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Linking the influence and dependence of
people on biodiversity across scales
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Biodiversity enhances many of nature’s benefits to people, including the regulation of climate and the production of wood
in forests, livestock forage in grasslands and fish in aquatic ecosystems. Yet people are now driving the sixth mass extinc-
tion event in Earth’s history. Human dependence and influence on biodiversity have mainly been studied separately and at
contrasting scales of space and time, but new multiscale knowledge is beginning to link these relationships. Biodiversity
loss substantially diminishes several ecosystem services by altering ecosystem functioning and stability, especially at the
large temporal and spatial scales that are most relevant for policy and conservation.

ish the benefits that people derive from nature (ecosystem
services)*® because the loss of species often alters the pools and
fluxes of materials and energy in nature (ecosystem functioning)’”’
(Fig. 1a). In response to requests from governments on the current
state of knowledge, the Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services (IPBES) is assessing changes in
biodiversity and ecosystems, as well as their contributions to people,
at both regional and global scales". Furthermore, halting biodiversity
loss is also among the United Nations Sustainable Development Goals
(https://sustainabledevelopment.un.org/sdgs), which were established in
2015. It remains difficult, however, to predict the extent to which human-
driven changes in biodiversity will alter ecosystem services, especially at
the larger spatial and longer temporal scales that are most relevant to pol-
icy and conservation. This difficulty stems from a mismatch in the scales
of knowledge of the influences and dependence of people on biodiversity.
Atthe global spatial scale over decades or centuries, the ever-increasing
and unprecedented extent and impact of human activities on land and in
the oceans is dramatically reducing global biodiversity'* (Fig. 1b). There
is overwhelming evidence that habitat loss and fragmentation, overex-
ploitation of biological resources, pollution, species invasions and climate
change have increased rates of global species extinctions to levels that are
much higher than those observed in the fossil record' . Human impacts
may be immediate, such as when land is cleared for agriculture", but
extinctions often occur decades or centuries after the disturbance, when
reductions in populations, restrictions on movement and limitations
on the availability of suitable habitats finally take effect'>"*. Therefore,
the global species extinctions that have been documented in the recent
past are only the tip of the iceberg in terms of massive ongoing changes
in biodiversity, which include substantial declines in the populations of
native species, local extinctions, local gains of new species and spatial
homogenization of Earth’s biota"* ™.
On the smaller spatial and shorter temporal scales over which species
interact with one another, species losses often decrease ecosystem

B iodiversity loss driven by humans'~ could substantially dimin-

functioning (Fig. 1b), resulting in a reduction in the efficiency with
which ecological communities capture biologically essential resources
such as soil nutrients and produce biomass*’. The relationship between
biodiversity and ecosystem functioning has been investigated rigorously
in the past 25 years through hundreds of biodiversity experiments**>'®
and dozens of theoretical ** and observational studies in a wide range
of ecosystems, including grasslands'?, forests® *, drylands® and
marine” systems. The effects of biodiversity on ecosystem function often
arise because coexisting species occupy different ecological niches. For
instance, species can differ in the ways in which they exploit resources
or resist natural enemies, thereby reducing competition and enhancing
productivity in diverse communities®**”. Results from biodiversity exper-
iments™* also support theory that predicts that increased biodiversity
enhances the stability of biomass production in ecosystems because it
enhances several forms of asynchrony in population dynamics™*.

Atintermediate spatial and temporal scales, including those over which
land-use decisions are made, changes in ecosystem functioning alter the
supply of ecosystem services (Fig. 1b). Land is often managed to prioritize
certain ecosystem services at the expense of others. For example, the pro-
duction of food or fuel has often been prioritized at the expense of climate
regulation and natural beauty. Assessments of a wide range of ecosystem
services help to account for a more complete suite of benefits and costs,
making it possible to determine whether the bundle of benefits provided
by a particular land use outweighs that provided by an alternative land
use or habitat. These studies show, for example, that it can sometimes
be more valuable in economic terms to manage land to enhance climate
regulation and recreation than to expand food production**. Many such
studies project how, in the next few decades, anthropogenic drivers might
diminish or enhance the supply of ecosystem services by altering underly-
ing ecosystem functions at the landscape scale™*”, but without accounting
for the effects of drivers on services that are mediated by biodiversity.

