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Introduction



What is this presentation about?

Perspectives from an agricultural economist and an environmental economist

Not a comprehensive review of current biodiversity measures (outside our scope); focus

is on a select widely-used measures and some prevalent in academic research

The literature on biodiversity measurement is not mature: no consensus, often not

peer-reviewed, not always transparent, near absence of tests of proposed measures

Set the context and highlight key challenges in biodiversity measurement

Provide a brief background of measurement strategies, and overview a few key

scientific studies
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Biodiversity measures

Nearly 100 different indicators were suggested for the Aichi meeting of the Convention on

Biological Diversity (CBD) (Dasgupta, 2021)

Mace et al. (2018) suggested three categories of measures to understand change in biodiversity

(essentially to capture extinction risk, abundance and composition):

(1) Conservation status: Estimating near-future global losses of species (extinctions) such as

the IUCN Red List Index (RLI)

(2) Population trends: Trends in the abundance of wild species such as the Living Planet

Index (LPI)

(3) Biotic integrity (community composition): such as the Biodiversity Intactness Index (BII)

or the Mean Species Abundance (MSA), which measure the terrestrial biodiversity that still

remains compared to an undisturbed situation

And, for the lack of a better option, we may add biomass measures (vegetation cover etc.).
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Climate change vs. biodiversity loss
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What’s the goal?

Economists’ view: Maximize social welfare...

...but what is social welfare? How to account for inequality? For the risk of

catastrophe? For future generations? For the intrinsic value of biodiversity? etc.

Differences between the economists’ view and the ecologists’ view?

Differences between the economists’ view and the financial institutions’ view?
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Objective vs. subjective welfare

Economists debate about whether we should maximize objective or subjective welfare

(cf. experts’ vs. lay people views about biodiversity)

People have a specific view about what we should preserve, cf. the prevalent

preference about charismatic species (Metrick and Weitzman, 1998) Charisma? ▷

Meier et al. (2024) show that the public (as well as biodiversity experts and financial

investors) derive the largest utility from species richness and reductions in the

probability of extinction (and not from intactness)

]
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Outline

1. Defining biodiversity

2. Dependence

3. Impacts

4. Measuring impact and tracking improvement
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Defining biodiversity



What’s the most diverse set?

insight review articles

212 NATURE | VOL 405 | 11 MAY 2000 | www.nature.com

To proceed very far with the study of biodiversity,
we need to pin the concept down. We cannot
even begin to look at how biodiversity is
distributed, or how fast it is disappearing,
unless we can put units on it. However, any

attempt to measure biodiversity quickly runs into the
problem that it is a fundamentally multidimensional
concept: it cannot be reduced sensibly to a single
number1,2. A simple illustration can show this. Figure 1
shows samples from the insect fauna in each of two
habitats. Which sample is more diverse? At first sight it
must be sample A, because it contains three species to
sample B’s two. But sample B is more diverse in that there
is less chance in sample B that two randomly chosen
individuals will be of the same species. Neither of these
measures of diversity is ‘wrong’ — species richness and
evenness are two (among many) of biodiversity’s facets,

and no single number can incorporate them both without
loss of information. This should not be disappointing;
indeed we should probably be relieved that the variety 
of life cannot be expressed along a single dimension.
Rather, different facets of biodiversity can each be
quantified (Box 1).

Knowing the diversity (however measured) of one place,
group or time is in itself more-or-less useless. But, as we shall
discuss later, comparable measurements of diversity from
multiple places, groups or times can help us to answer 
crucial questions about how the diversity arose and how we
might best act to maintain it. We shall see also how the
usefulness of the answers depends critically on the selection
of an appropriate diversity measure. No single measure will
always be appropriate (indeed, for some conservation ques-
tions, no single measure can probably ever be appropriate).
The choice of a good measure is complicated by the frequent

Getting the measure of biodiversity
Andy Purvis* & Andy Hector†

*Department of Biology and †NERC Centre for Population Biology, Imperial College, Silwood Park, Ascot, Berkshire SL5 7PY, UK

The term ‘biodiversity’ is a simple contraction of ‘biological diversity’, and at first sight the concept is simple
too: biodiversity is the sum total of all biotic variation from the level of genes to ecosystems. The challenge
comes in measuring such a broad concept in ways that are useful. We show that, although biodiversity can
never be fully captured by a single number, study of particular facets has led to rapid, exciting and
sometimes alarming discoveries. Phylogenetic and temporal analyses are shedding light on the ecological
and evolutionary processes that have shaped current biodiversity. There is no doubt that humans are now
destroying this diversity at an alarming rate. A vital question now being tackled is how badly this loss affects
ecosystem functioning. Although current research efforts are impressive, they are tiny in comparison to the
amount of unknown diversity and the urgency and importance of the task.

Figure 1 Two samples of insects from different locations, illustrating two of the many different measures of diversity: species richness and species evenness.
Sample A could be described as being the more diverse as it contains three species to sample B’s two. But there is less chance in sample B than in sample A
that two randomly chosen individuals will be of the same species.

Sample A Sample B

© 2000 Macmillan Magazines Ltd

(Purvis and Hector, 2000)
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A definition

Biodiversity: “the variability among living organisms from all sources including, inter

alia, terrestrial, marine and other aquatic ecosystems and the ecological complexes of

which they are part: this includes diversity within species, between species and of

ecosystems.” (United Nations, 1992)

No matter how you measure it,

biodiversity is declining.

(Mill. Ecosyst. Asst., 2005; IPBES, 2019; IUCN, 2020)
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Biodiversity “erosion”: >100,000 spp surveyed to date, >40,000 risk extinction
THE GLOBAL ASSESSMENT REPORT ON BIODIVERSITY AND ECOSYSTEM SERVICES

XXX

Figure SPM 3   A substantial proportion of assessed species are threatened with extinction and 
overall trends are deteriorating, with extinction rates increasing sharply in the 
past century.

