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Exotic species invade the state continually. Two which have exacted
high tolls are sweetpotato whitefly and silverleaf whitefly;
nymphal stages of both are shown above.

Invasion biology: Rethinking
our response to alien
species

Robert C. Venette

Invasion biology is the study of
the reproduction, dispersal and
ecological impact of organisms
that occur outside of their native
range, including exotic pests and
biological control agents. Alien
species cost California agriculture
billions of dollars annually in con-
trol measures and crop damage.
Societal trends toward increased
travel and import of plant and ani-
mal products suggest that exotic
species will continue to enter Cali-
fornia. Understanding the prin-
ciples of the invasion process will
help to predict which species will
invade, where invaders will be-
come established, and the effects
of invasions on agricultural, urban
and natural environments. Im-
proved understanding of the inva-
sion process should contribute to
public policies designed to pre-
vent or contain invasions, espe-
cially of potential pests that are
not yet in the state and whose
biology is poorly described.

a  James R. Carey

More species are invading California
today than at any other time in the
state’s history. Currently, more than
2,300 exotic species reside in the state,
including 1,025 plants, 42 freshwater
fish, 11 mammals, 9 birds and 208 in-
vertebrates. While most introduced or-
ganisms fail to become established,
those that do can become serious pests
in agriculture, urban areas and natural
landscapes. Alien species cost Califor-
nia agriculture billions of dollars an-
nually in control measures and crop
damage. In addition to their economic
impact, some exotic organisms may
threaten human health, displace native
species or degrade environmental aes-
thetics. Consequently, many growers,
conservationists, researchers and regu-
latory agencies share a similar com-
mitment to mitigating and preventing
unwanted invasions.

Recent efforts sponsored by UC in
cooperation with the California De-
partment of Food and Agriculture
(CDFA) have inspired novel concepts
about the processes that underlie both
successful and unsuccessful invasions.

CALIFORNIA AGRICULTURE, MARCH-APRIL 1998 13



Phases of Invasion

4. Spread

2 '%
s
v

\

\ /
\ 14/

2. Establishment

Fig. 1. Conceptual diagram of the invasion
process. Different colored circles and
plants appearing during the integration
stage reflect ecological and evolutionary
changes in the resident and exotic species
as both groups of species adapt to one
another.

Experiences with particular invaders
(for instance, plants, insects and fish)
have stimulated new hypotheses that
apply to the invasions of many other
species. Some of these insights have
been presented at grower and aca-
demic conferences sponsored by UC
Riverside and UC Davis. As our
awareness of the invasion process con-
tinues to unfold, policymakers can re-
fine existing strategies to prevent the
introduction and spread of non-native
species.

Fundamentally, invasion biology is
the study of organisms that occur out-
side of their native range. The science
applies to both pests and nonpests (for
instance, biological control agents) and
encompasses a wide diversity of or-
ganisms from fungi and plants to
nematodes and mammals.

Four stages of invasion

Regardless of the organisms in-
volved, all invasions progress through
four fundamental stages: arrival, es-
tablishment, integration and spread
(fig. 1; Vermeij 1996). After arriving,
for example, in contaminated seedlots
or “hitchhiking” on transported mate-
rial, an introduced organism must re-
produce in its new habitat to become
established. Integration occurs as resi-
dent plants and animals adjust eco-

—

3. Integration

logically and evolution-
arily to the newcomers and
as invaders adapt to local
environmental conditions.
The exotic organisms’ dis-
persal throughout the new
environment is driven by
natural forces such as wind
or rain, or by the need to
find food supplies. Species
that cannot complete all
four stages are unlikely to
become “invasive.”
Research in the disci-
pline of invasion biology tends to re-
volve around three central questions.
Which species are likely to invade and
become pests? Where will invasions be
successful? How do invasions
progress and how do they affect local
communities? These questions are not
new but still lack satisfactory answers
(Rejmanek 1996; Williamson 1996).

