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A P P L I E D  E C O L O G Y

The historical development of complex global 
trafficking networks for marine wildlife
Emily A. Miller1*, Loren McClenachan2, Yoshikazu Uni3, George Phocas4,  
Molly E. Hagemann5, Kyle S. Van Houtan1,6

The complexity of trade networks is a major challenge to controlling wildlife trafficking and illegal, unreported, and 
unregulated (IUU) fishing. These networks may not be modern inventions, but have developed over centuries, 
from integrated global markets that preceded modern regulatory policies. To understand these linkages, we cu-
rated 150 years of tortoiseshell transactions and derived biologically informed harvest models to estimate the 
trade in critically endangered hawksbill sea turtles (Eretmochelys imbricata). We find that trade networks concen-
trated in Southeast Asia harvested 9 million turtles, over six times previous estimates. These networks spread 
from within the Pacific, to the Indian and Atlantic basins, and became markedly more complex after 1950. Our 
results further indicate that the magnitude and extent of the coastally restricted hawksbill exploitation parallel 
current patterns of IUU fishing. Policies to combat these interlinked illegal practices should assimilate the important 
role of small-scale, coastal fisheries in these increasingly complex global networks.

INTRODUCTION
The proliferation of markets for illicit wildlife products has generated 
severe ecological and social consequences (1). In the ocean, this ef-
fect is best illustrated by illegal, unreported, and unregulated (IUU) 
fishing, which can be associated with human rights abuses, wildlife 
trafficking, drug, weapon, and other illegal trade (2–4). Valued at 
up to $23.5 billion annually, IUU fishing can mask the magnitude of 
declining global marine fisheries catches, is inversely correlated 
with governance capacity, and can undermine introduced manage-
ment initiatives (5, 6). IUU fishing relies on complex human networks 
with transshipments connecting even the smallest-scale fisheries in 
remote island nations to distant water fleets and associated trans-
port networks with little governance (7). The complexity of IUU fish-
eries networks decreases transparency, in part by obscuring the volumes 
traded, and compounds the inability of local management to keep 
pace with global exploitation (8).

Along with social and economic impacts, IUU fishing directly 
threatens imperiled marine wildlife, such as sea turtles (9). There-
fore, understanding the development and structure of trade net-
works may help address both IUU fishing and wildlife trafficking. 
The development of globalized trade in marine wildlife involves 
geographic expansion, increasing the distances between the fishery 
and destination market (8). While research has focused on serial 
depletion of target species and the resulting expansion of fishing 
effort (8, 10), the complexity of networks supporting this global ex-
pansion deserves further study. Global trade networks are particu-
larly opaque for species hunted for preserved parts, such as turtle 
shell or shark fins, as these commodities are disaggregated, which 
obscures identification and can be stockpiled for years by globally 

distributed buyer networks before arriving at their final destina-
tion (11). These networks may be especially concealed for high-value 
products, threatened species, and certain markets, such as those 
within China (12, 13).

The endangered hawksbill sea turtle (Eretmochelys imbricata) 
has been traded internationally perhaps longer and more inten-
sively than any other marine species. Tortoiseshell has been valued 
by many cultures for millennia and is derived from the carapace 
scutes of the hawksbill sea turtle that are then carved into decora-
tive and functional objects (14). The modern trade can be traced to 
17th century Japan and Europe, when tortoiseshell carving was 
popularized and trade facilitated by expanding colonial networks 
(15). Since the 19th century, the tortoiseshell industry in Japan has 
been the major producer of carved tortoiseshell (16, 17). Trade 
was unregulated until 1977, when the Convention on International 
Trade of Endangered Species of Wild Fauna and Flora (CITES) 
banned the international trade of hawksbill turtles for all signato-
ries by listing the global population as an Appendix I species. 
Many countries with notable hawksbill populations joined in the 
1970s–1980s (e.g., Indonesia, the Philippines, and Malaysia). Japan 
took an exception to the CITES trade ban until 1992. Several other 
countries (e.g., Fiji, Vietnam, and Solomon Islands) did not sign 
onto CITES until years later. While nearly all CITES signatories 
have now agreed to an international trade ban, legal domestic ex-
ploitation in several countries (18) and tortoiseshell trafficking ex-
ist (12, 13, 19).

