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E
ntomologists call it the windshield 

phenomenon. “If you talk to people, 

they have a gut feeling. They re-

member how insects used to smash 

on your windscreen,” says Wolfgang 

Wägele, director of the Leibniz In-

stitute for Animal Biodiversity in 

Bonn, Germany. Today, drivers spend 

less time scraping and scrubbing. “I’m a 

very data-driven person,” says Scott Black, 

executive director of the Xerces Society for 

Invertebrate Conservation in Portland, Or-

egon. “But it is a visceral reaction when you 

realize you don’t see that mess anymore.”

Some people argue that cars today are 

more aerodynamic and therefore less deadly 

to insects. But Black says his pride and joy 

as a teenager in Nebraska was his 1969 

Ford Mustang Mach 1—with some pretty 

sleek lines. “I used to have to wash my car 

all the time. It was always covered with in-

sects.” Lately, Martin Sorg, an entomologist 

here, has seen the opposite: “I drive a Land 

Rover, with the aerodynamics of a refrig-

By Gretchen Vogel, in Krefeld, Germany
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WHERE HAVE ALL THE INSECTS GONE?
Surveys in German nature reserves point to a dramatic decline in 

insect biomass. Key members of ecosystems may be slipping away
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QUE DIT LA RECHERCHE ?
La biodiversité subit des pressions croissantes, et la 
science prévoit pour elle des perspectives dramatiques

Les	atteintes	à	la	biodiversité	vont	s’accroitre	au	cours	des	50	prochaines	années	sous	la	pression	de	la	
démographie	humaine,	génératrice	de	besoins	alimentaires	croissants	et	d’une	poursuite	de	l’artificialisation	
des	terres	à	grande	échelle,	d’une	exploitation	toujours	plus	intense	des	ressources	naturelles	
« renouvelables »,	de	l’intensification	des	pollutions	chimiques	ou	matérielles	et	des	effets	négatifs	des	
invasions	biologiques	favorisées	par	la	mondialisation.	Ces	atteintes	toucheront	en	priorité	les	pays	de	la	zone	
intertropicale,	mais	les	régions	boréales	et	polaires	seront	aussi	impactées	par	le	réchauffement	climatique	qui	
vient	se	combiner	aux	actions	anthropiques	directes.

Les	services	écosystémiques,	dont	bénéficie	l’humanité,	seront	altérés	sans	que	l’on	soit	en	mesure	aujourd’hui	
d’en	estimer	les	conséquences	sociales	et	économiques.
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Abstract

Global declines in insects have sparked wide interest among scientists, politicians, and the

general public. Loss of insect diversity and abundance is expected to provoke cascading

effects on food webs and to jeopardize ecosystem services. Our understanding of the extent

and underlying causes of this decline is based on the abundance of single species or taxo-

nomic groups only, rather than changes in insect biomass which is more relevant for ecologi-

cal functioning. Here, we used a standardized protocol to measure total insect biomass

using Malaise traps, deployed over 27 years in 63 nature protection areas in Germany (96

unique location-year combinations) to infer on the status and trend of local entomofauna.

Our analysis estimates a seasonal decline of 76%, and mid-summer decline of 82% in flying

insect biomass over the 27 years of study. We show that this decline is apparent regardless

of habitat type, while changes in weather, land use, and habitat characteristics cannot

explain this overall decline. This yet unrecognized loss of insect biomass must be taken into

account in evaluating declines in abundance of species depending on insects as a food

source, and ecosystem functioning in the European landscape.

Introduction

Loss of insects is certain to have adverse effects on ecosystem functioning, as insects play a cen-
tral role in a variety of processes, including pollination [1, 2], herbivory and detrivory [3, 4],
nutrient cycling [4] and providing a food source for higher trophic levels such as birds, mam-
mals and amphibians. For example, 80% of wild plants are estimated to depend on insects for
pollination [2], while 60% of birds rely on insects as a food source [5]. The ecosystem services
provided by wild insects have been estimated at $57 billion annually in the USA [6]. Clearly,
preserving insect abundance and diversity should constitute a prime conservation priority.

Current data suggest an overall pattern of decline in insect diversity and abundance. For
example, populations of European grassland butterflies are estimated to have declined by 50%
in abundance between 1990 and 2011 [7]. Data for other well-studied taxa such as bees [8–14]
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H uman impacts on the environment are imperilling the species 

and ecosystems of Earth at ever-increasing rates 1–3. Land-use 

change and habitat fragmentation 4, overhunting, invasive 

species and pollution 5 already threaten 25% of all mammal species 

and 13% of all bird species, as well as more than 21,000 other spe-

cies of plants and other animals, with extinction 6. In one of the few 

remaining centres of terrestrial large mammal diversity worldwide, 

an area that comprises southeast Asia, India and China (referred 

to as SAIC in this Review), rapid increases in wealth, land clearing 

and population density in the last 50 years have resulted in almost 

two-thirds of mammals that weigh 10 kg or more being threatened 

with extinction 6.

Another such centre — sub-Saharan Africa — is likely to be swept 

by a similar wave of human impacts in the coming decades. Indeed, 

various analyses suggest that Earth’s most biodiverse regions will 

experience elevated extinction risks in the near future if human 

impacts continue along current trajectories 7–10. To prevent and reduce 

threats to global biodiversity, more substantial conservation efforts 

will be needed and proactive policies, such as shifts in agricultural 

practices, increased agricultural trade and improved land-use plan-

ning, will also be essential 10.

Human-influenced extinctions began when modern humans 

moved out of Africa. Successive waves of extinctions in Australia 

(50,000 years (50 kyr) ago), North America and South America 

(10–11 kyr ago) and Europe (3–12 kyr ago) were driven largely by 

a combination of hunting by humans and natural climate change. 

By 3 kyr ago, Earth had lost half of all terrestrial mammalian mega-

fauna species (with a mass of more than 44 kg) and 15% of all bird 

species 11–14. Since 1500 ad, the impacts of humans have accelerated 6. 

Extinction rates for birds, mammals and amphibians 15–17 are similar 

at present to those of the five global mass-extinction events of the past 

500 million years (500 Myr) that probably resulted from meteorite 

impacts, massive volcanism and other cataclysmic forces 13.

