 0.71 ±
0.03%, D199Hg = 0.77 ± 0.07 %, n = 1) for TORT3 were

consistent with previously reported values (Kwon et al.

2014; Li et al. 2020; Liu et al. 2020; Renedo et al. 2018).

2.5 C and N isotopic compositions

C and N isotopic analyses were undertaken at the SKLEG

with samples of * 0.1 and * 0.5 mg, respectively. Cel-

lulose and Caffeine (International Atomic Energy Agency

(IAEA-C3: d13C = –24.7 ± 0.04%, and IAEA-600:

d13C = –27.7 ± 0.07 %), and (NH4)2SO4 (IAEA-N1: d15-

N = 0.4 ± 0.06 %) were used as standards for C and N

isotopic analyses. Analyses involved an EA 2000 elemental

analyser and a MAT 253 isotope ratio mass spectrometer

(both from Thermo Fisher Scientific, Germany). The d
values were calculated as follows:

X ¼ ðRSample� RStandard�1Þ � 1000 & ð4Þ

where X is 15N or 13C, and RSample and RStandard are the N

and C isotopic abundance ratios of sample and standards

(i.e., 15N/14N and 13C/12C, respectively). Vienna Pee Dee

Belemnite (V-PDB) and atmospheric nitrogen were used as

reference standards.

2.6 Statistical analysis

Excel 2021 (Microsoft Corp., USA) was used for calcula-

tions, and Origin Pro2022b (OriginLab Corp., USA) for

plotting and statistical analysis.

3 Results and discussion

3.1 C and N isotopic compositions

The d13C values in owl tissues ranged from –29.31 to –

22.95 %, with average values of –24.99 ± 1.40 % in

juveniles and –26.28 ± 1.92 % in the adult. Both the adult

and juveniles had the highest d13C values in feathers.

Except for the liver of the adult, internal organs had d13C

values lower than those of external tissues. Gastric contents

of juveniles and adults had d13C values ranging from –

27.65 % (juvenile) to –26.88 % (adult).

There was a wide range of d15N values in different

tissues of 2.43–8.13%, with a higher average value in the

adult (5.92 ± 1.12 %) than in the juveniles

(3.75 ± 1.00 %) (Fig. 1, Fig. S2, Table S2). The higher

adult value is consistent with its higher trophic position. As

for d13C values, both the adult and juveniles had the

highest d15N values in feathers and the lowest in muscles.

d15N values were low (1.70–4.02 %) in the gastric

contents of both the adult and juveniles, indicating a

predator–prey fractionation effect.

3.2 Hg in tissues

THg and MeHg contents of tissues/organs of the adult were

in the ranges of 150–1360 and 120–1060 ng/g, respec-

tively. The highest average values were recorded in

feathers and nails: 1090 ± 190 and 1360 ± 67 ng/g for

THg, and 960 ± 42 and 1060 ± 54 ng/g for MeHg,

respectively. Muscle and gizzard tissues had the lowest

average values of 160 ± 4 and 150 ± 9 ng/g for THg, and

140 ± 12 and 120 ± 1 ng/g for MeHg, respectively. For

juveniles, THg and MeHg contents of tissues/organs were

in ranges of 91–420 and 67–350 ng/g, respectively, with

the highest average values in feathers and nails of

310 ± 37 and 360 ± 76 ng/g for THg, and 280 ± 50 and

250 ± 74 ng/g for MeHg, respectively. Muscle and giz-

zard tissues again had the lowest values, with averages of

110 ± 17 and 120 ± 18 ng/g for THg, and 87 ± 13 and

94 ± 23 ng/g for MeHg, respectively (Figs. 2a, b).

MeHg/THg ratios (MeHg%) of all tissues and organs for

both the adult and juveniles were in the range of

59.6–96.2 %, indicating the predominant MeHg form. As a

typical MeHg detoxification organ, the liver was also

characterized by high MeHg ratios with averages of

73.5 ± 4.0 % for the adult and 80.45 ± 8.9 % for juve-

niles, possibly indicating heavier MeHg exposure in the

latter.

There were notable differences between the adult and

juveniles in THg and MeHg contents of feathers and nails

(Figs. 2c, d). The average THg and MeHg contents of

feathers of the adult were higher than those of juveniles by

factors of 3.5 and 3.4, respectively. The average THg and

MeHg contents of the nails of the adult were also higher

than those of juveniles, by factors of 3.8 and 4.3, respec-

tively. In contrast, there were no major differences between

the adult and juveniles in THg and MeHg contents of the

heart, liver, gizzard, or muscle. These results are consistent

with the adult and juvenile Buzzard (Buteo buteo) in

Scotland (Lancaster et al. 2022) and Razorbirds (Alca

torda) in Spain (Espin et al. 2012), which were no signif-

icant differences in the internal organization of adult and

juvenile birds.

