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ABSTRACT
Current natural resource management seldom
takes the ecosystem functions performed by organisms that move between systems into consideration.
Organisms that actively move in the landscape and
connect habitats in space and time are here termed
"mobile links." They are essential components in
the dynamics of ecosystem development and ecosystem resilience (that is, buffer capacity and opportunity for reorganization) that provide ecological memory (that is, sources for reorganization after
disturbance). We investigated the effects of such
mobile links on ecosystem functions in aquatic as
well as terrestrial environments. We identify three
main functional categories: resource, genetic, and
process linkers and suggest that the diversity within
functional groups of mobile links is a central component of ecosystem resilience. As the planet becomes increasingly dominated by humans, the
magnitude, frequency, timing, spatial extent, rate,

and quality of such organism-mediated linkages are
being altered. We argue that global environmental
change can lead to (a) the decline of essential links
in functional groups providing pollination, seed dispersal, and pest control; (b) the linking of previously disconnected areas, for example, the spread of
vector-borne diseases and invasive species; and (c)
the potential for existing links to become carriers of
toxic substances, such as persistent organic compounds. We conclude that knowledge of interspatial exchange via mobile links needs to be incorpoand policy-making
rated into management
decisions in order to maintain ecosystem resilience
and hence secure the capacity of ecosystems to
supply the goods and services essential to society.
Keywords: mobile links; ecosystem functioning;
global environmental change; ecosystem services;
ecological memory; biodiversity; functional groups;
resilience; management; invasive species.

Odum 1989). Organisms that actively move between habitats and ecosystems are important providers of such services. We refer to these organisms,
which support essential functions by connecting
areas to one another and contribute to ecosystem
resilience (Holling 1973), as "mobile link species" or
"mobile links" (Gilbert 1980; Moberg and Folke
1999; Myers 1993). Mobile links provide a multitude of different functions, such as pollination
(Allen-Wardell and others 1998; Buchmann and
Nabhan 1996), seed dispersal (Hutchins and others
1996), the translocation of nutrients (Meyer and

INTRODUCTION
In addition to the ecosystem services of direct value
to human society, such as the production of food,
timber, and recreational services, there are indirect
services that are of crucial importance for ecosystem
functioning and the delivery of goods and services
over the long term (Chapin and others 2000;
Costanza and others 1997; Daily 1997; Folke 1991;
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Schultz 1985; Polis and others 1997), and grazing
(Carpenter 1986; Walker 1993). Therefore, they
often have pivotal effects on ecosystem processes,
especially following disturbance,through their input of, for example, seeds, pollen, mycorrhiza,as
well as essential processes such as grazing.Furthermore, they are essential components of ecological
memory (Bengtsson and others forthcoming;Nystr6m and Folke 2001).
Organisms that have mobile link functions can
have substantial effects on ecosystem functioning
and structure (Millsand others 1993). In this sense,
they often provide functions analogously to keystone species (Paine 1969). However, the classic
keystone species concept has focused on the experimental manipulation of less mobile top-level carnivores and their top-down effects. Hence, studies
of the functional role of biological diversity have
traditionallyconcentratedon single habitatsor ecosystems, often in small experimentalplots or enclosures, and have typicallydealt with only one or two
trophic levels (Chapinand others 2000; Naeem and
others 1994; Schindler 1998; Tilmanand Downing
1994). The effect of biodiversity loss on ecosystem
dynamics and species interactions across system
boundaries has received less attention (Peterson
and others 1998). The study of animal migrationis
certainly not a new phenomenon, and much has
been learned since 1555, when the archbishopof
Uppsala, Sweden, proclaimed that swallows spent
the winter under water (Baker 1980). In recent
years, the study of the migrationof animalsor their
movement between patches in the landscape has
become one of the central themes of theoretical
ecology and appliedconservationbiology (Ormerod
and Watkinson 2000).
Thus far, these biotic vectors have not been considered to the same extent in terms of their role in
the functioning and dynamics of ecosystems, but
the situation is changing. There is a growing appreciation among ecologists that flows of matter and
organisms can link seemingly isolated systems and
exert a substantial influence on local patterns and
dynamics (Hilderbrandand others 1999; Huxel and
McCann 1998; Polis and others 1997). In a humandominated environment (Vitousek and others
1997b), the influence of surroundingsystems often
becomes more conspicuous. The various components of global environmentalchange (for example,
land-use change, habitat fragmentation, climate
change, pollution, exploitation) have both a direct
impact on ecosystem processes (for example,
through altered disturbance regimes) (Paine and
others 1998) and indirect effects mediated through
changes in ecosystem composition and diversity

