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ECOLOGY

Empty forest or empty rivers? A century of commercial
hunting in Amazonia

André P. Antunes,”?* Rachel M. Fewster,? Eduardo M. Venticinque,* Carlos A. Peres,’ Taal Levi,®
Fabio Rohe," Glenn H. Shepard Jr.”

The Amazon basin is the largest and most species-rich tropical forest and river system in the world, playing a pivotal
role in global climate regulation and harboring hundreds of traditional and indigenous cultures. It is a matter of
intense debate whether the ecosystem is threatened by hunting practices, whereby an “empty forest” loses critical
ecological functions. Strikingly, no previous study has examined Amazonian ecosystem resilience through the per-
spective of the massive 20th century international trade in furs and skins. We present the first historical account of
the scale and impacts of this trade and show that whereas aquatic species suffered basin-wide population collapse,
terrestrial species did not. We link this differential resilience to the persistence of adequate spatial refuges for ter-
restrial species, enabling populations to be sustained through source-sink dynamics, contrasting with unremitting
hunting pressure on more accessible aquatic habitats. Our findings attest the high vulnerability of aquatic fauna to
unregulated hunting, particularly during years of severe drought. We propose that the relative resilience of terres-
trial species suggests a marked opportunity for managing, rather than criminalizing, contemporary traditional sub-
sistence hunting in Amazonia, through both the engagement of local people in community-based comanagement
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programs and science-led conservation governance.

INTRODUCTION

The Amazon basin is one of the world’s richest and most critical nat-
ural environments, both in regulating climate (I) and sustaining bio-
diversity at a global scale (2). Threats posed by habitat loss, fire, and
climate change are well documented (I, 3-5). A more insidious threat
is overhunting (6-9), which results in a defaunation process that can
cascade onto ecosystem functioning (9-12). Although it has been pro-
posed that defaunation due to the massive 20th century international
trade in Amazonian furs and skins led to an “empty forest” scenario
(13-15), it is remarkable that the magnitude and impacts of this trade
have never been quantified, despite the insight that such a study would
provide into ecosystem resilience. Existing knowledge of Amazonian
resilience to hunting is based on studies that are temporally or spatial-
ly restricted and focused only on terrestrial species (6, 8, 10, 16-22).
Here, we present the first systematic account of the history, scale, and
outcomes of the globally significant Amazonian hide trade throughout
the 20th century and discuss the consequences of our findings for
present-day management and conservation.

In the late 19th century, the rubber boom brought about a complete
social and economic restructuring of the Amazon frontier. About half a
million colonists entered the region to extract rubber across all major
river basins; an immense fleet of steamships arose for transportation
and trade; and a network of traveling river merchants purchased forest
products from extractivists in a debt peonage regime known as aviamento,
extending from hinterland rubber groves to commercial export ware-
houses in Manaus and Belém (23-26). After rubber prices collapsed in
1912 due to competition from Malaysian plantations, enterprises that
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did not go bankrupt were obliged to find substitute products (27). The
international trade in Amazonian animal hides, which was previously
minimal, grew considerably and persisted for about 80 years, supplying
markets in the United States, Europe, and south-southeastern Brazil (27).

Our analysis is based on previously obscure data from port regis-
tries, commercial records, and cargo manifests of animal hide ship-
ments in the central-western Brazilian Amazon in the 20th century.
These are collated and systematized here for the first time, following
an exhaustive search of surviving primary archive sources. Many of
the documents containing these records no longer exist, so a major
contribution of this work has been to trace surviving documents
and their whereabouts so that the history of the hide trade can be re-
constructed (see Materials and Methods and text SI).

The available shipment data typically consisted of total hide weight
for all species combined; however, for a subset of records chiefly relat-
ing to exports and occasionally to landings, the composition of the
shipment by species was available. We developed a novel trend model
to enable us to combine these two sources of information to estimate
an individual harvest trend for each species over time. This approach
avoids the bias that would result from modeling the trends only in the
subset of species-specific data, if not adjusted for by knowledge of the
total harvest over time (28), which would underestimate harvests in
the 1930s relative to those in the more data-rich 1960s and thus
overestimate population resilience (see Data and approach).

Amazonian hunters in the 20th century were largely opportunistic
forest dwellers, who engaged in hunting primarily for meat and traded
in animal hides to supplement their subsistence living and income
from other forest products (see text S2). Among the 89,000 extrac-
tivists in the central-western Brazilian Amazon recorded in the 1950 cen-
sus, only 528 declared themselves to be professional hunters (29-32).
Because of the unregulated and opportunistic nature of hunting prac-
tices, there is no information about the level of hunting effort over time,
but conversely, there is strong justification for assuming an intensifica-
tion of effort as the human population increased. Hunting effort is un-
likely to have decreased in response to declines in exploited populations
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because the wide range of commercially attractive species ensured that
hunters could trade whatever they could catch, and since animal skins
constituted just one of many extractive products shipped by the fluvial
transport network, the opportunity to sell hides persisted even if the
volume of trade diminished. It is therefore reasonable to assume that
harvest trends reflected animal population status to some degree, espe-
cially in the case where low harvests were returned despite strong
market incentives and a high human population.

To use our modeled harvest trend curves to draw inference on pop-
ulation resilience during the hide trade, we focused on a comparison
between two periods of peak exploitation: the 1930s-1940s and the
1960s. Each period saw a sharp increase in the total harvest of all species
combined (Fig. 1), and hunting incentives were strong due to high
market pelt prices (Fig. 2). However, the rural human population in
the central-western Brazilian Amazon was 68% larger in the 1960s
than in the 1940s (fig. S1), so it is reasonable to assume that hunting
effort was higher in the later period. Thus, species that disappeared
from the harvest in the 1960s had presumably experienced widespread
population collapse. Although it cannot be proved that this was due to
overhunting, the circumstantial evidence is strong, especially when
considered alongside anecdotal evidence from hunters of the day
(see text S2). Conversely, a greater resilience to exploitation can be
deduced for species whose harvests remained buoyant in the 1960s.