With the human population worldwide now 25 times greater than 

3 kyr ago and projected to increase by about 4 billion people by the 

end of the twenty-first century 18, extinction rates will accelerate in the 

absence of large-scale conservation actions. Here, we explore current 

patterns of extinction risks and their drivers, and discuss where and 

how these risks may change in the coming 50 years, which species 

groups are most likely to be jeopardized and how future risks might 

be minimized or prevented.

Human-driven extinction risks

In this Review, we focus on terrestrial mammals and birds because of 

the comprehensive assessments of the threats to and stresses on these 

two groups conducted by the International Union for Conservation of 

Nature (IUCN). We expect that human-driven changes in the environ-

ment will increasingly threaten these and other groups of terrestrial, 

marine and freshwater species 19.

The IUCN has assessed the risk of extinction for 61,000 animal 

species, including essentially all known species of mammals and 

birds, against its Red List categories and criteria 6,20 and classified the 

status of each as one of the following: ‘least concern’ (extinction risk (v) 

of 0); ‘near threatened’ (v = 1); ‘vulnerable’ (v = 2); ‘endangered’ (v = 3); 

‘critically endangered’ (v = 4); and ‘extinct’ or ‘extinct in the wild’ (v = 5). 

We have adopted the IUCN terminology, in which a species is consid-

ered to be threatened if it is listed as vulnerable, endangered or critically 

endangered. We also used two metrics of the extinction risks faced 

by a particular country’s mammal and bird species: the percentage of 

all species that are threatened with extinction; and the mean extinc-

tion risk value for all of the species in a country. In these calculations, 

we excluded the few ‘data deficient’ and ‘not evaluated’ species (see 

Supplementary Methods).

Land-use change is associated with declining biodiversity worldwide 4. 

Habitat loss and degradation pose the most frequent direct threats to 

terrestrial mammals and birds 19 (Fig. 1a) by decreasing the size of the 

area that a species can occupy, and therefore its abundance 21, and by 

fragmenting populations and species ranges into small, isolated patches. 

About 80% of all threatened terrestrial bird and mammal species are 

imperilled by agriculturally driven habitat loss (Fig. 1a). Other consider-

able drivers of habitat destruction include logging, urbanization, mining 

and the establishment of transport corridors.

Hunting by humans and other forms of direct mortality imperil 

40–50% of all threatened bird and mammal species (Fig. 1a) and an even 

greater proportion of large herbivores 22. Hunting for valued body parts 

(such as rhinoceros horn and elephant ivory) is also a serious threat 
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Tens of thousands of species are threatened with extinction as a result of human activities. Here we explore how the extinc-

tion risks of terrestrial mammals and birds might change in the next 50 years. Future population growth and economic 

development are forecasted to impose unprecedented levels of extinction risk on many more species worldwide, especially 

the large mammals of tropical Africa, Asia and South America. Yet these threats are not inevitable. Proactive international 

efforts to increase crop yields, minimize land clearing and habitat fragmentation, and protect natural lands could increase 

food security in developing nations and preserve much of Earth’s remaining biodiversity.

Future threats to biodiversity and 

pathways to their prevention
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OCEAN ACIDIFICATION

Coral reefs will transition to net
dissolving before end of century
Bradley D. Eyre,1* Tyler Cyronak,2 Patrick Drupp,3 Eric Heinen De Carlo,3

Julian P. Sachs,4 Andreas J. Andersson2

Ocean acidification refers to the lowering of the ocean’s pH due to the uptake of anthropogenic
CO2 from the atmosphere. Coral reef calcification is expected to decrease as the oceans
becomemore acidic. Dissolving calciumcarbonate (CaCO3) sands could greatly exacerbate reef
loss associated with reduced calcification but is presently poorly constrained. Here we show
that CaCO3 dissolution in reef sediments across five globally distributed sites is negatively
correlated with the aragonite saturation state (War) of overlying seawater and that CaCO3

sediment dissolution is 10-fold more sensitive to ocean acidification than coral calcification.
Consequently, reef sediments globally will transition from net precipitation to net dissolution
when seawater War reaches 2.92 ± 0.16 (expected circa 2050 CE). Notably, some reefs are
already experiencing net sediment dissolution.

C
oral reef structures are the accumulation of
calcium carbonate (CaCO3) from coral ara-
gonite skeletons, red and green calcareous
macroalgae, and other calcareous organ-
isms such as bryozoans, echinoderms, and

foraminifera. This structure provides the habitat
for many species, promoting rich biological di-
versity and an associated myriad of ecosystem
services to humans such as fisheries and tourism
(1). There are two main pools of CaCO3 in coral
reefs: the framework (e.g., deposited CaCO3 ske-
letons and living coral and other organisms) and
permeable sediments (e.g., broken-down frame-
work and any infaunal production) (2). For net
accretion to occur at the whole-reef scale, CaCO3

production (plus any external sediment supply)
must be greater than the loss through physical,
chemical, and biological erosion and transport
and dissolution as follows (2):

CaCO3 accretion = CaCO3 production –
CaCO3 dissolution – physical loss of CaCO3 (1)

Net ecosystem calcification (NEC), which re-
fers to the chemical balance of CaCO3 production
and CaCO3 dissolution, is typically inferred from
changes in total alkalinity and does not include
physical loss of CaCO3.
Ocean acidification (OA) refers to the lowering

of the ocean’s pH due to the uptake of anthro-
pogenic CO2 from the atmosphere. When CO2

from the atmosphere dissolves in seawater, it
decreases the pH, the CO3

2− concentration, and
theCaCO3 saturation state (W = [Ca2+] [CO3

2−]/K*sp,
where K*sp is the stoichiometric ion concentra-

tion product at equilibrium) (3). Although OA-
associated changes are expected to negatively
affect the accretion of coral reefs (4), these future
predictions are mostly based on the relationship
between W and calcification rates of individual
corals or coral reef communities [e.g., (5, 6); table
S3] and NEC [e.g., (7); table S2]. However, the
impact of OA on net coral reef accretion is also
dependent on the poorly known effects of OA on
the dissolution of permeable coral reef CaCO3

sediments, which accumulate over thousands of
years (8) and can be themajor repository of CaCO3

in modern coral reefs (9). Numerical modeling,
laboratory, field, andmesocosm studies have found
an increase in CaCO3 sediment dissolution with
decreasing W and pH (OA) (10, 11).
Notably, a number of studies have hypothesized

that CaCO3 dissolutionmay respondmore rapidly
to OA than coral calcification [e.g., (2, 12, 13)].
Supporting this hypothesis, a recent in situ study

found that CaCO3 sediment dissolution increased
by an order of magnitude more than calcification
decreased, per unit decrease in W (14). However,
the in situ CaCO3 sediment dissolution measure-
ments were only undertaken at one site onHeron
Island, Australia, and it is unknown how appli-
cable the findings are to coral reefs globally. For
example, CaCO3 sediment dissolution of different
coral reefsmay responddifferently toOAbecause
of differences in the present-day saturation state
of the water column and differences in sediment
properties such as mineralogy, porosity, perme-
ability, grain size, organic carbon concentration,
and metabolism, which in turn are controlled by
factors such as light, depth, and hydrodynamics.
WemeasuredCaCO3 sediment dissolutionusing