Tortoiseshell trade networks remain poorly described. Hawksbill 
sea turtles are one of the least abundant sea turtle species (16), with 
population estimates of fewer than 25,000 nesting females across 
their circumtropical range (20). Hawksbills are not threatened by 
incidental bycatch by high-seas commercial fisheries as they do not 
occupy pelagic waters for pronounced periods (21). Instead, hawksbill 
turtles have been directly targeted and may be the most heavily 
exploited sea turtle species (16). Direct exploitation is thought to 
be the major driver of their decline (16). Previous estimates of 
trade impact suggested that 1.4 million adult turtles were killed 
from 1950 to 1992 (16). However, these estimates have been limited 
by the underlying data and their interpretation.
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Here, we compile the largest dataset of hawksbill tortoiseshell 
trade, which we analyze using morphometric models that we de-
rived from stranding and seizure specimens to develop a range of 
size-based population depletion scenarios. The result is an estimate 
of the total number of turtles killed over 150 years, along with a spa-
tially explicit analysis of the increasing complexity of global trade 
networks. These findings provide a more data-rich and, therefore, 
relatively realistic estimate of the total magnitude of global trade 
and serve as a reference point to assess the status of current hawks-
bill populations (22). Bringing transparency to these trade pathways 
is key to preventing further exploitation of this critically endan-
gered species and to crafting solutions to the interdependent and 
seemingly intractable problems of IUU fishing and wildlife traf-
ficking.

RESULTS
Biologically informed models increase the estimated 
magnitude of global tortoiseshell trade
Previous estimates of hawksbill turtle exploitation relied on a sim-
ple assumption that all traded turtles were adults (16, 17). This as-
sumption is unrealistic because juvenile and subadult turtles were 
also targeted and the age structure of exploited populations is known 
to change over time (23). In contrast, our derived morphometric 
relationships of length to tortoiseshell mass (Fig. 1C), based on 
measurements of tortoiseshell specimens (n = 1741 pieces) from a 
single seized shipment, indicate that modern harvests were likely 
composed primarily of juvenile hawksbills [average = 63.1-cm 
straight carapace length (SCL), SD = 10.3; Fig. 1D and see Materials 
and Methods]. Further, as this seizure of stacked scutes measured 
0.22 m3 and contained 134 complete sets of carapace scutes, we 
estimate 1 m3 of stacked scutes with this age structure contains 609 
individual sea turtles, indicative of the high number of individual 

turtles contained within seized shipments of scutes. These rela-
tionships inform our size-based scenarios we use to interpret his-
torical trade records of tortoiseshell mass.

Our morphometric analyses inform four demographic scenarios 
to estimate the number of hawksbill sea turtles traded from 1844 to 
1992 (Fig. 2 and see Materials and Methods). Globally, at least 4,640,062 
individuals were exploited under the large adults scenario, 5,122,951 
individuals under the mixed adults scenario, 9,834,837 individuals 
under the mixed ages scenario, and 8,976,503 under the fishing down 
scenario. Of these, the fishing down scenario is the most probable 
given the evidence of how fishing structures populations (23).

Historical trade networks expanded spatially over time
The modern global tortoiseshell trade expanded outward from 
Japan beginning in the Pacific basin in 1844, followed by the Indian 
basin in 1863 and the Atlantic basin in 1882 (Fig. 3). Records from 
the Japanese Customs archive began in 1868, the first year of the 
Meiji Era. World War II (WWII) imparted a clear signal in the ces-
sation of international trade in the early 1940s, continuing through 
U.S. occupation (Fig. 3). The international trade of tortoiseshell 
spiked markedly in the 1970s through the 1980s. This peak consisted 
largely of exports from the Pacific basin (>100,000 kg year−1 for 
10 years within 1970–1990), from one large shipment from India in 
1977 of 108,705 kg, as well as consistent exports from the Atlantic 
basin of 12,000 to 34,000 kg year−1. Under the fishing down harvest 
scenario, 6,250,969 individual hawksbill sea turtles were harvested 
from the Pacific basin, 1,498,196 from the Atlantic basin, and 1,227,338 
from the Indian basin over the entire period (Fig. 3).

Country-specific patterns of imports and exports identified major 
historical operators. There were 26 importing and 73 exporting 
countries/territories from 1844 to 1992. The top importer was Japan 
(80.2%), followed by Hong Kong (11.4%), Singapore (2.2%), Australia 
(1.8%), South Korea (1.0%), and all other countries/territories (3.4%; 

Fig. 1. Derived tortoiseshell morphometrics show modern trade was dominated by juvenile turtles. (A) Lateral and central scutes of the hawksbill carapace, widely 
marketable in the tortoiseshell trade, are shown in color. (B) The relationship between SCL of an individual and the area (square centimeter) of each scute. (C) The rela-
tionship between individual length and total tortoiseshell mass. (D) On the basis of these relationships, the frequency of hawksbill turtle sizes recorded in one-seized 
shipment from the 1980s contained 1741 individuals and consisted of mostly large juveniles (average = 63.1-cm, SD = 10.3 SCL). See table S2 for model parameters.
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see Materials and Methods and fig. S1). The top exporter was Indonesia 
(28.1%), followed by Fiji (13.1%), Thailand (8.5%), India (5.8%), the 
Philippines (5.7%), and all other countries/territories (38.8%; Fig. 4E).