Feathers and nails comprise mainly keratin, a protein

comprising amino acids with high contents of sulfhydryl

groups that readily combine with Hg. When combined with

keratin, Hg becomes inert (Rouse and Van Dyke 2010),

and this process is considered an important pathway for Hg

excretion in birds. Gastric contents of both the adult and

juveniles had average THg contents and MeHg% values of

65–105 ng/g and 35.3 ± 6.7%, respectively, with the

marked difference between the adult and juveniles in THg
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and MeHg contents reflecting their different exposure

periods and Hg metabolic processes (Figs. 2a, b).

3.3 Hg isotopic composition

Average tissue/organ d202Hg values for the adult and

juveniles were within the ranges of –1.95% to –1.44% and

–1.18% to –0.77%, respectively, while individual tissue/

organ values tended to be more negative in the former

(Fig. 3a). Nails had the highest d202Hg values, and feathers

and the liver had the lowest. The d202Hg values of tissues/

organs (barring muscle) differed by a uniform factor of 2

between the adult and juveniles, likely reflecting differ-

ences in metabolism.

Tissues/organs of the adult had similar D199Hg and

D201Hg values, as did those of the juveniles, but values

Fig. 1 Tissue-specific d13C and d15N values in the adult and juvenile owls. Figures a and c are plotted every tissue-specific d13C in juveniles’

mean value and adult value, respectively, and Figures b and d are plotted every tissue-specific d15N in juveniles’ mean value and adult value,

respectively. Figure e shows a comparison of d13C of gastric contents and tissues/organs in juveniles and adults. Figure f shows a comparison of

d15N of gastric contents and tissues/organs in juveniles and adults
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D199Hg and d15N or d13C values. These MDF distribution

patterns between adult and juvenile owls indicate the

possible utility of MDF in determining the growth stage of

birds.

The D199Hg/D201Hg ratios indicate photochemical pro-

cesses of MeHg photodemethylation and Hg (II) photore-

duction, characterized by ratios of 1.36 ± 0.02 and

1.00 ± 0.01, respectively (Bergquist and Blum 2007). The

juveniles have slightly higher ratios than the adult (Fig. 5),

with a ratio of 1.21 in the former indicating more MeHg

photodegradation, while the adult ratio of 1.00 may be

attributed to the photoreduction of Hg (II).

The positive MDF values of juveniles suggest they

tended to accumulate the heavier Hg isotope, while the

negative values of the adult indicate the accumulation of

the lighter isotope. The marked difference in THg content

between adult and juvenile feathers and nails, the main

Fig. 4 Hg D199Hg and D201Hg values relative to d13C and d15N values. Squares and triangles represent tissues/organs from juvenile and adult

owls, respectively. The juvenile birds were presented with mean and standard deviation prevention

Fig. 5 D199Hg–D201Hg plots for the adult and juvenile owls and

theoretical photodemethylation and photoreduction trends (Bergquist

and Blum 2007)
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pathway of Hg excretion in birds, and the tissue-specific

Hg isotopic composition pattern between juveniles and the

adult insinuate changes in Hg metabolism during different

life stages of the owl. This result is like that of the Hermit

Thrush in the US, where after the hatching year bird’s

MDF and MIF were both slightly above the mean of the

second year and after second year birds (Tsui et al. 2018).

Table 1 MDF and MIF values of tissues in seabirds and terrestrial birds

Tissue Species THg (ng/g) d202Hg(%) D199Hg (%) Refs.

Terrestrial birds

Blood Vireo 340–540 - 0.84 to - 0.34 0.83 to 1.12 Tsui et al. (2018)

Yellowthroat 230.8–879.6 - 1.56 to - 1.1 0.06 to 0.44

Thrush 133–358 - 1.95 to - 0.08 0.48 to 1.31

Vireo 336–480 - 1.43 to - 0.39 0.55 to 1.01

Feather Buzzards 15.8–98.4 - 1.69 to 0.00 1.87 to 2.72 Liu et al. (2020)

Owl 508 ± 339 - 1.95 to - 1.01 0.23 to 1.02 This study

Gizzard Owl 125.21 ± 22.08 - 1.74 to - 0.76 0.22 to 0.81

Heart Owl 202.88 ± 25.4 - 1.72 to - 0.71 0.26 to 0.85

Liver Owl 284.87 ± 80.94 - 1.94 to - 0.66 0.20 to 0.96

Muscle Buzzards 15.8–45.9 - 1.77 to - 0.69 1.51 to 2.89 Liu et al. (2020)