57 individual in situ advective benthic chamber
incubations at five reef locations in the Pacific
and Atlantic Oceans (fig. S1). Incubations were
undertaken over a diel light-dark cycle, and four
of the reef incubations were run under control
and end-of-century [high partial pressure of CO2

(pCO2), low pH] OA conditions. The five sites
covered a range of initial water column CaCO3

saturation states and sediment properties such
as mineralogy, grain size, organic carbon concen-
tration, and metabolism (table S1).
Our results show that CaCO3 sediment disso-

lution across the five coral reefs is significantly
and negatively correlated with averageWar of the
overlying seawater coefficient of determination
[(r2) = 0.49, P < 0.0001, n = 57] (fig. S2). The
increase in CaCO3 sediment dissolution with
decreasing seawater War is consistent with other
recent mesocosm and in situ studies from single
locations (10, 11, 14). The seawater War value of
~2.92 ± 0.16 (x intercept) at which the sediments
transition from net precipitating to net dissolv-
ing (Fig. 1) is well above the expected thermody-
namic transition value for aragonite (War = 1) and
saturation state of the average bulk Mg-calcite
(13 to 15mol %MgCO3) found inmost coral reefs
(15). This can be explained by the interaction of
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Fig. 1. Average CaCO3 perme-
able sediment dissolution
rates for each set of control
(circles) and high pCO2

(squares) treatments for each
of the five reefs as a function
of seawater average aragonite
saturation state (War) (r2 =
0.94, P < 0.0001, n = 9; y =
–11.51x + 33.683). No high-
pCO2 treatments were available
for the Cook Islands. Error bars
represent standard error. The
sediments transition from net
precipitating to net dissolving at
a seawater War value of ~2.92 ±
0.16 (±95% confidence interval).
Data are in table S5. [Top photo
by K. Fabricius, Australian Institute
of Marine Science, and bottom
photo by A. Andersson, Scripps
Institution of Oceanography]
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Marine mammal population decline linked to
obscured by-catch
Stefan Meyera,1, Bruce C. Robertsona, B. Louise Chilversb, and Martin Krkošekc
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Edited by Alan Hastings, University of California, Davis, CA, and approved September 7, 2017 (received for review February 23, 2017)

Declines of marine megafauna due to fisheries by-catch are thought
to be mitigated by exclusion devices that release nontarget species.
However, exclusion devices may instead conceal negative effects
associated with by-catch caused by fisheries (i.e., unobserved or
discarded by-catch with low postrelease survival or reproduction).
We show that the decline of the endangered New Zealand (NZ) sea
lion (Phocarctos hookeri) is linked to latent levels of by-catch occur-
ring in sub-Antarctic trawl fisheries. Exclusion devices have been
used since 2001 but have not slowed or reversed population decline.
However, 35% of the variability in NZ sea lion pup production is
explained by latent by-catch, and the population would increase
without this factor. Our results indicate that exclusion devices can
obscure rather than alleviate fishery impacts on marine megafauna.

by-catch | exclusion devices | fisheries management | megafauna | recovery

Global fisheries, particularly trawl fishing, have steadily ex-
panded since the 1970s (1). Industrial fishing offers sub-

sistence and prosperity for many communities (2) but poses risks
to marine species, their habitats, and whole ecosystems (3). By-
catch, the unintentional catch of nontarget species, is a global
conservation problem for marine megafauna (4) such as ceta-
ceans (5), turtles (6), and pinnipeds (7–9). For trawl fisheries,
exclusion devices are an increasingly common tool to release
nontarget species from nets without substantially affecting
commercial landings (4). However, exclusion devices are con-
tentious because they may bias by-catch estimates (10) and cause
unknown postrelease mortality or reproductive failure due to
injuries sustained during capture and release (11). Crucially,
despite decades of use, there is scant empirical evidence to verify
whether exclusion devices improve the population growth of by-
caught species. Most analyses focus on changes in reported by-
catch numbers (e.g., refs. 9, 12, 13, and 14), compliance levels of
fishers (e.g., refs. 15 and 16), or simulated model predictions of
population responses (e.g., refs. 17, 18, 19, and 20). In this study,
we empirically analyze whether exclusion devices contribute to
recovery or decline of the endangered New Zealand (NZ) sea
lion (Phocarctos hookeri) (21).
Since 1998, the main subpopulations of NZ sea lions, which

breed in the sub-Antarctic Auckland Islands (50°S, 166°E) (Fig.
1), have declined by 48% (22, 23) (Fig. 2), leading to a current
total population size of 11,767 [95% Credible Interval (CrI):
10,790–12,923] sea lions (23). Hypotheses for the NZ sea lion
decline include (i) neonatal mortality of pups due to bacterial
epidemics, (ii) emigration from breeding sites, (iii) predation by
great white sharks (the sole predator), (iv) genetic effects of
overharvest during historic sealing, (v) a carrying capacity over-
shoot, (vi) environmental change, (vii) contaminants, (viii) prey
depletion by fisheries, and (ix) direct by-catch of sea lions in
trawl fisheries (24). Most hypotheses have been discounted due
to NZ sea lions’ philopatry to breeding sites, genetic diversity,
historical population sizes, and contaminant levels in blubber
(24, 25). Shark predation is considered poorly understood but an
unlikely cause of the NZ sea lion population decline (24, 25).
The pup disease hypothesis can be discounted because analyses
of mark–recapture time series have not revealed an increase in

overall pup mortality during epidemic years, suggesting com-
pensatory mortality (26), and elasticity analysis indicates a low
response of the NZ sea lion population growth rate to pup sur-
vival compared with survival of adult females (27). In this paper,
we analyze the hypotheses of prey depletion, environmental
change, and fisheries by-catch using long-term time series of pup
census data from the Auckland Islands subpopulations.
The main subpopulations of NZ sea lions that breed in the

