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B Abstract We review the evidence of regime shifts in terrestrial and aquatic envi-
ronments in relation to resilience of complex adaptive ecosystems and the functional
roles of biological diversity in this context. The evidence reveals that the likelihood
of regime shifts may increase when humans reduce resilience by such actions as re-
moving response diversity, removing whole functional groups of species, or removing
whole trophic levels; impacting on ecosystems via emissions of waste and pollutants
and climate change; and altering the magnitude, frequency, and duration of distur-
bance regimes. The combined and often synergistic effects of those pressures can
make ecosystems more vulnerable to changes that previously could be absorbed. As
a consequence, ecosystems may suddenly shift from desired to less desired states in
their capacity to generate ecosystem services. Active adaptive management and gover-
nance of resilience will be required to sustain desired ecosystem states and transform
degraded ecosystems into fundamentally new and more desirable configurations.
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INTRODUCTION

Humanity strongly influences biogeochemical, hydrological, and ecological pro-
cesses, from local to global scales. We currently face more variable environments
with greater uncertainty about how ecosystems will respond to inevitable increases
in levels of human use (Steffen et al. 2004). At the same time, we seem to chal-
lenge the capacity of desired ecosystem states to cope with events and disturbances
(Jackson et al. 2001, Paine et al. 1998). The combination of these two trends calls
for a change from the existing paradigm of command-and-control for stabilized
“optimal” production to one based on managing resilience in uncertain environ-
ments to secure essential ecosystem services (Holling & Meffe 1996, Ludwig et al.
2001). The old way of thinking implicitly assumes a stable and infinitely resilient
environment, a global steady state. The new perspective recognizes that resilience
can be and has been eroded and that the self-repairing capacity of ecosystems
should no longer be taken for granted (Folke 2003, Gunderson 2000). The chal-
lenge in this new situation is to actively strengthen the capacity of ecosystems to
support social and economic development. It implies trying to sustain desirable
pathways and ecosystem states in the face of continuous change (Folke et al. 2002,
Gunderson & Holling 2002).

Holling (1973), in his seminal paper, defined ecosystem resilience as the mag-
nitude of disturbance that a system can experience before it shifts into a different
state (stability domain) with different controls on structure and function and distin-
guished ecosystem resilience from engineering resilience. Engineering resilience
is a measure of the rate at which a system approaches steady state after a pertur-
bation, that is, the speed of return to equilibrium, which is also measured as the
inverse of return time. Holling (1996) pointed out that engineering resilience is
a less appropriate measure in ecosystems that have multiple stable states or are
driven toward multiple stable states by human activities (Nystrom et al. 2000,
Scheffer et al. 2001).

Here, we define resilience as the capacity of a system to absorb disturbance and
reorganize while undergoing change so as to retain essentially the same function,
structure, identity, and feedbacks (Walker et al. 2004). The ability for reorganiza-
tion and renewal of a desired ecosystem state after disturbance and change will
strongly depend on the influences from states and dynamics at scales above and
below (Peterson et al. 1998). Such cross-scale aspects of resilience are captured in
the notion of a panarchy, a set of dynamic systems nested across scales (Gunderson
& Holling 2002). Hence, resilience reflects the degree to which a complex adaptive
system is capable of self-organization (versus lack of organization or organization
forced by external factors) and the degree to which the system can build and in-
crease the capacity for learning and adaptation (Carpenter etal. 2001b, Levin 1999).

Several studies have illustrated that ecological systems and the services that
they generate can be transformed by human action into less productive or other-
wise less desired states. The existence of such regime shifts (or phase shifts) is
an area of active research. Regime shifts imply shifts in ecosystem services and
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consequent impacts on human societies. The theoretical basis for regime shifts has
been described by Beisner et al. (2003), Carpenter (2003), Ludwig et al. (1997),
Scheffer & Carpenter (2003), and Scheffer et al. (2001).

Here, we review the evidence of regime shifts in terrestrial and aquatic ecosys-
tems in relation to resilience and discuss its implications for the generation of
ecosystem services and societal development. Regime shifts in ecosystems are
increasingly common as a consequence of human activities that erode resilience,
for example, through resource exploitation, pollution, land-use change, possible
climatic impact and altered disturbance regimes. We also review the functional
role of biological diversity in relation to regime shifts and ecosystem resilience. In
particular, we focus on the role of biodiversity in the renewal and reorganization
of ecosystems after disturbance—what has been referred to as the back-loop of the
adaptive cycle of ecosystem development (Holling 1986). In this context, the in-
surance value of biodiversity becomes significant. It helps sustain desired states of
dynamic ecosystem regimes in the face of uncertainty and surprise (Elmqvist et al.
2003). Strategies for transforming degraded ecosystems into new and improved
configurations are also discussed.