RESULTS

Overview of the international trade in Amazonian

animal hides and pelts

Based on our models of harvest trends, we estimate that from 1904
to 1969, 23.3 million (21.6 million to 26.8 million) wild mammals

and reptiles representing at least 20 species were commercially hunted
for their hides, comprising 13.9 million (12.7 million to 15.1 million)
terrestrial mammals, 1.9 million (1.7 million to 2.3 million) aquatic and
semiaquatic mammals, and 7.5 million (6.2 million to 10.6 million)
reptiles (Table 1 and table S1).

The overall harvest trend for all species combined (shown in Fig. 1)
closely tracks events in 20th-century world history. After the 1912 rub-
ber collapse, the Amazonian hide trade, previously minimal and mostly
focused on red brocket deer (27), began to increase. The trade increased
gradually through the 1910s and 1920s and then experienced a marked
upturn in the 1930s, coinciding with the consolidation of the United
States as the primary export market for Amazonian hides. With the
Japanese capture of Malaysian rubber plantations at the outset of
World War II, the United States made heavy investments in Brazilian
rubber, prompting some 35,000 to 80,000 rubber tappers (so-called
“soldiers of rubber”) to move to the western Brazilian Amazon (23-26),
vastly increasing forest hunting effort. The accompanying peak in the
hide trade during World War II saw at least 1 million hides harvested
annually (Fig. 1). With an active ground war ensuing in Europe, near-
ly all hide production was exported to the United States during this
time. Throughout World War II, prices of animal hides rose steadily,
and wild animal hides and pelts came to top the list of extractive Am-
azonian export products after rubber (fig. S2 and text S3). After World
War II, indexed hide prices as well as total harvest declined somewhat
(Fig. 2). However, harvest trends at some localities continued to climb
(Fig. 3).

The international fashion zeal for spotted felid furs in the 1950s
and 1960s (33-36) prompted sharp increases in pelt prices (Fig. 2),
motivating commercial harvesting of Amazonian animal hides to rise
again and generating a second production peak of 860,000 hides in
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Fig. 1. Overview of the international trade in Amazonian animal hides through the 20th century. Modeled annual harvests for 20 species from the whole central-
western Brazilian Amazon region (dark gray line), which include landings at Manaus and additional exports from other hinterland ports. 95% Cls obtained by bootstrap
(gray area). Annual yields, converted to U.S. dollars indexed to 2015 prices, from extant hide export records from the central-western Brazilian Amazon (green dots and
green trend line); these extant records represent a subset of the total modeled yield.
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Fig. 2. Annual harvests and average prices for the main terrestrial and aquatic/semiaquatic species that were hunted commercially for hides and pelts in the
central-western Brazilian Amazon, 1904-1969. Modeled total commercial harvests including those exported internationally [black lines + 95% confidence interval
(CI) regions in gray] and hide prices converted to U.S. dollars indexed to 2015 prices (green lines).

1969 (Fig. 1). During the four decades from the 1930s to the 1960s,
the 10 main commercially harvested species of the western Brazil-
ian Amazon (Table 1) generated about $500 million in adjusted 2015
base-year U.S. currency according to our model. Although Brazil officially
banned hunting with the 1967 Faunal Protection Law, loopholes allow-
ing for the trade of stockpiled hides facilitated ongoing illegal hunting
and exports until the ratification of the Convention on International
Trade in Endangered Species (CITES) in 1975 (Fig. 1) (33, 36-39). The
giant otter, neotropical otter, jaguar, ocelot, margay, manatee, and black
caiman were all listed in CITES Appendix I, granting them maxi-
mum protection from exploitation. Illegal wildlife trade still persisted
through the 1980s, when demand in Europe and the United States
began to wane due to improved CITES enforcement and the declining
popularity of furs in the fashion industry (34). Finally, the 1992 Rio
Convention on Biological Diversity consolidated international aware-
ness and put an end to the vogue in Amazonian animal hides as fash-
ion accessories (40).

Differential resilience of aquatic and terrestrial species

to 20th century commercial hunting

Modeled harvest trend curves for individual species imply that aquatic
species mostly exhibited population collapse at a basin-wide scale
(Figs. 2 and 4). The peak harvest of the giant otter in the 1960s was
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only 12% of that in the 1930s. The neotropical otter (a smaller, sol-
itary species with a similar pelt) was more resilient, apparently replac-
ing the giant otter in trade when the latter was driven to commercial
extinction. Likewise, black caiman harvest in the 1960s attained only
8% of peak production in 1943. In 1964, the previously ignored spec-
tacled caiman rapidly entered the market as a replacement (35). De-
mand for manatee hides dwindled in the 1950s when synthetic rubber
became available, but demand for manatee meat persisted in Manaus
until the early 1970s (41). Although nearly 16,000 manatees were com-
mercially harvested in 1938, offtake in the 1970s declined to only 9%
of this amount. The capybara (a semiaquatic species and the world’s
largest rodent) exhibited a stepwise harvest pattern from 1930 to 1960,
with a sudden decline during the 1960s, despite sharp rises in hide
prices (Fig. 2).

By contrast, terrestrial species such as red brocket deer and collared
peccary showed higher harvests in the 1960s than in the 1930s, provid-
ing evidence of greater resilience to 20th century hunting activity. Of all
terrestrial mammals, only the white-lipped peccary showed signs of pop-
ulation decline at both basin-wide and local scales (Figs. 2 and 3). Al-
though its reproductive rate is intermediate between that of red brocket
deer and collared peccary (table S2) (18), the white-lipped peccary lives
in large herds, ranges over large territories, and can be slaughtered by
the dozen, especially when the herd crosses a river (text S2) (42, 43).
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Table 1. Estimated numbers of animals hunted for their hides in the central-western Brazilian Amazon (1904-1969). Historical peak shows the year and
estimated number of animals corresponding to maximum harvest for each species. Harvest change indicates the percentage change in modeled harvest for
each species between a 5-year period centered on the overall pre-1965 peak harvest year for that species and the final 5-year period of exploitation from 1965
to 1969. The first peak occurred between 1937 and 1943 for every species except the capybara (1963). The final harvest for the manatee comprises meat
production instead of hides and is taken from 1969 to 1973; see text for details. 95% bootstrapped Cls are shown in parentheses.

