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A mammoth task: stable isotope
analyses as a tool to prevent
illegal trade of elephant ivory
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1Coral Biogeochemistry Laboratory, University of Hong Kong, Hong Kong, Hong Kong SAR, China,
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Although mammoth ivory was claimed as a substitute to elephant ivory, there are

several issues with the current methods to differentiate the two ivory, which

provided a loophole to laundering and illegal trade. To contribute to developing

efficient tools to distinguish ivory samples, we applied a relatively cheap and fast

protocol using stable isotope ratios of carbon (d13C), hydrogen (d2H), nitrogen
(d15N), oxygen (d18O), and sulfur (d34S). We compared the isotope ratios of the

two ivory types and found statistically significant (p-value<0.01) differences in the

Wilcoxon tests for d2H, d18O, d13C and d34S, but no significant difference for d15N.
There was no overlap between d2H and a small overlap for d18O, while d13C, d15N,
and d34S of most mammoth samples were within the larger isotopic range values

of the elephant samples. The PCA also pointed to a higher contribution of d2H
(96.9%) followed by d18O (2.7%) to differentiate the ivory types. Our results

showed SIA as an efficient tool to distinguish elephant and mammoth ivory,

and we recommend using a multi-elements SIA approach focusing on d2H and

d18O. While it is essential to address the social issues related to the ivory trade,

including reducing human-elephant conflict and increasing financial support to

Siberian carver communities, alternatives for natural ivory should also be sought,

combined with strict policy changes to combat illegal trade and protect the

African and Asian elephant populations.
KEYWORDS

conservation forensics, illegal trade, laundering, mammoth, stable isotope analyses,
permafrost, trafficking, tusk
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Introduction

Illegal or unsustainable wildlife trade (IUWT) is a major threat

to biodiversity conservation worldwide, making it crucial to find

effective solutions to control trade activities (Cardoso et al., 2021).

Wildlife-related crimes, consisting of poaching, smuggling,

breeding, and trapping, are often linked to the trafficking of

drugs, weapons and people (Doody et al., 2021). The combat of

IUWT is hampered by several factors, including that the wildlife

collection mostly happens in isolated locations, with insufficient

amounts of biological or physical evidence for accurate sample

identification. However, recent efforts to advance laboratory

techniques used to identify and confirm the origin of the

specimens, combined with the creation of collaboration networks

between countries, have improved conservation strategies

(Woodcock et al., 2023). Thus, it is essential to consolidate

feasible tools to support law enforcement (Kanthaswamy, 2024).

The poaching of elephants is a complex IUWT case, as the ivory

trade occurs between multiple countries with different environmental

and socio-economic impacts. The ivory tusks of species in the family

Elephantidae are teeth-like structures that serve a variety of purposes

including defense, digging, lifting objects, and gathering food

(Steenkamp et al., 2007; Bielert et al., 2018). For millennia, ivory

pieces have been used by human populations across the world as

carving objects (Chaiklin, 2010; Lane, 2015; Steguweit, 2015) and a

traditional art form (Gao and Clark, 2014), but in modern days

become a main threat to the survival of elephant populations. All

three extant elephant species are listed on the International Union for

Conservation of Nature (IUCN) Red List of Threatened Species as

either ‘endangered’ (Loxodonta africana and Elephas maximus) or

‘critically endangered’ (L. cyclotis). Ivory poachers target mainly

African elephants (L. africana and L. cyclotis), which had a

population decline of over 80% in the past century. Elephants are

often fatally shot by poachers so that ivory can be easily removed

from carcasses, however, even if the elephants survive an instance of

poaching, their tusks do not regrow (Raubenheimer, 2000; Gobush

et al., 2021). Asian elephant ivory (E. maximus) is targeted on a

smaller scale, as unlike their African cousins, usually only males

possess tusks (Chelliah and Sukumar, 2013). Still, Asian elephants

also face other challenges including poaching for their skin (Sampson

et al., 2018; Menon and Tiwari, 2019), human-elephant conflict in

their natural ranges (Doyle et al., 2010; Jarungrattanapong and

Olewiler, 2024), and exploitation with a third of the global

population residing in captivity (Sukumar, 2006; Hankinson and

Nijman, 2020).