REGIME SHIFTS AND DYNAMICS OF RESILIENCE
IN ECOSYSTEMS

Ecosystems are complex, adaptive systems that are characterized by historical de-
pendency, nonlinear dynamics, threshold effects, multiple basins of attraction, and
limited predictability (Levin 1999). Increasing evidence suggests that ecosystems
often do not respond to gradual change in a smooth way (Gunderson & Pritchard
2002). Threshold effects with regime shifts from one basin of attraction to another
have been documented for a range of ecosystems (see Thresholds Database on the
Web site www.resalliance.org). Passing a threshold marks a sudden change in feed-
backs in the ecosystem, such that the trajectory of the system changes direction—
toward a different attractor. In some cases, crossing the threshold brings about a
sudden, sharp, and dramatic change in the responding state variables, for example,
the shift from clear to turbid water in lake systems (Carpenter 2003). In other cases,
although the dynamics of the system have “flipped” from one attractor to another,
the transition in the state variables is more gradual, such as the change from a
grassy to a shrub dominated rangeland (Walker & Meyers 2004). In Table 1, we
provide examples of documented shifts between alternate states and expand on
some of them in the text.

Temperate Lakes

Lake phosphorus cycles exhibit multiple regimes, each stabilized by a distinctive
set of feedbacks. Generally, two regimes have attracted the most interest, although
deeper analyses have revealed even greater dynamic complexities (Carpenter 2003,
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Scheffer 1997). The two regimes of most concern to people who use the lakes are
the clear-water and turbid-water regimes. In the clear-water regime, phosphorus
inputs, phytoplankton biomass, and recycling of phosphorus from sediments are
relatively low. In the turbid-water regime, these same variables are relatively high.
The turbid-water regime provides lower ecosystem services because of abundant
toxic cyanobacteria, anoxic events, and fish kills (Smith 1998).

In the clear-water regime of shallow lakes (lakes that do not stratify thermally),
extensive beds of higher aquatic plants (macrophytes) stabilize sediments and re-
duce recycling of phosphorus to phytoplankton (Jeppesen et al. 1998, Scheffer
1997). Macrophyte beds may be lost because of shading by phytoplankton when
high phosphorus inputs stimulate phytoplankton growth. Bottom-feeding (ben-
thivorous) fishes that increase in abundance with nutrient enrichment damage the
macrophytes and cause turbidity by resuspending sediment. Once the macrophytes
are lost, sediments are more easily resuspended by waves, and rapid recycling of
phosphorus from sediments maintains the turbid regime. Reversion to the clear-
water state requires reduction of phosphorus inputs, but even if phosphorus inputs
are reduced, the turbid state may remain resilient. With sufficiently low levels of
phosphorus the ecosystem can possibly be perturbed to the clear-water state by tem-
porarily removing fish, which allows macrophytes to recover, stabilizes the sedi-
ments, and reduces phosphorus cycling, thereby consolidating the clear-water state.

A different mechanism operates in deep (thermally stratified) lakes, although
the clear-water and turbid-water states are similar (Carpenter 2003). Interactions
of iron with oxygen are the key (Caraco et al. 1991, Niirnberg 1995). In the
clear-water regime, rates of phytoplankton production, sedimentation, and oxy-
gen consumption in deep water are low. Consequently the deep water remains
oxygenated most of the time, and iron remains in the oxidized state, which binds
phosphorus in insoluble forms. When phosphorus inputs are high, rates of phyto-
plankton production, sedimentation, and oxygen consumption increase. The deep
water is anoxic part if not all of the time, iron is in the reduced state, and phos-
phorus dissolves into the water. Recycling of phosphorus from sediments makes
the turbid-water state resilient. The regime can be shifted back to clear water by
extreme reductions of phosphorus input or by various manipulations that decrease
recycling of phosphorus (Carpenter et al. 1999, Cooke et al. 1993).

Similar mechanisms may have operated during massive oceanic events in the re-
mote past. Episodes of large-scale phosphorus release in the oceans may represent
a regime shift in which high phytoplankton production forms a strong positive
feedback with phosphorus recycling from deep waters or sediments (Algeo &
Scheckler 1998, Van Capellen & Ingall 1994).

Tropical Lakes

Experiments, field data, and models suggest that a situation with extensive free-
floating plant cover and a state characterized by submerged plants tend to be
alternate regimes (Scheffer et al. 2003). Dense mats of floating plants have an
adverse effect on freshwater ecosystems because they create anoxic conditions,
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which strongly reduce animal biomass and diversity. Floating plants are superior
competitors for light and carbon. Submerged plants are better competitors for
nutrients and may prevent expansion of free-floating plants through a reduction
of available nutrients in the water column. As a result, over a range of conditions,
the lake can exist in either a floating-plant-dominated state or a submerged-plant-
dominated state. Both states are resilient, but nutrient enrichment reduces the
resilience of the submerged plant state. A single drastic harvest of floating plants
can induce a permanent shift to an alternate state dominated by rooted submerged
growth forms if the nutrient loading is not too high (Scheffer et al. 2003).

Wetlands, Estuaries, and Coastal Seas

In the Everglades, the freshwater marshes have shifted from wetlands dominated by
sawgrass to cattail marshes because of nutrient enrichment. The soil phosphorous
content defines the alternate states, and several types of disturbances (fires, drought,
or freezes) can trigger a switch between these states (Gunderson 2001).