/

Species likely to invade

Which species are likely to invade
and become pests? Species that main-
tain high rates of growth, maturation
and reproduction over a wide range of
environmental conditions are more
likely to become established once in-
troduced into a new habitat (Venette
1997). For example, the widespread
distribution of the ash whitefly
(Siphoninus phillyreae) in California is
due in part to its broad physiological
tolerance: the ash whitefly reproduces
and develops between 50° and 86°F
(10° and 30°C) and utilizes several
plant species as hosts.

The genetics of a species may also
contribute to invasiveness. For in-
stance, organisms with small genomes
(the number of genes within a cell)
tend to be more successful invaders in
disturbed habitats (Rejmanek 1996). In
addition, resident populations of re-
lated native organisms that are already
adapted to local climatic conditions
may serve as conduits for the invasion
of exotic biotypes. Biotypes are geneti-
cally and physiologically distinct sub-
groups within a species.

The invasion by the Africanized
honey bee (Apis mellifera scutellata)
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Some exotic species can be beneficial.
The imported parasitic wasp Aphytis
melinus parasitizes California red scale,
which attacks citrus trees.

provides an interesting example of ge-
netic invasion. Africanized bees hy-
bridize with European honey bees
(Apis mellifera), which are common
throughout the western hemisphere.
As a result, when the Africanized
strains were accidentally released in
Brazil, their “aggressive” genes —
genes that make honey bees behave
aggressively — may have invaded
resident European honey bee popula-
tions. Genetic invasions may occur
more rapidly than species invasions
and could explain how the Africanized
bee spread more 6,000 miles from Sao
Paulo, Brazil, to Southern California
in less than 40 years (Moller 1996).

Conditions conducive to invasion

Invasions are most likely to succeed
in sites that are highly disturbed or
have a mild climate (Moyle and Light
1996). Disturbance remains difficult to
define in absolute terms, but often re-
duces the number of established
predators or increases the availability
of resources per individual. For ex-
ample, clearcutting forests reduces
competition for soil nutrients and in-
creases the amount of light available to
an invader. The mild climate and
rapid urbanization of Southern and
coastal California make these regions
of the state especially vulnerable to in-
vasion. For example, in San Francisco
County, which is coastal, 41% of the
vascular plant species are exotic
whereas in Lassen National Park,
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Yellow nutsedge, left, is a persistent pest of many crops. Yellow starthistle, right, first de-
tected in California in 1869, continues to spread into new areas of the state, displacing native
plant species. The establishment of alien plants has slowed, but overall invasions of non-
native species will continue, aided by importation of farm commodities and human travel.

which lies inland, only 5% are exotic
{Mooney et al. 1986).

The initial phases of invasion may
proceed for much longer than is often
estimated. It is common to assume that
invaders arrived shortly before their
initial detection (less than 5 years). In
reality, due to inherent inefficiencies
of any sampling strategy, invading
populations may remain at low densi-
ties for decades without being de-
tected (Carey 1996). For instance,
Mediterranean fruit flies could have
arrived well before the first specimens
were trapped in 1975. Furthermore, if
established in California, medflies
most likely occur in small, sparse
populations. The mere presence of an
exotic pest does not automatically
mean that a crisis is at hand. The long
initial phases of invasion suggest that
exotic pests might be suppressed —
through traditional IPM strategies —
but not necessarily eradicated to main-
tain crop production levels.

Following the arrival and establish-
ment of exotic species, invasions may
progress for decades or centuries, as
demonstrated by the invasions of yel-
low starthistle (Centaurea solstitialis)
and the walnut husk ffy (Rhagoletis
completa). Although yellow starthistle
was first detected in California in 1869
and walnut husk fly in the 1920s, both
pests continue to spread into new ar-
eas of the state. Similarly, the presence
of gypsy moth in Southern California
may simply represent the final stages

of its North American invasion, which
began in 1869.

Finally, not all invasions will have
adverse effects, nor will the effects be
uniformly distributed throughout an
area. Even when potentially severe
pests invade, their distribution and
impact vary in response to host and
climate suitability. For instance, if the
medfly invaded California completely,
the impact would be heavier in the Los
Angeles Basin and lighter in the north-
east and Sierra Nevada regions of the
state (Carey 1996).