Elephants were first added to the Convention on International

Trade in Endangered Species of Wild Fauna and Flora (CITES)

appendix list in 1989, but still allowing domestic trade (UNEP et al.,

2013). In 2018, China, one of the central ivory markets (Sosnowski

et al., 2019), imposed a comprehensive ban of elephant ivory for

commercial trade (Chen et al., 2023). Hong Kong SAR, a main trade

hub between China and other countries, banned the elephant ivory

trade in 2021. One of the main ivory alternatives are from

mammoths (Mammuthus spp.). Although these elephantids went
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extinct during the last Ice Age over 4,000 years ago (Haynes, 1991),

the remains of millions of individuals, including their tusks, are

preserved underground in high latitude regions and mostly

exploited from the Siberian tundra in Russia. Harvesting of the

woolly mammoth (M. primigenius) is a potential substitute to

elephant ivory, though this activity is also associated with

ecosystemic and economic issues (Potravny et al., 2024).

The exploitation of mammoths could decrease the pressure

suffered by elephant populations, still, there are several issues with

the current methods available to distinguish the two ivory types.

Therefore, instead of acting as a substitute for the demand for

elephant ivory, mammoth ivory provided loopholes for elephant

ivory dealers (Chen et al., 2023; Cox and Hauser, 2023). Illegal ivory

can be sold under the guise of legal mammoth ivory (Shepherd

et al., 2024), incentivizing poachers to continue the killing of

elephants (Yu et al., 2017). For instance, although the angle of

specific marks in the ivory is one straightforward morphological

method (Trapani and Fisher, 2003), called Schreger lines, these

marks are often not visible in pieces that have been polished or

carved (Ngatia et al., 2019). It is also possible to discriminate

mammoth and elephant ivory using spectrometry, but the

intensity ratios are dependent upon the environmental condition

to which the ivory specimens have been exposed (Parungao et al.,

2024). The most effective methods in ivory identifications are

radiocarbon dating (Cerling et al., 2018; Quarta et al., 2019) and

genetic analyses (Ewart et al., 2020; Hale et al., 2021; Cox and

Hauser, 2023). However, these tools are expensive and a long time is

needed to receive results (weeks to months) with large amounts of

ivory required (often more than 100 mg) for the testing process.

A much cheaper and faster testing alternative to distinguishing

between elephant andmammoth ivory is using stable isotope analyses

(SIA). Species living in environments with different isotope ratios of

elements will absorb those isotopes, resulting in distinctive isotope

signatures. Thus, measuring the isotopes ratios in the tissue or bone

of animals allows, for example, the identification of their geographic

source location (Hobson, 1999; Sung et al., 2021), and status as

captive or wild animals (Andersson et al., 2021). SIA has contributed

to the combat of IUWT for several species (Meier-Augenstein, 2019;

Prigge et al., 2024), including wood turtles (Glyptemys insculpta;

Hopkins et al., 2022), African grey parrots (Psittacus erithacus;

Alexander et al., 2019), and yellow-crested cockatoos (Cacatua

sulphure; Andersson et al., 2021). Although SIA has been used to

estimate the country of origin of elephant ivory (van der Merwe et al.,

1990; Codron et al., 2012; 2016; Hale et al., 2021), comparisons

between elephant and mammoth ivory are scarce. A recent World

Wide Fund for Nature (WWF) report letter showed distinct

hydrogen (d2H) and oxygen (d18O) isotopic signatures between

these ivory (Ziegler, 2021). This is due to their very distinct

habitats; elephants are found in tropical and subtropical areas,

while woolly mammoths used to live in colder and drier high

latitudes environments (Ziegler, 2021), indicating that SIA is a

promising tool to ivory conservation forensics.

In this study, we optimized and applied a multi-elements

approach with isotope ratios of carbon (d13C), hydrogen (d2H),
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nitrogen (d15N), oxygen (d18O), and sulfur (d34S) to ivory samples.

Our goal is to highlight the isotopic differences and provide a

protocol to differentiate between elephant and mammoth ivory. As

SIA is a powerful tool to prevent illegal trade in several species

(Alexander et al., 2018; Meier-Augenstein, 2019), we here expand

the reference database and provide an essential foundation to

further developing a framework to certify the origin of ivory objects.
Materials and methods

Ivory samples

In total, we analyzed 79 ivory objects (Supplementary Table 1),

identified as elephant (44) or mammoth (35) by seizure agencies

and sellers. Elephant ivory objects were acquired in seizures

between 2007 to 2023 by the Agriculture, Fisheries and

Conservation Department of the Hong Kong government

(AFCD) in illegal imports to Hong Kong from African countries

(Ethiopia, Gabon, Ghana, Ivory Coast, Nigeria, South Africa, and

Zimbabwe), China, Thailand, and the United States of America. We

acquired unworked mammoth ivory fragments from Siberian

carvers, and additional mammoth ivory objects purchased

between 2022 to 2024 in markets in China (Shanghai) and Hong

Kong (Supplementary Table 1), mostly by donations of WWF-

Hong Kong. Unfortunately, the exact geographical origin and

species identification is unknown. Samples were drilled between

January and August of 2024, and stored in a dry-cabinet before

isotope measurements.
Stable isotope analyses and statistics

We developed a protocol adapted from the literature to analyze

ivory powder (Ziegler et al., 2016) with four main steps described

below: 1) drilling, 2) cleaning, 3) weighting, and 4) measuring d13C,
d2H, d15N, d18O, and d34S. These steps were designed to optimize