A  Percentage of species threatened with extinction in taxonomic groups that have been assessed comprehensively, or through a 
‘sampled’ approach, or for which selected subsets have been assessed, by the International Union for Conservation of Nature (IUCN) 
Red List of Threatened Species. Groups are ordered according to the best estimate for the percentage of extant species considered 
threatened (shown by the vertical blue lines), assuming that data deficient species are as threatened as non-data deficient species. 
B   Extinctions since 1500 for vertebrate groups. Rates for reptiles and fishes have not been assessed for all species. C  Red List 

Index of species survival for taxonomic groups that have been assessed for the IUCN Red List at least twice. A value of 1 is equivalent 
to all species being categorized as Least Concern; a value of zero is equivalent to all species being classified as Extinct. Data for all 
panels derive from www.iucnredlist.org (see Chapter 3 Figure 3.4 and Chapter 2 Figure 2.7).

indigenous peoples and local communities, including 
farmers, pastoralists and herders, are often important 
areas for in situ conservation of the remaining varieties and 
breeds (well established) {2.2.5.3.1}. Available data 

suggest that genetic diversity within wild species globally 
has been declining by about 1 per cent per decade since 
the mid-19th century; and genetic diversity within wild 
mammals and amphibians tends to be lower in areas 
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Why conserve biodiversity?



Biodiversity delivers “ecosystem services” (Nature’s Contributions to People)

CHAPTER 1. ASSESSING A PLANET IN TRANSFORMATION: RATIONALE AND APPROACH OF THE IPBES GLOBAL ASSESSMENT ON BIODIVERSITY 
AND ECOSYSTEM SERVICES

20

framework (Figure 1.2) was informed by the increasing 
number of papers and assessments in the ecosystem 
service and conservation literature that had been striving to 
accommodate values and metrics beyond those of ecology 
and economics, and opened to the call from social and 
political sciences and humanities working from outside those 
paradigms to incorporate their concepts and questions and 
not just their data (Castree et al., 2014; Nadasdy, 2011; 
Olsson et al., 2015). In full recognition of all these intellectual 
streams that inspired it, the IPBES CF, including the NCP 
approach, strives to formalize and strengthen them in a 
cohesive structure suitable for operation in the science-
policy interface. This additional input can have direct 
practical positive implications for science and policy: for 
example, ILK can serve to address issues of uncertainty 
in ecosystem management, through processes that have 
been honed at local levels from generations of feedback 

learning (Berkes et al., 2000). Furthermore, it allows a 
more appropriate representation of concepts within and 
between categories of nature´s contributions or ecosystem 
services, building upon developments produced during 
the past decade, many of them within the evolving context 
of ecosystem service research. Prominently, it adopts the 
representation of culture as a crucial lens by which we 
understand nature and its effects, rather than as a category 
of service (Chan et al., 2012b; Fish, 2011; Pröpper & 
Haupts, 2014). It takes into account critiques to the natural 
capital stock-and-flow model from conservation and 
evolutionary ecology, stressing the value of nature beyond 
flows and economic production functions (e.g., Faith, 
2018; Silvertown, 2015). It also recognizes that people 
may perceive and value the contributions from nature in 
diverse ways, including different classes or bundles at group 
or individual levels (Klain et al., 2014; Martín-López et al., 

Figure 1  4   Evolution of nature’s contributions to people (NCP) and other major categories 
in the IPBES CF (Díaz et al., 2018) with respect to the concepts of ecosystem 
services and human wellbeing as defi ned in the Millennium Ecosystem 
Assessment (2003, 2005). 

The element “nature’s benefi t to people” was adopted by IPBES Second Plenary, and further developed into NCP by the fi fth 
session of the Platform’s Plenary (IPBES-5) (Decision IPBES-5/1) in order to fully capture the fact that the concept includes all 
contributions to people, both positive (benefi ts) and negative (detriments). Concepts pointed by arrow heads replace or include 
concepts near arrow tails. Concepts in dotted-line boxes are no longer used: following the present view of the MA community 
(Carpenter et al., 2009; Reid & Mooney, 2016), supporting ecosystem services are now components of nature or (to a lesser 
extent) regulating NCP. Cultural ecosystem services was defi ned as a separate ecosystem service category in the MA; IPBES 
instead recognizes that culture mediates the relationship between people and all NCP. For more details of NCP according to 
the generalizing and conceptual perspectives, see Figure 1.3.
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Charismatic species

Why? Because historically, the threat was hunting/persecuting a species to its

extinction.

E.g.: dodo, thylacine (Tasmanian tiger), passenger pigeon, several tiger species, gray

wolf (locally), plains bison (almost).

It’s also easier to conceive of. And study, and make rehabilitation plans.

A few examples.
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Why do we care?

Some individual species provide services that are measurable, albeit not always salient.

Intuitively, the triple-differences model allows us to control for all
time-varying factors that affect roadway safety in general but that,
unlike wolves, would not specifically affect DVCs.
We first estimate the net effect of wolves on DVCs through

changes in both deer population and deer behavior (Fig. 3A).
The preferred model shows that wolf presence reduces DVCs by
23.7% for the average county, on net (model 1). The estimated
net effect is robust to changes in model specification as indicated
by the similar results for models 2 to 5. Model 2 excludes the three
counties for which wolves exit at some point during the study pe-
riod to avoid assumptions about the persistence of the effect of past
wolf presence. Model 3 excludes the 13 nonwolf counties on the
boundary of wolf counties to rule out possible spatial spillover
effects of wolves on neighbor counties. Model 4 flexibly allows wolf
counties to have different nonparametric time trends (separate year
effects) than nonwolf counties to further allow unobserved annual
factors to affect each region differently. Model 5 extends the time
series to 2016 rather than concluding in 2010. Collectively, the results
suggest that wolves reduced DVCs by 17.9 to 27.3% and that
specification choice has little effect on the point estimate. These
results are also robust to the inclusion of eight counties with sus-
pected data-quality issues (Materials and Methods and SI Appendix,
Fig. S2A).
The net effect of wolf presence on DVCs is economically

significant. For the average county with wolves present, a 23.7%
reduction in DVCs translates to 38 fewer DVCs per year (Table 1,
column 1). Based on the national average loss per DVC ($9,960)
(22), the presence of wolves leads to more than a $375,000 re-
duction in DVC losses per county per year; this translates to a
savings of about $11 per person or $808 per million vehicle miles
traveled in 2010. Across the 29 counties with wolves present, these
savings generate a $10.9 million aggregate reduction in DVC losses
each year.