In Florida Bay, the system has flipped from a clear-water, seagrass-dominated
state to one of murky water, algae blooms, and recurrently stirred-up sediments.
Hypotheses that have been proposed to explain this shift include change in hurri-
cane frequency, reduced freshwater flow entering the Bay, higher nutrient concen-
trations, removal of large grazers such as sea turtles and manatees, sea-level rise,
and construction activities that restrict circulation in the Bay (Gunderson 2001).

The Baltic Sea is eutrophied and overfished (Elmgren 2001), and a shift has
occurred in the coastal subsystem from submerged vegetation dominated by peren-
nial fucoids to filamentous and foliose annual algae with lower levels of diversity
(Kautsky et al. 1986). Jansson & Jansson (2002) propose that these conditions
represent alternate states. Grazers on turf algae, such as gastropods, contribute
to the maintenance of the fucoid-dominated state, but nutrient influx overrides
grazing control and shifts the system into a less desired state (Worm et al. 1999).
In addition to shading by filamentous algae (Berger et al. 2003), increased sedi-
mentation caused by excessive phytoplankton production hinders recruitment and
settlement of fucoids plants (Eriksson & Johansson 2003), which may lock the
coastal subsystem into the undesired state.

Coral Reefs

The current shift of coral reefs into dominance by fleshy algae was long preceded
by diminishing stocks of fishes and increased nutrient and sediment runoff from
land (Jackson et al. 2001). The grazing of algae by fish species and other grazers
contributes to the resilience of the hard-coral-dominated reef by, for example,
keeping the substrate open for recolonization of coral larvae after disturbances
such as hurricanes (Nystrom et al. 2000).

In the Caribbean, overfishing of herbivores (dominated by fishes on reefs)
led to expansion of sea urchin populations as the key grazers on invading al-
gae. Thereby, the coral-dominated state was maintained, albeit at low resilience.
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The high densities of the sea urchin populations may have contributed to their
eventual demise when a disease outbreak spread throughout the Caribbean and
reduced their numbers by two orders of magnitude, which precipitated the shift to
the algal-dominated state that persists today (Hughes 1994, Knowlton 1992).

In other areas, high densities of grazing echinoids erode the reef matrix and,
if unchecked, have the capacity to destroy reefs, as documented in the Galapagos
Islands and elsewhere in the East Pacific (Eakin 1996, Glynn 1988). Loss of
macrofauna, reduced fish stocks, replacement of herbivorous fishes by a single
species of echinoid, overgrazing by food-limited sea urchins, high levels of erosion
by echinoids, and reduced coral recruitment make coral reefs vulnerable to change
and subject to regime shifts (Bellwood et al. 2004, Done 1992, Hughes et al.
2003). A significant ecological restructuring of reefs towards “weedy” generalist
species of low trophic levels that are adapted to variable environments is underway
(Knowlton 2001, McClanahan 2002). Bellwood et al. (2004) describe six different
reefs transitions towards less desired states as a consequence of human-induced
erosion of resilience (Figure 1).

Kelp Forests

Remarkably sharp boundaries are found between kelp forests and neighboring
“deforested” areas (Konar & Estes 2003). Also, remarkable switches have occurred
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Figure 1 Effects of eutrophication and fishing and observed shifts between states in coral
reefs (modified from Bellwood et al. 2004).
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between kelp dominance and sea-urchin dominance over time (Steneck et al. 2002).
Experiments reveal that sea urchins can control kelp growth in the open areas, but
the sweeping of kelp foliage over the rocks in the border region prevents migration
of sea urchins into the kelp stands. Thus, kelp stands can withstand herbivory
by combining their flexible morphology with the energy of wave-generated surge
(Konar & Estes 2003). Kelp forests can recover if the numbers of sea urchins are
reduced by an external factor. Proposed mechanisms include increased predation
by sea otters, cycles of diseases, and introduction of sea urchin fishery. The fishing
down of coastal food webs has in some locations led to the return of kelp forests
devoid of vertebrate apex predators. Large predatory crabs have filled this void in
areas of the western North Atlantic (Steneck et al. 2002).

Pelagic Marine Fisheries

Pelagic marine fish stocks sometimes exhibit sharp changes consistent with regime
shifts (Steele 1996, 1998). Large changes in fish stocks have occurred ever since
the introduction of fisheries (Jackson et al. 2001). Similar rapid and massive
changes have occurred in freshwater ecosystems subject to sport fishing (Post
et al. 2002). Cascading changes are often related to size-structured predation (de
Roos & Persson 2002). Larger individuals of one species eat smaller individuals
of other species. If larger individuals of one species become rare for some reason,
that species’ recruitment can be eliminated by predation from the other species
and perhaps lead to severe decline of the population of the first species. Walters &
Kitchell (2001) call this dynamic “cultivation/depensation.” If adults of the former
species are abundant, they create favorable conditions for their own offspring by
reducing the abundance of the latter species. If adults of the former species are
overfished, expansion of latter species may permanently prevent reestablishment
of the former species.