(Tilman 1998). Thus, global environmental change
may lead to both qualitativeand quantitativeshifts
in a variety of ecosystem processes (Chapin and
others 2000; Tilman 1998; Vitousek and others
1997a).
The rate, timing, duration,frequency, and spatial
extent of a mobile link function could all be affected
(Dukes and Mooney 1999; Harringtonand others
1999; Hughes 2000), leading to profound changes
in local ecosystems (Post and others 1998). For
example, the lack of pollinatorsand seed dispersers
might lead to recoveryfailuresand phase shifts after
disturbances (Buchmann and Nabhan 1996; Cox
and others 1991). In addition, so that an existing
organism-mediated link could contribute to the
spreadof aggressivealien species (Larosaand others
1985; Simberloff and von Holle 1999; Woodward
and others 1990), genetically modified organisms
(Scheffler and Dale 1994), disease (Epstein 1999),
pathogens (Olsen and others 1995), or pollutants
(Ewald and others 1998).
In this article,we identify differentfunctions provided by mobile links and analyze a number of cases
where human-induced global environmental
change has altered their functioning. We focus on
how the altered functioning of mobile links could
affect ecological or ecosystem resilience (Holling
1973). Ecosystem resilience provides insurance to
societies, in terms of sustaininga flow of ecological
goods and services (Costanza and others 2000;
Folke and others 1996). Consequently, we conclude that knowledge of the exchange among spatial units via mobile links should be integratedinto
natural resources management and policy making.
This is an important measure that can secure ecosystem functioning and reduce the risk of unnecessary surprisesfor human societies due to the loss of
resilience.

MOBILELINKSAS IMPORTANT
COMPONENTS
OF ECOLOGICAL
MEMORY
AND ECOSYSTEM
RESILIENCE
A mobile link is an animal connecting either two
different kinds of patches or two patches of the
same kind with some kind of "barrier"between
them. The patches may be ecosystems in the landscape, or smallerbiotopes within a habitat, or other
types of interactinglandforms.
In this article, we assess the functional role of
mobile link organisms, and especially their role in
maintaining the resilienceand dynamicfunctioning
of ecosystems. Ecosystem resilience is the magnitude of disturbance that can be absorbed by a sys-
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Figure 1. (a) As providers
of externalecologicalmemory (for example, by carrying seeds and pollen, or by
grazing),mobile link species
are importantfor resilience.
Thisis of specialconcern
aftera disturbancehas reduced internalecological
memory (biologicallegacies).
Mobilelinks can also link
patcheswithin the disturbed
site and reallocateinternal
ecologicalmemory (dotted
arrows).(b) A mobile link
speciescan provideseveral
functionssimultaneouslyor
at differentlife stages.Hence,
the functionalcategoriesof
mobile links (resource,genetic, and processlinkers)
are not mutuallyexclusive.

tem before it shifts from one stable state (or stability
domain) to another (Holling 1973). Ecosystem resilience entails not only the capacity to reorganize
and reestablish following disturbance, but also the
ability of a system to renew itself through the maintenance of a diversity of options for development
and evolution (Holling and others 1995).
After disturbance, an ecosystem is open for new
successional pathways, allowing for chance events
and new species compositions and interactions.
Which pathway the system will follow is the product of several features. These features, which determine the capacity of ecosystems to reestablish their
former functions and avoid phase shifts following
disturbance (Scheffer and others 2001), have been
termed "ecological memory", which is the historical
component of resilience (Bengtsson and others
forthcoming; Nystrom and Folke 2001). Following
the disturbance of an ecosystem, biological legacies
(internal ecological memory) include surviving organisms (residuals), organic materials, and the organically generated environmental patterns that
persist through a disturbance and serve as foci for
regeneration and recolonization (T. Elmqvist and
others unpublished; Franklin and MacMahon 2000;
Thompson and others 2001). External ecological
memory is the availability of assemblages (refugia)
of plants and animals outside the disturbed area
that act as sources for its recolonization. The larger
a disturbance and the more damage it causes within
an ecosystem, the greater its relative dependence
on external ecological memory for the reestablish-