Decomposed Effect. The net effect of wolves on DVCs embeds a
population and behavioral effect. Decomposing the effect is
useful for determining whether or not human deer hunting might
be a good substitute for wolves in reducing DVCs. If most of the
effect on DVCs comes from reductions in deer abundance, then
deer hunters could reproduce the benefits of wolves (conditional
on sufficient hunting participation). Currently, recreational hunting
is the main source of deer population control in the United States
(49). If the effect mainly results from changes in deer behavior,
then wolves are serving a unique ecological function that seasonal
human deer hunters cannot replace.
Controlling for deer abundance in the DVC model separates

the behavioral effect of wolves from the population effect
(Fig. 3B). This set of models does so by estimating the effect of
wolf presence on DVCs conditional on the number of deer on the
landscape, thereby purging any effect that wolves have on DVCs
through their influence on deer abundance; any remaining effect
depends on how wolves change deer behavior. The results suggest
that wolf presence reduces DVCs primarily through a behavioral
effect; in the preferred model, DVCs fall by 17.4% for the average
county (model 1). As with the net effect, the point estimate for the
behavioral effect is essentially unchanged across a range of ro-
bustness checks (Fig. 3B and SI Appendix, Fig. S2B). For the average
county with wolves present, this percentage reduction translates to
28 fewer DVCs per year (Table 1, column 2). The change is valued
at about $276,000 per county per year or $8 million per year
statewide.
The difference between the net effect and the behavioral ef-

fect represents the percentage decline in DVCs attributable to
the influence of wolf presence on deer populations (or the “pop-
ulation effect”) (Table 1, column 3). Based on this method, wolf
presence reduces DVCs by 6.3% through changes in deer abun-
dance. For the average county with wolves present, this translates to
10 fewer DVCs per year, about one-quarter the size of the
behavioral effect.
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Why do we care?

Some spp provide services that are measurable but hardly salient. And sometimes the

species isn’t even glamorous at all.
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Some spp provide services that are measurable but hardly salient. And sometimes the

species isn’t even glamorous at all.

Source: USFWS. A little brown bat with white-nose syndrome.
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Source: Frank (2024, Science). 14



Why do we care?

Some spp provide services that are measurable but hardly salient. And sometimes the

species isn’t even glamorous at all.

Source: Wikimedia Commons. White-rumped vulture (Gyps bengalensis).

Photograph by Shantanu Kuveskar. Location: Shrivardhan, Raigad, Maharashtra, India.
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Why do we care?

Some spp provide services that are measurable but hardly salient. And sometimes the

species isn’t even glamorous at all.

Source: Frank and Sudarshan (2024, AER).
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Canonical example: Buffalo trade, and near-extinction Detroit, MI (1892) - source
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Why do we care?

Sometimes the benefits are salient yet OA conditions drive extinction. (Taylor, 2011)

E.g. despite tremendously valuable, the N. American bison was driven to near

extinction (25-30 million hds early 1800s to <100 in 1886) because of

“(i) a price for buffalo products that was largely invariant to changes in supply;

(ii) open access conditions with no regulation of the buffalo kill; and (iii), a

newly invented tanning process that allowed buffalo hides to be turned into

valuable commercial leather.”
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Why do we care? The one-species summary

Protean concepts of “ecosystem services” and, more recently, “nature’s contribution to

people.” In some instances performed by a single species.

Include:

• Cultural services (“charismatic megafauna”)
• Provision services (e.g., bison hides, baleen, timber)
• Regulating services (e.g., Gyps bengalensis, the white-rumped vulture)
• (Supporting services?)

(And yes that’s anthropocentric.) ES - NCP ▷

A single species can also serve as a guide for conservation, as indicator, or umbrella, or

keystone species. More ▷
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Biodiversity... however you define it, matters

A few species contribute on their own to our well-being.

Many others contribute as communities.

Yet others are just there and might matter. Even if they’re very small ▷

 

NZIER report -What’s the use of non-use values? 6 

Figure 3 Total Economic Value for Biodiversity 
 

 
Source: Nimmo-Bell 2011 for MAF Biosecurity New Zealand 

Figure 4 shows the TEV applied to forest resources by the FAO.  

Figure 4 Total Economic Value of Forests 
 

 
Source: FAO TEV of environmental resources 

Source: NZIER 2018. In decreasing order of tangibility to the user from left to right. 18



Biodiversity... however you define it, isn’t doing great

Many individual species are threatened (cf. IUCN).

Many more that we don’t know, don’t see, but are be affected by the same drivers.

A combination of local and global drivers that is making the problem “wicked”

(DeFries and Nagendra, 2017).
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What to preserve?

The question.

Aside from the justification, one can pragmatically consider the threats:

• Habitat loss (to LUC)

• Climate change

• Hunting, poaching, overexploitation

• Alien invasive species

• Pollution

→ Proximal threats. Each points to policy tools (command-and-control,

incentive-based, behavioral) and approaches.