In this Review, we examine recent results that expand the scales of
knowledge of the relationships between anthropogenic drivers, biodiver-
sity, ecosystem functioning and ecosystem services (Fig. 1a) and begin to
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Figure 1| The influence and dependence of people on biodiversity.

a, People influence biodiversity directly by changing land-use, climate and
biogeochemical cycles, as well as by introducing species — actions known
collectively as anthropogenic drivers. At the global scale, these activities are
driving the sixth mass extinction in the history of life on Earth. At the local
scale, species losses decrease ecosystem functioning (for example, ecosystem
productivity and resource uptake) and stability (the invariability of ecosystem
productivity across a period of years). At the intermediate scales such as
landscapes or regions, changes in ecosystem functioning can alter the supply
of ecosystem services, including the production of wood in forests, livestock
forage in grasslands and fish in aquatic ecosystems. It is important to build
multiscale knowledge at the intersections of the numerous components of

link them to one another. We show that the cascading impacts of human
activities on biodiversity and ecosystems, as well as their consequences
for people, will probably increase at larger spatial and longer temporal
scales. Understanding how these relationships shift with scale will help
in the assessment of the sustainability of ecosystem services in the face of
biodiversity loss. We conclude by suggesting ways to strengthen biodi-
versity science that supports the development of multiscale environmen-
tal policy. Much of the Review focuses on species richness (numbers of
species), which is a well-studied, albeit incomplete, surrogate for several
other dimensions of biodiversity (Box 1).

Scaling anthropogenic impacts

The effects of anthropogenic drivers on biodiversity depend strongly
on the spatial and temporal scale being considered. Linking the impacts
and dependence of people on biodiversity will require scaling down from
long-term global extinction trends to under-explored contemporary
trends in local and regional biodiversity (Fig. 1b).

Scaling across space

Although human activities have unarguably driven many global species
extinctions in past centuries, the impacts of such activities on biodiversity
at sub-global spatial scales are less clear. Rates of global extinctions may
be slower than rates of local species loss because a species is not extinct
worldwide until it has been lost from every local community. For example,
in tropical forests, rates of global species extinctions have been estimated
to be three orders of magnitude lower than rates of local population extir-
pation™. Yet there may be a greater net loss of species at the global scale
than at the local scale, if local species losses are offset by local species
gains”, which can occur through species introductions or range shifts™.
In other words, the loss of global diversity (y-diversity) can be explained
not only by the loss of local diversity («-diversity), but also by spatial
homogenization, which is the loss of S-diversity (the difference in species
composition across space). Regardless of whether global extinction rates
are slower or faster than the mean rate of net local species loss, which
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Spatial scale
the system. Various system components are positioned in a gradient that
spans the social (yellow) to ecological (blue) ends of a socio—ecological
continuum. Dashed arrows indicate other important relationships that are
beyond the scope of this Review. b, At present, there are mismatches in the
spatial and temporal scales at which the relationships between anthropogenic
drivers, biodiversity, ecosystem functioning and ecosystem services are best
understood. This makes it a challenge to link the cascading effects of human
activities on biodiversity, ecosystems and ecosystem services. Furthermore,
the scales at which knowledge is available for some of the relationships do not
yet align with the scales at which policies and other decisions (orange circle)
are often made. Relationships are positioned at the approximate scales at
which they are currently best understood.

is averaged across all local communities worldwide, there are certainly
locations on Earth that have lost a large fraction of species and others that
have experienced an increase in the number of species.

Patterns of change in local biodiversity are becoming clearer at many
locations worldwide. In areas that have been converted to croplands
or pastures, there has been a substantial net loss of local biodiversity“.
Specifically, land-use changes have decreased local species richness by
around 14% on average worldwide, with losses of up to 76% of species in
the worst-affected habitats'". Some of these human-driven losses of local
biodiversity have probably emerged over centuries or millennia, given
the long history of conversion and use of land by people. In remaining
habitats, there have been local species gains at some locations and local
species losses elsewhere in the past few decades”**'. Some of these gains
may have caused a net increase in local species richness, for example,
through the introduction of exotic species or colonization by new spe-
cies that are shifting their ranges in response to climate change. But some
apparent gains may simply reflect the recovery of formerly present species
following the relaxation of a disturbance®**. Further studies are needed
to determine whether recent species gains are a response to anthropo-
genic drivers, or whether they reflect community assembly (or recovery),
observational errors or other causes. The main drivers oflocal species loss
are better understood. A synthesis of hundreds of experiments and obser-
vational studies* found that local species loss was greater in response to
land-use changes (24.8%) and species invasions (23.7%) than to nutrient
enrichment (8.2%) or warming (3.6%). Furthermore, species loss was
greater for terrestrial biomes (22.4%) than for aquatic biomes (5.9%),
and for endothermic animals (33.2%) and primary producers (25.1%),
including plants, than for ectothermic animals (10.5%).