Auckland Islands contain 70% of the overall population (21) and
are distributed among three breeding sites—Sandy Bay (Enderby
Island), Dundas Island, and Figure of Eight Island (22, 23) (Fig. 1).
Female NZ sea lions from the Auckland Islands usually breed be-
tween December and January at their natal sites (28) from which
they predominantly forage northwest (individuals from Sandy Bay)
and southeast (individuals from Dundas Island and Figure of Eight
Island) of the Auckland Islands (29). Within these same areas, a
trawl fishery for arrow squid occurs—the Auckland Islands squid
fishery—which temporally overlaps with the first 4 mo of a 9-mo
lactation period (30) between February and April (12). Pup pro-
duction, considered a reliable index for the population dynamics of
pinnipeds (31), has been estimated for NZ sea lions at the Auckland
Islands through a 2-d mark–recapture program immediately fol-
lowing pupping in January in each year 1995–2016 (22, 23). Mor-
tality or reproductive failure of mature NZ sea lions caused by
the squid fishery will therefore directly impact the number of pups
born—and therefore the pup production estimate—in the breeding
season of the following year (30). We focused our analysis on pup
production of the two principal subpopulations (Sandy Bay and
Dundas Island; Figs. 1 and 2), together accounting for 97% (status
2016) of pup production at the Auckland Islands (22).

Significance

Declines of marine megafauna such as turtles, pinnipeds, and
whales are often related to mortality caused by capture or
entanglement in fisheries gear. To help recovery of these
species, trawl fisheries have implemented exclusion devices
that release nontarget species. Despite decades of use, there
has been no empirical evaluation of whether or not exclusion
devices aid recovery of affected species. Long-term data on the
endangered New Zealand sea lion and a trawl fishery in the
Southern Ocean indicate that exclusion devices have para-
doxically contributed to ongoing decline rather than recovery.
Exclusion devices obscure the postrelease impact of elevated
mortality or reproductive failure; meanwhile, reduced levels of
reported by-catch may mislead management that continued
decline is not associated with fisheries.
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PROTECTED AREAS

One-third of global protected land
is under intense human pressure
Kendall R. Jones,1,2* Oscar Venter,3 Richard A. Fuller,2,4 James R. Allan,1,2

Sean L. Maxwell,1,2 Pablo Jose Negret,1,2 James E. M. Watson1,2,5

In an era of massive biodiversity loss, the greatest conservation success story has been
the growth of protected land globally. Protected areas are the primary defense against
biodiversity loss, but extensive human activity within their boundaries can undermine this.
Using the most comprehensive global map of human pressure, we show that 6 million
square kilometers (32.8%) of protected land is under intense human pressure. For
protected areas designated before the Convention on Biological Diversity was ratified in
1992, 55% have since experienced human pressure increases.These increases were lowest
in large, strict protected areas, showing that they are potentially effective, at least
in some nations. Transparent reporting on human pressure within protected areas is now
critical, as are global targets aimed at efforts required to halt biodiversity loss.

I
n response tomassiveworldwide biodiversity
loss (1), the global extent of protected land
has roughly doubled in size since the 1992
Earth Summit in Rio de Janeiro, Brazil, with
more than 202,000 protected areas now cov-

ering 14.7% of theworld’s terrestrial area (2). The
recent expansion has been closely associatedwith
Aichi Biodiversity Target 11, which mandates the
inclusion of at least 17% of terrestrial areas in ef-
fectivelymanaged and ecologically representative
protected areas by 2020 (3). Protected areas have
various management objectives, ranging from
strict biodiversity conservation areas [Interna-
tional Union for Conservation of Nature (IUCN)
categories I and II] to zones permitting certain
human activities and sustainable resource extrac-
tion (IUCN categories III to VI), but the primary
objective of all protected areas with an IUCN cat-
egory is to conserve nature (4). As such,maintain-
ing the ecological integrity and natural condition
of these areas is essential to ensure the protection
of species, habitats, and the ecological and evo-
lutionary processes that sustain them (3).
The increasing growth and overall extent of

protected areas is deservedly celebrated as a con-
servation success story (5), and there is no doubt
that well-managed protected areas can preserve
biodiversity (6, 7). However, despite the clear re-
lationship between human activities and bio-
diversity decline (8), and the prevalence of these
activities inside many protected areas (9), there
has been only one global assessment of multiple
human pressures within protected areas (10).
This study mapped human pressure at a coarse

scale, considered only a small subset of global
protected areas (n = 8950), and did not consider
many important human pressures, such as roads
and navigable waterways (11), livestock grazing
(12), and urbanization (13). A comprehensive
analysis of cumulative human pressure within
protected areas, and how this has changed
since the Convention on Biological Diversity was
ratified in 1992, is necessary to assess how hu-

man pressure inside protected areas may im-
pede progress toward international conservation
targets (3).
Here we use the most comprehensive global

mapof humanpressure on the environment [the
human footprint; (14)] to quantify the extent and
intensity of human pressure within protected
areas and how this has changed since 1992. The
human footprint provides a single pressuremet-
ric that combines data on built environments,
intensive agriculture, pasture lands, humanpop-
ulation density, nighttime lights, roads, railways,
and navigable waterways (14). The presence of
these pressures is directly linked to constraints
on and declines in biodiversity (8, 15, 16). We de-
lineate areas of intense human pressure in pro-
tected areas (human footprint≥ 4; seemethods)
and explore how excluding these areas would
affect measurements of progress toward Aichi
Biodiversity Target 11. We also assess the impact
of protected-area size and IUCN management
category on patterns of human pressure within
protected areas.
We find that the average human footprint score