LUC being the most damaging and pervasive, we shall dwell on it today.
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Current threats... and solutions



Land use change

21



Land use change
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Land use change
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Land use change
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Land use change

First study to systematically quantify

biodiversity losses in relation to land use and

GHG emissions

Use MSA as a biodiversity measure

Considering 45 countries, the biodiversity loss

per citizen shows large variations across

countries

Food consumption is the most important driver

of biodiversity (40%)

More than 50% of biodiversity loss in

developed economies occurs outside their

territorial boundaries
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Land use change

Chatham House report (2021): ”agriculture is

the identified threat to 24,000 of the 28,000

(86%) species at risk of extinction”

Three proposed levers:
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The land sharing land sparing debate

Land sharing: low-yielding, wildlife-friendly agriculture on a larger land footprint

Land sparing: high-yielding agriculture on a small land footprint

27



The land sharing land sparing debate

Key Finding: Land sparing tends to perform better for biodiversity in a range of studies (but

the debate is ongoing)

Counterintuitive Insights:

• Intensive farming might be better for biodiversity than expected, as it requires less land

overall

• Organic farming has lower yields— 5% to 35% less productive (Seufert et al.,

2012)—requiring more land, which can negatively impact biodiversity

Open questions: How to select the right perimeter? How to make things comparable (e.g.,

constant production)? How to deal with the risk of misunderstanding (e.g., favoring land

sparing)? How to measure the LUC impact on biodiversity? 28



Back to measurement



Measuring, what for?

The “threats” angle easily points to policies/actions to counter biodiversity erosion.

On the other hand, the rationale for biodiversity conservation dictates what “type” of

biodiversity we seek to preserve.

This in turn determines which metrics is adequate.

• Spatial scale Global? Admin unit? Plant, field?

• Activity specificity Should one be able to trace back the impacts/improvements

to one activity/entity?

• Precision Are proxies okay? Umbrella species? Habitat ≡ biodiversity?

• Temporal scale/scope How far back in time? How frequent?

• ...
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How does one measure diversity? The ecologists’ way

• Count species: Species richness
• Other indices accounting for distribution: Shannon, Simpson indices, evenness, etc.
• Phylogenetic diversity (∼ how related)
• Functional diversity (requires knowing who is around) Function ▷

• Indicators: sensitive spp., or “keystone species,” or extremely well documented groups.

While the limitations of species richness are recognized, it often ends up being the only

measure used (feasible).

insight review articles

212 NATURE | VOL 405 | 11 MAY 2000 | www.nature.com

To proceed very far with the study of biodiversity,
we need to pin the concept down. We cannot
even begin to look at how biodiversity is
distributed, or how fast it is disappearing,
unless we can put units on it. However, any

attempt to measure biodiversity quickly runs into the
problem that it is a fundamentally multidimensional
concept: it cannot be reduced sensibly to a single
number1,2. A simple illustration can show this. Figure 1
shows samples from the insect fauna in each of two
habitats. Which sample is more diverse? At first sight it
must be sample A, because it contains three species to
sample B’s two. But sample B is more diverse in that there
is less chance in sample B that two randomly chosen
individuals will be of the same species. Neither of these
measures of diversity is ‘wrong’ — species richness and
evenness are two (among many) of biodiversity’s facets,

and no single number can incorporate them both without
loss of information. This should not be disappointing;
indeed we should probably be relieved that the variety 
of life cannot be expressed along a single dimension.
Rather, different facets of biodiversity can each be
quantified (Box 1).

Knowing the diversity (however measured) of one place,
group or time is in itself more-or-less useless. But, as we shall
discuss later, comparable measurements of diversity from
multiple places, groups or times can help us to answer 
crucial questions about how the diversity arose and how we
might best act to maintain it. We shall see also how the
usefulness of the answers depends critically on the selection
of an appropriate diversity measure. No single measure will
always be appropriate (indeed, for some conservation ques-
tions, no single measure can probably ever be appropriate).
The choice of a good measure is complicated by the frequent

Getting the measure of biodiversity
Andy Purvis* & Andy Hector†

*Department of Biology and †NERC Centre for Population Biology, Imperial College, Silwood Park, Ascot, Berkshire SL5 7PY, UK

The term ‘biodiversity’ is a simple contraction of ‘biological diversity’, and at first sight the concept is simple
too: biodiversity is the sum total of all biotic variation from the level of genes to ecosystems. The challenge
comes in measuring such a broad concept in ways that are useful. We show that, although biodiversity can
never be fully captured by a single number, study of particular facets has led to rapid, exciting and
sometimes alarming discoveries. Phylogenetic and temporal analyses are shedding light on the ecological
and evolutionary processes that have shaped current biodiversity. There is no doubt that humans are now
destroying this diversity at an alarming rate. A vital question now being tackled is how badly this loss affects
ecosystem functioning. Although current research efforts are impressive, they are tiny in comparison to the
amount of unknown diversity and the urgency and importance of the task.

Figure 1 Two samples of insects from different locations, illustrating two of the many different measures of diversity: species richness and species evenness.
Sample A could be described as being the more diverse as it contains three species to sample B’s two. But there is less chance in sample B than in sample A
that two randomly chosen individuals will be of the same species.

Sample A Sample B

© 2000 Macmillan Magazines LtdSource: Purvis and Hector (2000).
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How does one measure diversity? Popular indices

Popular but not developed today:

• Biodiversity Intactness Index (Scholes and Biggs, 2005) ∼ modelled, site-specific

• RedList Index (UICN) ∼ extinction risk, from data

• Species Threat Abatement and Recovery (STAR) (Mair et al., 2021) ∼ modelled,

site-specific, pushed by IUCN for mainstreaming

Today:

• Living Planet Index ∼ population declines (extinction risk), from data, global

• Mean Species Abundance ∼ distance from “intact” state, modelled, site-specific
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Living Planet Index (LPI, WWF)

Measures the average change in observed population sizes of 5,495 vertebrate spp.