Itis not yet known whether local species gains at some locations com-
pensate, in terms of ecosystem functioning, for local species losses else-
where®. Gains of exotic species can have large positive or negative impacts
on ecosystem functioning because the traits of such species often differ to
those of native species® *’ (Fig. 2). Independently of these shifts in species
composition and traits, ecosystem functioning tends to respond more

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



strongly to local species losses than to local species gains (of native or
exotic species). This is because the increase in ecosystem functioning per
added species becomes smaller as species richness increases***' (Fig. 2a).
Therefore, at any particular level of species richness, the loss of a given
number of species will tend to affect ecosystem functioning more than a
gain of the same number of species’. Furthermore, at least for plants, the
gain of an exotic species might not compensate completely for the loss of
a native species, in terms of function. This is because exotic species can
exhibit less complementarity* than native species, which have interacted
with each other for alonger period of time, providing a greater opportu-
nity for selection for niche differentiation®. Scaling down knowledge of
the effects of anthropogenic drivers on biodiversity to the local scales at
which biodiversity and ecosystem functioning relationships are under-
stood will require the development of a much better understanding of the
kinds of species that are coming and going, and of the drivers of species
gains in local communities.

Scaling through time

Changes in biodiversity often continue to accumulate decades and even
centuries after the initial disturbance. Past and present anthropogenic
impacts have led to the accumulation of extinction debts, which means
that a large number of species are already committed to extinctions that
are yet to occur'>**". For instance, habitat fragmentation has created
extinction debts that can be expected to unfold in periods of decades or
longer, owing to the reduced size and movement of populations'****.
Extinction debts have been studied intensively in the past two decades,
with several experiments now running for long enough to show that
habitat fragmentation gradually reduces species richness in remnant
fragments by 13-75% in a decade". Similarly, the pace of climate change
in the past few decades has probably created extinction debts by generat-
ing a mismatch between the thermal preferences of many species and
the new climate that they are experiencing in their present geographic
distribution™. The ability of species to tolerate or avoid changes in cli-
matic conditions is limited, so the failure of some species to adjust their
geographic distribution in response to climate change is expected to lead
to many local, and eventually global, future extinctions®. Delayed species
extinctions were viewed originally as a tragic, deterministic inevitability"?
but more recently they have been viewed by some, with greater optimism,
as an opportunity to avert an impending extinction crisis through habitat
restoration, assisted migration and other conservation actions.

In turn, extinction debts tend to generate biodiversity-dependent debts
in ecosystem functioning and ecosystem services with local and global
importance****. For example, habitat loss is likely to lead to carbon emis-
sions not only where forests rich in carbon are converted to cropland,
but also from remaining forest fragments in which extinction debts are
emerging”. Long before species become extinct worldwide, they first
become rare or absent, and are therefore functionally extinct, in many
local communities. Consequently, debts of ecosystem functioning and
services are likely to occur gradually, rather than emerge only after extinc-
tion debts are paid in full. Long-term habitat fragmentation experiments
find that ecosystem-functioning debts, in the form of delayed changes in
nutrient cycling and changes to plant and consumer biomass, accrue in
small and isolated fragments; these functioning debts amounted to a 30%
loss of ecosystem functioning after 1 year, which rose to a loss of 80% after
adecade". New research is needed to forecast the magnitudes and rates
of extinction, functioning and service debts.

Multiscale effects of biodiversity loss
Ecosystem functioning depends strongly on biodiversity. There is theo-
retical and empirical evidence to suggest that the effects of species loss on
ecosystem functioning often become stronger at larger scales of space and
time. Linking the impacts and dependence of people on biodiversity will
therefore require a move away from intensively studied local biodiversity
effects towards an examination of the under-explored effects that emerge
atlarger scales (Fig. 1b).