Owl 125 ± 23 - 1.70 to - 0.99 0.36 to 0.87 This study

Nail Owl 610.49 ± 437.57 - 1.44 to - 0.57 0.11 to 0.85

Seabirds

Feather Prion 1220–3980 1.19 to 1.55 2.21 to 2.52 Renedo et al. (2021)

Auks 810–4530 - 0.24 to 1.43 0.14 to 1.91

Petrel 8500–21,200 2.31 to 2.35 1.24 to 1.34

Petrel 3010–8540 0.91 to 1.31 1.26 to 1.71

Petrel 4800–26,200 2.57 to 3.05 1.4 to 1.75 Manceau et al. (2021b)

Penguin 290–530 0.48 to 0.89 1.62 to 2.02 Renedo et al. (2018)

Skua 1340–2390 0.08 to 0.51 1.32 to 1.57

Penguin 1060–1690 2.15 to 2.51 1.95 to 2.2

Penguin 1550–7590 1.31 to 1.68 1.33 to 1.66

Penguin 1660–4140 1.7 to 2.15 1.66 to 1.96

Penguin 1850–2570 1.76 to 2.26 1.66 to 1.94

Penguin 1250–2030 2.26 to 2.68 2.08 to 2.36

Skua 2290–17,670 0.93 to 1.72 1.32 to 1.82

Liver Prion 1490–2520 - 0.28 to 0.3 1.84 to 1.98 Renedo et al. (2021)

Petrel 214,200–405,200 - 0.28 to 0.68 1.23 to 1.34

Petrel 30,650–81,000 - 0.99 to - 0.11 1.05 to 1.23

Petrel 1110–932,840 - 1.48 to 0.14 1.06 to 1.44 Queipo-Abad et al. (2022)

Petrel 170,000–1,499,000 - 0.1 to 1.87 1.3 to 1.67 Manceau et al. (2021b)

Grebe 43,100 - 2.07 to - 0.17 1.42 to 1.49 Poulin et al. (2021)

Tern 13,800 - 0.14 to 0.45 0.67 to 0.71

Skua 8190 0.8 2.02

Muscle Prion 230–430 - 0.19 to 0.89 1.77 to 2.16 Renedo et al. (2021)

Petrel 1660–29,200 0.38 to 0.55 1.28 to 1.41

Petrel 2230–7810 - 0.17 to 0.6 1.1 to 1.37

Petrel 2870–88,700 - 1.19 to 2.78 1.36 to 1.97 Manceau et al. (2021b)

Grebe 7100 - 1.13 to - 0.22 1.43 to 1.46 Poulin et al. (2021)

Tern 6390 0.31 to 0.53 0.72 to 0.79

Skua 1750 1.25 to 1.25 1.99 to 1.99

Petrel 110–52,270 - 0.98 to 1.25 0.89 to 1.73 Queipo-Abad et al. (2022)
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Average d13C and d15N values and THg and MeHg

contents of the gastric contents of juveniles were like those

of the adults (Figs. 1, 2, S3), indicating a similar diet. The

difference in tissue/organ THg and MeHg contents between

adults and juveniles is therefore unlikely to reflect their

food sources. Juveniles have a shorter predation and

accumulation/detoxification period, which may explain

their more positive MDF and MIF values. Considering the

significant differences between adults and juveniles in

terms of the Hg contents of feathers and nails, metabolic

processes play an important role in Hg accumulation.

Few data have been reported for Hg isotopes in terres-

trial birds (Tsui et al. 2018; Liu et al. 2020). MDF and MIF

values of the owls studied here lie within the range for

terrestrial birds, MDF of terrestrial birds have negative

values while seabirds have positive values (Table 1), but

the MIF values are significantly lower than those observed

in vultures (Aegypius monachus) collected from the Tibe-

tan Plateau, China (Table 1), for which higher Hg contents

and more positive MDF and MIF tissue/organ values were

reported relative to other terrestrial birds. High tissue/organ

Hg contents seem to be associated with more positive

(higher) MDF values, consistent with the accumulation of

the heavier Hg isotope.

4 Conclusions

This study elucidated the accumulation, distribution, and

isotopic composition of Hg in six different tissues/organs

of the Collared Scops Owl. There are marked differences in

the Hg content of feathers and nails between adult and

juvenile owls. The adult sample had lower MDF and MIF

values than the juveniles, indicating the accumulation of

negative Hg isotopes. This isotopic pattern reflects changes

in Hg metabolism during different life stages of the owl.

We must point out that the number of individuals was

limited, and a more extensive study is required to verify the

significance of differences in Hg isotopic composition

between adults and juveniles of this bird species.
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