Source: theguardian.com. 32
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Mean Species Abundance (MSA)

A model-based composite measure. Maps activities to pressures (EXIOBASE):
• Land use
• Fragmentation of natural ecosystems
• Human encroachment
• Atmospheric nitrogen deposition
• Climate change
• Hydrological disturbance due to direct water use, and due to climate change
• Wetland conversion
• Freshwater eutrophication
• Land use in catchment of rivers, and wetlands
• Ecotoxicity (experimental for now!)

... and pressures to (modelled) changes in species abundance in a given place (via

GLOBIO). (CDC Biodiversité, 2021)
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The French CDC and other institutions use MSA

The Global Biodiversity Score (CDC) is based on the MSA. → Aims at raising

awareness and communicating on status and trends... for now.
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Comparing these two popular measures
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Conclusion

What metric, for what biodiversity, for which user(s)?

At the end of the day, it all depends on the actions that are taken in response to the

disclosure of biodiversity measures
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Regulation vs. CSR (and sustainable finance)

Traditional economists’ view (Friedman, 1970): Market failures (such as environmental

externalities) require government regulation ⇒ CSR not needed

Modern view (Besley and Ghatak, 2007; Bénabou and Tirole, 2010): Regulatory failure

⇒ CSR may help

But CSR is challenging: Free-rider problem, limited consumers/investors’ information,

evidence of greenwashing, unanticipated perverse effects (e.g., additionality)
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Implications?

Suppose a pharmaceutical company actively engage in preserving species and

biodiversity, driven by the hope of discovering medicinal properties. What is the market

failure here? Is there a need for the government’s intervention and public biodiversity

metrics?

Suppose that a company is regulated because of its impact on biodiversity (e.g., its

production is taxed). What is the regulatory failure? Is there a need for CSR or

sustainable finance?

More generally, how to account for preexisting market and regulatory failures? Should

biodiversity measures and their use consider these failures?
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Charisma is... Back ▷

Source: Albert et al. (2018).
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Option value? Back ▷

Source: Blasiak et al. (2018).
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Option value? Back ▷

RESULTS
We identified 862 marine species, with a total of 12,998 genetic se-
quences (see the Supplementary Materials) associated to patents with
international protection filed under the Patent Cooperation Treaty
(see the Supplementary Materials), as of October 2017. The first such
patent related to a marine species was traced to 1988, resulting in a
database spanning 30 years. The vastmajority of patents were registered
in the last 15 years, in terms of both the number of marine species used
as a source for gene patents (Fig. 1A) and the actual number of genetic
sequences included in patent claims (Fig. 1B).

What is being patented?
Sequences from a wide range of species have been the focus of pa-
tents, extending from the spermwhale (Physeter macrocephalus) and
giant oceanic manta ray (Manta birostris) to microscopic archaea and
plankton (fig. S1). Themajority of patents are associated withmicro-
bial species, which constitute 19% of named species in the World
Register of Marine Species (WoRMS), yet account for more than 73%
of all patent sequences in our database. Fish and mollusks represent
16 and 3%, respectively (fig. S1B). Other forms of ocean life have drawn
less commercial interest. For instance, of the 3057 tunicate (sea squirt)
species in WoRMS, only 6 have been the subject of patents (5). A con-
siderable portion of all patent sequences (11%) are derived from species
associatedwith deep-sea and hydrothermal vent ecosystems (91 species,
1650 sequences), many of which are found in ABNJ.

Who is registering the patents?
We found that 221 companies had registered 84% of all patents. Pub-
lic and private universities accounted for another 12%, while entities
such as governmental bodies, individuals, hospitals, and nonprofit
research institutes registered the remaining 4% (Fig. 2). A single trans-
national corporation had registered 47% of all patent sequences: BASF,
the world’s largest chemical manufacturer, headquartered in Germany.
Withposted sales exceeding $79billion in 2017 and anetworkof 633 sub-

sidiaries and offices in 94 countries, BASF is a truly global actor. Not
only did BASF register more patent sequences than the other 220 com-
panies combined (37%), but it also exceeded the second and third com-
panies by an order of magnitude: Japanese biotechnology firm Kyowa
Hakko Kirin Co. Ltd. (5.3%) and U.S.-based biofuel company Butamax
Advanced Biofuels LLC (3.4%) (fig. S2). More than half (56%) of all
university patents were registered by the Yeda Research and Devel-
opment Co. Ltd., the commercial arm of theWeizmann Institute of Sci-
ence (Israel), exceeding the combined claims of the 77 other universities.

Entities located or headquartered in three countries registered more
than 74% of all patents associated with MGR sequences: Germany
(49%), United States (13%), and Japan (12%). This figure rises to more
than 98%when one considers the top 10 countries (see the Supplemen-
tary Materials). In total, international patent claims have been made by
entities in 30 countries and the European Union (EU), while the re-
maining 165 countries are unrepresented.

Trends over time
The annual record of published patents reveals a striking temporal
pattern (Fig. 3). Following an extended period of negligible growth
from 1988 to 1998, patent claims gradually increased to a plateau of
roughly 500 patent sequences annually until 2006, before abruptly
peaking in 2009 at 3354 claims and declining just as sharply to 367
in 2012. More than half of the sequences registered to date were in-
cluded in claims during the period 2007–2010. This peak in activity
appears to coincide with key stages in the negotiations and adoption
of the Nagoya Protocol (Fig. 3).