Savannas

Marked fluctuations in grass and woody plant biomass are a characteristic feature
of savannas, because of their highly variable rainfall, and primary productivity
varies up to tenfold from one year to the next (Kelly & Walker 1976). Herbivores
cannot respond fast enough to track these fluctuations, and the accumulation of
grass during wet periods means periodic accumulation of fuel and, therefore, fires.
The net effect of fires has been to maintain savanna rangelands in more open,
grassy states than would be achieved without fires (Scholes & Walker 1993).
The interaction of fire, herbivory, and variable rainfall has resulted in a grass-
shrub-livestock system that exhibits regime shifts between an open, grassy state
and a dense, woody state, particularly where humans have altered the pattern and
intensity of grazing (Anderies et al. 2002). Establishment of shrub seedlings occurs
in wet periods when the seedlings can get their roots below the grass-rooting zone
to survive the first dry season. A vigorous grass layer for the first few years strongly
suppresses established seedlings, but once established, grasses have little effect on
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woody plant growth. Fire has little effect on grasses because it occurs at the end
of the dry season when grasses are dormant, but it has a severe effect on woody
plants by killing many and reducing others to ground level.

The change from a grassy to a woody state comes about through a combination
of sustained grazing pressure and lack of fire. Periods of drought with high stock
numbers bring about the death of perennial grasses and lead to reduced grass
cover. When followed by good rains this reduced grass cover, in turn, leads to a
profusion of woody seedlings. If, at this point, all livestock were removed, enough
grass growth would still occur to enable an effective fire and keep the system
in a grassy state. However, if grazing pressure is sustained a point is reached in
the increasing woody:grass biomass ratio after which, even if all livestock are
removed, the competitive effect of the woody plants is such that it prevents the
build up of sufficient grass fuel to sustain a fire. The system then stays in the woody
state until the shrubs or trees reach full size and, through competition among them,
begin to die. The vegetation then opens up for the reintroduction of grass and fire.
This process can take 30 or 40 years.

The flip in the rangeland occurs when the resilience of the grassy state has
been exceeded—that is, when the amount of change in the ratio of grass:woody
vegetation needed to push the system into the woody state falls within the range of
the annual fluctuations of this ratio (because of fluctuations in rainfall and grazing
pressure). Once this situation is reached, the conditions needed to flip the system
(e.g., a period of low rainfall) will inevitably follow.

Forests

The boreal forests of North America experience distinctive outbreaks of the spruce
budworm, with 30 to 45 years and occasionally 60 to 100 years between outbreaks.
This defoliating insect destroys large areas of mature softwood forests, principally
spruce and fir. Once the softwood forest is mature enough to provide adequate
food and habitat for the budworm, and if a period of warm dry weather occurs,
budworm numbers can increase sufficiently to exceed the predation rate and trigger
an outbreak. A local outbreak can spread over thousands of square kilometers
and eventually collapse after 7 to 16 years. Programs of spraying insecticide to
control spruce budworm outbreaks exacerbated the conditions for outbreaks over
even more extensive areas (Holling 1978). After a defoliation event, aspen and
birch often dominate the regenerating forest, but over a period of 20 to 40 years,
selective browsing by moose can shift this forest back to a state dominated by
conifers (Ludwig et al. 1978).

Browsing that causes change in dominance between tree species that have
different effects on ecosystem functions can lead to dramatic effects in forest
ecosystems. For example, the gradual reduction of willows by ungulates on the
Alaskan floodplain makes room for nitrogen-fixing alders that increase soil fertility
and cause overall vegetation change. In the mountain range of Scandinavia, birches
dominate young stands, followed by Norway spruce in the forest succession. If
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the birches are heavily browsed by ungulates, spruce does not get shelter and
fails. Instead, pines may establish and become dominant, which causes long-term
changes in soil fertility (Danell et al. 2003). Forestry and hunting policies affect
and shape those trajectories.

Shifts in forest cover, associated with management of fire regimes, in the well-
drained soils of the southeastern United States reflect alternate states (Peterson
2002). A pine-dominated savanna, with grasses, palms, or shrubs in the under-
story, historically covered the region and was the result of frequent ground fires.
Hardwood shrubs would invade during fire-free periods but their dominance was
inhibited by frequent burning. Because of fire suppression and fragmentation of
the landscape, fire frequency decreased and led to either mixed pine-hardwood
forests or hardwood forests. Once a canopy of hardwoods is established, the site
becomes less flammable and precludes pine regeneration (Peterson 2002).

Regime Shifts and Irreversibility

In some cases, regime shifts may be largely irreversible. Loss of trees in cloud
forests is one example. In some areas, the forests were established under a wet-
ter rainfall regime thousands of years previously. Necessary moisture is supplied
through condensation of water from clouds intercepted by the canopy. If the trees
are cut, this water input stops and the resulting conditions can be too dry for
recovery of the forest (Wilson & Agnew 1992).