ment of ecosystem functions (Duncan and Chapman 1999) (Figure la).
Mobile links are key components of external ecological memory, acting, as vectors for seeds, pollen,
eggs, larvae, mycorrhiza, nutrients, and even other
organisms through their trophic and nontrophic
interactions with other species surviving at the disturbed site. In this sense, they are important factors
in determining the direction of ecosystem development after disturbance (Cox and Elmqvist 2000;
Nystr6m and Folke 2001). For the components of
ecological memory (biological legacies, mobile
links, refugia, and support areas), the degree of
diversity found within functional groups and their
redundancy seem to be factors that play a major
role in sustaining critical ecosystem processes (Nystr6m and Folke 2001; Peterson and others 1998). A
"functional group" (for example, herbivores and
pollinators) is defined as a set of species that performs similar but not identical ecological roles
(Levin 1998; Walker and others 1999). Peterson
and others (1998) have suggested that resilience is
generated by diverse, overlapping function within a
scale and by redundant species that operate at different scales.
As an illustrative example of the importance of
diversity within functional groups of mobile links,
we will consider the fruit-eating flying foxes-native
to Samoa and several other Pacific islands. Due to
the impact of human activities they are more or less
the only remaining species capable of pollinating
and dispersing the seed of a large proportion of the

90

J. Lundbergand F. Moberg

islands' canopy tree species (Steadman and Kirch
1990). Flying foxes enhance recolonization after
disturbances and can therefore be regardedas key
components of ecosystem dynamics and development (Cox and Elmqvist 2000; Cox and others
1991). However, the pollination and seed dispersal
functions seem fragilebecause there is little redundancy due to the low diversity within this functional group.
FUNCTIONALGROUPS OF MOBILE LINKS
There are three different categories of mobile link
organisms: Resourcelinkersare animals that transport and translocate essential resources, such as
organic material, nutrients, and minerals. Genetic
linkers,such as seed dispersersand pollinators,are
organisms that carry genetic information between
habitats. Processlinkersinclude organismsthat connect habitats by providing, or supporting,an essential process (for example, grazers, which structure
the development of plant communities, or insecteating birds, which control noxious pests); however, process linkers can also be involved in nontrophic interactions, hence influencing the
physicochemical environment rather than the trophic web (see Table 1).
These three categories are not mutually exclusive. Often a species may performseveral functions
simultaneously or at different times (for example,
during different life stages) (Figure lb). For each
category, we will illustrate, with a few examples
from terrestrial as well as aquatic systems, how
these mobile links influence ecosystem functioning
and resilience.

land annually. The activities of dense aggregations
of wetland birdssuch as geese and duckscan lead to
substantialnutrient loading, affectingwater quality
and vegetation growth, as well as fostering disease
outbreaks (Post and others 1998). Such resource
linkers contributed, for example, 27% of all nitrogen, 69% of all carbon,and 70% of all phosphorus
that entered Wintergreen Lake in southwestern
Michigan from external sources (Mannyand others
1994).
Hilderbrandand others (1999) also describedthe
important role played by two interacting mobile
link species, spawning salmon and brown bear (Ursus arctos), in transportingmarine nitrogen into forest ecosystems in the KenaiPeninsula,Alaska.They
estimated that over 15% of the total nitrogen in
spruce foliage within 500 m of the stream was
derived from marine systems via salmon. Of that
amount, bears had distributed more than 80%.
Similarly,migratingfish in coral reefs may, through
excretion and defecation, transfer essential nutrients and minerals from adjacentecosystems to primary producing corals in nutrient-poor areas; in
addition, they can transportlimiting nutrients from
one part of a coral reef to another (Geesey and
others 1984; Meyer and Schultz 1985). However,
massive nutrient enrichment originatingfrom mobile links can also be harmfulto vegetation and lead
to long-term changes in species compostion and
community structure (Leenetvaar1967; Onuf and
others 1977).
Genetic Linkers