Predicting the effect of biodiversity change on ecosystem functioning

REVIEW

atlarger spatial scales requires the determination of whether local biodi-
versity effects are widespread and will therefore accumulate across ecosys-
tems worldwide. Effects of changes in local species richness on ecosystem
productivity have been found in naturally assembled grasslands' and
forests™ worldwide. The strength of these local relationships is similar to
those found commonly in local-scale biodiversity experiments’. Aggrega-
tion of these local effects suggests that the richness of local plant species
considerably affects the productivity of forests worldwide".

Predicting the consequences of biodiversity changes at larger spatial
and temporal scales also requires the consideration of positive or nega-
tive biodiversity effects that could emerge at larger scales. At the small
spatial scales over which species interact, biodiversity effects result from
differences between species that lead to selection effects, in which the
most productive species dominate the community, or complementarity
effects, which include several types of niche partitioning and facilitation,

BOX1
The dimensions and
scales of biodiversity

Biodiversity is a broad term that represents the variety of life on
Earth. There are numerous dimensions of biodiversity, which
reflect genetic (for example, genotype), organismal (for example,
phenotype), ecological (for example, population, community or
ecosystem), taxonomic (for example, species, genus or family)
and functional (for example, effect or response traits) attributes

at different scales of space (for example, site, country or biome)
and time. Diversity can be quantified at multiple nested scales (for
example, a-diversity, B-diversity or y-diversity), using measures

of richness (for example, number), evenness (equity of relative
abundance), dominance (concentration of abundance) or
combinations of such measures (through the Shannon diversity
index, the Simpson diversity index or by calculating the probability
of interspecific encounter). Although it is prohibitive to consider
all possible dimensions and scales of biodiversity, it is crucial to
understand the strengths and limitations of each.

Our Review focuses largely on species richness because this
measure is commonly used as a surrogate for several dimensions
of biodiversity. However, species richness can miss important
components of biodiversity that are relevant for ecosystem
functioning. For example, phylogenetic diversity or functional
traits are sometimes better predictors of ecosystem functioning
than species richness!'®. Ecosystem functioning and services also
depend on the interactions that occur between species, including
those between predator and prey, herbivore and plant or pollinator
and host, as well as the overall number and kinds of species.
Furthermore, in most biological communities, whereas only a few
species are dominant, many are rare. Species richness does not
incorporate measures of abundance that are crucial for many
ecosystem functions. Yet species richness may be a useful proxy
for unknown differences or interactions between species and could
help to account for the fact that the relative abundances of species
are not static, varying instead across conditions that change with
space and time. Species richness may also be useful for predicting
the capacity of a system to respond to potential future conditions, as
there is still a high level of uncertainty with regard to the species that
will flourish or diminish under new conditions.

Studies are now moving on from efforts to determine which
components of biodiversity are the single best predictors of changes
in ecosystems, and are instead drawing on the strengths of multiple
dimensions of biodiversity and approaches to advance multiscale
understanding®®.
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Figure 2 | The influence of anthropogenic drivers on ecosystems through
effects on the richness and types of species. a, Most biodiversity experiments
consider the dependence of ecosystem functioning on the random loss of
species, finding that the decrease in ecosystem functioning per lost species
becomes larger as species richness declines (black line). By contrast, non-
random changes in ecosystem functioning and species richness (dashed
lines) that result from anthropogenic drivers such as herbivore invasion,
nutrient enrichment or habitat fragmentation also include shifts in the
composition and traits of species that are most vulnerable or favoured, which
can reinforce or offset the effects of changes in species richness. The grey
region indicates potential variation in ecosystem functioning due to changes
in species composition at a particular level of species richness. b-d, Positive
(blue arrows) and negative (red arrows) influences of specific anthropogenic
drivers of biodiversity change (dark grey ovals) are presented in the style

of a structural equation model. Curved dashed arrows indicate indirect
effects of specific drivers on ecosystem functioning, and horizontal solid

or both®. Theory predicts that the effects of changes in biodiversity on
ecosystem functioning and stability could be greater at larger scales
than they are, on average, for a particular location and time, owing to
the performance-enhancing spatial™ and temporal™ insurance effects of
biodiversity (Fig. 3) that can emerge at larger scales.