Species Total (1904-1969) Historical peak Year Harvest change
Terrestrial
Collared peccary (Pecari tajacu) 5,443,795 (4,740,807-6,177,067) 363,425 (238,190-500,988) 1969 15 (=22, 68)

Aquatic/semiaquatic

Black caiman (Melanosuchus niger) 4,415,469 (3,978,153-4,846,254) 313,907 (249,474-390,660)

1969 —13 (-66, 145)
1938 —30 (88, 249)
1943 -92 (=95, -87)*

Manatee (Trichechus inunguis) 113,033 (92,658-138,583) 15,872 (12,558-19,820) 1938 -91 (-94, —88)*
*Percentage harvest change is significantly different from zero at the 5% level.
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About 180,000 jaguars were harvested in the central-western Bra-
zilian Amazon during the fur trade. Although jaguar harvests peaked
in 1938 with more than 9000 individuals, nearly 8000 individuals were
still harvested in 1969 (Fig. 2). The sharp increase in international
prices for felid pelts also led to innovations in trapping technology
(33) so that jaguar and other smaller spotted cats (margay and ocelot)
showed upward harvest trends beginning in the late 1950s. We expect
our estimates of felid harvest in the 1960s to be conservative, because
undeclared activity may have risen in the 1960s due to increased taxes
on luxury pelts (33, 44).

Accessibility of aquatic and terrestrial habitats for harvest
To characterize the differential hunting pressure applied to terrestrial
and aquatic species, we mapped all human settlements in the central-
western Brazilian Amazon in the mid-20th century (see Materials and
Methods). Under the assumption that hunting behavior was largely
opportunistic and radiated out from settlements (8, 17, 20-22, 44), we
considered hypothetical catchments of 5- and 10-km radius around
the 3298 settlements. These catchment sizes are representative of those
previously reported for the foraging behavior of Amazonian subsistence
hunters (9, 17, 20-22, 45-47). We quantified the amount of aquatic and
terrestrial habitat accessible to hunters under each hypothetical catch-
ment size using preclassified imagery of floodplain areas (48). We esti-
mated the proportions of harvestable areas and nonharvestable refuge
areas for terrestrial habitat during the high-water season and for aquatic
habitat during the low-water season.

Terrestrial habitats varied from 88 to 95% of the central-western
Brazilian Amazon between the high- and low-water seasons, encom-
passing areas of 1,909,768 and 2,064,818 km”, respectively (table S3).
During the high-water season, when the lowest amount of terrestrial
habitat was available, the harvestable area near settlements ranged

Antunes et al., Sci. Adv. 2016;2:e1600936 12 October 2016

from 131,619 to 370,207 km? under the 5- and 10-km catchment sce-
narios, comprising 7 to 19% of all terrestrial habitat. Meanwhile,
flooded areas comprised between 110,927 and 265,976 km? (5 to
12% of the focal area) during the low- and high-water seasons, respec-
tively. Traditionally, Amazonian people live along rivers (Fig. 5), so 29
to 55% (32,167 to 60,899 km?) of the total aquatic habitat during the
low-water season could have been commercially exploited in the 1950s
and 1960s under the 5- and 10-km catchment scenarios (table S3).

Hunting sustainability based on maximum production

and refuge-harvestable area models

The sustainability of hunting practices is often assessed by sustainabil-
ity indices such as the Robinson-Redford production index (49, 50),
which assesses whether animals are removed by hunting at a greater
rate than they can be replaced naturally at a maximum production
level for the species. Maximum production is defined as the maximum
number of animals that can be added to the population annually
through reproduction under ideal conditions (49, 50). The Robinson-
Redford index does not take account of the availability of unharvested
refuge areas that may replenish the exploited population.

We applied the Robinson-Redford production index to our harvest
estimates for terrestrial species (see Materials and Methods). Our con-
servative estimates for commercial offtake, disregarding both smug-
gled and deteriorated skins and animals killed but not retrieved, were
higher than the estimated maximum production for all species under
the 5-km terrestrial catchment scenario (table S4). This would imply
unsustainable harvests for terrestrial species according to this index. Un-
der the 10-km terrestrial catchment scenario, which corresponds to a
lower hunting intensity per unit area, only the collared peccary harvest
would be considered sustainable in both the 1930s and the 1960s
according to this index (table S4).
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An alternative method of assessing hunting sustainability is the
refuge-harvestable area model of Joshi and Gadgil (51), which focuses
on the relative sizes of harvested and unharvested areas relative to the
reproductive capability of the species in question (see Materials and
Methods). Results are shown in table S5. Despite the simplicity of
the Joshi and Gadgil model (51), its predictions on hunting sustain-
ability are broadly consistent with the conclusions from our trend
analysis (Table 1 and Figs. 2 and 4) and support the overall conclusion
that aquatic habitats were more vulnerable to open-access, unregulated
hunting than terrestrial habitats (table S5). For most aquatic species, re-
fuge size (Arefuge) Was lower than the area required to achieve maximum
sustainable yield (Apsy), especially for the 10-km catchment scenario
which may be more realistic in aquatic territory, and consistent with
the conclusion from our trend analysis that harvests were unsustainable
for these species. By contrast, terrestrial species were calculated to have
refuge sizes higher than Aygy (table S5), also consistent with our ob-
served conclusion of largely sustained yields for these species.

Antunes et al., Sci. Adv. 2016;2:e1600936 12 October 2016

DISCUSSION

Accessibility as the primary driver of population resilience
to harvest in Amazonia

We have shown that the commercial exploitation of animal hides in
the 20th century apparently led to population collapse for the affected
aquatic wildlife species (52), signaling the possibility of an “empty river”
phenomenon. Population collapses in aquatic species attest to their high
vulnerability to unregulated hunting, particularly during years of severe
drought (4, 53-55) when aquatic wildlife is confined to larger waterways
that are generally accessible to hunters. Although our analysis focuses
on only five species harvested for their hides, declines of large aquatic
vertebrates such as manatee, Amazonian turtle (Podocnemis expansa),
and the arapaima fish (Arapaima gigas) have been reported since the
late 19th century (56-60). More recently, in the last few decades, sev-
eral species of large, commercially important Amazonian fish have
shown strong signs of population decline due to overfishing, including
tambaqui (Colossoma macropomum) and Brachyplatystoma catfish
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(Pimelodidade) as well as arapaima (61-65). The cascading effects of
these population declines at a basin-wide scale remain unknown.