DISCUSSION
Corporate control over MGRs
The dramatic asymmetries in patent registration resemble trends in
resource use and industry dominance that have been observed inmul-
tiple sectors, where high levels of consolidation have resulted in

A B

Fig. 1. Growing commercial interest in MGRs. Cumulative number over time (1988–2017) of (A) marine species with patent sequences and (B) patent sequences
from marine species.
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MGR: marine genetic resources, i.e., genetic material of actual or potential value. Source: Blasiak et al. (2018).
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the emergence of a handful of keystone actors (14, 17). In the seeds in-
dustry, for instance, the so-called Big Six (BASF, Bayer, Dow, DuPont,
Monsanto, and Syngenta) have dominated the sector for years (18).
The merging of Dow and DuPont (in 2015) and current (2018) nego-
tiations by Bayer to acquire Monsanto illustrate a pattern of further
consolidation andhave increased concerns about an emerging oligopoly
characterized by reduced competition, forms of collusion, and inflated
prices for consumers (18, 19). Our findings show that the corporate
landscape with regard to MGRs is already far more consolidated than
the seeds industry, although this development has not drawn public at-
tention or scrutiny. BASF is a keystone actor with 5701 MGR patent
sequences (fig. S2), while the participation of the remaining Big Six
companies is remarkably modest: DuPont (180), Bayer (34), Monsanto
(17), Syngenta (4), and Dow (1). The existence of large transnational
corporations with global networks of subsidiaries increases the com-
plexity and difficulty of keeping track of patent contracts (20). Large
corporations are known to acquire smaller companies for the primary
purpose of claiming ownership of their patent portfolios (21) while
also taking advantage of branches located in countries with weaker
institutions and limited monitoring or enforcement capacity (20).
The full extent of consolidation in ownership of patents related to
MGRs will likely not be known until the disclosure of transfers in
patent ownership becomes a legal obligation.

Many patents associated withMGRs have been registered by pub-
lic and private universities, or by their commercialization centers.
Existing for the primary purpose of monetizing university innova-
tions and discoveries, commercialization centers operate as companies
owned by the respective universities. A keystone pattern is evident
here as well, with the Yeda Research and Development Co. Ltd. (the
commercial arm of the Weizmann Institute of Science) exceeding the
combined claims of all the other universities. Commercialization

centers, particularly those associated with publicly funded universities,
operate in an ethically ambiguous area, as they are under no legal obli-
gation to disclose how they are monetizing these patents (for example,
through transfer of ownership).

The Nagoya Protocol and its obligations
The prospect of theNagoya Protocol and its obligations heralding a new
set of international regulations governing access and benefit sharing
appears to have spurred a rush to patent marine biodiversity (Fig. 3).
Registering patents through the Patent Cooperation Treaty takes
around 30 months from the date of application filing (22). In 2004,
the seventh Conference of the Parties to the CBD defined the scope of
an ad hoc open-ended working group “to elaborate and negotiate the
nature, scope and elements of an international regime on access and
benefit-sharing” (23).Negotiations started in February 2005. Patent reg-
istration had peaked by 2009 when a draft text emerged, and fell with-
in 3 years by an order of magnitude. This trend is primarily driven by
the activities of BASF andmay ormaynot have been associatedwith the
timing of the Nagoya Protocol. In an interview, a BASF contact sug-
gested that this trend could be linked to patent applications on algae
sequences for a research project on cultivating canola plants fortified
with polyunsaturated omega-3 fatty acids and consequently unrelated
to the Nagoya Protocol negotiations. Moreover, this contact suspected
that while the Nagoya Protocol created an obvious regulatory burden, it
would not have altered the scope or extent of BASF’s patenting activities
during this period. Its annual corporate and financial reports under-
score a strategic focus on patents and innovation, which suggests con-
tinuity and long-term planning, with 2006 research and development
investments already being tied to expectations of two- to fourfold re-
turns in annual sales starting in 2015. Since 2004, BASF has continuous-
ly expanded its investments in research and development, reaching a
new record of €1.9 billion in 2017 (24). BASF has also highlighted the
fact within its annual reports that it has consistently occupied the top
position on the PatentAsset Index since it was launched in 2009 to iden-
tify the comparative value of corporate patent portfolios (24, 25).

The Nagoya Protocol’s drafting and adoption were driven by an
international interest in “levelling the playing field,” and the agree-
ment was never meant to stifle innovation. However, concerns have
been raised that the lack of user guidance on how to adequately exercise
the obligations of legislation to implement the Nagoya Protocol at the
national level (26) and the consequences of failure to comply with these
obligations may be indirectly restricting access to biological material
for research purposes (27, 28). Since 2012, patent claims have remained
at comparable levels to those seen before the drafting of the Nagoya
Protocol, suggesting a damper effect on innovation or a rush to reg-
ister patents before signatories to the Nagoya Protocol established
corresponding compliance mechanisms. The outcome has been a re-
duced pool of benefits to share, as the Nagoya Protocol does not apply
retroactively.

TheNagoyaProtocol, like all international agreements, represents a
compromise among diverse interests. The AfricanGroup, for instance,
lobbied unsuccessfully for retroactive application of benefit-sharing
provisions and legally mandatory disclosure of the country of origin
of the genetic resources. The final language associated with the latter
issue references the Bonn Guidelines: “countries could consider, inter
alia, the following: […] measures to encourage the disclosure of the
country of origin of the genetic resources” (29). The origin require-
ment specified within Article 4 of the EU implementing regulation
(no. 511/2014) is currently a nonmandatory provision. Consequently,

Fig. 2. Percentage of patents with international protection associatedwithMGRs
that were registered over the period 1988–2017 by BASF, all other companies
(n = 220), universities (n = 78), and other actors (n = 26; including governmental
bodies, individuals, hospitals, and nonprofit research institutes).
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The numbers game

Aside from inventories, a germane question is about figuring out the number of spp on

Earth (vs. those we’ve already id’d).

May (1986) kicked us off with his “How many species are there?”
ONE of the first things that an extraterrestrial might ask about the planet Earth is

how many species are on it. If this extraterrestrial had only our own current knowledge

to rely on, the answer would be astonishingly vague: somewhere between 1.5 and 30

million species of plants and animals. (May, 1986)

At the time, ≃1mo spp id’d (named and catalogued), he guesstimates 3-5mo in total.

(Noting, as, an aside, that “Indeed, to a good approximation, all species are insects!)”