A continental-scale example of an irreversible shift seems to have occurred in
Australia, where overhunting and use of fire by humans some 30,000 to 40,000
years ago removed large marsupial herbivores. Without large herbivores to pre-
vent fire and fragment vegetation, an ecosystem of fire and fire-dominated plants
expanded and irreversibly switched the ecosystem from a more productive state,
dependent on rapid nutrient cycling, to a less productive state, with slower nutri-
ent cycling (Flannery 1994). Similarly, extinction of megafauna at the end of the
Pleistocene in Siberia, possibly through improvement in hunting technology, may
have triggered an irreversible shift from steppe grassland to tundra. The result-
ing increase in mosses led to cooler soils, less decomposition, and greater carbon
sequestration in peat (Zimov et al. 1995).

VULNERABILITY THROUGH HUMAN-INDUCED
LOSS OF RESILIENCE

As illustrated by the foregoing examples, undesired shifts between ecosystem
states are caused by the combination of the magnitudes of external forces and the
internal resilience of the system. As resilience declines, the ecosystem becomes
vulnerable, and progressively smaller external events can cause shifts. Human
actions have increased the likelihood of undesired regime shifts. In Figure 2, we
summarize shifts into less desired states as a consequence of human-induced loss
of resilience.
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Figure2 Alternate states in a diversity of ecosystems (1, 4) and the causes (2) and triggers
(3) behind loss of resilience and regime shifts. For more examples, see Thresholds Database
on the Web site www.resalliance.org.

Humans have, over historical time but with increased intensity after the indus-
trial revolution, reduced the capacity of ecosystems to cope with change through a
combination of top-down (e.g., overexploitation of top predators) and bottom-up
impacts (e.g., excess nutrient influx), as well as through alterations of disturbance
regimes including climatic change (e.g., prevention of fire in grasslands and for-
est or increased bleaching of coral reefs because of global warming) (Nystrom
et al. 2000, Paine et al. 1998, Worm et al. 2002). The result of those combined
impacts tends to be leaking, simplified, and “weedy” ecosystems characterized by
unpredictability and surprise in their capacity to generate ecosystem services.

The likelihood that an ecological system will remain within a desired state is
related to slowly changing variables that determine the boundaries beyond which
disturbances may push the system into another state (Scheffer & Carpenter 2003).
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Consequently, efforts to reduce the risk of undesired shifts between ecosystem
states should address the gradual changes that affect resilience rather than focus
all effort into trying to control disturbance and fluctuations. The slowly changing
variables include such things as land use, nutrient stocks, soil properties, freshwater
dynamics, and biomass of long-lived organisms (Gunderson & Pritchard 2002).
In the following sections we focus on biological diversity as a slowly changing
variable and its significance in ecosystem resilience.

Trophic Cascades

Loss of top predators can increase the vulnerability of aquatic ecosystems to eu-
trophication by excessive nutrient input (Carpenter 2003). In manipulations of
whole-lake ecosystems, removal of top predators allows primary producers to re-
spond much more strongly to experimental inputs of nutrients (Carpenter et al.
2001a). The mechanism is a trophic cascade—in the absence of top predators,
planktivorous fishes become abundant, and grazing zooplankton are suppressed.
When nutrients are added, phytoplankton grow unconstrained by grazers.

Over human history, removal of top predators from nearshore marine ecosys-
tems through fishing may have increased the vulnerability of the ecosystems to
coastal nutrient inputs and paved the way for impacts such as eutrophication, algal
blooms, disease outbreaks, and species introductions in coastal areas (Jackson et al.
2001). In the Black Sea, for example, overfishing and eutrophication changed the
ecosystem from one dominated by piscivorous fishes (bluefish, bonito) and dol-
phins to one dominated by jellyfish, small-bodied planktivorous fishes, and phyto-
plankton (Daskalov 2002, Zaitsev & Mamaev 1997). In the Baltic Sea, removal of
top predators such as seals (through pollution and hunting), fishing pressure, and
influx of excessive nutrients have caused widespread eutrophication and oxygen
deficiency in deeper waters that have wiped out important food chains over nearly
100,000 km? of sea bottom (Elmgren 1989).

Trophic cascades occur in a diversity of ecosystem, and examples are known
from terrestrial systems (Pace et al. 1999). Trophic cascades are becoming another
signature of the vast and growing human footprint (Terborgh et al. 2001). Cascading
provides nonlinear and often surprising changes in ecosystem dynamics and may
lead to regime shifts (Diaz & Cabido 2001). Trophic cascades seem to be less
likely under conditions of high diversity or extensive omnivory in food webs (Pace
et al. 1999).

BIODIVERSITY AND RESILIENCE DYNAMICS

The diversity of functional groups in a dynamic ecosystem undergoing change, the
diversity within species and populations, and the diversity of species in functional
groups appear to be critical for resilience and the generation of ecosystem services
(Chapin et al. 1997, Luck et al. 2003). Two aspects of diversity are distinguished:
functional-group diversity and functional-response diversity.
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Functional-Group Diversity

Functional groups of species in a system refers to groups of organisms that polli-
nate, graze, predate, fix nitrogen, spread seeds, decompose, generate soils, modify
water flows, open up patches for reorganization, and contribute to the colonization
of such patches. The persistence of functional groups contributes to the perfor-
mance of ecosystems and the services that they generate. Loss of a major func-
tional group, such as apex predators, other consumers, or benthic filter-feeders,
may, as previously discussed, cause drastic alterations in ecosystem functioning
(Chapin et al. 1997, Duffy 2002, Jackson et al. 2001).