By examining overall harvest trends at broad spatial scales, we
found that aquatic or terrestrial habitat type was the most important
predictor of harvest resilience across multiple species (Fig. 4). This
does not diminish the importance of other biological and behavioral
considerations in determining outcomes for individual species. Such
considerations include reproductive rate, home-range size, and the
heightened vulnerability of social and diurnal species. Epidemic dis-
eases might also have suppressed the size or resilience of certain host
populations (66). For instance, brucellosis and leptospirosis, increas-
ingly introduced from domesticated animals, might have contributed
to population declines for white-lipped peccary (67, 68). Although
population trends for individual species are driven by a complex in-
terplay of factors, the emergence of habitat type as the dominant pre-
dictor across multiple species permits strong conclusions about the
pivotal role of habitat accessibility to the overall outcomes of 20th cen-
tury commercial hunting.

Covering about 12 and 5% of the overall forest territory during the
high- and low-water seasons, respectively, rivers and floodplains were
relatively densely populated and easily accessible to hunters (Fig. 5).
On the other hand, for most terrestrial species, forest interior areas
provided refuges with reduced hunting pressure (Fig. 5, text S2, and
table S3). When such refuges are sufficiently large, animal populations
persist at large spatial scales regardless of the level of localized harvest-
ing effort (51). Assuming that commercial hunting was limited to catch-
ment areas of 5- and 10-km radius around the 3298 historical settlements
in the central-western Brazilian Amazon during the mid-20th century,
more than 80% of terrestrial habitat would have remained free of hunting,
whereas more than 50% of aquatic habitat would have been accessible to
hunters (see Materials and Methods, table S3, and text S2). We suggest
that this was the main reason why large-bodied vertebrate populations
generally persisted in the dense upland forests of terra firme, whereas they
were nearly wiped out in the rivers and floodplains of vdrzeas and igapds.

Applying standard indices to assess hunting sustainability (49, 50)
in the catchment areas generated by the 5- and 10-km radial scenarios
suggested that annual harvests of terrestrial animals at the peaks of
commercial exploitation were generally higher than annual population
replenishment (table S4), which might suggest that the 20th-century
hide trade should have driven terrestrial species to extinction. By con-
trast, applying refuge-harvestable area models (51) predicted sustain-
able harvests for terrestrial species (table S5). This contradiction, also
observed in studies of the impacts of Amazonian subsistence hunting
(6, 8, 9, 13, 16-24), suggests that more complex modeling is required
to understand the dynamics and impacts of hunting through space
and time (47), ideally incorporating both animal reproduction and
dispersal, and the enduring effects of historical harvests.

Recent Amazonian historical ecology: A new picture
Whereas previous studies of historical ecology in Amazonia have
focused on ancient human impacts (69-72), our work casts light on
the impacts of more recent human activities on Amazonian biodiversity
and resource exploitation while also providing a historical background
for contemporary wildlife management and conservation (73).
Neglecting the recent historical context of harvests can lead to mis-
diagnosis of hunting sustainability. For instance, the marked depletion
of white-lipped peccary populations along the Iaco River (municipality
of Sena Madureira, state of Acre) in the 1990s has previously been at-
tributed to the impact of local subsistence hunting in recent years (74).
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However, our data show that these peccary populations had already
collapsed in the mid-1940s, at least in commercial catchment areas
(Fig. 3), so the hypothesis of overexploitation by subsistence hunters
needs to be weighed against that of slow population recovery. Neglect-
ing historical context can also cause hunting impacts to be underesti-
mated, for example when assessing the harvest of an already-depleted
population using the Robinson-Redford production index (50, 75).
Low harvests may be interpreted as sustainable, when in fact harvests
are low due to previous overexploitation (50, 75). This is evident for
white-lipped peccary harvests in the late 1960s, when our trend model
suggests that overexploitation resulted in a 67% population reduction
in the central-western Brazilian Amazon. Because harvests became
lower than maximum production, a naive application of the Robinson-
Redford index might conclude that hunting was sustainable (table S4).
Thus, the historical ecology of wildlife exploitation must be taken into
account when assessing contemporary hunting sustainability.
Consideration of spatial ecology is also important. The enduring
impacts of 20th century commercial hunting have widely varied across
the study area (Fig. 3). In some regions, vulnerable animal populations
have never recovered from the age of commercial hunting, perhaps
due to unremitting pressure from subsistence hunting, conflict with
humans, or disease. Examples include the giant otter (76, 77), black
caiman (78), and manatee (79), which even now are still in the process
of recolonizing several areas of the Amazon basin. Understanding
these spatial and temporal historical forces is fundamental to compre-
hending the current status of animal populations and developing
adequate concepts and strategies for managing subsistence hunting.

New perspectives on contemporary wildlife management
in Amazonia

The fact that intense and sustained commercial harvest for over 50 years
failed to extirpate ungulates and felid populations at a basin-wide scale
suggests that Amazonian wildlife can be quite resilient to hunting as
long as adequate source populations persist, so that the forest is at least
not empty of these terrestrial species. Peccaries, deer, and tapirs, which
in the central-western Brazilian Amazon supplied some 650,000 animals
annually in the late 1930s to the international trade in animal hides, and
615,000 in 1969, continue to provide about 650,000 individuals annually
in the same region today for consumption by subsistence hunters (8),
notwithstanding differences in the spatial distribution of hunting effort
over time (text S2).