Fluxes across habitatsoften bringboth nutrient and
energy resources from areas of higher productivity
into areas of low productivity. These inputs can
alter the consumption rates of consumer and predator species in the recipient food webs, thereby
influencing food web stabilityand sometimes leading to cascading effects (Huxel and McCann 1998).
Seabirdsdeposit large quantities of nutrient-rich
guano on land, thereby reallocatinglarge amounts
of nutrients from sea to land. Locally, this process
can substantially increase terrestrialprimary production and result in small-scale "nutrient-subsidized systems," with significant effects on species
diversity and abundance higher up the food web
(Polis and others 1997; Stapp and others 1999).
Accordingto estimates by Murphy (1981), seabirds

Genetic information linkers are animals that move
genetic material such as pollen, eggs, mycorrhizal
fungi, seeds, larvae, and even other organisms in
the landscape or seascape.Seeds, pollen, and larvae
can be important food resourcesfor many animals,
but here we emphasize the genetic information
component.
Of the estimated 240,000 species of flowering
plants, about 90% are pollinated by animals (Nabhan and Buchmann 1997; Renner 1995). It has
even been suggested that the reproductivesuccess
of plants is often more limited by pollinatorscarcity
than resource scarcity (Burd 1994). The arrival of
seeds from off-site through mobile links is of special
importance on human-disturbed land where the
resources for succession (the internal ecological
memory) are impoverished(Duncan and Chapman
1999). Long-distancedispersalby birdsis important
for remote and isolatedareas where other means of
dispersal are relatively limited. Several Pacific Island floras contain disproportionatenumbersof an-

worldwide transfer

imal-dispersed fruits (Carlquist 1966; Ridley 1930;

Resource Linkers

104-105

tons of phosphorus to

Table 1. Examples of the Three Main Categories of Mobile Link Species (Genetic, Resource, and Process Linker
Health Effects Caused by Mobile Links
Reference

Organism

Resource Linkers
Geesey and others (1984)

Coral fishes

Function/
Effect of Link

Geographic
Setting

Habitat/System

Hum

Transport of minerals and
nutrients from feeding
to resting areas
Guano-mediated energy
and nutrient transport

US Virgin Islands

Coral reef

Over
eu

Baja California,
Mexico

Terrestrial environment
on small islands

Glob
al
ev
Dam
ov

Stapp and others (1999)

Seabirds

Hilderbrand and others (1999)

Bear and salmon

Nutrient transport from
sea to forest

Kenai Peninsula,
Alaska

Sea, river and spruce
forest

Flying foxes

Seed dispersal, pollination

Samoa Islands

Tropical forest

Duncan and Chapman (1999)

Bats and birds

Seed dispersal

Western Uganda

Harrington and others (1999)

Various

Pollination

Various

Deforested agricultural
area
Various

Hun
in
ex
Defo
fr
Incr
di
co
at

Coral fishes
Cattle

Grazing off algae
Grazing

Jamaica
Various

Coral reef
Semiarid rangeland

Over
Incr

Lesser snow
geese

Grazing, grubbing for
roots, creating patches
of barren ground

New Mexico

Temperate wetland

Hab
re
pr
of

Sea urchins

Erosion of coral reef

Kenya

Coral reef

Ove
pr

Salmon

Vectors for persistent
organic compounds
Vector for diseases

Arctic

Ocean

Various

Various

Emi
co
Clim
la
(e
ir

Genetic Information Linkers
Cox and others (1991)

Process Linkers
a. Trophic process linkers
Hughes (1994)
Walker (1993)
b. Nontrophic process linkers
Post and others (1998)

McClanahan and Muthiga
(1988)
Mobile Links and Human Health
Effects (Carriers of Pests,
Disease, or Toxic
Compounds)
Ewald (1998)
Epstein (1999)

Insects

For each example, human-induced environmentalchange affectingthe link is also indicated. The last coluxmndescribeshow human impactsalter the functioning of the link. Arrows u
function; arrows down indicate a decreasedmagnitude.