within protected areas is 3.3, almost 50% lower
than the global mean of 6.16 (14). Despite this,
human activities are prevalent across many pro-
tected areas,with only 42%of protected land free
of any measurable human pressure (figs. S1 and
S2). Areas under intense human pressure make
up 32.8% (6,005,249 km2) of global protected land
(Fig. 1), andmore than half (57%) of all protected
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Fig. 1. Human pressure within protected areas. (A) Proportion of each protected area that is
subject to intense human pressure, spanning from low (blue) to high (orange) levels. (B) Kamianets-
Podilskyi, a city within Podolskie Tovtry National Park, Ukraine. (C) Major roads fragment habitat
within Mikumi National Park, Tanzania. (D) Agriculture and buildings within Dadohaehaesang
National Park, South Korea. [Photo credits: Google Earth]
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Range contraction enables harvesting to extinction
Matthew G. Burgessa,b,c,d,1, Christopher Costelloa,b,c, Alexa Fredston-Hermannb, Malin L. Pinskye,
Steven D. Gainesa,b,c, David Tilmanb,d,1, and Stephen Polaskyd,f

aSustainable Fisheries Group, University of California, Santa Barbara, CA 93106; bBren School of Environmental Science and Management, University of
California, Santa Barbara, CA 93106; cMarine Science Institute, University of California, Santa Barbara, CA 93106; dDepartment of Ecology, Evolution, and
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08901; and fDepartment of Applied Economics, University of Minnesota, St. Paul, MN 55108

Contributed by David Tilman, February 7, 2017 (sent for review May 11, 2016; reviewed by Franck Courchamp and Hugh P. Possingham)

Economic incentives to harvest a species usually diminish as its
abundance declines, because harvest costs increase. This prevents
harvesting to extinction. A known exception can occur if con-
sumer demand causes a declining species’ harvest price to rise
faster than costs. This threat may affect rare and valuable species,
such as large land mammals, sturgeons, and bluefin tunas. We
analyze a similar but underappreciated threat, which arises when
the geographic area (range) occupied by a species contracts as its
abundance declines. Range contractions maintain the local den-
sities of declining populations, which facilitates harvesting to
extinction by preventing abundance declines from causing har-
vest costs to rise. Factors causing such range contractions include
schooling, herding, or flocking behaviors—which, ironically, can
be predator-avoidance adaptations; patchy environments; habi-
tat loss; and climate change. We use a simple model to iden-
tify combinations of range contractions and price increases capa-
ble of causing extinction from profitable overharvesting, and
we compare these to an empirical review. We find that some
aquatic species that school or forage in patchy environments
experience sufficiently severe range contractions as they decline
to allow profitable harvesting to extinction even with little or
no price increase; and some high-value declining aquatic species
experience severe price increases. For terrestrial species, the data
needed to evaluate our theory are scarce, but available evidence
suggests that extinction-enabling range contractions may be com-
mon among declining mammals and birds. Thus, factors causing
range contraction as abundance declines may pose unexpectedly
large extinction risks to harvested species.

anthropogenic Allee effect | hyperstable | endangered species | poaching |
biogeography

Harvesting has driven the population declines of thousands
of species of animals and plants (1), but it is thought to

rarely cause extinction because the increasing cost of harvest-
ing a progressively rarer species would eventually exceed the
value of the harvest, and harvesting would stop (2). However, for
species harvested for high-value products, there is concern that
their depletion could fuel price increases, via market demand,
large enough to compensate for higher harvest costs and thereby
maintain profit incentives to harvest all of the way to extinction,
absent management intervention (3). Courchamp et al. (3) term
this threat the “anthropogenic Allee effect.”

Species thought to face this threat include those harvested,
both legally and illegally, for trophies [e.g., large terrestrial mam-
mals including rhinoceros, elephants, and large cats (4–8)], for
collections [e.g., stag beetles (9)], for body parts regarded as hav-
ing medicinal or aphrodisiac properties [e.g., many large mam-
mals (4)], or for luxury foods [e.g., sturgeons, bluefin tunas, sea
cucumbers (10–12)]. Many such species are considered threat-
ened by the Red List of the International Union for Conservation
of Nature (IUCN) (1) or the Convention on International Trade
in Endangered Species of Wild Fauna and Flora (CITES) (13).
Expanding human populations, coupled with economic growth
in developing countries with large luxury harvest markets, may
increase pressures on these species in coming decades (12).

A similar threat of extinction from overharvesting would occur
if a species’ harvest costs failed to rise as its abundance declined,
thus maintaining harvesting profitability. One way this can occur
is if the geographic area (range) occupied by the species con-
tracts as its abundance declines, thereby maintaining its local
population density. This pattern has been noted in several fish
and aquatic invertebrate populations (14, 15) and may have con-
tributed to the famous 1990s collapse of northern cod (Gadus
morhua) (16). In fish and invertebrates, range contraction is
often observed in declining populations that exhibit schooling
behavior (to maintain school sizes) and/or forage in patchy envi-
ronments (because populations concentrate in the preferred
habitats) (14, 15, 17). Habitat destruction and climate change can
also cause range contraction and thus might similarly buffer har-
vest costs against population declines and create incentives for
harvesting to extinction.

These overharvesting threats from range contraction and mar-
ket demand likely interact (Fig. 1). For example, prices would
not need to be very sensitive (“flexible”) to abundance declines
to allow profitable harvesting to extinction if costs were insensi-
tive to abundance declines because of range contraction.

Here, we theoretically and empirically characterize this inter-
action. We use a simple model to illustrate conditions under
which range contraction and price flexibility can in combination
allow harvesting to extinction under open access. We then review
available empirical evidence to shed light on where these biolog-
ical and economic risk factors may be most acute. Whereas many
harvests are now managed (18), it is nonetheless important to
understand the threats posed by open-access incentives due to