For most of the terrestrial species we examined, our findings do
not support the assumption that 20th-century commercial hunting re-
sulted in a severe degree of defaunation at a basin-wide scale, which
would have been to the large-scale detriment of ecosystem roles played
by ungulates, such as seed predation and dispersal for hundreds of
plant species (80-85), and top-down population regulation performed
by jaguar, ocelot, and margay (86, 87). Instead, we suggest that some
loss in ecosystem function probably occurred locally across harvested
areas. This would have been particularly critical in regions where
white-lipped peccary populations were overharvested (Fig. 3), affecting
seed predation and seedling recruitment (10). Elevated hunting activ-
ity during the 20th century hide trade might also have affected non-
hide species taken by hunters for food, such as large primates, tapirs,
guans, and curassows, which are crucial for seed dispersal for many
large-seeded tree species (10, 13, 80, 13, 80), and given their low fecun-
dity rates, can be quite affected by subsistence hunting (18). Never-
theless, about 70% of all populations of the lowest-fecundity and
most prized game species, such as ateline primates (Ateles and Lagothrix),
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currently occur at carrying capacity at both landscape and basin-wide
scales (9, 17).

In addition to their ecological functions, large vertebrates also pro-
vide an essential food source for millions of forest dwellers (6-8). Sub-
sistence hunting is a central pillar of Amazonian culture (47, 88-90),
but its legal status is unclear due to conflicting Brazilian laws in animal
conservation and human rights (91). Although Brazil’s historic Faunal
Protection Law of 1967, and the subsequent ratification of CITES in
1975, certainly prevented further depletion of animal populations by
commercial hunters, this regulation essentially criminalized all hunt-
ing and remains in force today, creating serious legal barriers to the
development of subsistence game management strategies for tradition-
al peoples in the Brazilian Amazon.

Legal regulation and management of subsistence hunting represents
a tremendous conservation opportunity in Brazil and other Ama-
zonian countries. The most successful natural resource management
programs in Amazonia have engaged local communities directly in
community-based comanagement (91-95). In an enormous and typ-
ically low-governance region such as Amazonia, the presence of forest
dwellers and their traditional livelihoods can inhibit the large-scale
clearing of forest and the extraction of natural resources for commer-
cial purposes and can also serve as a political force opposing infrastruc-
ture projects and environmentally detrimental legislation (47, 96, 97).
Involving traditional people is critical in wildlife conservation programs,
given their inherent knowledge of natural systems and rapid manage-
ment decision-making (98, 99). In extractive reserves and indigenous
territories, human livelihoods are protected by law; thus, subsistence
hunting is largely tolerated (91), and the use of participatory zoning
(take and no-take zones) has been encouraged by recent Brazilian pol-
icies (100, 101). The resulting preservation of large unhunted refuge
areas between dispersed human settlements creates a model for promis-
ing cost-effective strategies in hunting management across the Amazon,
supported by refuge-harvestable (51) and source-sink spatial and tem-
poral modeling (17, 47).

Ideally, community-based comanagement hunting programs should
include support for monitoring the intensity and spatial spread of har-
vests, as well as animal reproduction and dispersal rates, which can be
used to parameterize spatially explicit refuge-harvest dynamic models
across natural landscapes. Regional variation in forest productivity, hunt-
ing intensity, carrying capacity (8), sociocultural practices (6, 47, 90, 102),
and the background history of local animal exploitation (Fig. 3) should
all be taken into account when designing management programs. Once
our understanding of Amazonian wildlife ecology is improved, addi-
tional strategies may be adopted such as male-only harvests, age-specific
harvests, and quotas (85). Protected areas or no-take zones alone might
not be sufficient to secure all critical environments required by wildlife,
especially for aquatic migratory species and those with large home
ranges, such as jaguar and white-lipped peccary. Hence, conservation
management in Amazonia requires a basin-wide approach to main-
tain the interconnectivity, integrity, and dynamics of the entire eco-
system, especially for aquatic wildlife (9, 103).

During the peak of the international trade in Amazonian hides,
deforestation was almost nonexistent. Our suggestion that traditional
subsistence hunting may represent more a management opportunity
than a threat is restricted to roadless regions that remain largely forested,
ideally officially protected, and where people still maintain tradition-
al practices. Yet as Brazil and other Amazonian countries expand their
road networks, as well as agribusiness and ranching frontiers and other
infrastructure projects (1, 3, 5, 104), the accessibility of the once remote
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refuge areas has increased. The challenge is to understand whether in
regions such as the Amazonian “arc of deforestation,” the dynamics of
source-sink systems have been so irreparably disrupted that the landscape-
scale sustainability of hunting can no longer operate. If large refuges
with limited road and river accessibility cannot be maintained, the
combined effects of deforestation, habitat fragmentation, human col-
onization, wildfire, disease outbreaks, and hunting will likely result in
the decimation of wildlife (1, 3, 6, 12, 68, 105). Collapse of the basin-
wide system of spatial refuges, which ensured the resilience of terrestrial
species even during the heyday of 20th-century commercial hunting,
would indeed result in an empty forest.

MATERIALS AND METHODS

Study area

The study area comprises the states of Amazonas, Acre, Ronddnia,
and Roraima in North Brazil, covering 2,185,172 km? and mostly con-
sisting of Amazonian forest (see Fig. 5).

Game species

Focal species included 10 large-bodied mammals: Sirenia, Trichechidae:
manatee (Trichechus inunguis); Rodentia, Caviidae: capybara (Hydro-
choerus hydrochaeris); Carnivora, Felidae: ocelot (Leopardus pardalis)
and margay (Leopardus wiedii), which are combined for analysis, and
jaguar (Panthera onca); Carnivora, Mustelidae: neotropical otter (Lontra
longicaudis) and giant otter (Pteronura brasiliensis); Cetartiodactyla,
Tayassuidae: collared peccary (Pecari tajacu) and white-lipped peccary
(Tayassu pecari); Cetartiodactyla, Cervidae: red brocket deer (Mazama
americana); and one reptile: Crocodylia, Alligatoridae: black caiman
(Melanosuchus niger), the largest Amazonian vertebrate. Other species
(not temporally analyzed) included common agouti (Dasyprocta spp.),
Amazonian brocket deer (Mazama nemorivaga), tapir (Tapirus terrestris),
iguana (Iguana iguana), tegu lizard (Tupinambis teguixin), caiman liz-
ard (Dracaena guianensis), boa (Boa constrictor), anaconda (Eunectes
murinus), and spectacled caiman (Caiman crocodilus).