CITES ratification by exporting countries influenced  
export volume
During the timeframe of this dataset, most of the countries banned 
international trade of hawksbill sea turtles via CITES accession in 
the late 1970s to early 1980s (fig. S2). Twenty-two exporting coun-
tries continued to export after their bans (fig. S2). Some countries 
increased their exports in the years immediately before their ban 
including Indonesia, Malaysia, the Philippines, Belize, and Honduras. 
Other countries had stopped exporting tortoiseshell well before 
their trade ban including Sri Lanka, the Maldives, New Caledonia, 
as well as several colonial powers such as the Netherlands, Italy, 
France, and the United Kingdom.

Trade networks developed complexity over time
Patterns of historical trade pathways demonstrated the increasing 
number of global trade partners over time, particularly after WWII 
(Fig. 4, A to C). From 1844 to 1900, there were 13 known connec-
tions (see Materials and Methods) between 13 export and 2 import 
countries (Fig. 4A). From 1901 to 1942, there were 30 connections 
between 29 export and 4 import countries (Fig. 4B). From 1943 to 
1992, there were 109 connections between 61 export and 16 import 

countries (Fig. 4C). Using the number of turtles traded across 
source-destination connections, we calculated a Shannon index value 
of 1.3 before 1901, 2.2 from 1901 to 1942, and 3.0 from 1943 to 
1992, a basic indication that large numbers of turtles moved through 
numerous channels as the trade networks increased in complexity 
(see Materials and Methods).

Historical trade reflects current trafficking patterns
Historically important tortoiseshell exporters had some of the highest 
rates of contemporary IUU fishing in their exclusive economic zones 
(EEZs), with Southeast Asia emerging as a clear hot spot for trade 
(Fig. 4, D to F). Indonesia was the top historical exporter and the 
country with the highest rate of modern IUU fishing. Six countries 
(Indonesia, Thailand, India, the Philippines, Malaysia, and Vietnam) 
were in both the top 10 lists of turtle exporters and IUU fishing rates 
within their EEZs. This overlap cannot fully be explained by geo-
graphic or biological factors. EEZ area does not predict IUU rate 
per country (5), which we would expect if larger areas are more dif-
ficult to enforce. Hawksbill sea turtle habitat (here defined as coral 
reef area) does not predict turtle exports per country (Kendall’s rank 
correlation coefficient tau-b = 0.158, P = 0.32), which we would ex-
pect if exploitation only reflected the turtle population size supported. 
The historical economic and political aspects of trade, therefore, 
influence the relative rankings of countries with the highest IUU 
rates and turtle exports.

Fig. 2. Demographically explicit exploitation scenarios roughly double estimates of population impact. Understanding the biological impact of tortoiseshell trade 
requires converting trade records (listed in mass of tortoiseshell) into number of turtles. We do this in four ways, left to right: (A) only large adults taken (size fixed at 80-cm 
SCL), (B) mixed adults taken (average = 80-cm SCL, SD = 4.3), (C) mixed-age classes dominated by juvenile turtles (reflects Fig. 1D; average = 63.1-cm SCL, SD = 10.3), and 
(D) fishing down the population [demographic depletion from scenarios (A) to (C) over the time series]. Median estimates (points) and locally estimated smoothing scat-
terplot (LOESS) models (curves) are shown with 95% confidence intervals for annual exports, total individuals exported (in 1000 turtles) under each scenario listed (with 
confidence interval) for three countries representative of each ocean basin—Indian (Madagascar), Atlantic (Costa Rica), and Pacific (New Caledonia).
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Seizure records at U.S. ports of entry revealed trafficked hawks-
bill sea turtles or parts arrived from 72 countries (fig. S3) on 352 
occasions from 1999 to 2018. Of the 20 countries with the most 
hawksbill sea turtle seizures, 14 were also historical turtle exporters 
(fig. S3). The most frequently used transportation mode was air cargo, 
followed by personal accompanying baggage and mail (fig. S4). 
Seventeen of 352 seizures arrived by ocean cargo, indicating that 
much of the modern global trade has shifted from sea to air trans-
portation. The majority (>65%) of hawksbill sea turtle products 
seized entering the United States was raw, unprocessed whole tur-
tle, carapace, or scutes rather than carved tortoiseshell (fig. S4). Of 
the unprocessed records of varying sizes, 41% was from the Caribbean, 
Central America, and Mexico, indicating that the United States may 
be a node for hawksbills transported from the western hemisphere 
to Asia.