Spatial insurance effects emerge at larger spatial scales when dispersal
enables species to be present and dominate at locations where they are best
adapted to the local environment (Fig. 3). At these larger scales, natural
ecosystems are heterogeneous and connected by flows of species, energy
and resources. This connectivity governs how changes in biodiversity
affect ecosystem functioning at various scales™. Theory suggests that
spatial insurance effects are maximized at intermediate rates of species
dispersal that promote species coexistence, enhance ecosystem function-
ing and stabilize temporal variability in ecosystem functioning across the
landscape™. Habitat fragmentation disrupts connectivity, which leads to
species loss and the degradation of ecosystem functions across entire net-
works of habitat patches'*****”, Empirical'**** and simulation®™* studies
provide evidence that is consistent with the spatial-insurance hypothesis.
For example, one study of many grasslands worldwide found that ecosys-
tem productivity is more dependent on species richness across sites than
within sites'””. Another study found that different sets of species promoted
ecosystem functioning at different locations™.

Temporal insurance effects emerge over longer temporal scales. Higher
levels of biodiversity tend to reduce the inter-annual variability of eco-
system productivity’®®. This is because species or populations differ
in their growth responses to environmental fluctuations®* through
temporal niche complementarity™, responses to competition™, neutral
random demographic variation® or a combination of all three”. As a
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arrows show direct effects on ecosystem functioning that are independent

of changes in the composition or richness of species. Non-horizontal solid
arrows represent the component relationships of indirect effects. b, Invasion
by a herbivorous species has a direct negative effect on plant productivity.
However, such invasion can indirectly increase plant productivity by
increasing plant species richness, and these positive effects are enhanced
when favoured plants contribute substantially to plant productivity*. The
asterisk indicates a hypothesized relationship. ¢, Nutrient enrichment has
adirect positive effect on plant productivity. But it can also decrease plant
productivity indirectly by decreasing plant species richness, and this negative
effect is reinforced when the most vulnerable plants contribute substantially
to plant productivity®. d, Habitat fragmentation has a direct negative effect
on arthropod biomass. It can also decrease arthropod biomass indirectly by
decreasing arthropod species richness, but this negative effect is offset by shifts
in species composition when the most vulnerable arthropods make only a
small contribution to arthropod biomass™.

result, although no single species can provide ecosystem functioning at all
times™, many species’ or populations®' can average out the fluctuations
in the environment, providing temporal insurance™ (Fig. 3). Interest-
ingly, temporal insurance effects tend to be stronger as the spatial scale
increases because differences in $-diversity desynchronize fluctuations in
ecosystem properties at different locations®. Consequently, the properties
of ecosystems and services that they provide become less variable and
more predictable at larger spatial scales. Anthropogenic drivers could,
however, lead to a greater reduction in ecosystem stability at larger spatial
scales than at smaller ones if they not only drive local species loss, but also
synchronize fluctuations in species by homogenizing biota and abiotic
conditions across habitat patches®.

It is less well known that the insurance effects of diversity enhance the
temporal mean level of ecosystem productivity”’. Therefore, just as spa-
tial insurance effects™ can enhance biodiversity effects at larger spatial
scales in heterogeneous landscapes'****, temporal insurance effects” can
enhance biodiversity effects over longer temporal scales in fluctuating
environments**"** (Fig. 3). Conversely, if species tend to dominate com-
munities where and when they are least productive, negative biodiversity
effects could emerge at larger spatial and temporal scales — a possibility
that deserves further consideration. The loss of these temporal insur-
ance effects manifest in several ways, including increases in the temporal
variance of ecosystem functioning, decreases in the temporal mean level
of ecosystem functioning, and losses of community resistance to per-
turbations. For example, in grasslands, the loss of local plant diversity
substantially reduces the resistance of ecosystem productivity to climate
extremes”. New studies are needed to determine how the magnitudes
of insurance effects that emerge over space and time compare to those
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of short-term local biodiversity effects that are evident at certain points
in space and time.