Many papers since then exploiting empirical regularities in species distribution (size,

etc.) have come up with estimates. Mora et al. (2011), for instance, puts it at

8.7million (±1.3million SE).
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Benefits of, and limits to the one-species approach Back ▷

Benefits: Some species are appreciated for their direct/indirect economic, ecosystem,

cultural contributions to people.

Others are thought to be good indicators of ecosystem health.

Saving/restoring them can have measurable benefits (e.g. apex predator

reintroduction).

Saving/restoring them can mean saving/restoring other things, too.

Limits:

Cosmetic? Focus on charismatic megafauna? Is it a problem that an obscure

endemic species with a small range will vanish? That ecosystems get simplified and

impoverished despite the persistence of some spp we care about/can see and measure?

The whole is more than the sum of its parts.

46



Benefits of, and limits to the one-species approach Back ▷

Benefits: Some species are appreciated for their direct/indirect economic, ecosystem,

cultural contributions to people.

Others are thought to be good indicators of ecosystem health.

Saving/restoring them can have measurable benefits (e.g. apex predator

reintroduction).

Saving/restoring them can mean saving/restoring other things, too.

Limits: Cosmetic? Focus on charismatic megafauna? Is it a problem that an obscure

endemic species with a small range will vanish? That ecosystems get simplified and

impoverished despite the persistence of some spp we care about/can see and measure?

The whole is more than the sum of its parts.

46



Habitat loss



“Half the Earth”?

Famous entomologist late E.O. Wilson deems it necessary to set aside a “Half-Earth.”

Grounded in his theory of island biogeography (MacArthur and Wilson, 1967).

history of biodiversity5,6. In the marine environment, open-ocean
pelagic and deep-sea taxa also show broad latitudinal gradients in
species richness, but some debate continues to surround evidence for
shallow-water systems, particularly for non-calcareous taxa7.

The growing number of increasingly refined analyses of latitudi-
nal gradients in species richness has begun to suggest some impor-
tant nuances to this pattern, although the extent of their generality
remains uncertain. Thus, it seems that declines in richness with 
latitude may be faster in the Northern than in the Southern 
Hemisphere8,9, and that peaks in richness may not lie actually at the
Equator itself but some distance away10,11. Although poorly docu-
mented, such latitudinal asymmetries would be unsurprising given
that these exist also in contemporary climate, in historical climatic
events, and in the latitudinal complexities of the geometry and area of
land and ocean.

Indeed, the latitudinal gradient in species richness is a gross
abstraction. Any underlying pattern is disrupted, sometimes
markedly, by variation in species richness with other positional 
variables (for example, longitude, elevation and depth), and 
environmental ones (for example, topography and aridity). Thus,
the detailed pattern of change with latitude depends on where one
looks, reflecting the generally complex patterns of spatial variation in
species richness. This indicates that consideration of latitudinal 
gradients in richness in isolation from other gradients might not be
the most profitable way forward. In as much as latitude per se (and
likewise other positional variables) cannot be a determinant of
species richness, but only a correlate of numbers of potentially causal
environmental factors, this is doubtless correct. Nonetheless, more
than any other pattern the latitudinal gradient in species richness has

held an enduring fascination for biologists, particularly because of
the obviously striking diversity of many tropical floras and faunas
when contrasted with their counterparts at high latitudes.

The latitudinal gradient in species richness, however complex it
might be, is a consequence of systematic spatial variation in the 
balance of speciation and the immigration of species, which add
species to an area, and of the extinction and emigration of species,
which take them away. For very large areas, the effects of speciation
and regional or global extinction will predominate, and immigration
and emigration will be less important. More than 25 different mecha-
nisms have been suggested for generating systematic latitudinal 
variation in these processes2, commonly emphasizing reasons as to
why the tropics are highly speciose (although there is no a priori
expectation that either tropical or temperate zones in any sense 
represent an ‘unusual’ condition12). These include explanations
based on chance, historical perturbation, environmental stability,
habitat heterogeneity, productivity and interspecific interactions.

Many of these mechanisms are not mutually exclusive, and others
merely offer different levels of explanation. Nonetheless, to some, en
masse they have been perceived to constitute a gordian knot. Two
recent attempts to cut it concern the importance of the physical struc-
ture of the Earth. First, null models that assume no environmental
gradients, but merely a random latitudinal association between the
size and placement (midpoint) of the geographical ranges of species,
predict a peak of species richness at tropical latitudes13. This occurs
because when the latitudinal extents of species in a given taxonomic
group are bounded to north and south — perhaps by a physical con-
straint such as a continental edge or perhaps by a climatic constraint
such as a critical temperature or precipitation threshold — then the

insight review articles
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Figure 1 Spatial patterns 
in species richness. 
a, Species–area relationship:
earthworms in areas 
ranging from 100 m2 to
>500,000 km2 across
Europe76. b, Species–latitude
relationship: birds in grid cells
(~ 611,000 km2) across the
New World44. c, Relationship
between local and regional
richness: lacustrine fish in
North America (orange circles,
large lakes; blue circles, small
lakes)61. d, Species–elevation
relationship: bats in Manu
National Park & Biosphere
Reserve, Peru77. 
e, Species–precipitation
relationship: woody plants in
grid cells (20,000 km2) in
southern Africa78.
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Earthworm diversity in Europe. Source: Gaston (2000).
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“Half the Earth”?

Famous entomologist late E.O. Wilson deems it necessary to set aside a “Half-Earth.”

Grounded in his theory of island biogeography (MacArthur and Wilson, 1967).

Source: Guilhaumon et al. (2008).
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Debates

Can you imagine a few?

• Optimal size?

• Adaptation to climate change?

• Definitely not efficient (not designed to be).

• Economic incentives ignored. The literature of unintended consequences is rife

with examples! (Lueck and Michael, 2003; Runge et al., 2019; Fienup and

Plantinga, 2021)

• Land-sharing vs. land-sparing (Phalan et al., 2011).