DISCUSSION
Our estimate of the total magnitude of global trade demonstrates 
that the impact of the historical tortoiseshell trade on the hawksbill 
sea turtle population has been markedly underestimated. Previous 
estimates of this trade suggest that 1,374,242 turtles were traded for 
tortoiseshell (16, 17). This calculation assumed only that adults were 
harvested and incorporated 42 years of records (1950–1992). Using 
those same demographic assumptions and curating an additional 
108 years of trade data, we estimate that at least 4,640,062 individuals 
were harvested. However, considering tortoiseshell morphometrics 
(Fig. 1, B and C) and the demographics of recent seizures (Fig. 1D), 
we estimate that the global tortoiseshell trade killed 8,976,503 tur-
tles, over six times more than this previous estimate (16). This dif-
ference underscores how biologically relevant and demographically 
informed assumptions improve population assessments.

While our dataset extends the baseline for hawksbill turtles back 
a century, it still may not capture the full magnitude of global trade 
(24, 25). Nineteenth century exports from the Bahamas comprised 
as many as 7000 turtles annually (26, 27), and previous extrapola-
tions of these trade data yielded a precolonial baseline population 
estimate of 11 million turtles in the Caribbean (28). Therefore, it is 
likely that our relatively low estimate of trade for the Atlantic and 
Indian oceans is biased by the lack of consistent trade data for these 
regions. Nonetheless, our global estimate of nearly 9 million hawksbill 
sea turtles traded over 150 years, or an average of just under 60,000 

turtles traded annually, is significant when we consider recent esti-
mates of their global population size. In 2004, between 21,000 and 
24,000 females were estimated to nest annually (20). This historical 
harvest has a marked impact on the population, given that the age at 
maturity for hawksbill has been estimated at 20 to 40 years with a 
generation time of 35 years (29).

Sea turtles are important grazers, maintaining the health of sea 
grass and coral reef ecosystems. Their population decline has likely 
altered ecosystem dynamics. Historical declines of sea turtles have 
reduced grazing rates by up to 800 times relative to today (28). At 
these scales, their removals have likely altered the structure and 
function of these important ecosystems across the world.

Our results provide a unique window into the development of 
global trade networks for marine wildlife. Trade connections in-
creased by 8.4 times from the 18th century to the second half of the 
20th century. This increase, in part, reflects rapid globalization and 
advances in transportation technology that increased connectivity 
following WWII. These patterns also reflect the importance of reex-
port, particularly for the trade in preserved marine wildlife parts. 
Taiwan, Singapore, South Korea, and Hong Kong were known trade 
network nodes, aggregating and then exporting tortoiseshell to Japan 
(13, 16, 30). We removed exports from these countries from our analy-
sis because they would likely duplicate harvest estimates. However, 
their important role as aggregators is evident in their import volumes 
(fig. S1). Similarly, many exporting countries did not have sufficient 
hawksbill populations to supply the volume of tortoiseshell they ex-
ported. For example, hawksbill sea turtles do not nest on Mainland 
India in significant numbers and only nest in the Andaman and 
Nicobar islands (administered by India) at low levels (30), yet India 
was the fourth greatest exporter from our records. India, therefore, 
also likely functioned as an aggregating node in a larger network of 
wildlife trade.

Despite this complexity, two nations emerged as key players in 
the global tortoiseshell trade. Japan was the major importer of tor-
toiseshell, with 76% of total volume sent to Japan as a single destina-
tion and 80% when we included multidestination shipments (fig. S1). 
Although Japan’s comprehensive record-keeping biases this result, 
Japan is widely described as the top importer during this period 
(16, 17). In addition, the top five importing countries were all located 
in the western Pacific; several of these countries were likely reex-
porting to Japan. Indonesia was the major exporter, exporting by 
itself an order of magnitude more tortoiseshell than a majority of 

Fig. 3. Over 150 years, approximately 9 million hawksbill turtles were traded globally. Stacked area curves of the estimated number of individuals harvested under 
the fishing down scenario (Fig. 2D) are shown for (A) pre-WWII and (B) over the entire time series for each ocean basin. (C) Basin-wide harvested totals over the time series. 
This shows the geographic expansion of the global trade in tortoiseshell and the marked increase in trade coinciding with the establishment of international wildlife 
protections.
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other source countries, with an estimated 2,521,569 turtles exported 
over 85 years. Indonesia, the heart of the Coral Triangle, is the global 
epicenter of marine biodiversity (31). Indonesia’s extensive coast-
line and coral reefs supported substantial hawksbill populations.