Commercial offtake records from the central-western
Brazilian Amazon

Throughout the 20th century, commercial and port records in Ama-
zonia were monitored by the Finance Secretariat of Amazonas; the De-
partments of Statistics of the states of Amazonas and Acre; the Manaus
Harbour Ltd., which ran the Port of Manaus concession for Amazonas
state until the mid-1960s; the Commercial Association of Amazonas; and
the Development Commiission for the State of Amazonas (CODEAMA).
Together, these various data sources, which were systematized and
analyzed here for the first time, yield a wealth of information about
extractive industries in western Amazonia for about 120 years. Un-
fortunately, successive government administrations and managers dis-
carded nearly all of the original information in hardcopy documents.
A major challenge in systematizing the records was to determine
which data sources were still extant and where to find them. Some
surviving documents were found in libraries and museums in Manaus,
Amazonas, including the Cosme Ferreira Filho Library (Commercial
Association of Amazonas), the Geography and History Institute of
Amazonas (IGHA), the Amazonian Museum of the Federal University
of Amazonas (UFAM), the Amazonas State Public Library, the Mu-
seum of the Port of Manaus, the library of the National Institute for
Amazonian Research, and the Mario Ypiranga Monteiro Library.
Some documents were also found in the libraries of the Brazilian
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Institute of Geography and Statistics (IBGE) at both Rio de Janeiro
and Rio Branco (state of Acre). For the list of primary historical
documents, see text S1. Descriptions of the primary historical
documents systematized are below.

(1) Amazonas state official commercial records. Annual reports have
been produced by the Amazonas state government from 1852 to the
present. Some reports contain tables summarizing extractive products
exported, with amounts and prices for the states of Amazonas and,
occasionally, Acre. Hide exports per species were available for 1852,
1857, 1858, 1860, 1864, 1867, 1873, 1875-1886, 1888, 1895, 1896,
1898, 1899, 1903-1919, 1921-1933, 1935-1940, and 1943.

(2) Mandos Harbour Ltd. port records. The concession owner of
the Port of Manaus from 1902 to the 1960s—the Mandos Harbour Ltd.
—published annual reports (the Trafego do Porto de Manaus) of total
cargo in transit through the port, either as landings or as exports. For
hides, data are presented in kilograms of hides of all species combined
for the 1904-1952 period.

(3) ACA commercial records. The Commercial Association of
Amazonas (ACA) published periodic journals containing rich qualita-
tive and quantitative information about the hide trade, among other
extractive products. The two monthly journals were Revista da Associa-
¢do Comercial (1908-1941) and Boletim da Associagdo Comercial
(1941-1973), amounting to a total of 515 issues. Data on exports per
species for the state of Amazonas were available for 1908-1918, 1925-
1933, 1943, 1946, 1948-1950, and 1959. Data on overall exports and
landings for all species combined were available for 1934-1941 and
1945-1956.

(4) Corel cargo manifests. The daily commercial newspaper Informati-
vo Corel published cargo manifests for all boats and ships that landed at the
port of Manaus, and their regions of origin, whether Amazonian hin-
terland or overseas. Data quality is variable, ranging from detailed
information about the number of hides per species per boat to less in-
formative summaries of total kilograms in general categories such as
“wildlife skins,” “caiman,” and “luxury skins” (fantasia, as carnivore pelts
were named locally). We found newspaper issues detailing these records
for 1957, 1959, 1962, 1965, 1968, 1969, and 1971.

(5) IBGE commercial records. Commercial records of numbers of
hides exported were published annually by the IBGE, available for
1960-1969 by state and for some species. We converted numbers of
hides to kilograms by multiplying offtake by the average weight of
hide per species, to reconcile the IBGE records with the other data
sources. Unfortunately, there is no specific mention of exports of jag-
uar or neotropical otter hides, unlike other species. Another problem
concerns the lack of distinction between collared and white-lipped
peccaries and the two species of caimans. Export data from Acre state
were also available for 1943. The Brazilian Annual Statistics publica-
tion organized by the IBGE is available at http://biblioteca.ibge.gov.br.

(6) Aury Medeiro’s Acre records. Total hide exports aggregated
across species from the state of Acre were available for 1961-1970
in Medeiros (106).

(7) Carvalho’s Amazonas records. This seminal paper on the Am-
azonian hide trade provides data on the kilograms of hides exported
by the state of Amazonas between 1950 and 1965 (36), collected by the
Departamento Estadual de Estatistica do Amazonas (DEE) (see be-
low). The units of kilograms, rather than individual hides, were not
adequately specified in the original paper (36) but were clarified in a
personal communication with J. C. M. Carvalho by D. Domning (41).
We used records mainly from 1950 to 1954, with the exception of
1965 for the production of jaguar pelts, because after this period, data
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were mostly underestimated. Additionally, Carvalho (36) published a
record of 4.9 million kilograms for black caiman hides produced in
1950, which we did not include in our analysis because it is inconsist-
ent with other records for the same year.

(8) DEE commercial records. The now defunct department of
public statistics of the state of Amazonas (DEE) collected commercial
statistics from the 1930s to the 1960s. In addition to the data presented
by Carvalho (36), we used this source to supplement information on
hide exports from Amazonas by species from 1963 to 1965.

(9) CODEAMA commercial records. The now defunct CODEAMA
was created in the 1960s. We used its records for hide exports per species
from Amazonas state for 1966-1969.

(10) J. G. Araujo Company’s cargo manifests. We were able to
analyze about 2000 original, privately held, and previously in-
accessible shipping invoices and cargo manifests of the J. G. Araujo
Company, a family merchant empire based in Manaus that lasted
from the 1870s to the 1990s, when it finally went bankrupt. The com-
pany, a driving force in the rubber boom economy of Amazonas state
at the turn of the 20th century (107, 108), later became a major ex-
porter of animal hides (27). The company received hides from at least
130 localities, former seringais, distributed throughout all the main riv-
er basins of the Amazon (27). This unique, previously unavailable data
set was essential for studying regional variations in the hide trade.