92

J. Lundbergand F. Moberg

Taylor 1954). An additional function of some genetic information linkers is that seed passage
through vertebratefrugivoresmay enhance or even
be critical for germination (Temple 1977; Traveset
and Willson 1997). Many species of trees with large
seeds and fruits for example, Fagus, QuercusCorylus),

and depend largely on animals that transportand
cache their diaspores. The jay (Garrulusglandarius),

for example, is essential for the regeneration of
temperate oak stands (Quercusrobur).The jays hide
acorns in the soil for future consumption and scatter their storage sites over largeareas.Regeneration
is favored by burying the acorns at a suitabledepth
and on a suitable substratefor germinationand by
protection from drying, freezing, and predationby
seed-eaters (Bossema 1979; J. Lundberg unpublished).
In temperate forests,small mammalsoften spread
mycorrhizalfungi that are criticalto the survivalof
many higher plants (Wilcox and Murphy 1985).
Such an input of mycorrhizalfungi might enhance
recolonization after a disturbance,in particularafter a severe disturbance (for example, intense fire)
that has eradicatedpredisturbancemycorrhiza.
Process Linkers
Process linkers are organisms that connect and
move into habitats by providing, or supporting,an
essential process. This category can be further divided into trophicprocesslinkersand nontrophicprocess
linkers.
TrophicProcessLinkers. This category includes or-

ganisms that play a role in food webs across habitats-that is, cross-habitatforagersand prey.
Mobile link grazers can influence plant species
composition, biomass, productivity, and nutrient
cycling in aquatic as well as terrestrial environments by, for example, maintaining the vegetation
in early successionalstages of high productivityand
selective cropping of otherwise superior competitors (Carpenter 1986; Hobbs and Huenneke 1992;
McNaughton 1985; Tansley and Adamson 1925).
Also important as trophic process linkers are birds,
mammals, and predatorinsects that providenatural
pest control, an importantecosystem service that is
often replaced by expensive pesticides, leading to
ecosystem damage and health impairment (Naylor
and Ehrlich 1997). Mobile links providingsuch pest
control can be actively managed. In Germany, for
example, hedgerows have been planted along the
bordersof fields to attractpredatorinsects that control the potential damageof aphidson the cerealsin
surrounding fields (Schulze and Gerstberger1993).
A similar practice is also followed by the Warilsof
India, who place tree branchesin their paddy fields

to attractbirds that control noxious insects (Pereria
1992). Details for the design of such natural pest
control systems for agriculturecan be found in Altieri (1991).
In coral reefs, herbivorous fishes and invertebrates that migrate between differentreef sites and
adjacent seagrass beds and mangroves are important mobile links (Mobergand Folke 1999). Sufficient grazing intensity is necessaryto keep the substrate in a suitable state for coral larvae to settle
after disturbance(Hixonand Brostoff1996; Pearson
1981) and avoid phase shifts from coral to algal
dominance (Done 1992; Hughes 1994). In coral
reefs, grazing occurs at several differentspatiotemporal scales (Carpenter 1990). The distribution of
functional groups across scales is thought to promote the resilience of ecologicalprocesses,and thus
the ecosystems that are maintained by these processes (Peterson and others 1998).
Nontrophic ProcessLinkers. Another type of pro-