As well as the emergence of new biodiversity effects across multiple
years, the strength of local, intra-annual biodiversity effects might also
shift as anthropogenic drivers gradually alter the niches and competi-
tive hierarchies of species. Recent experimental results suggest that local,
intra-annual biodiversity effects in grasslands will have similar or stronger
magnitudes under predicted future environmental conditions®* . For
example, increasing the plant species richness of grasslands may lead to
greater increases in ecosystem productivity under warmer conditions®
and elevated concentrations of atmospheric carbon dioxide**. And across
all of the studies included in a meta-analysis®, increases in grassland plant
species richness increased ecosystem productivity by the same amount
under conditions of nutrient enrichment or drought as under ambient
resource conditions, although individual studies showed a wide range of
responses. More work is needed in other types of ecosystems to determine
how widely applicable these results are and to understand how anthropo-
genic drivers affect the many mechanisms by which changes in biodiver-
sity alter ecosystem functioning.

The ecosystem consequences of human-driven changes in biodiversity
depend not only on how many species are lost or gained, but also on the
kinds of species that increase or decrease in abundance. Some species are
more vulnerable to anthropogenic drivers than others”, and some species
are more crucial for ecosystem functioning than others® ”*, The sheer
number of species overall precludes the study of the vulnerability and
functional roles of each. Instead, considerable progress has been made by
approaches that use functional traits and phylogenetic diversity to predict
which kinds of species are most vulnerable or functionally important™ .

Many kinds of species that are crucial for ecosystem functioning are
also vulnerable to anthropogenic drivers of biodiversity loss. For example,
large-bodied species tend to be disproportionately vulnerable to extirpa-
tion”””® and are particularly strong controllers of ecosystem functioning
and services'>”” such as pollination and dung burial”®. Ocean acidification
disproportionately threatens calcifying, reef-forming corals that provide
an important habitat for vast food webs of marine species that cycle nutri-
ents, provide primary and secondary productivity, support fisheries and
provide other values”. Many top predators are both overexploited and
strong controllers of nutrient cycling, water quality and other ecosystem
services””**® Nutrient pollution can shift plant competitive interac-
tions to threaten, for example, native dominant species® or rare legumes*
and the loss of either can substantially disrupt ecosystem functioning®*’
(Fig. 2¢). In all of these cases of non-random changes in biodiversity, the
systematic loss of crucial components of biodiversity would affect eco-
systems more than would be expected on the basis of the results of most
biodiversity experiments and theory (including those we have discussed)
that consider random species loss (Fig. 2a).

Trait variability Temporal variability

Spatial heterogeneity

REVIEW

Further studies are needed to identify important biodiversity compo-
nents across spatial and temporal scales. Various species of plant will con-
tribute to a particular ecosystem function in different years, at different
locations and under different scenarios of anthropogenic change®, and
it remains a challenge to predict the kinds of species that will become
increasingly dominant or rare in new ecosystems with no historical
equivalent in terms of biota and abiotic conditions. Conservation efforts
could be short-sighted if they prioritize current crucial components of
biodiversity without considering whether the same set of components
will remain important in the future.

Ecosystem services depend on biodiversity

Studies are beginning to account for the dependence of ecosystem services
on biodiversity. Accounting for these relationships could help to improve
forecasts of future supplies of ecosystem services, especially at the larger
scales over which global extinctions are advancing (Fig. 1b).

Land managers and land-use policies often prioritize short-term local
benefits without accounting fully for the costs to society that will be expe-
rienced by people elsewhere and in the future. Assessments of ecosystem
services aim to correct these negative externalities by accounting for a
fuller suite of benefits and costs, often by considering larger scales. For
example, if both the immediate local economic benefits of expanding crop
production across the landscape and the long-term global costs of carbon
emissions from land conversion are accounted for, it can be more valuable
to establish new parklands than to clear further land for agriculture™*.
Similarly, if both the immediate local economic benefits of enhanced crop
yields and the long-term widespread costs to health that result from air
and water pollution are accounted for, it can be valuable to reduce the
level of fertilizer use™.