The dominant feature of the 150-year record of tortoiseshell trade 
is the marked peak in volume during 1970–1985 in which 74% of all 
turtles were traded (Fig. 3). Throughout the 20th century, tortoise-
shell markets were sensitive to international political conditions. WWII 
paused international trade and the subsequent U.S. occupation closed 
Japanese borders to most importation (32). U.S. policy subsequently 
shifted from demilitarization to strengthening commerce during the 
Korean War, and Japan began sustained economic growth in the 
mid-1950s (32), which coincided with the resumption of tortoise-
shell trade (Fig. 3). Favorable economic and political conditions in 
Japan and Indonesia, the two major tortoiseshell traders, may explain 
the late century increase in trade. This peak closely followed reduced 
trade barriers and rapid growth in Japan, where from 1946 to 1976, the 
economy increased 55-fold (32). This growth expanded the Japanese 
middle class and may have fueled an increased demand for luxury 
products such as tortoiseshell. Likewise, 71% of Indonesia’s turtle 
exports occurred from 1976 to 1980 following “New Order” poli-
cies geared to increase foreign investment and strengthen trade with 

Japan and Western nations. Policies during this period also en-
couraged redistributing populations from Java to smaller islands, 
partly to exploit Indonesia’s wealth of natural resources (33). An 
increase in Japanese demand, local hawksbill population deple-
tions, and the increasing connectivity following globalization may 
have led to increased trade complexity and volume after WWII.

While the CITES trade ban was the major driver of the decline in 
tortoiseshell trade, it likely contributed to the trade peak. Within 
the timeframe of our dataset, most countries signed onto CITES 
from 1975 to 1985. The marked decline in trade through the end of 
Japan’s reservation can be largely explained by the hawksbill’s listing 
as an Appendix I species in 1977 (fig. S2). Many of the top exporting 
countries increased their exports immediately before signing onto 
CITES (fig. S2). Others, including some former colonial powers, 
had ceased well before (fig. S2). As 1979 was the year Indonesia en-
tered CITES into force, Indonesia’s export peak (1976–1980) may 
indicate stockpiling or increased harvest in anticipation of enforcement 
of the ban. This anticipation trend has been reported for CITES list-
ings previously and generally reflects the unloading of stockpiles or 
increased harvest (34).

Substantial hawksbill exploitation continues. China has emerged 
as a major consumer of hawksbill sea turtles (12, 35), with vessel 
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trafficking routes from Indonesia, Malaysia, and the Philippines to 
China’s Hainan province. A top exporting country historically, Vietnam 
has greatly reduced domestic hawksbill exploitation (19). However, 
seizures on Vietnamese vessels fishing in the Philippines indicate 
expanded foreign poaching (35). In Indonesia, mislabeled hawksbill 
harvests within the legal green turtle (Chelonia mydas) fishery, local 
tortoiseshell processing operations, and foreign fleet poaching have 
all been reported (12, 13). While vessel transport of hawksbill prod-
ucts is the major mode from the Coral Triangle to China, trafficking 
to Japan has shifted to air transport. Seizure records indicate small-
scale shipments of scutes smuggled by air or mail have replaced large 
vessel shipments and mainly originate from Singapore (12, 13). 
However, two large shipments from Indonesia (+400 shell pieces 
and products in 2000 and 89 kg of scutes in 2003) were seized in 
Japan, indicating that the major historical import route remains 
(12). This shift to air transport may reflect effective vessel inspec-
tion and tortoiseshell’s high value in Japan, which reduce the risk 
relative to reward for small air shipments. U.S. seizure records simi-
larly emphasized air transportation’s contribution to the global traf-
ficking of hawksbill sea turtle (fig. S4).