cess linkers influence the physicochemicalenvironment rather than the trophicweb. In the terminology of Jones and others (1994), these are mobile
"allogenicengineers"that change the environment
by transforming living or nonliving material from
one physical state to another, via mechanical processes or other means. These nontrophic process
linkers include sediment operators, nest builders,
and other organisms that trample, scrape, and cut
(but do not eat) plants and organismsto form trails,
mounds, burrows, and wallows or that move, mix,
and structure soils (Huntly 1995; Naiman and others 1988; Snodgrass 1997). Nontrophic process
linkers can alter habitatsuitabilityand facilitatethe
recolonization of species when ecosystems reorganize after disturbance(Hobbsand Huenneke 1992).
A recently discovered nontrophic process linker,
the coral reef "eunicid"worm, gathers and glues
together small lumps of coral to extend its home,
potentially spreadingrock and coral structures.The
introduction of these worms could facilitate the
establishment of reefs on sandy and muddy bottoms, and even help to restore degraded reefs
(Chisholm and Kelley 2001).
Mobile Links as a Part of Disturbance
Regimes
Disturbances triggered by events such as intense
pulses of grazingor insect pests are an inherent part
of the internal dynamics of ecosystems; they serve
to foster renewal and to promote and maintain
species diversity (Holling and others 1995). Some
resourcelinkers and nontrophiclinkersact to create
such important pulses, for example, by grazing intensely for short periods or by altering the accessi-
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bility of prey or nutrients. When these pulses are
transformed by human activities, they can have
profound ecosystem-level effects. For example, the
domestication of cattle on the semiarid savannah,
introducing fenced, sedentary livestock, has transformed a pulse disturbance to persistent grazing
pressure, leading to changes in species composition
and a reduced capacity to buffer against environ.
mental fluctuations that may lead to phase shifts
(Walker 1993). Similar examples of loss of resilience due to altered mobile link-mediated pulses
have been reported for grazing sea urchins in coral
reefs (McClanahan and Muthiga 1988), bird grazing
in temperate wetlands (Kerbes and others 1990),
and reindeer grazing in the Scandinavian alpine
regions (Danell and others 1999).
Altered Mobile Link Functions Due to EcosystemEffects. Global environmental change can indirectly
affect ecosystem processes through changes in ecosystem composition, community structure, and diversity (Tilman 1998). If the diversity within functional groups of mobile links is affected, this can
result in altered resilience, changes in ecosystem
functioning, and the potential for shifts into other
stability domains (Chapin and others 2000; Cox and
others 1991; Nystr6m and others 2001). Changes in
the diversity of mobile links can alter the rate, timing, duration, magnitude, spatial extent, quality,
and frequency of their linking functions, thereby
altering ecosystem dynamics and development (see
Table 1). Altered functioning of mobile links can
either mitigate or exacerbate the effects of global
environmental change. Therefore, it is important to
consider the role of mobile links in ecosystem dynamics and their effects on ecosystem resilience if
we are to reduce the risk of undesirable shifts between stability domains. These shifts can entail the
loss of organisms that support ecosystem function
and the provision of ecological services, with both
direct and indirect social and economic consequences (Brock and others 2001; Folke and others
1996).
Habitat fragmentation and increased pesticide use
are among the major drivers behind what has been
termed "the pollination crisis" (Allen-Wardell and
others 1998). The fragmentation of habitats can
affect the frequency of flower visitation by pollinators, pollen loads, and the possibility of large-scale
movements (Law and Lean 1999). The timing of
pollination can be altered due to global environmental change; for example, Harrington and others
(1999) have suggested that increased carbon dioxide in the atmosphere could lead to a decoupling of
the phenology of flowering plants and their pollinators.
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Diseases and parasites suppress pollinator populations in many parts of the world. For example, the
tracheal mite (Acarapis woodi), a parasite on bees,
has resulted in an $80 million annual loss in managed bee colonies (NASDA 1991). During the past
few years, almond farmers in the United States
have experienced the loss of almost all wild honeybees, with consequent deprivation of their service
as pollinators. To mitigate this loss and restore the
pollination service managed honeybees have been
trucked to California from other states (Watanabe
1994). Other wild pollinators, such as bumblebees,
orchard mason bees, and leafcutter bees, have also
declined due to pesticide misuse and loss of habitat.
This is a case where nearly an entire functional
group of genetic linkers has vanished, with disastrous impacts on ecosystem productivity and vulnerability.
Land-use changes in one area may, through mobile link populations, affect remote areas in unpredictable ways, altering the basic conditions of entire
ecosystems and undermining the delivery of the
ecosystem goods and services (Holling 1988). For
example, the expansion of a group of important
resource linkers in the Bosque del Apache National
Wildlife Refuge, New Mexico, where over 40,000
lesser snow geese (Chencaerulescenscaerulescens)and
Ross's geese (Chenrossii)winter annually, has led to
increased grazing pressure on the shores of Hudson
Bay, resulting in the fundamental destruction of
salt marsh vegetation and a loss of resilience in the
wetland system (Kerbes and others 1990). The density of the geese populations has increased sharply
over the last decades, primarily due to the large
amounts of food made available to the geese by
spring sowing and land-use alterations. The two
species of geese contribute up to 40% of total nitrogen and 75% of total phosphorus import to the
main wetland where the geese roost (Kitchell and
others 1999; Post and others 1998). However, due
to their foraging behavior, these geese populations
also function as trophic process linkers with systemlevel effects.
Overexploitation of natural resources can lead to
unexpected cascading effects in habitats far from
the overharvested area per se due to the activity of
mobile links. For example, in the North Pacific,
overfishing has changed the foraging behavior of
killer whales. In the absence of fish prey, killer
whales moved closer to shore and switched their
diet from fish to sea otters. Because sea otters are
keystone predators on sea urchins, the altered feeding behavior of the killer whales triggered outbreaks of sea urchins,- leading in turn to the defor-
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estation of kelp beds in the nearshore community
(Estes and others 1998).
Mobile Links and BiologicalInvasions. Animals
transportingseeds, pollen, larvae,and eggs can also
act as vectors for alien species, and the introduction
of such invasive species can have far-reachingconsequences for ecosystem functioning and resilience.
Of the 199 representativeinvasive species listed by
Cronk and Fuller (1995), 25% are known to be
dispersed by birds, 14% by mammals, and 1% by
ants (Richardson and others 2000). Some introduced plant species, particularlyficus and orchid
species, also require the introduction of their specific pollinators to become successful invaders. For
example, 60 ficus species did not become invasive
in New Zealand and Florida until the accidental
introduction of their specific wasp pollinators
(Nadel and others 1992). Such alien/alien synergism can lead to acceleration in both invasion and
impact, a process called "invasional meltdown"
(Simberloffand von Holle 1999). In the Hawaiian
forest, the introduced fleshy-fruitedtree Myricafaya
has spread steadily with the help of alien birds
that carry their seeds (Larosa and others 1985).
Richardson and others (2000) believe that such
complexes are widespread and that, coupled with
our continued movement of species around the
world and other components of human-induced
global environmental change, ecosystems are becoming increasingly susceptible to invasion. Such
components include temperature variability,fragmentation or breakdown of barriers,and increased
proportion of early successional stages (Dukes and
Mooney 1999). Introductionsof exotic species have
to a large extent occurred in human-altered and
simplified ecosystems, presumably with a smaller
number of competitors and predators.Ahead of us
we may have a "weedy world"sufferingfrom "ecological homogenization"where invasive species are
increasingly successful in outcompetingnative species (Culotta 1991; Enserink 1999).
MobileLinks and TheirEffectson Human Health.
Climate change can have unexpected effects on
human health caused by vectors such as mosquitoes and mobile link-spread ticks. These vectors
may transmit a variety of diseases, including dengue fever, malaria, yellow fever, and tick-bome
encephalitis, to higher altitudes and latitudesas the
planet warms (Epstein 1999; Lindgrenand others
2000). In addition, accidentalintroductionsof alien
species can have severe effects on human health.
For example, passive transportin aircraftsand ships
has led to the spread of dengue fever and malaria
(Epstein 1999).
Mobile links may also become carriers of delete-