Significance

Many threatened species including elephants, sturgeons, and
bluefin tunas are harvested for high-value products. Species
can be driven extinct if incentives to harvest do not diminish
as populations decline; this occurs if harvest prices rise faster
than costs with declining stock. Whereas recent conservation
attention for these species has largely focused on market
demand, we show—using a theoretical model and an empir-
ical review—that contractions in species’ geographic ranges,
which stabilize costs and may be especially common among
terrestrial species, might often play a larger role in main-
taining harvest incentives. Forces impacting ranges—such as
patchy and declining habitats, schooling/herding behavior,
and climate change—therefore merit greater attention in
assessing overharvesting threats.
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The majority of the world’s terrestrial large carnivores have
undergone substantial range contractions and many of these
species are currently threatened with extinction. However,
there has been little effort to fully quantify the extent
of large carnivore range contractions, which hinders our
ability to understand the roles and relative drivers of such
trends. Here we present and analyse a newly constructed
and comprehensive set of large carnivore range contraction
maps. We reveal the extent to which ranges have contracted
since historical times and identify regions and biomes where
range contractions have been particularly large. In summary,
large carnivores that have experienced the greatest range
contractions include the red wolf (Canis rufus) (greater than
99%), Ethiopian wolf (Canis simensis) (99%), tiger (Panthera
tigris) (95%) and lion (Panthera leo) (94%). In general, the
greatest range contractions occurred in Southeastern Asia
and Africa. Motivated by the ecological importance of intact
large carnivore guilds, we also examined the spatial extent
of intact large carnivore guilds both for the entire world and
regionally. We found that intact carnivore guilds occupy just
34% of the world’s land area. This compares to 96% in historic
times. Spatial modelling of range contractions showed that
contractions were significantly more likely in regions with high
rural human population density, cattle density or cropland. Our
results offer new insights into how best to prevent further range
contractions for the world’s largest carnivores, which will assist
efforts to conserve these species and their important ecological
effects.

1. Introduction
Large carnivores are among the world’s most threatened
species [1]. They face a wide variety of anthropogenic threats
including persecution by humans, particularly over livestock-
related conflicts, hunting and trapping, and loss of prey
base [1,2]. Moreover, their unique life-history characteristics
(e.g. relatively long gestation lengths among carnivores) make
them particularly vulnerable to anthropogenic threats associated
with increasing human population densities [3]. There is now

2017 The Authors. Published by the Royal Society under the terms of the Creative Commons
Attribution License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted
use, provided the original author and source are credited.
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Figure 2. Percentage of historic range lost for each large carnivore. Carnivores names are coloured by population trend (red, decreasing;
black italics, stable; blue underlined, increasing) and bar colours indicate carnivore endangerment status.

Globally, large carnivores historically covered 96% of the world’s land area, but intact large carnivore
guilds now occupy just 34% of the world’s land (figure 5). The proportion of land covered by intact
guilds varied substantially by region: Oceania (89%), Europe including Russia (57%), Americas (48%),
Southeast Asia (37%), Africa (8%), Asia excluding Southeast Asia (5%).

Our model results indicate that rural population density (average: 19 people per km2, s.d.: 48 people
per km2), cattle density (average: 9.9 cattle per km2, s.d.: 26 cattle per km2) and cropland (average: 12%,
s.d: 19%) were all positively associated with large carnivore range contractions (p< 0.0001) (electronic
supplementary material, figure S4). The estimated increases (with 95% confidence intervals) in the odds
of large carnivore range contraction for 1 s.d. increase in (log 1 plus transformed) rural population density
and cattle density were 20% (17%, 24%) and 24% (21%, 27%), respectively. The estimated increase in the
odds of range contraction per one standard deviation increase in percentage cropland was 72% (68%,
75%). The random intercepts by species explained 46.0% of the variability in the response (marginal R2:
29.1%, conditional R2: 75.2%). The inclusion of random intercepts and slopes by geographical region
(regions listed in figure 4) increased the conditional pseudo-R2 by 3.95% (from 75.18% to 79.13%). The
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A census of the biomass on Earth is key for understanding the
structure and dynamics of the biosphere. However, a global,
quantitative view of how the biomass of different taxa compare
with one another is still lacking. Here, we assemble the overall
biomass composition of the biosphere, establishing a census of the
≈550 gigatons of carbon (Gt C) of biomass distributed among all of
the kingdoms of life. We find that the kingdoms of life concentrate
at different locations on the planet; plants (≈450 Gt C, the domi-
nant kingdom) are primarily terrestrial, whereas animals (≈2 Gt C)
are mainly marine, and bacteria (≈70 Gt C) and archaea (≈7 Gt C)
are predominantly located in deep subsurface environments. We
show that terrestrial biomass is about two orders of magnitude
higher than marine biomass and estimate a total of ≈6 Gt C of
marine biota, doubling the previous estimated quantity. Our anal-
ysis reveals that the global marine biomass pyramid contains more
consumers than producers, thus increasing the scope of previous
observations on inverse food pyramids. Finally, we highlight that
the mass of humans is an order of magnitude higher than that of
all wild mammals combined and report the historical impact of
humanity on the global biomass of prominent taxa, including
mammals, fish, and plants.

ecology | biomass | biosphere | quantitative biology

One of the most fundamental efforts in biology is to describe
the composition of the living world. Centuries of research

have yielded an increasingly detailed picture of the species that
inhabit our planet and their respective roles in global ecosystems.
In describing a complex system like the biosphere, it is critical to
quantify the abundance of individual components of the system
(i.e., species, broader taxonomic groups). A quantitative de-
scription of the distribution of biomass is essential for taking
stock of biosequestered carbon (1) and modeling global bio-
geochemical cycles (2), as well as for understanding the historical
effects and future impacts of human activities.
Earlier efforts to estimate global biomass have mostly focused

on plants (3–5). In parallel, a dominant role for prokaryotic
biomass has been advocated in a landmark paper by Whitman
et al. (6) entitled “Prokaryotes: The unseen majority.” New
sampling and detection techniques (7, 8) make it possible to re-
visit this claim. Likewise, for other taxa, such as fish, recent global
sampling campaigns (9) have resulted in updated estimates, often
differing by an order of magnitude or more from previous esti-
mates. For groups such as arthropods, global estimates are still
lacking (10, 11).
All of the above efforts are each focused on a single taxon. We

are aware of only two attempts at a comprehensive accounting of
all biomass components on Earth: Whittaker and Likens (12)
made a remarkable effort in the early 1970s, noting even then that
their study was “intended for early obsolescence.” It did not in-
clude, for example, bacterial or fungal biomass. The other at-
tempt, by Smil (13), was included as a subsection of a book
intended for a broad readership. His work details characteristic
values for the biomass of various taxa in many environments. Fi-
nally, Wikipedia serves as a highly effective platform for making
accessible a range of estimates on various taxa (https://en.wikipedia.
org/wiki/Biomass_(ecology)#Global_biomass) but currently falls
short of a comprehensive or integrated view.