The rapid economic growth of the middle class in China has fu-
eled the global trade of luxury marine wildlife products (36, 37). 
The shark fin market is concentrated in a few Asian trade network 
nodes including Singapore, Taiwan, Japan, mainland China, and the 
largest, Hong Kong (36, 37). Like the tortoiseshell trade, Southeast 
Asia’s luxury seafood trade flowed to these same East Asian markets 
over a long history, expanded geographically, and intensified over 
time (36). Several of these trading centers are major hawksbill sea 
turtle harvesting and trade destinations. Like these marine luxury 
wildlife products, tortoiseshell is nonperishable and therefore stock-
piled and traded globally, distancing consumers from exploiters, 
reducing traceability, and decoupling the feedback of reduced de-
mand with increasing cost over value (11).

Our results also underscore the degree to which these global 
markets rely on the mobilization of local networks of small-scale 
artisanal fishers. Hawksbill sea turtles are associated with coral reefs 
and other nearshore habitats and, therefore, typically caught in coastal 
artisanal fisheries and not in pelagic commercial fisheries (21). 
Artisanal vessels are known to participate in transshipment, includ-
ing hand line vessels targeting tuna in western Indonesia that transfer 
catch to large vessels for overseas trade (7). Furthermore, Hainan 
fisheries enforcement agency data suggest that marine turtles in the 
market originate as bycatch and targeted catch from local fishermen 
in the Philippines, Malaysia, Indonesia, and Vietnam (12). These 
small-scale fisheries can have marked population impacts (38, 39), 
particularly when they are serving global luxury markets.

Bringing transparency to these trade pathways is key to begin-
ning to craft solutions to the seemingly intractable, broad problem 
of IUU fishing. IUU operators exploit gaps in jurisdiction and au-
thority (40) related to vessel size, vessel origin, inspection authority 
limits, proximity to shore, transit direction, and region. Transship-
ment is a noted enforcement gap. IUU practices are especially asso-
ciated with transshipping on the high seas and can connect artisanal 
coastal fisheries with distant-water fleets (2, 3, 7). Banning all trans-
shipments has been proposed previously to reduce IUU fishing and is 
currently in place in the South East Atlantic Fisheries Organization 
[a Regional Fishery Management Organization (RFMO) governance 
treaty] with partial bans in several other RFMOs (2). Improved regu-
lation of transshipments might also benefit hawksbills in RFMOs 

covering Southeast Asia, where rates of IUU fishing (Fig. 4) (41), 
wildlife trafficking (42), and hawksbill nesting populations (16) are 
relatively high.

Given that geographic and biological factors do not fully explain 
turtle export or IUU fishing patterns at the country level, governance 
may play a critical role in shaping trafficking networks. Effective 
enforcement requires independent monitoring programs, patrol sur-
veillance in territorial waters, transparent systems of vessel flags iden-
tities, complete reporting to local and flag countries, universal vessel 
tracking, matching monitoring technology to capacity, and data 
sharing, for which many developing countries have limited capacity 
(41, 43). In addition, closing IUU fishing enforcement loopholes 
requires interagency coordination, training law enforcement agen-
cies that conduct inspections related to other illicit activities and 
cross-deputization agreements (44, 45). To complicate matters fur-
ther, nations and RFMOs will also need to adaptively manage across 
boundaries to keep pace with shifting distributions of fisheries due 
to climate change (46). Beyond governance, campaigns to reduce 
consumer demand for tortoiseshell products may achieve similar 
success as shark fin campaigns (47).

The historical pattern of tortoiseshell trade provides a map for 
current trafficking, although some network paths have shifted, 
strengthened, or faded. The strong links between IUU fishing and 
marine wildlife poaching and trafficking underscore the need for 
integrated monitoring and management of small-scale coastal fish-
eries and high-seas commercial fleets. Success here may benefit the 
continued persistence of endangered marine wildlife and reduce 
human rights abuses, and drug, weapon, and other illegal trade also 
associated with these networks.

MATERIALS AND METHODS
Specimens and trade data
U.S. Fish and Wildlife Service (USFWS) Office of Law Enforcement 
provided seized carapaces that had been traded illegally, and National 
Oceanic and Atmospheric Administration Pacific Islands Fisheries 
Science Center (USFWS permit TE-72088A-0) collected stranded 
hawksbill sea turtle carapaces. Whole carapace specimens (n = 58) 
ranged from 4- to 89-cm SCL, across all demographics from emer-
gent hatchlings to breeding adults. USFWS provided one additional 
single seizure of ~65 kg of stacked disaggregated scutes confiscated 
in 1988 in a shipment from the Caribbean to the United States. Nine 
published accounts (30, 48–55) and Japanese Customs archives pro-
vided records of tortoiseshell shipments from 1844 to 1992, when 
Japan ended their exemption to the CITES ban on international 
trade (dataset S1). Records contained the year, mass of tortoiseshell 
shipped, source country or region, destination country or countries, 
ocean basin, and citation source. We curated records to remove du-
plicate import and export records that often occurs as a result of 
reexport (table S1).