• Global common good vs. local people(s). (Ferris and Frank, 2021)

• Effective? (Ferraro et al., 2007; Gerber and Hatch, 2002)
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More on IPBES



The IPCC of biodiversity

The first assessment of biodiversity conducted by an intergovernmental body.

Same idea as the IPCC:

• Take and assess all the available scientific evidence (scientists)

• Establish the consensus, probabilize the rest

• Increasing political involvement towards the end to produce the SPM.

IPCC started in 1988 to synthesize the evidence on climate change, its extent, causes,

and consequences.

Currently at AR6 (Sept 2022). While no original knowledge produced, fosters

harmonization of practices, and consensus-building is a form of knowledge production.
IPCC comparison ▷
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Nature’s Contributions to People & Ecosystem Services Back ▷

approaches towards potential conflict resolution over
values. It is associated with the need to leverage power
relations through participatory negotiation among stake-
holders holding incommensurable values over human–
nature relations [23!]. Recognizing, making visible, and
respecting the diverse values at stake and addressing
power relations through which these are expressed, are
all needed in order to effectively and equitably bridge
different value systems, eventually allowing processes of
social learning [24]. This integrative approach opens the
opportunity to bridge NCP values in terms of biophysical,
socio-cultural, economic, health, or holistic perspectives.
This approach also calls for acknowledging the existence
of different perceptions of what constitutes ‘a good life’
across social groups and cultures. Last but not least, it
highlights the need to acknowledge the role of institu-
tions, including social norms that underpin human–nature
relations [25]. Policy cannot only support changes in social
norms but also favour deliberative policy tools, which
recognize the diversity of values as well as resolution
approaches when value conflicts arise [26].

Conceptualising and visualizing the diversity
of values
IPBES acknowledges that different types of values need
to be promoted in decision making. While the intrinsic
values of ‘nature’ are recognized as important for decision
making, IPBES also acknowledges that decision making
relies to a great extent on the instrumental values of NCP
[11!!,16,19]. In addition, NCP can embody symbolic
relationships with natural entities to the extent that such
relationships are inextricably linked to people’s sense of
identity and spirituality, to a meaningful life and to ‘doing
the right thing’. In this case NCP are associated with
relational values, that is values that do not directly ema-
nate from nature but are derivative of our relationships
with it and our responsibilities towards it [11!!].

Some of NCP are closely related to fundamental consti-
tuents of a ‘good quality of life’; NCP can embody
symbolic relationships with natural entities to the extent
that such relationships are part and parcel of how people’s
sense of identity and spirituality fulfil human life. In this

The value of nature’s contributions to people Pascual et al. 11
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Source: Pascual et al., 2017.
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The Species Number Game



Rare species contribute to functional diversity yet we know little about them

Back ▷

(see Materials and Methods) to ensure broad applicability
of our findings and to understand how different defini-
tions of rarity may lead to varying results.

This study examines the potential influence of rare spe-
cies on ecosystem functioning in grassland sites at Cedar
Creek Natural History Area, MN. Specifically, we examine
the contribution of rare and less common species to com-
munity functional diversity, when rarity is defined in one
of four different ways. We argue that while this study
does not specifically examine the effect that rare species
have on a realized function, quantifying the influence of
rare and less common species on community trait space
is an important first step in understanding the impact
that rare species may have on ecosystem function either
presently or over time if their abundances increase due to
environmental change.

Materials and Methods

Study site and organisms

We examined the influence of rare and less common spe-
cies’ traits on the functional diversity of tall-grass prairie
communities at Cedar Creek Ecosystem Science Reserve,
MN. Abundance data for 248 plant species were collected
from 1983 to 2002 every 5 years in a long-term observa-
tional study. In each year, hundred 1-m2 plots were ran-
domly chosen in each of 19 abandoned agricultural fields
(Knops and Tilman 2000). Of the 248 species in the sur-
vey data, sufficient trait data were collected for 46 species
(trait data collection methods described below), which is
approximately twenty percent of the species found in our
study plots (Fig. 2). While data were available for some
rare species, no trait data were available for the 123 most

rare species, when rarity was defined by local abundance.
Despite this, 28 of our species had mean abundances
<10% of our ten most common species, and 18 of our
species had mean abundances <5% of the ten most com-
mon species, demonstrating that our study species span
the commonness-rarity range (Fig. S1). While our study
does not explicitly consider the very rarest species in our
analyses, we believe that identifying the relationship
between relative rarity rank and functional diversity offers
valuable insight into the potential role of the rarest
species in ecosystem functioning. Such data limitations
are inherent in most trait databases given the difficulty in
collecting trait data for very rare species, which are diffi-
cult to locate, and we address the consequences of these
limitations in the Discussion section.

Quantifying rarity

Rarity results from several properties of species’ distribu-
tions and has subsequently been defined differently across
studies. Rabinowitz (1981) identified three key properties
to rarity: (1) geographic range, (2) habitat specificity, and
(3) local abundance. Our typology of rarity differs from
that of Rabinowitz by focusing on the three axes of rarity,
but not their interactions. Although some of our mea-
sures of rarity are correlated (see Table S1), we used each
metric independently to facilitate comparison with studies
that measure rarity based on only one metric.

Geographic range

The geographic range of each species was derived from
the USDA PLANTS database (n = 43) and was defined as
the number of US states and Canadian provinces in
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(A)

(B) Figure 2. Rank-abundance plots of the 248

plant species present in the Cedar Creek

oldfield survey, using two of the four

definitions of rarity: (A) mean abundance for

each species; error bars are !1 SE and (B)

maximum abundance for each species; bars

show the range down to the mean abundance

value. Species for which we have trait data,

and are thus included in our analyses, are

highlighted in red. Species are ranked from the

most common to the most rare.

106 ª 2013 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

The Importance of Rare Species M. Jain et al.

Source: Jain et al. (2014). 51