Data and approach

The status of exploited wildlife populations is best indicated by the
numbers of landed hides for each species shipped from the hinter-
lands. However, data records distinguishing market landings by spe-
cies are scarce, although they are often available for exports; moreover,
data are frequently presented in terms of kilograms of hides rather
than numbers of individual hides. Although exports do give some in-
dication of population status, quantities exported were generally less
than quantities extracted in each year, due to substantial stockpiling of
hides. For 45 years in which both export and extraction data were
available, hide exports across species summed to 13.8 million kilo-
grams, whereas extractions summed to 21.6 million kilograms. These
issues demanded a new approach to data modeling.

We adopted a two-pronged approach, such that data on total ex-
tractions, aggregated across species and measured in kilograms, were
modeled simultaneously with data on the composition of traded hides
by species insofar as these were available, and the composition of the
available data in each year was assumed to be indicative of the com-
position of total extractions in that year. This dual approach enabled
us to estimate trends in the totals harvested for each species over time.

We reconstructed two independent data sets:

(1) Total kilograms extracted annually, aggregated across species.
Because data records distinguishing market landings by species are
scarce, we constructed a time series of kilograms of hides extracted
for all species combined, annually from 1904 to 1969. We attempted
to capture as much as possible of the total hide extraction in the central-
western Brazilian Amazon by summing records from four time
series: (i) hides landed at the Port of Manaus arising from the states
of Amazonas, Acre, Rondénia, and Roraima (any landings in Manaus
corresponding to extractions from Peru, Bolivia, and Colombia were
excluded); and, additionally, harvests that were not landed (and thus
went unrecorded) in the Port of Manaus but were exported directly
from the ports of (ii) Acre state, (iii) Rondénia state, and (iv) the flu-
vial ports of the middle-Amazon River in Amazonas state. These data
were generally available for 54 of the 66 years from 1904 to 1969,
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although for the 1950s, not all of the four time series were available.
We tended to select the largest amount per year across the historical
documents. We represent this time series of total kilograms extracted
by Xi904 > ---» X1969- The total extraction data set was obtained from
primary documents 1 to 6 and 9 (see text SI).

(2) Annual composition of available data by species. Most of the
data that distinguished shipments by species arose from the export
records, or occasionally landing records, of Amazonas and Acre states.
The annual breakdown by species of available records, corresponding
to the proportion of hide weight in kilograms attributed to each spe-
cies, constitutes the species composition time series. Our approach is
to use the estimated species composition in each year together with the
estimated total extracted each year [described in (1)], to give an estimate
of the kilograms of hide extracted for each species in each year.

To construct the species composition time series, we used species-
specific landing data rather than export data where possible, especially
for 1968 and 1969, due to the large volume of stockpiled hides ex-
ported after the Brazilian Faunal Protection Law was passed in
1967. Amazonas state exports included hides extracted from the states
of Amazonas, Acre, Rondonia, and Roraima, which were normally
landed at the Port of Manaus and then exported from there. A sub-
stantial amount was exported directly from the states of Acre, Rondo-
nia, and Roraima. We preferably summed exports for all states to
create the species composition records; however, for 26 of the 66 years,
export data were available only for the state of Amazonas. We tended
to select the largest amount for each species in each year across the
historical documents, with the exception of the black caiman in 1950,
which had an inconsistent outlier record of almost 5 million kilograms
(see above).

Species-specific data were available for 55 of the 66 years from
1904 to 1969, but the number of records for individual species varied
from 55 years for the red brocket deer to 22 years for the manatee. In
each year ¢, we divided the amount in kilograms recorded for species i
by the total amount recorded for all species in year t to obtain pro-
portion P to be attributed to species i in that year. Thus, (Py;, Py, ...,
Pg,) is the proportional composition of species 1, 2, ..., S in year f,
where 0 < P;; < 1 for each species i, and Py; + ... + Ps, = 1 for each
time ¢ = 1904, ..., 1969. The species composition data were obtained
from primary documents 1, 3, 4, 6, 7, 8, and 9 (see text SI).

Model for harvest trends

Let y,(f) represent the unknown number of kilograms extracted for
species 7 in year t, for t = 1904, ..., 1969 and for i = 1, ..., S. Our
approach is to estimate y(¢) as a smooth curve over time for each spe-
cies 7, such that the curves y,(f) simultaneously fit the data on annual
total extraction aggregated across species and on annual composition
by species. The total extraction aggregated across species in year t is

I'(t) = Zley,-(t) and is fitted to the corresponding data Xjo04 » ...,

X960 We used a gamma model for this component, specifically, X, ~
Gamma(I'(¢), o) for t = 1904 , ..., 1969, where Gamma(I'(£), 6) denotes
the gamma distribution with mean I'(f) and scale parameter 6. The
proportional composition of extractions by species in year ¢ is

(%, yrz((:)) - YFS(—(:))) and is fitted to the corresponding species com-

position data (Py; , Py, ..., Ps) for each year t = 1904 , ..., 1969. We used
a multivariate Dirichlet model for this component, with parameter vector
(Y1), ..., ys()) x 8/ T'(£). This model ensures that (Py;, Py, ..., Pg) is a vector
of proportions summing to 1, such that P, has mean y{#) / I'(¢). The parameter
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& controls the scatter of P, about the mean, such that large values of & de-
scribe a close fit. If there are missing species records in year ¢, the propor-
tional composition of those species that do have records in year ¢ follows a
Dirichlet distribution that is easily derived from the full Dirichlet model.

We estimated the extraction trend curves y;(t), ..., ys(f) using
cubic splines (109, 110), with the number and position of knots for the
curve y;(f) determined by the number and position of data records for
species i, up to a maximum of K knots. We estimated o, J, and the
spline parameters for y(f), ..., ys(f) by maximum likelihood, using
custom code written in the statistical language R (111). We fitted
the model for a range of values of K, and used AIC to select the final
value of K. The log-likelihoods for the gamma and Dirichlet compo-
nents were each summed over time and added together for the overall
log-likelihood.