time and costs, with a minimum ivory powder amount required of 5

mg using the Continuous Flow-Isotope Isotope Ratio Mass

Spectrometer (CF-IRMS) at the Stable Isotope Laboratory,

University of Hong Kong (SIRMS-HKU).
Fron
1. Drilling: For each sample, we drilled between 5–50 mg

using a drilling Dremel® 4250. We held the objects with a

plier or tweezer while drilling and to avoid losing ivory

material, we molded a 20–50 cm piece of aluminum foil

into a funnel shape, according to the size of the object. We

used rounded drill shanks, as among the different shanks

available, these produced more ivory powder more quickly.

We then discarded the aluminum foil. Between samples,

the shanks were cleaned by scrubbing with a metallic brush,

followed by thoroughly washing it with a sponge and

detergent under running water, and then dried. This step

required ~ 5–15 min, depending on the size of the sample.
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2. Cleaning: We added 1–5 ml of dichloromethane to each of

the falcon tubes to extract apolar substances from the

samples for five hours followed by air-drying the samples

within an oven at 50-60°C overnight. Samples were then

stored in a desiccator to avoid humidification.

3. Weight ing: Using a highly sensit ive precis ion

microbalance, for each sample, a subsample of 1 mg

(+-0.5 mg) was weighed and packed into silver capsules

(3.3×5mm) to obtain measurements of d2H, d18O, %H, and

%O, with another subsample of 4 mg (+-0.5 mg) weighted

and packed into tin capsules (4×6mm) to obtain

measurements of d13C, d15N, d34S, %C, %N, and %S. This

step takes approximately 5 min/sample.

4. Isotope measurements: We used certified international

standards (Benzoic Acid and USGS40) to track precision

and normalize data between analytical runs. The isotope

ratios within their silver capsule and tin capsule samples

were analyzed with the Elemental Analyzer (EA) CF-IRMS.

Stable H, O, C, N, and S isotope compositions were

expressed as isotope-delta (d) values with the

conventional unit per mil (‰) and relative to the

international standards Vienna Pee Dee Belemnite and

atmospheric N2. The precision of the standard was better

than 0.2‰ and there were no high peaks for blanks for all

isotopic values, with exception of O. The results of the EA-

OH pyrolysis showed a high O peak for blank after running

samples, and it is possible that the samples cannot be fully

pyrolyzed. It could be that the high mineral content of the

ivory occupies the reaction surfaces of the glassy carbon

and graphite in the reactor. As such, we recommend

smaller batches (<30 samples) in between maintenance of

the reactor to improve this issue.
Samples had a non-normal distribution and we tested for

significant differences in the stable isotopic signatures with the

Wilcoxon test and Principal Component Analyses (PCA) in

RStudio 1.3.1093 (R Team, 2020).
Results

Ivory samples

Among the carved ivory objects acquired in illegal seizures and

observed in Chinese and Hong Kong markets, we found a variety of

samples, including bracelets, combs, chopsticks, earrings, neckless,

and seals (Figure 1; Supplementary Table 1). Two main types of

mammoth ivory carved artefacts were being sold (staff of the

Chinese market, personal communication): “bai jian (摆件)”,

which are large items that can be displayed standing up, such as

plates or a single carved tusk, and “accessories (饰 品)”, such as

bracelets, pendants, earrings. We also observed that the markets in

China and Hong Kong further classified mammoth ivory objects in

four subjective categories related to the color and aspect of the ivory:
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(1) highest quality with shiny illustrious white ivory, with an oily

sheen and not visible or delicate lines with narrow spaces; (2) milky

white, oily sheen, lines rather delicate with narrow spaces; (3)

yellowish white, waxy sheen, lines quite coarse with wide spaces;

and (4) “coffee”, when the color is dull/dark yellow with earthy

sheen, lines are coarse, with wide spaces.
Isotopic signatures of ivory

Stable isotope data revealed statistically significant differences in

the Wilcoxon tests for d2H and d18O of the elephant and mammoth

samples (p-values = 3x10–14 and 3.5x10-12, respectively). Although
Frontiers in Ecology and Evolution 04
there was no overlap between the d2H values of the two ivory types,

the d18O data of two elephant samples were within the value range

of mammoth samples (Supplementary Table 1; Figure 2). We also

observed significant differences in the Wilcoxon tests between

elephant and mammoth ivory samples for d13C and d34S, while
no significant difference was reported for d15N (p-values = 8x10-2,

1.5x10-8, and 0.64, respectively). Nevertheless, these three isotopes

had overlapping values between elephant and mammoth samples.