Most studies of ecosystem services consider intermediate scales of
space and time that match the scales at which some decisions are made
(for example, land-use decisions in the Willamette River basin in Oregon,
United States™, or in the United Kingdom™). However, these scales are
often smaller than the scales over which global extinctions are advancing,
yet larger than those over which biodiversity effects are best understood
(Fig. 1b). Perhaps partly because of this mismatch, most studies of eco-
system services do not account for the direct dependence of ecosystem
functioning on biodiversity’**. Implicitly, they assume that remaining
fragments of nature will continue to provide the same flows of benefits to
people in the future, regardless of how the biodiversity of such fragments
might change over time®. In some cases, involving scales or locations at
which biodiversity experiences little change, or ecosystem services depend
much more on factors other than biodiversity, this assumption might
hold. But in other cases, particularly at large scales, ignoring the depend-
ence of ecosystem services on biodiversity will lead to poor forecasts of
future supplies of ecosystem services because not all of the social costs of

Figure 3 | Temporal and spatial insurance effects
enhance and stabilize ecosystem productivity. Ina
hypothetical example, various plant species (coloured
distributions) are most productive (row 1, left) at different
levels of the environmental factor soil moisture (dry, red;

wet, blue). As soil moisture changes with time (row 1,
middle) and space (row 1, right), communities are
dominated by the species that is most productive under
the particular conditions of each community. In this
case, communities that consist of two dissimilar species
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(row 3) or many species (row 4) are expected to be more
productive and to vary less in productivity in time and
space than communities with only two similar species
(row 2). (Productivity levels in space (rows 2-4, right)

are indicated by a gradient from black (high) to white
(low).) These performance-enhancing and stabilizing
temporal and spatial insurance effects can be thought of
as a combination of selection and complementarity effects
because they emerge when species have complementary
traits and dominate where and when species are most fit.
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Figure 4 | Complementary approaches for understanding the ecosystem
consequences of human-driven biodiversity change. Four main approaches
to understanding the effects of anthropogenic biodiversity change on
ecosystems are shown (blue). Each approach has certain strengths and
weaknesses (green) and enriches the others in several ways, and it is the

biodiversity loss will be accounted for.

Several studies have started to determine which ecosystem services
depend on biodiversity, either directly”” or indirectly through their under-
lying ecosystem functions™**"*’. For example, there is evidence that main-
taining high biodiversity supports the production of crops in agricultural
systems, wood in forests, livestock forage in grasslands and fish in aquatic
ecosystems’. The maintenance of high biodiversity also contributes to the
regulation of pests by reducing invasion by weeds or pathogens, and of the
climate by enhancing carbon storage’. However, there are many sources
of uncertainty in several of the relationships between biodiversity and
ecosystem services’, including mismatches between the ecosystem func-
tions measured and the ecosystem services of interest, trade-offs between
positive and negative effects of biodiversity on the supply of ecosystem
services, and context-dependent patterns. The direct contributions of bio-
diversity to alarge number of ecosystem services, including those related
to cultural identity and aesthetic inspiration, remain under-explored.
There is evidence, however, that people appreciate a high richness and
evenness of plant species”.

Efforts to estimate the contributions of biodiversity to the mon-
etary value of some ecosystem services’"*** have also begun, reveal-
ing that, if well-directed, the benefits of conserving biodiversity could
be much greater than the costs. For example, the value of biodiversity
in maintaining carbon storage is estimated as being on the order of
US$0.3 trillion-3.1 trillion® and the value of tree diversity in commer-
cial forest productivity is about $166 billion-490 billion per year*. These
values are much greater than the current conservation expenditure world-
wide (estimated to be $21.5 billion per year™) or the cost of meeting global
biodiversity conservation targets (estimated to be $76.1 billion per year™).
Estimates of the monetary value of maintaining natural habitats are even
larger” than the value of maintaining biodiversity within habitats. Fur-
thermore, we emphasize that biodiversity contributes substantially to
many valuable benefits to society that cannot be monetized accurately,
including aesthetic inspiration®. As the benefits of conservation are
increasingly weighed against their costs, it will be important to account
for both the indirect dependence of ecosystem services on biodiversity,
which is mediated by ecosystem functioning, and the direct contributions
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combination of their results that best informs policy and decision-making
at the scales at which populations and species are changed, and at which
ecosystem services are delivered (yellow). The simultaneous use of all four
approaches is therefore crucial for improving our knowledge of socio—
ecological systems and to inform policy and decision-making.

of biodiversity to other ecosystem services, many of which are difficult
or impossible to monetize. Both of these contributions of biodiversity to
ecosystem services are missing from most valuation studies at present.