Bootstraps and Cls

For ClIs, we used the parametric bootstrap (112). We generated replicate
data Xe, -+, Xjoe and (P, ..., P;)te{lmn_”yl%g} from the fitted
model, preserving the pattern of missing data records found in the orig-
inal data. We refitted the model for each of 500 replicates and constructed
percentile CIs for quantities of interest using the 500 fitted results.

The intrinsic rate of natural increase (Rnay)

Estimates of Ry,,,x were obtained from previous publications (113) or
calculated using the Cole equation (114). Estimates for age of first re-
production, age of last reproduction, and annual birth rate of female
offspring were obtained from published data (115-126) or from per-
sonal communications with V. M. da Silva for the manatee. All esti-
mates are presented in table S2.

Population resilience to commercial hunting, and
relationship with habitat type and R,.x

The resilience of each species to commercial hunting was assessed by
the estimated percentage harvest change between two peak harvest
periods. For species i, the estimated percentage change was given by
100{X 7,(peak,) — % 7,(peak, )} /3. 7,(peak, ), where . 7, (peak)
denotes the sum of the estimated harvests §,(¢) over five consecutive
years defined as peak period j, for j = 1, 2. The first peak period was
centered on the overall pre-1965 peak year for species i, which fell
between 1937 and 1943 for all species except the capybara (1963).
The second peak period was defined as 1965-1969 for all species ex-
cept the manatee, for which we used 1969-1973 due to meat production
that continued into the 1970s. This analysis was performed in the R sta-
tistical language (111).

Tracking indexed hide prices

Prices of hides were obtained in the two historical Brazilian currencies
over the study period (real and cruzeiro) or directly as U.S. dollars
between 1926 and 1975. Historical notes on Brazilian currency are
detailed in the study of Domning (41). Prices were converted to U.S.
dollars and indexed (127) for the 2015 base year. Prices were generally
obtained from primary historical documents 3 to 9 listed above, as well
as from other references (128, 129). When species-specific hide prices
were unavailable, we obtained prices by dividing the total revenue by
the number of hides or weight traded per species per year.

Spatial analysis
Spatial analyses were performed in the R statistical language (111)
using packages sp (130, 131) and raster (132). Historical localities in
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the central-western Brazilian Amazon, mostly nonindigenous, were ob-
tained from maps and censuses of the IBGE in the 1950s (133, 134) and
1960s (135) and georeferenced in QGIS software (136). To represent a
crude large-scale harvestable area in the central-western Brazilian Am-
azon in the 1950s and 1960s, we buffered (at 5 and 10 km) the cen-
troids of all 3298 settlements following the typical radial spread of
subsistence hunting effort, as previously reported (17, 20-22). This pro-
duced two hypothetical hunting catchment areas, which we rasterized
using the raster package (132).

We extracted a mask encompassing the states of Acre, Amazonas,
Roraima, and Ronddnia from a preclassified mosaic (wetland extant,
vegetation cover, and inundation state) at a 100-m resolution of the
Japanese Earth Resource Satellite (JERS-1), which is free for use and is
available on the ORNL DAAC website at http://daac.ornl.gov/index.
shtml (48). We reclassified this mosaic to obtain flooded and non-
flooded areas (aquatic and terrestrial habitat, respectively) in both low-
and high-water seasons in the study area. Each of these four binary
rasters was compared with the two binary rasters of harvestable areas
with buffers of 5- and 10-km radius around the historical settlements,
to gain the proportion of aquatic and terrestrial habitats that were
accessible and inaccessible by the human population in the central-
western Brazilian Amazon during the 1950s and 1960s, according to
the two hypothetical scenarios.

Sustainability of commercial hunting in terrestrial species:
Harvest versus production

We compared modeled harvests to the estimates of maximum produc-
tion using the Robinson-Redford sustainability index (49, 50), one of the
main analytical tools used to determine sustainable harvest rates in studies
of subsistence hunting. Maximum production, measured in number of
animals per square kilometer, is defined as the maximum number of ani-
mals that can be added to the population annually under ideal conditions,
taking account only of reproduction and natural mortality. This max-
imal increase is generally assumed to occur when the population is at
60% of its carrying capacity K (49, 50). The index does not take ac-
count of animal dispersal into or out of the harvested area. We defined
catchment areas for terrestrial habitats using a 5-km radius around all
historical settlements, totaling 131,619 km?. The species-specific
carrying capacities (K) were obtained from previous publications
(49, 50, 137, 138).

Refuge size and finite rate of population increase () for
predicting the sustainability of hunting in the central-western
Brazilian Amazon: The Joshi and Gadgil model

We compared the proportional area of refuges (inaccessible areas) un-
der the 5- and 10-km buffer scenarios previously described with the
proportional area of refuges required to achieve the MSY according to
the formula of Joshi and Gadgil (51), using the expression

1
T
where o is the proportion of the total area that should be maintained
as refuge to gain an MSY, and A is the species-specific finite rate of
population increase (51), calculated as A = efm=, This relationship be-
tween reproductive rate and refuge size is based on an assumption of
maximal hunting effort such that the whole population in the harvest-
able area (proportion 1 — o)) is harvested in the time period, and re-
population takes place from the refuge (51).
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To evaluate sustainability for the 10 main commercially hunted
species during the Amazonian hide trade using the Joshi and Gadgil
model, we calculated the size of refuges (Arefuge) by excluding the two
hypothetical catchment area scenarios of 5 and 10 km around all
settlements (Ap,,) from the total area of the central-western Brazilian
Amazon (2,175,744 km?). We compared these to the estimated species-
specific area required for maximum sustainable harvests: Aygy =
0ARunt/(1 — @), where o = 1/A. Sustainable harvests require Arefige >
Appsy. This simple model unrealistically assumes that each species en-
tirely occupies its available habitat (terrestrial habitat for terrestrial spe-
cies and aquatic habitat for aquatic and semiaquatic species) and that
population density is homogeneous across the Amazon basin, so the
index provides a crude but useful indicator. Results are summarized
in table S5.
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