Further study needed

Despite these principles of invasion,
our understanding of the nature of in-
vasions is far from complete. How will
exotic species affect ecosystems? What
is the best way to describe and predict
the pattern of spread? Must invaders
adapt to local environmental condi-
tions? Are there preconditions for
eradication to be successful? Answers
to these questions are especially im-
portant when developing response
plans for recently introduced species.
Ideally, answers would be based on
broadly applicable principles of
invasion.

Other agricultural sciences have al-
ready benefited from the development
of general principles for their disci-
plines. For example, principles of crop
and livestock breeding, plant and
animal disease epidemiology, and
postharvest treatments provide re-

searchers and regulators with the basis
to plan future activities, to evaluate
the success of those actions, and to ex-
plain counterintuitive results. The con-
cepts can be fine-tuned for special
cases, but the fundamentals apply to
all species.

Unfortunately, no unifying science
exists to use as the foundation for re-
search or public policies dealing with
invasions. General principles describ-
ing the process of invasion are poorly
defined partly because exotic species
have been studied on a case-by-case
basis (Vermeij 1996). Obviously, each
introduced plant, animal and patho-
gen is unique in many ways. How-
ever, the processes underlying the in-
vasions of such diverse organisms
may be quite similar. Revealing simi-
larities among invaders is at least as
important as studying the biology and
control of the individual pests them-
selves. Finding these similarities could
lead to a broader notion of the inva-
sion process and the development of
general principles of invasion. Better
theories of the invasion process may
help growers, conservationists, re-
searchers and regulatory agencies pre-
pare for future invasions.

As general theories evolve that per-
tain to each stage of invasion, invasion
biologists must make a concerted ef-
fort to apply those theories to agricul-
tural issues. In particular, an improved
understanding of the invasion process
will prove essential to preclude and/
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Following the arrival and establishment of
exotic species, invasions may progress
for decades or centuries, as demonstrated
by the walnut husk fly.

or manage the future onslaught of in-
vaders into California. Although the
rate of establishment by alien plants in
California may have slowed in the
past 25 years (Rejmanek and Randall
1994), preventing and/or controlling
the invasions of i non-native species
will be a greater challenge.

Undoubtedly, established protocols
for studying and controlling exotic
pests have restricted the introduction
and spread of many alien species.
However, revisions to these policies
may be necessary due to several na-
tional and statewide trends.
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First, agricultural
trade has expanded
rapidly with greater
quantities of foreign
imports being mar-
keted in the United
States. For instance,
since 1981, imports of
strawberries, oranges,
live cattle and plants
with soil attached to
roots have continued
to increase at a steady
rate (fig. 2). Regulatory agencies al-
ready scrutinize imported agricultural
products because these commodities
may contain agricultural pests.

Second, as urban areas continue to
grow, the buffer between rural and ur-
ban activities continues to narrow. As
is generally true for pest control in ag-
riculture, greater attention must be
paid to the effect of pest eradication on
the health and well-being of the gen-
eral populous, for example, to health
concerns surrounding the broadcast
application of pesticides.

Finally, human mobility continues
to increase, which is a problem be-
cause each person entering the state
serves as a potential vector for the un-
intentional or deliberate introduction
of exotic species. In 1931, 847,000 ve-
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Fig. 2. Cumulative U.S. imports of select agricultural commodities since 1981
(Source: Census Bureau, U.S. Department of Commerce).
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1,000

Growers have disrupted the invasion of
pink bollworm with cultural practices in-
cluding harvesting early, shredding cot-
ton stalks and burying debris. Releases of
sterile moths by CDFA and USDA-APHIS
contribute to areawide management of the
pest.

hicles entered California through 28
border stations. By 1992 the number
had jumped to more than 25 million
vehicles passing through 16 stations
(CDFA 1994). By 2007 an estimated
750 million people will travel via
plane (fig. 3). But is it feasible to in-
spect every person or shipment that
enters the state for foreign organ-
isms? Obviously time and limited re-
sources prevent a complete inspec-
tion of everyone.