To ensure that data were not double-counted, if import and ex-
port data existed in same year, the smaller value was discarded. If 
there were multiple values noted as import or export in the same 
year, then the smaller value was assumed to be a subset of the larger 
value and discarded. To account for reexport, we (i) discarded all 
export data from the following known reexporters: Singapore, 
Hong Kong, Taiwan, and South Korea; (ii) discarded data from 
European countries, USA, and Canada after 1950, with the assump-
tion that these data were recorded at the original point of export; 
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(iii) discarded data from countries with freshwater turtles (Zambia, 
Laos). For European countries before 1950, we reattributed turtles 
to source basins based on their colonial holdings (table S1). From 
1882 to 1887, Japanese Customs data recorded imports from the 
India, Thailand, Vietnam, Indonesia, and Malaysia as the “East Indies.” 
Beginning in 1888, Thailand was categorized separately from the East 
Indies but contained no records. Starting in 1889, each country’s 
exports were recorded separately, and the recorded values from 
India were comparable to those from the East Indies before 1888, 
while the other East Indies countries contributed insignificantly. 
This pattern indicated the records from the East Indies before 1888 
largely originated from India and attributed as such.

Specimen preparation
Carapace specimen preparation followed published methods (29). 
Each carapace was placed in a labeled, research-grade plastic bag 
that was perforated to allow gases to escape and submerged in sea-
water for one to three weeks. After this process, we separated the 13 
carapace scutes used primarily in the tortoiseshell industry from all 
other tissues, removing epibionts and other adherents. We scrubbed 
scutes with a mildly abrasive sponge using soap and warm water, 
soaked in 90% ethanol for 5 min, and air-dried in a fume hood. For 
all scutes, we identified their position (Fig. 1A), weighed, measured, 
and kept them in dry archive (dataset S2).

Calculating turtle demographics from scute size
We related scute metrics to turtle morphometrics to derive relation-
ships useful for understanding trade demographics. To calculate the 
demographics of seized tortoiseshell shipments (consisting only of 
scutes), we first developed length-to-area relationships for each in-
dividual scute (Fig. 1B). As scutes are curved and irregularly shaped, 
we calculated their precise area using ArcGIS 9.3. For 32 of the total 
58 specimens, we traced scute outlines on paper, imaged the trac-
ings on a 1-cm grid surface, scanned and georeferenced the images 
(constraining root mean square error to <0.10), created polygon 
shapefiles for each scute, and calculated their area. To rapidly assess 
large seizures, we developed a basic scaling rule relating the crude 
rectangular area (longest length × widest width) to the precise area 
calculated above (fig. S5). In these relationships, we paired symmet-
rical (left and right) lateral scutes, as well as central scutes 2, 3, and 
4 (as these are not later distinguishable). We plotted the precise area 
against SCL and the crude area against the precise area, fitting power 
law models to the data (fig. S6). Next, for all 58 specimens, we de-
rived the length-to–tortoiseshell mass relationship, again fitting a 
power law to the data (Fig. 1C). Last, we measured the crude area of 
1741 scutes from a law enforcement seizure, used the above-derived 
relationships to calculate the lengths of turtles from which the scutes 
were taken, and used normal statistics to summarize the shipment 
demographics (Fig. 1D).

Estimation methods of sea turtles harvested
Each export record (kilograms of shell) was converted to the num-
ber of individuals harvested under four harvest scenarios (see fig. S7) 
using the relationship between scute mass produced by a hawksbill 
of a given SCL. The four harvest scenarios included the following: 
“large adults,” where all turtles were assumed to be an average adult 
length [80-cm SCL (29)], or the traditional harvest assumption 
(16, 17); “mixed adults,” where all turtles were from a normally dis-
tributed range of adults (72- to 90-cm SCL; average = 80 cm ± 4 SD); 

“mixed ages,” where turtles included a range of juveniles and 
adults based on a normal distribution of the seized shipment (aver-
age = 63.1 cm ± 10.3 SD); and “fishing down,” where turtles har-
vested were initially from a normally distributed range of adults 
(mixed adults); but over the time series for each source country, the 
harvest demographic incrementally shifted linearly to a mixed-sizes 
distribution (mixed ages), which it reached at the 75th quantile of 
harvested biomass for the time series. The concept of fishing down 
marine food webs refers to the sequential depletion of higher tro-
phic levels affecting community function or, as in this case, larger 
size classes altering population structure and growth (23, 56). This 
population depletion reflected opportunistic harvesting in which 
the easier to obtain nesting females were harvested first and fishers 
spatially expanded to capture a range of juveniles and adults.