However, in systems that lack a specific functional group, the addition of just
one species may dramatically change the structure and functioning of ecosystems
(Chapin et al. 2000). In Hawaii, the introduced nitrogen-fixing tree Myrica faya
has dramatically changed the structure and function in ecosystems where no native
nitrogen-fixing species had been present. Once established, M. faya can increase
nitrogen inputs up to five times, thereby facilitating establishment of other exotic
species (Vitousek et al. 1987). Studies of coastal environments and reefs sug-
gest that more diverse ecosystems are less sensitive to invasion of exotic species
(Knowlton 2001, Stachowicz et al. 1999).

Functional-Response Diversity

Recently, Naecem & Wright (2003) argued that functional-response traits should
be considered and distinguished from functional-effect traits when analyzing bio-
diversity effects on ecosystem functioning. Variability in responses of species
within functional groups to environmental change is critical to ecosystem resilience
(Chapin et al. 1997, Norberg et al. 2001). Elmqvist et al. (2003) call this property
response diversity, and it is defined as the diversity of responses to environmen-
tal change among species that contribute to the same ecosystem function. For
example, in lake systems, animal plankton species with higher tolerance to low
pH sustain the grazing function on phytoplankton during acid conditions (Frost
et al. 1995). In semiarid rangelands, resilience of production to grazing pressure
is achieved by maintaining a high number of apparently less important and less
common, or apparently “redundant,” species from the perspective of those who
want to maximize production, each with different capacities to respond to dif-
ferent combinations of rainfall and grazing pressures. The species replace each
other over time, which ensures maintenance of rangeland function over a range of
environmental conditions (Walker et al. 1999).

The role of genetic and population diversity for response diversity is illus-
trated through sockeye salmon production in the rivers and lakes of Bristol Bay,
Alaska. Several hundred discrete spawning populations display diverse life-history
characteristics and local adaptations to the variation in spawning and rearing habi-
tats. Geographic regions and life-history strategies that were minor producers
during a certain climatic regime have been the major producers during other
climatic regimes, which allowed the aggregate of the populations to sustain its
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productivity in fluctuating freshwater and marine environments. The response
diversity of the fish stocks has been critical in sustaining their resilience to en-
vironmental change. Such management is in stark contrast to the common focus
on only the most productive runs at a certain moment in time (Hilborn et al. 2003).

Springer et al. (2003) propose that the decimation of the great whales since the
World War II caused their foremost natural predator, killer whales, to begin feeding
more intensively on seals, sea lions, and sea otters, which are the major predators
on sea urchins, thereby possibly contributing to shifts from kelp-dominated to sea-
urchin-dominated coastal areas. In areas where sea-urchin predator diversity is low
(e.g.,in western North Atlantic and Alaska), the transition between kelp dominance
and sea-urchin dominance has been rapid, frequent, widespread, and often long
lasting. In southern California, where the diversity of predators, herbivores, and
kelps is high, deforestation events have been rare or patchy in space and short in
duration, and no single dominant sea-urchin predator exists (Steneck et al. 2002).
Functional redundancy and response diversity may contribute to the resilience of
kelp forests in California.

An important distinction should be made between real redundancy and ap-
parent redundancy, which involves response diversity within functional groups.
Functional redundancy refers to the number of species that perform the same
function. Adding more species does not lead to increased system performance
where there is real functional redundancy. Furthermore, if this set of functionally
redundant species does not exhibit any response diversity, they do not contribute
to the insurance value.

We argue that the biodiversity insurance metaphor needs to be revived with
a focus on how to sustain ecosystem resilience and the services it generates in
the context of multiple-equilibrium systems and human-dominated environments
(Folke et al. 1996). Ecosystems with high response diversity increase the likelihood
for renewal and reorganization into a desired state after disturbance (Chapin et al.
1997, Elmgqvist et al. 2003).

Biodiversity in Ecosystem Renewal and Reorganization

Recovery after disturbance has often been measured as return time to the equi-
librium state. Frequently, the sources of ecosystem recovery have been taken for
granted and the phases of ecosystem development that prepare the system for suc-
cession and recovery largely neglected. Disturbance releases the climax state and is
followed by renewal and reorganization. We refer to those phases as the back-loop
of ecosystem development (Gunderson & Holling 2002). Functional roles in the
back-loop and sources of resilience are critical for sustaining an ecosystem within
a desired state in the face of change (Nystrom & Folke 2001).