The d13C and d15N data of all mammoth samples were within the

range values of elephant samples, while d34S data of 67 mammoth

samples were within the range of elephant samples (Supplementary

Table 1; Figure 3). The first two principal components of the PCA

explained over 99% of the total variance (Figure 4). The individual
FIGURE 1

Carved elephant [(A, B); in red] and mammoth [(C, D); in blue] and unworked (E, F) ivory samples.
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contributions to these eigenvalues were 96.9% for d2H, 2.7% for

d18O, 0.23% for d34S, 0.07% d13C, and 0.003% for d15N.
Discussion

Potential of SIA to ivory conservation
forensics

Our results showed that d2H is the most efficient element to

distinguish elephant and mammoth ivory, as there were no

overlapping values between the two sample types. (Supplementary

Table 1; Figure 2). Additionally d18O values were distinct between

most elephant/mammoth samples. Thus, we recommend using a

multi-elements SIA approach focusing on d2H and d18O to

distinguish the two ivory types. Although our analysis omitted the

extraction of collagen to optimize the protocol time, the isotopic

values are potentially still comparable with elephant reference

databases (e.g., www.ivoryid.org) using offsets discussed in the

literature (Ziegler et al., 2016), and stable isotope ranges were

similar as previously reported in the literature for elephants (van

der Merwe et al., 1990; Codron et al., 2012; Ziegler et al., 2016;

Ziegler, 2021) and mammoths (Bocherens et al., 1996; Ziegler,

2021). Due to their natural range, elephants consume water from

tropical regions, and therefore have heavier d2H and d18O isotopic

signatures compared to mammoths that ingested water from

temperate environments of higher latitudes (Ziegler, 2021). On

the other hand, d13C, d15N, and d34S are associated with animals’

diet and trophic niche (Peterson and Fry, 1987; McCutchan et al.,
Frontiers in Ecology and Evolution 05
2003; Boecklen et al., 2011; Jackson et al., 2011). The larger variation

of these isotopes for elephant samples could be related to a more

generalist feeding strategy (Codron et al., 2012) compared to

mammoths, and/or a higher baseline variation of the food

sources, as our sampling likely included elephant samples from

across Africa and Asia. Thus, d13C, d15N, and d34S are less useful

when the focus is simply distinguishing between mammoth and

elephant ivory, compared to d2H and d18O. Further work targeting

samples of specific elephantid populations, and including SIA of

their food sources such as grass, woody material, and fruits

(Tchamba and Seme, 1993), will shed light on comparisons on

the trophic niche of these megaherbivore species.
Social aspects of the ivory trade

Although there are integrated approaches to understanding and

mitigating human-elephant conflict (HEC) in Africa and Asia, HEC

is a main issue for conservation strategies for all three elephant

species (Dublin and Hoare, 2004; Gross et al., 2022; Saha and Soren,

2024). The most prominent human-elephant conflict usually arises

over crop raiding incidents (Walpole and Linkie, 2007). There are

many different approaches which are used to deter elephants,

focusing on sensory deterrents, such as chili/beehive fences or

loud noises (Chang’a et al., 2016; King et al., 2011; Enukwa,

2017). However, elephants are highly intelligent animals that

often find ways around the obstacles, resulting in extensive HEC

(Mumby and Plotnik, 2018). Therefore, farmers often support or

are not opposed to poaching for ivory (Kiffner et al., 2021). To
FIGURE 2

Biplot of isotope ratios of hydrogen (d2H) and oxygen (d18O) of the elephant and mammoth ivory samples (red and blue, respectively).
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overcome this issue, recent popular programs targeting community

attitudes and social change are currently in place to change the

attitude paramount and alleviate the conflict (e.g.,Williams et al.,

2024). Along with these initiatives, forensics tools, including SIA,

could contribute to law enforcement and reducing poaching.