rious material emitted by humans. Ewald and others (1998) reportedthat migratingsalmon transport
polychlorinatedpersistentorganiccompounds such
as PCBs and DDT to pristine subarcticand arctic
areas. Other contaminants that can be transported
by fishes include methyl mercury, pesticide residues, and flame-retardantssuch as PBDEs (GAO
2001). Hence, fishes harvestedin relativelypristine
areas could contain high levels of pollutants deleterious to human health.
The rapid increase in genetically modified crops
has resulted in growing concern over the health
and the environmental impacts of these crops. In
Great Britain, agriculturalfields with genetically
modified organisms are said to be protected from
cross-pollination and from spreading into surrounding systems by a 200-600-m buffer zone
(MAFF2000). Without a small bufferzone, there is
a possibilitythat dispersalby wind, water, and mobile links might contribute to the escape of transgenes or genetically modified organisms (Scheffler
and Dale 1994; Snyder and others 1998).
DISCUSSION
The case studies reviewed here suggest that the
effects of mobile link species on ecosystem functioning can be substantial. Consequently, mobile
links, and their associatedhabitats, should be considered more extensively in our approach to ecosystem management and biodiversityconservation.
They play significant roles in ecosystem dynamics
and help to sustain the capacity of ecosystems to
supply the ecological services essential for social
welfare and economic development. Furthermore,
resource, genetic, and process linkers often have
pivotal effects on ecosystem processes, especially
following disturbance,because they act as mediators of recolonization through the input of seeds,
pollen, mycorrhiza, and the performanceof other
essential processes such as grazings.Hence, in human-dominated landscapes, management plans
need to take the functional roles of mobile links in
sustaining ecosystems and contributingto ecosystem resilience into account. The function of a particular mobile link may not be evident until an
infrequent disturbance occurs and other species
with similar functions have become lost. Such
"creeping"loss of resilience due to our lack of ecological knowledge could cause serious social and
economic problems as we experience the loss of
criticalecosystem services and support.
It is criticalthat we expand our understandingof
the ways in which global environmental change
could alter the fundamental processes that deter-
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mine ecosystem structure, dynamics, and function-