In the past decade, several major technological and scientific
advances have facilitated an improved quantitative account of
the biomass on Earth. Next-generation sequencing has enabled a
more detailed and cultivation-independent view of the compo-
sition of natural communities based on the relative abundance of
genomes (14). Better remote sensing tools enable us to probe the
environment on a global scale with unprecedented resolution
and specificity. The Tara Oceans expedition (15) is among recent
efforts at global sampling that are expanding our view and cov-
erage. Continental counterpart efforts, such as the National
Ecological Observatory Network in North America, add more
finely resolved, continent-specific details, affording us more ro-
bust descriptions of natural habitats.
Here, we either assemble or generate estimates of the biomass

for each of the major taxonomic groups that contribute to the
global biomass distribution. Our analysis (described in detail in SI
Appendix) is based on hundreds of studies, including recent studies
that have overturned earlier estimates for many taxa (e.g., fish,
subsurface prokaryotes, marine eukaryotes, soil fauna).

Results
The Biomass Distribution of the Biosphere by Kingdom. In Fig. 1 and
Table 1, we report our best estimates for the biomass of each
taxon analyzed. We use biomass as a measure of abundance,
which allows us to compare taxa whose members are of very
different sizes. Biomass is also a useful metric for quantifying
stocks of elements sequestered in living organisms. We report
biomass using the mass of carbon, as this measure is independent
of water content and has been used extensively in the literature
(6, 16, 17). Alternative measures for biomass, such as dry weight,
are discussed in Materials and Methods. For ease of discussion,
we report biomass in gigatons of carbon, with 1 Gt C = 1015 g of
carbon. We supply additional estimates for the number of indi-
viduals of different taxa in SI Appendix, Table S1.

Significance

The composition of the biosphere is a fundamental question in
biology, yet a global quantitative account of the biomass of
each taxon is still lacking. We assemble a census of the biomass
of all kingdoms of life. This analysis provides a holistic view of
the composition of the biosphere and allows us to observe
broad patterns over taxonomic categories, geographic loca-
tions, and trophic modes.
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The sum of the biomass across all taxa on Earth is ≈550 Gt C,
of which ≈80% (≈450 Gt C; SI Appendix, Table S2) are plants,
dominated by land plants (embryophytes). The second major
biomass component is bacteria (≈70 Gt C; SI Appendix, Tables
S3–S7), constituting ≈15% of the global biomass. Other groups,
in descending order, are fungi, archaea, protists, animals, and
viruses, which together account for the remaining <10%. Despite

the large uncertainty associated with the total biomass of bac-
teria, we estimate that plants are the dominant kingdom in terms
of biomass at an ≈90% probability (more details are provided in
the SI Appendix). Aboveground biomass (≈320 Gt C) represents
≈60% of global biomass, with belowground biomass composed
mainly of plant roots (≈130 Gt C) and microbes residing in the
soil and deep subsurface (≈100 Gt C). Plant biomass includes
≈70% stems and tree trunks, which are mostly woody, and thus
relatively metabolically inert. Bacteria include about 90% deep
subsurface biomass (mostly in aquifers and below the seafloor),
which have very slow metabolic activity and associated turnover
times of several months to thousands of years (18–22). Excluding
these contributions, global biomass is still dominated by plants
(SI Appendix, Fig. S1), mostly consisting of ≈150 Gt C of plant
roots and leaves and ≈9 Gt C of terrestrial and marine bacteria
whose contribution is on par with the ≈12 Gt C of fungi (SI
Appendix, Table S8).
Whereas groups like insects dominate in terms of species

richness [with about 1 million described species (23)], their
relative biomass fraction is miniscule. Some species contrib-
ute much more than entire families or even classes. For ex-
ample, the Antarctic krill species Euphausia superba contributes
≈0.05 Gt C to global biomass (24), similar to other prominent
species such as humans or cows. This value is comparable to
the contribution from termites (25), which contain many spe-
cies, and far surpasses the biomass of entire vertebrate classes
such as birds. In this way, the picture that arises from taking
a biomass perspective of the biosphere complements the fo-
cus on species richness that is commonly held (SI Appendix,
Fig. S3).

The Uncertainty Associated with Global Biomass Estimates. The
specific methods used for each taxon are highly diverse and are
given in detail in the SI Appendix, along with data sources.
Global biomass estimates vary in the amount of information they
are based on and, consequently, in their uncertainty. An estimate
of relatively high certainty is that of plants, which is based on
several independent sources. One of these is the Forest Re-
source Assessment, a survey on the state of world forests con-
ducted by the international Food and Agriculture Organization
(FAO). The assessment is based on a collection of country re-
ports that detail the area and biomass density of forests in each
country (26) using a standardized format and methodology. The
FAO also keeps a record of nonforest ecosystems, such as sa-
vannas and shrublands, in each country. Alternatively, remote
sensing data give high coverage of measurements that indicate

A B

Fig. 1. Graphical representation of the global biomass distribution by taxa. (A) Absolute biomasses of different taxa are represented using a Voronoi di-
agram, with the area of each cell being proportional to that taxa global biomass (the specific shape of each polygon carries no meaning). This type of vi-
sualization is similar to pie charts but has a much higher dynamic range (a comparison is shown in SI Appendix, Fig. S4). Values are based on the estimates
presented in Table 1 and detailed in the SI Appendix. A visual depiction without components with very slow metabolic activity, such as plant stems and tree
trunks, is shown in SI Appendix, Fig. S1. (B) Absolute biomass of different animal taxa. Related groups such as vertebrates are located next to each other. We
estimate that the contribution of reptiles and amphibians to the total animal biomass is negligible, as we discuss in the SI Appendix. Visualization performed
using the online tool at bionic-vis.biologie.uni-greifswald.de/.