The trade ban in China and Hong Kong lead to an increasing

market demand for harvesting mammoth material. Russia is the

main export country of mammoth ivory, with more than 140 tons

legally exported in 2023, most of which were destined to China, but

also to Hong Kong and Netherlands (Potravny et al., 2024). The

volume of illegal, and semi-legal exported ivory is thought to be

three times more than that of legal ivory (Toropov, 2021). Siberian
Frontiers in Ecology and Evolution 06
miners collect mammoths’ tusks and other carving material during

summer when the permafrost, the ice layer below the topsoil, starts

to melt. Due to current difficult economic conditions in the region,

some ivory miners engage in illegal practices of soil erosion using

powerful water pumps (Vasileva, 2022). Although this activity has

considerable environmental impacts, carvers argue that the damage

is not comparable to that of gas and oil mining activities (Toropov,

2021). Carvers also reported that mammoth ivory has a low market

value because it often has a yellowish color and a negative

perception associated with the product as it is from extinct

animals (Toropov, 2021). Nevertheless, harvesting it has become

one of the few sources of income available to these communities.
FIGURE 3

Boxplots of the isotope ratios of carbon [d13C; (A)], nitrogen [d15N; (B)], and sulfur [d34S; (C)] of the elephant and mammoth ivory samples (left and
right, respectively). The midpoints indicate the mean and whiskers show the 95% confidence intervals. Significance levels indicated as “*” for p<0.01
and “**” for p<0.001.
FIGURE 4

Principal Component Analyses (PCA) of isotope ratios of carbon (d13C), hydrogen (d2H), nitrogen (d15N), oxygen (d18O), and sulfur (d34S) of the
elephant and mammoth ivory samples (red and blue, respectively).
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The trade of ivory flows across country borders, each of which

have distinct social and economic environments. Conservation efforts

for elephants are hampered by the current levels of governmental and

localized corruption that makes it difficult to prevent the laundering

of illegal ivory into legal markets (Bennett, 2015), including in the

online trade (Venturini and Roberts, 2020). We suggest that the SIA

approach described here is applied to distinguish between mammoth

and elephant ivory, as the protocol is a relatively fast and economical

tool (CF-IRMS measurements <USD25/sample). We highlight that

although SIA will be facilitative in law enforcement, it is not suitable

for presentation in court. In a potential framework to identify the

ivory source, a batch of samples would be screened using SIA by an

accredited laboratory. Fewer random objects, or any ivory samples

with ambiguous results, could then be tested withmore expensive and

time consuming methods (e.g., genetics analyses and radiocarbon

dating) to validate the results. In this way, governmental agencies

would be able to analyze a higher volume of samples for a lower price

and waiting time. We expect that a SIA database will be progressively

constructed for this task, based on reports and publications. Besides

individual government budgets, support to such a framework could

be acquired from international multilateral foundations, United

Nations programs, and non-governmental organizations, which

have already financed ranger, customs and criminal justice

functions to combat IUWT in several countries across Africa and

Asia (UNODC, 2024).

While it is imperative to address the social issues related with

the ivory trade, including reducing HEC (Jarungrattanapong and

Olewiler, 2024; von Hagen et al., 2024; Williams et al., 2024) and

offering financial support to Siberian carver communities (Potravny

et al., 2024), alternatives for natural ivory should be a prioritized

option in the markets, such as utilizing polished cattle bones (Sims

et al., 2011) or developing materials for 3D printing with optical

imitation of natural ivory (Rath et al., 2021). It is key to combine the

investment in law enforcement with measures that address

corruption and poverty (Hauenstein et al., 2019) and public

engagement, such as education on the importance of elephants as

key species to ecosystem health (van de Water et al., 2022; Williams

et al., 2024), and on the Siberian permafrost to the ecosystem

carbon balance (Bouchard et al., 2018).
Future steps of the SIA ivory research field

Further studies will clarify how the isotopic signatures of elephant

and mammoth ivory are influenced by biological factors, for instance,

the animal’s age or the tusk portion analyzed (Codron et al., 2012)

that could partly explain variations in some of the isotopes observed

here. SIA applications in the field should also focus in estimating their

isotopic niche (Jackson et al., 2011; Schwartz-Narbonne et al., 2019), a

proxy of the trophic niche. Comparing the amount of isotopic niche

overlap (Jackson et al., 2011) between different elephant populations,

as well as mammoth populations, will contribute to revealing the

resource partition and diet preferences of elephantids. Such analyses
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could also provide insights on the isotopic niche changes between

wild and captive elephants. Compound specific isotopes analyses

(CSIA), including amino acids and fatty acids, should also be used for

a detailed comparison of their diets (McMahon andMcCarthy, 2016).

Although CSIA has a higher cost and is more time-consuming

compared to SIA, such analyses could also be used to distinguish

the two ivory types, when bulk isotope values are ambiguous. Lastly, it

will be vital to facilitate networks between different countries’

institutes to combat illegal ivory trade.
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