We reported total estimates of harvest under each scenario by 
summing the median estimates of each export shipment per source 
country across all years globally as well as for representative coun-
tries from each basin. Upper and lower confidence intervals were 
summed to provide ranges. We fit locally estimated scatterplot 
smoothing (LOESS) smoothing models to the estimates with 95% 
confidence intervals for representative country time series using the 
R package ggplot2.

Spatial components of historical trade and current  
IUU patterns
We reported estimates using the fishing down scenario, the most 
biologically realistic scenario, for ocean basin-wide and country scales. 
Export records that were not assignable to an ocean basin source 
were categorized as “Pacific or Indian,” “Atlantic or Pacific,” or 
“unknown” basin origin. For basin-wide analyses, these unknown 
shipment masses were redistributed among the three known basins 
(Pacific, Indian, or Atlantic) according to the relative proportions 
of known basin exports per year.

Country-specific pathways of importing and exporting were 
visualized as chord diagrams using migest and circlize R packages 
(57, 58). A connection between two countries was defined as at least 
one record of direct tortoiseshell trade from an exporting country 
to an importing country. Each chord pathway represented a connec-
tion between two countries and was proportionate in width to the total 
number of estimated turtles traded. To examine import patterns, we 
redistributed export records with multiple destination countries 
among each individual destination country according to the relative 
proportions imported over the time series. Imports from nine of 
these destination countries/regions were not redistributed because 
they did not appear in our records as a single destination. These 
included Canada, New Caledonia, Germany, China, Great Britain, 
Switzerland, Mexico, the Netherlands, and the United States. These 
redistributed volumes were used in chord pathway visualization 
(Fig. 4) and in examining top importing countries (see Results and 
fig. S1). To describe increasing trade network complexity, Shannon 
index values were calculated using each source-destination pair as 
an entity in the “diverse” R package (59).

To compare spatial patterns of historical hawksbill harvest with 
current IUU fishing, estimates of turtles were totaled for each ex-
porting country and visualized within each country’s EEZ. The IUU 
fishing data presented were obtained from Watson (60). These data 
were IUU catch estimates in commercial fishing based on rates of 
IUU fishing calculated by Agnew et al. (5). The data were average 
estimates per 30-min spatial cell in metric tons per square kilometer 
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per year from 2015 to 2018. Estimates were averaged across country’s 
EEZs and multiplied by square kilometers to obtain the total pro-
duced within each EEZ per year. To calculate the relationship be-
tween hawksbill sea turtle habitat and turtle exports per country, we 
used coral reef area data from the World Atlas of Coral Reefs (61) 
and measured the association between the two parameters by calcu-
lating Kendall’s rank coefficient, tau-b. All analyses were performed 
using R version 3.4.3 and RStudio 1.1.419.

Seizure records of hawksbill sea turtle parts and products at 
U.S. ports of entry were obtained from USFWS Office of Law 
Enforcement via Freedom of Information Act request no. FWS-
2018-00548 (dataset S3). The 352 records spanned the time period 
1999 to 2018.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/3/eaav5948/DC1
Fig. S1. Japan was the major importer of tortoiseshell from 1844 to 1992.
Fig. S2. Turtle exports per country varied in relation to CITES trade ban.
Fig. S3. Illegally trafficked hawksbill sea turtle parts and products are seized entering the 
United States from more than 70 countries.
Fig. S4. Seized hawksbill sea turtles are trafficked to the United States largely by air 
transportation and in raw forms more frequently than processed tortoiseshell.
Fig. S5. Power law models show the relationship between calculated precise and crude areas 
for individual scutes and scute groupings from hawksbill sea turtles.
Fig. S6. Hawksbill sea turtle specimens used in this study were a range of sizes.
Fig. S7. Demographically explicit scenarios produce different estimates of the number of 
hawksbill sea turtles harvested.
Table S1. Hawksbill sea turtle export data curation methods.
Table S2. Model parameters for tortoiseshell morphometric relationships in Fig. 1.
Table S3. Complete list of United Nations country abbreviations (alpha 2) used in Fig. 4 and 
figs. S1 and S3.
Dataset S1. Hawksbill sea turtle historical trade records.
Dataset S2. Hawksbill sea turtle scute morphometrics.
Dataset S3. U.S. seizure records of hawksbill sea turtles.
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