To further include the role of biodiversity in assessments of ecosystem
services, an important next step will be to identify biodiversity compo-
nents that are crucial for ecosystem functions that underlie ecosystem
services. This is not an easy task because no species is able to maximize
all ecosystem functions or services”*"*>*. Trade-offs limit the extent to
which species that have traits associated with particular functions (for
example, high primary productivity) can also provide other functions (for
example, drought resistance). Although a carefully chosen monoculture
may perform as well as a mixture of species for a single function under
a particular set of environmental conditions®, many species contribute
to many ecosystem functions under a wider range of conditions™*"*>*,
Therefore, multifunctional ecosystems across space and time depend not
only on a few dominant species™, but also on the contributions of many
rare species™” at several trophic levels”. Depending on whether the aim
is to maximize a particular ecosystem service under carefully controlled
environmental conditions (for example, maize yield) or a larger bundle
of services across a wider range of conditions (for example, forage pro-
duction and carbon storage across extensive landscapes), the best option
might be to retain either a subset of species with particular traits or a
diverse community of species with a wide range of traits.

Strengthening biodiversity science for policy

As well as developing multiscale knowledge (Fig. 1b), biodiversity science
will need to expand in several new directions to support emerging policy
priorities. The combination of increasing pressures from anthropogenic
drivers of biodiversity loss together with growing demands for all types
of ecosystem services in the coming decades will produce unprecedented
challenges for policy and decision-makers. Well-designed research that
addresses the impacts of biodiversity changes could help to explore poten-
tial solutions to these challenges now, using combinations of theory,
observation and experiment (Fig. 4). Observations, but not experiments,
are uniquely able to assess relationships at large spatial scales in natural
ecosystems that are undergoing non-random changes in biodiversity.
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Observational studies are increasingly able to use statistical approaches
to disentangle the effects of changes in biodiversity and abiotic factors
on ecosystems'”, bringing the conclusions of empirical studies closer to
the spatial scales at which populations and species are lost, and at which
the societal benefits of nature are delivered to people. Experiments, but
not observations, are able to create and assess future conditions that are
unobservable at present. Both types of empirical studies will therefore be
needed to consider the large spatial and temporal scales at which human
impacts on biodiversity are expected to undermine the dependence of
people on biodiversity the most. Furthermore, functional trait and phy-
logenetic approaches” ">’ (Box 1) are uniquely able to generalize across
types of species, removing the need to study whether each species is vul-
nerable to anthropogenic drivers and crucial for ecosystem functioning.
An important next step will be to predict the types of species that will be
most vulnerable and crucial across spatially heterogeneous, temporally
fluctuating and globally shifting environmental conditions.

Biodiversity science is also expanding to consider the dynamic interac-
tions between people and nature in socio—ecological systems™ (Fig. 1a).
For example, the conceptual framework of the biodiversity—policy inter-
face outlined by IPBES" includes many of the complex interactions that
occur between the natural world and people. The expansion has emerged
partly from shifts in the way that conservation has been framed, first
moving from protecting nature from human threats towards conserving
nature for its potential benefits to humans, and now towards emphasizing
the interdependence of nature and people”. It has also coincided with
increased recognition by the policy community that biodiversity supports
human development and must be protected to fulfil fundamental human
needs. For example, 2 of the 17 UN Sustainable Development Goals
address marine and terrestrial biodiversity and natural resources directly,
and several other goals address biodiversity through their specific targets,
including Goal 2, which aims to end hunger and malnutrition. Biodiver-
sity science will also need to consider the wider range of instrumental and
relational values of biodiversity that are now being recognized™, as well as
the contribution that biodiversity makes to the quality of life beyond its
role in ecosystem functioning. Expanding in these ways adds both breadth
and complexity to biodiversity science and policy. One way to make such
endeavours tractable will be to focus on the biodiversity and ecosystem
functions that underpin crucial ecosystem services, perhaps by working
backwards from human well-being to services, functions and biodiversity
in the interacting elements that are shown in Fig. 1a.

There is now abundant evidence that human-driven biodiversity
changes can substantially affect several ecosystem services by altering
ecosystem functioning and stability at multiple scales of space and time.
Environmental policy needs to account for these important effects by
considering biodiversity not only as an output but also as an input of envi-
ronmental policy scenarios”, including future climate scenarios. In this
way, well-directed biodiversity research and policy design could together
secure the valuable, and often irreplaceable, benefits of biodiversity for
future generations, even under conditions of rapid global change. m
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