In coral reef systems, three functional groups of herbivores, dominated by fishes,
play different and complementary roles in renewing and reorganizing reefs into
a coral-dominated state after disturbance. These groups—grazers, scrapers, and
bioeroders—prepare the reef for recovery. Bioeroding fishes remove dead corals
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and other protrusions, which exposes the hard reef matrix for new settlement of
coralline algae and corals. Grazers remove seaweed, which reduces coral over-
growth and shading by macroalgae. Scrapers remove algae and sediment by close
cropping, which facilitates settlement, growth, and survival of coralline algae and
corals. Without bioeroders, recovery may be inhibited by extensive stands of dead
staghorn and tabular coral that can remain intact for years before collapsing and
taking with them attached coral recruits. Without grazers, algae can proliferate and
limit coral settlement and survival of juvenile and adult colonies. Without scrapers,
sediment-trapping algal turfs develop that smother coral spat and delay or prevent
recovery. The extents to which reefs possess these functional groups are central to
their capacity to renew and reorganize into a coral-dominated state in the face of
disturbance (Bellwood et al. 2004).

The biological sources of renewal and reorganization for ecosystem resilience
consist of functional groups of biological legacies and mobile link species and their
support areas in the larger landscape or seascape. For example, large trees serve as
biological legacies after fire and storms in forest ecosystems (Elmqvist et al. 2001,
Franklin & MacMahon 2000), and seed banks and vegetative propagules play the
same role in tundra ecosystems (Vavrek et al. 1999). Mobile link species con-
nect habitats, sometimes widely separated in space and time (Lundberg & Moberg
2003). For example, vertebrates that eat fruit, such as flying foxes, play a key
functional role in the regeneration of tropical forests hit by disturbances such as
hurricanes and fire by bringing in seeds from surrounding ecosystems that result in
renewal and reorganization (Cox et al. 1991, Elmqvist et al. 2001). The functional
group of grazers on coral reefs connect a wide range of spatial scales from cen-
timeters, such as amphipods and sea urchins, to thousands of kilometers, such as
green turtles (Elmqvist et al. 2003). By operating at different spatial and temporal
scales, competition among species within the guild of grazers is minimized, and the
robustness over a wider range of environmental conditions is enhanced (Peterson
et al. 1998). Such response diversity plays a significant role in the capacity of
ecosystems to renew and reorganize into desired states after disturbance.

Metapopulation analyses have largely focused on dispersal, connectivity, re-
covery, and life history of species, populations, and communities. Great potential
lies in redirecting this knowledge into addressing the role of functional groups and
response diversity in ecosystem resilience that considers the central role of human
actors in this context.

A number of observations suggest that biodiversity at larger spatial scales (i.e.,
landscapes and regions) ensures that appropriate key species for ecosystem func-
tioning are recruited to local systems after disturbance or when environmental
conditions change (Bengtsson et al. 2003, Nystrom & Folke 2001, Peterson et al.
1998). The current emphasis on setting aside “hot spot” areas of diversity and
protecting species richness in reserves will in itself not be a viable option in
human-dominated environments (Folke et al. 1996). Present static reserves should
be complemented with dynamic reserves, such as ecological fallows and dynamic
successional reserves (Bengtsson et al. 2003), and serve as one important tool
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that contributes to sustaining the configuration of functional groups and response
diversity required for renewing and reorganizing desired ecosystem states after
disturbance. In this sense, biological diversity provides insurance, flexibility, and
risk spreading across scales in dynamic landscapes and seascapes.

Hence, spatial and temporal relations of functional groups that renew and help
reorganize ecosystem development after disturbance, and their response diversity,
will influence the ability of ecosystems to remain within desired states.

MANAGING RESILIENCE FOR DEVELOPMENT

Archaeological research indicates that over time human societies have degraded
the capacity of ecosystems to sustain societal development (Redman 1999, van
der Leeuw 2000). Historical overfishing of coastal waters has created simplified,
leaky, and weedy ecosystems that rapidly respond to external influences in an
unpredictable fashion (Jackson et al. 2001). A shifting baseline, an incremental
lowering of environmental standards over time (Pauly 1995), may occur, and each
new human generation may adapt to the new conditions of less diverse and less
productive ecosystems.

Our review clearly illustrates that regime shifts in ecosystems are, to a large ex-
tent, driven by human actions. A combination of top-down impacts, such as fishing
down food webs and losing response diversity and functional groups of species, and
bottom-up impacts, such as accumulation of nutrients, soil erosion, or redirection
of water flows, as well as altered disturbance regimes, such as suppression of fire
and increased frequency and intensity of storms, have shifted several ecosystems
into less desired states with diminished capacities to generate ecosystem services.

Shifts from desired to less desired states may often follow gradual loss of
ecosystem resilience. Resilience has multiple attributes, but four aspects are critical
(Walker et al. 2004):

1. Latitude is the maximum amount the system can be changed before losing
its ability to reorganize within the same state; basically it is the width of the
stability domain or the basin of attraction.

2. Resistance is the ease or difficulty of changing the system; deep basins of
attraction indicate that greater disturbances are required to change the current
state of the system away from the attractor.

3. Precariousness is how close the current trajectory of the system is to a
threshold that, if breached, makes reorganization difficult or impossible.

4. Cross-scale relations (i.e., panarchy) is how the above three attributes are
influenced by the states and dynamics of the (sub)systems at scales above
and below the scale of interest.