ing. Most studies on the effects of global environmental change on ecosystems emphasizethe direct
effects of climate, pollution, and other abiotic factors on selected species (Kingsolver and others
1993). However, as we have argued here, and as
other studies of invasions have indicated,the introduction of alien species, the fragmentationof landscapes, and indirect changes to community composition are serious problems (Carpenterand others
1993; Kingsolver and others 1993; Tilman 1998).
Although most ecological experimentationis small
in scale and short in duration, ecologists increasingly acknowledge that if we want to understand
the dynamics and patterns of ecosystems,we must
take factors outside the system being studied into
consideration and study interactions across scales
(Peterson and others 1998). The approachof management has broadened in the last few decades
from focusing mainly on a single habitator species
to examining abiotic flows of water, nutrients, and
sediment within a watershed or drainagebasinperspective (Downs and others 1991). Unfortunately,
this newly revised approach is not always enough
as species interactionsby mobile links acrosssystem
boundariesare seldom considered.Even when they
are, the focus tends to be on the conservation of
particularspecies and populations, rather than on
sustaining ecosystem functioning and the capacity
of ecosystems to generate services. The newly
formed Millennium Ecosystem Assessment Project
(see Ayensu and others 1999), which represents
three international conventions, is a promisingeffort that represents a step in the right direction.
We do not mean to suggest that mobile links are
inherently good or bad. In many cases, mobile links
support ecosystem resilience (for example, pollinators and seed dispersers),whereas in other cases,
they may be problematic. However, because this
group of species has significanteffectson ecosystem
functioning, it is crucial to consider their role in
ecosystem management and biodiversityconservation if we are to avoid surprises resulting from
management policies.
Several international conventions have as their
explicit aim the conservation and management of
migratoryspecies-for example, the Conventionon
the Conservationof MigratorySpecies of Wild Animals and the RamsarWetland Convention. There
are numerous difficultiesassociatedwith the design
of management strategiesfor highly mobile organisms because they use a spatially dispersedmosaic
of sites. In addition, our understandingof the dynamic relationshipsbetween mobile links and ecosystem functioning is not complete. Indeed, it may
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never be complete. Neverthless,we cannot affordto
wait until we have perfectscientificinformation.In
the management of mobile link species, general
scientific knowledge often has to be complemented
by local ecological knowledge (Johannes 1998; 01sson and Folke 2001). There are several examples
from the literature that show how local ecological
knowledge can complementlimited scientificinformation so that managerscan respondappropriately
to pulses and surprises (Berkes and others 2000;
Costanza and others 1998; Johannes 1998). In
some cases, local knowledge about pollinatorsand
other mobile links is extensive (P. A. Cox personal
communication; Nabhan 2000) and could be used
to greater advantage, for example, in co-management designs involving local users (Colding and
Folke 2001).
CONCLUSION

We have emphasized the importance of the functions provided by mobile link species and argued
that they need to be taken into account in ecosystem management and biological conservation
schemes, especially in human-dominatedenvironments with altered disturbanceregimes or in landscapes simplified by land-use transformations.We
believe that conservation efforts need to focus on
mobile link species to a greater extent than has
been the case and to consider their key role in
promoting ecosystem resilience and ecosystem
functioning. In landscapes drasticallytransformed
by human activities, internal and external ecological memory is often low (Bengtsson and others
forthcoming). In such circumstances, land-use
transformationand altered disturbanceregimes often open the area to the invasion of exotic species,
leading to phase shifts,irreversiblechanges, and the
loss of ecosystem services. Mobile links often provide an important source of external memory to
sites that have little internal memory available for
recolonization (Duncanand Chapman1999). Consequently, when ecosystem resilience is the ultimate objective, management should consider the
role of mobile link species more explicitlyand conduct studies to determinewhich species function as
mobile links and what their impactswill be on the
managed landscape or system.
We cannot simply manage passively, or for maximal diversity; we must be selective and design
management strategiesfor specificgoals and determine which species to encourage.Finally, we must
acknowledge that effectivemanagement and policy
making will require crossingthe bordersof ecosystems, scientific disciplines, and nations.
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