Revisiting prevention strategies

How much risk do the organisms
that might not be intercepted pose to
the state, and would the risks decrease
substantially if more funds were allo-
cated for inspections? Maintaining
zero tolerance for certain pests may
not be necessary because most inva-
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Fig. 3. Historical and projected number of
annual enplanements, people boarding
aircraft, in the United States (Source: Fed-
eral Aviation Administration—data not
available for some years.).




sions fail. In fact, experiences with try-
ing to introduce species for biological
control have shown that it is extremely
difficult to get a successful “invasion”
even if the invaders are carefully se-
lected. While the odds of successful in-
vasion are likely to increase as the
“dose” of invaders increases, if a spe-
cies is introduced below a critical den-
sity then those individuals are likely to
die due to local antagonists (such as
predators or species that compete for
resources), environmental fluctua-
tions, and demographic risks (for ex-
ample, ending up with a population
composed of males).

How could monitoring for exotic
pests be improved? Trapping strate-
gies should lure and/or immobilize
active individuals more effectively and
must consider where a pest will occur,
when a pest is likely to be most abun-
dant, and how a pest is likely to be-
have in various environments
(Prokopy 1995). For example, medfly
traps placed in citrus trees that have
been stripped of fruit are less likely to
be effective because flies are drawn
elsewhere in search of food.

Experience with the medfly demon-
strates the need for, and value of, ge-
netic repositories for introduced or-
ganisms. Genetic analysis of preserved
specimens may be the only way to de-
termine how many times a pest has
been introduced into California, the
country where those individuals origi-
nated, or the “relatedness” of multiple
outbreaks (Roderick 1996).

In addition to genetic data, the loca-
tions where pests are found provides
valuable information on the course of
an invasion. These detection and inter-
ception records should be analyzed
with Geographic Information Systems
(GIS), which can map the proximity of
detections in space and time as well as
highlight areas within the state that
are prone to invasion. GIS applied to
interception records might identify re-
gions from which the state receives an
inordinate number of non-native
plants and animals.

Finally, how do we know when a
pest has been eradicated? Failure to
detect a pest following a control mea-

sure (for instance, aerial
spraying, release of
biocontrol agents, ster-
ile insect technique
[SIT]} does not neces-
sarily indicate that the
measure was effective.
Populations of many or-
ganisms fluctuate in re-
sponse to climatic
changes and may be
eliminated by harsh
weather. Alternatively, control at-
tempts may simply drive pest num-
bers below detection thresholds rather
than exterminate the population. Strict
criteria to verify eradication are essen-
tial to determine whether particular
control strategies are worth pursuing.
Overestimating the effectiveness of
control measures may partially ac-
count for the gypsy moth’s successful
invasion from Massachusetts to Cali-
fornia, despite repeated claims that the
pest had been exterminated or con-
tained (Gerardi and Grimm 1979).

As society continues to change, tra-
ditional methods for managing exotic
species may no longer be sufficient.
The history of invasions indicates that
organisms that do not pose a problem
in their native ranges can be devastat-
ing in a new habitat. But, is it practical
to guard against the arrival of every
exotic organism, especially when re-
sources to prevent, control and study
invasions are not increasing? Given
that time and money are limited and
that the number of introduced spe-
cies continues to increase, the study
and control of invaders cannot be
sustained on a case-by-case basis.
Policies for the exclusion and man-
agement of exotic species will benefit
from current and future develop-
ments in the discipline of invasion
biology.

R.C. Venette is formerly Postdoctoral Fel-
low, Department of Nematology, UC
Davis (currently Postdoctoral Associate,
Department of Entomology, University of
Minnesota, St. Paul, MN 55108) and | .R.
Carey is Professor, Department of Ento-
mology, UC Davis.

Exotic pests will not necessarily have the same
effects in all areas. For instance, if the medfly in-
vaded California completely, its impact would be
heavier in the Los Angeles Basin and lighter in
the northeast and Sierra Nevada regions.
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