Ecosystem management of resilience, biodiversity, and regime shifts needs to
address those attributes. Such an initiative will require adaptability among the
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actors involved in ecosystem management (Berkes et al. 2003). Adaptability is the
capacity of actors in a system to manage resilience in the face of uncertainty and
surprise (Gunderson & Holling 2002). Humans are a part of, and not apart from, the
trajectory and stability domain of the system and will, to a large extent, determine
their own paths through management of the ecosystem. Human actors can (a) move
thresholds away from or closer to the current state of the system by altering latitude,
(b) move the current state of the system away from or closer to the threshold by al-
tering precariousness, or (¢) make the threshold more difficult or easier to reach by
altering resistance. Actors can also manage cross-scale interactions to avoid or in-
stigate loss of resilience at larger and more catastrophic scales (Holling et al. 1998).

Human actions have often altered slowly changing ecological variables, such
as soils or biodiversity, with disastrous social consequences that did not appear
until long after the ecosystems were first affected. A current major problem in
this context is the large-scale salinization of land and rivers in Australia. About
5.7 million hectares are currently at risk for dryland salinity, and the amount of
land at risk could rise to over 17 million hectares by 2050. Extensive land clearing
during the past 200 years has removed native woody vegetation to make way for
agricultural crops and pasture grasses that transpire much less water. Thus, more
water is infiltrating the soils and causing groundwater tables to rise. The rising
water mobilizes salts and causes problems with salinity both in rivers and in the
soils, which severely reduces the capacity for plant growth (Gordon et al. 2003).
Increased vulnerability, as a consequence of loss of resilience, places a region on
a trajectory of greater risk of the panoply of stresses and shocks that occur over
time (Kasperson et al. 1995).

Most semiarid ecosystems have suffered from severe overexploitation by ex-
cessive grazing and agriculture that resulted in depletion of vegetation biomass and
soil erosion. These changes are often difficult to reverse because of positive feed-
backs that stabilize the new situation. According to one hypothesis, rainy periods
associated with El Nifio can be used in combination with grazer control to restore
degraded ecosystems (Holmgren & Scheffer 2001). Removing grazers to regener-
ate vegetation during normal years will not be sufficient, because conditions are too
dry. Also, wet years do not allow regeneration if grazers remain present. However,
removing grazers during a wet year pulse may tip the balance and allow reorgani-
zation into a more desired state, and this pulse management may be sufficient for
the state to remain intact, subject to grazing. Clearly, responding to El Nifio as an
opportunity for shifting an ecosystem back to the desired state demands a highly
responsive social system, organized for rapid and flexible adaptation (Berkes et al.
2003).

Attimes, human societies or groups may find themselves trapped in an undesired
basin of attraction that is becoming so wide and so deep that movement to a
new basin, or sufficient reconfiguration of the existing basin, becomes extremely
difficult. A major challenge in ecosystem management is to develop social and
ecological capacity to transform such an undesired basin into a fundamentally new
and more desirable configuration, a new stability landscape defined by different
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state variables or old state variables supplemented by new ones. We call this
challenge transformability, that is, the capacity to create untried beginnings from
which to evolve a fundamentally new way of living when existing ecological,
economic, and social conditions make the existing system untenable (Walker et al.
2004). The new way of living requires social-ecological resilience to cope with
future change and unpredictable events (Olsson et al. 2004).

Resilience-building management needs to be flexible and open to learning. It
attends to slowly changing, fundamental variables such as experience, memory,
and diversity in both social and ecological systems (Folke et al. 2003). The crucial
slow variables that determine the underlying dynamic properties of the system
and that govern the supply of essential ecosystem services need to be identified
and assessed. The processes and drivers that determine the dynamics of this set of
crucial variables need to be identified and assessed. The role of biological diversity
in ecosystem functioning and response to change should be explicitly accounted
for in this context and acknowledged in resilience-building policies.

CONCLUSIONS

Ecosystems can be subject to sharp regime shifts. Such shifts may more easily
occur if resilience has been reduced as a consequence of human actions. Human
actions may cause loss of resilience through the following methods:

® removal of functional groups of species and their response diversity, such as
the loss of whole trophic levels (top-down effects),

® impact on ecosystems via emissions of waste and pollutants (bottom-up ef-
fects) and climate change, and

® alteration of the magnitude, frequency, and duration of disturbance regimes
to which the biota is adapted.

Loss of resilience through the combined and often synergistic effects of those
pressures can make ecosystems more vulnerable to changes that previously could
be absorbed. As a consequence, they may suddenly shift from desired to less
desired states in their capacity to sustain ecosystem services to society. In some
cases, these shifts may be irreversible (or too costly to reverse). Irreversibility is
a reflection of changes in variables with long turnover times (e.g., biogeochemi-
cal, hydrological, or climatic) and loss of biological sources and interactions for
renewal and reorganization into desired states.

In light of these changes and their implication for human well-being, the ca-
pacities for self-repair of ecosystems can no longer be taken for granted. Active
adaptive management and governance of resilience will be required to help sustain
or create desired states of ecosystems. A first step in this direction is to understand
better the interactions between regime shifts, biological diversity, and ecosystem
resilience.
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