Table 1. Summary of estimated total biomass for abundant
taxonomic groups

Taxon Mass (Gt C) Uncertainty (-fold)

Plants 450 1.2

Bacteria 70 10

Fungi 12 3

Archaea 7 13

Protists 4 4

Animals 2 5
Arthropods, terrestrial 0.2
Arthropods, marine 1
Chordates, fish 0.7
Chordates, livestock 0.1
Chordates, humans 0.06
Chordates, wild mammals 0.007
Chordates, wild birds 0.002
Annelids 0.2
Molluscs 0.2
Cnidarians 0.1
Nematodes 0.02

Viruses 0.2 20

Total 550 1.7

Values are based on an extensive literature survey and data integration as
detailed in the SI Appendix. Reported values have been rounded to reflect
the associated level of uncertainty. We report an uncertainty projection for
each kingdom as a fold-change factor from the mean, representing a range
akin to a 95% confidence interval of the estimate. The procedure for de-
riving these projections is documented in detail in Materials and Methods
and SI Appendix.
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(PLÉNIÈRE DE MEDELLIN, COLOMBIE, MARS 2018) 

• Un	constat	général	partagé	par	les	130	Etats	membres	:

– Dans	toutes	les	régions	du	monde,	à	de	rares	exceptions	près,	la	
biodiversité	et	les	services	que	l’Homme	en	retire	ont	été	dégradés,	réduits	
ou	perdus	du	fait	de	plusieurs	pressions	d’origine	anthropiques :	les	pertes	
d’habitats,	la	surexploitation	et	l’usage	non	durable	des	ressources	
naturelles,	les	pollutions	de	l’air,	du	sol	et	de	l’eau,	l’accroissement	du	
nombre	et	de	l’impact	des	espèces	envahissantes	et	de	celui	du	changement	
climatique.

– A	l’échelle	mondiale	les	politiques	et	les	actions	n’ont	pas	donné	la	priorité à	
l’arrêt	des	pertes	de	biodiversité	et	la	perte	des	services	écosystémiques	
associés	met	en	péril	les	capacités	de	toutes	les	régions	du	monde	à	
atteindre	leurs	objectifs	de	reconquête	de	la	biodiversité	et	de	
développement	global	(objectifs	d’Aichi	et	Objectifs	de	développement	
durable	(ODD)).
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LES TERMES DU CONSTAT POUR L’EUROPE :

– En	Europe,	la	tendance	à	l’intensification	des	pratiques	agricoles	et	de	la	foresterie
conduit	au	déclin	de	la	biodiversité.	Les	services	d’approvisionnement	comme	la	
nourriture	et	l’énergie	ont	été	favorisés	au	détriment	de	services	de	régulation,	
comme	la	pollinisation ou	la	formation	des	sols,	et	des	services	immatériels.

– L’empreinte	écologique	de	l’Europe	de	l’Ouest	est	de	5,1	ha	par	personne	alors	que	
sa	biocapacité est	de	2,2	ha.	La	région	dépend	de	l’importation	de	ressources	
renouvelables	et	de	la	production	primaire	fournie	par	d’autres	régions,	en	
particulier	l’Amérique	du	Sud.	

– L’abondance,	la	distribution	et	la	taille	d’habitat	de	beaucoup	d’espèces	marines	
(oiseaux	de	mer,	mammifères	marins,	tortues,	herbiers,	etc.)	s’effondre	du	fait	de	la	
pression	humaine.	Les	espèces	exotiques	envahissantes,	le	changement	climatique	
et	la	pêche	sélective	réduisent	la	diversité	taxonomique	et	fonctionnelle	en	
augmentant	les	espèces	généralistes	et	en	diminuant	les	spécialistes.

– Dans	l’UE,	seuls	7	% des	espèces	marines	et 9%	des	habitats	marins	sont	dans	un	
bon	état	de	conservation. 27%	des	espèces	évaluées	et	66%	des	habitats	montrent	
un	état	de	conservation	défavorable.
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LES TERMES DU CONSTAT POUR L’EUROPE :

– 73% des habitats d’eau douce de l’UE sont dans un état de conservation non
favorable. La surface des zones humides en Europe de l’Ouest et centrale a
diminué de 60% depuis 1970. Les pertes de biodiversité des eaux douces
découlent de la destruction des habitats et des modifications induites par les
installations hydro-électriques, la navigation, la protection contre les crues,
l’agriculture, le développement urbain, les pollutions agricoles et
industrielles, l’introduction d’espèces envahissantes et le changement
climatique.

– La	plupart	des	espèces	et	habitats	terrestres	montrent	des	tendances	au	
déclin en	termes	d’abondance,	d’étendue	de	l’habitat	et	de	préservation.	
Cela	est	due	principalement	à	l’agriculture,	à	la	foresterie,	aux	infrastructures	
de	transport,	au	développement	urbain	et	au	changement	climatique.

– Les	principales	causes	du	déclin	des	espèces	terrestres	sont	les	changements	
d’usage	des	terres,	et	la	pollution	due	aux	pratiques	agricoles	et	forestières,	à	
l’exploitation	des	ressources	naturelles,	au	changement	climatique	et	aux	
espèces	envahissantes.
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LES TERMES DU CONSTAT POUR L’EUROPE :
• Des	compléments	issus	du	rapport	complet	:

– 75%	des	races	d’oiseaux	domestiques	et	58	%	des	races	de	mammifères	
domestiques	sont	menacées	d’extinction.	Entre	1980	et	2013,	l’abondance	des	
oiseaux	communs	en	zones	agricoles	a	diminué	de	57%.	Il	en	va	de	même	de	
l’abondance	des	papillons	dans	les	prairies	et	des	colonies	d’abeilles.	Les	groupes	
les	plus	menacés	sont	les	plantes	vasculaires	(32,6%),	les Bryophytes	(50%),	les
poissons	d’eau	douce	(37%) et	les	mollusques	d’eau	douce	(33-68%).

– En	Europe	de	l’Ouest	et	centrale,	les	principaux	facteurs	à	l’origine	du	déclin	des	
populations	dans	tous	les	règnes	sont	l’agriculture	(l’utilisation	de	pesticides	a	
affecté	73%	des	populations	évaluées,	l’intensification	42%,	la	modification	des	
pratiques	culturales	36%),	la	réduction	de	la	connectivité	des	habitats	(55%),	la	
pollution	des	eaux	de	surface	(56%),	les	espèces	envahissantes	(46%)	les	
changements	dans	les	conditions	hydrauliques	(43%)	et	la	foresterie	(élimination	
des	vieux	arbres	39%,	coupes	d’éclaircissement	38%,	abattage	des	arbres	dans	les	
forêts	naturelles	ou	les	plantations	38%).
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CONCLUSION

Il est urgent que les Etats du monde fassent de la préservation et de l’usage 
durable de la biodiversité une priorité stratégique, politique et économique 
au même niveau d’importance que la lutte contre le changement climatique.

On voit en France l’opinion publique, le monde de l’entreprise et une partie 
du monde politique se mobiliser en ce sens ; il faut soutenir et favoriser 
cette évolution en l’étayant solidement par l’apport de connaissances 
scientifiques robustes et explicites
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