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Increasing international travel and trade have rendered U.S.
borders much more porous and dramatically increased the risk of
introductions of invasive plant pests into agricultural crops (1).
Nationally, the responsibility for safeguarding agriculture fals to
the U.S. Department of Agriculture, Animal and Plant Health
Inspection Service, Plant Protection and Quarantine (USDA,
APHIS, PPQ). However, the current system for protecting agri-
cultural industries has broken down allowing for an unprecedented
number of introductions of exotic pests, including plant patho-
gens. Such introductions threaten crops and can hinder national
and international agricultural markets and trade. In 1999, Presi-
dent Clinton announced an initiative for invasive species to ad-
dress these issues and introduced an Executive Order on Invasive
Species (10). The order is intended to coordinate and enhance
federal government efforts to prevent introduction of invasive
species and to provide for their control. The Executive Order calls
for the appointment of a council, chaired by the Secretaries of
Agriculture, Commerce, and the Interior, and composed of key
federal agencies charged with developing an invasive species
management plan. In response, the National Plant Board initiated

of Agriculture to highlight non-native, invasive pests and diseases
that threaten U.S. agriculture and natural resources (20).

Citrus canker has a long history. The disease was first found
spread throughout the southeastern United States on imported
seedlings from Japan in the early 1910s and was declared eradi-
cated from Florida and the adjacent states in 1933. Citrus canker
was discovered again in Manatee County Florida, south of Tampa
Bay in the late 1980s, and was thought to be eradicated by 1994.
Two years thereafter, the disease re-emerged in the same area on
the west coast of Florida where the 1980s outbreak had occurred.
In the meantime, a new and separate infestation of citrus canker
was discovered in urban Miami in 1995, that was estimated to
have been introduced in 1992 or 1993 (17). Since that time the
disease has spread from an initial area of 14 square miles near the
Miami airport, to over 1,005 square miles in the metropolitan area
plus an additional 260 square miles of urban and commercial cit-
rus areas throughout the State. Genomic analysis of bacterial iso-
lates from both time periods indicates that the latest Manatee
County outbreak is a hold over from the 1980s outbreak that
escaped the eradication program. However, the majority of current

a “stakeholder” review of the USDA, APHIS, PPQ safeguardingoutbreaks of citrus canker are caused by the same genotype of Xac
system in order to identify means to improve pest exclusion anaks in the Miami area. Thus, human-assisted movement of the bac-
detection of and response to invasive pest introductions (1). terium from that source appears to have occurred several times. In
Enter citrus canker. Currently in Florida, one such invasive early 2000, a third genomically distinct isolate of Asiatic citrus
species isXanthomonas axonopodis pv. citri (Xac), a bacterial canker with an attenuated host range was identified in Palm Beach
plant pathogen that causes Asiatic citrus canker. Citrus canker @ounty on the east coast of Florida. Thus, there are presently at
an introduced plant disease that has received considerable préssst three Xac genotypes that have been introduced into Florida
attention, has produced far-reaching political and socioeconomin the recent two decades.
impact in Florida, and has implications for national and interna- Although this bacterial disease is mostly a leaf and fruit-spot-
tional trade (3,4). Although Xac is mostly a leaf and fruit-blem-ting malady, it results in immediate quarantines, disrupting na-
ishing pathogen, the disease triggers immediate quarantines tidnal and international trade (3,11). Although citrus canker can
areas with outbreaks in Florida, disrupting movement of freslsause debilitation of trees and losses in fruit quality and yield, it is
fruit (3,11). The importance of citrus canker as a major invasivéecause of its socioeconomic and political impact that the disease
disease and the political forces that govern attempts to eradicaseso devastating. If Xac should become endemic in Florida, it will
the disease were recently exemplified by the visit of the U.S. Seeffectively result in a prohibition of interstate commerce of fresh
retary of Agriculture to the Homestead/Florida City area south o€itrus fruit, which comprises approximately 20% of the State’s
Miami on 22 March 2000 to view a major outbreak of the diseas#8 billion commercial citrus industry (23). In addition, some culti-
first hand. Secretary Glickman declared the South Florida cankears of highly susceptible citrus species, such as grapedititug
outbreak area in Dade and Broward Counties a federal disastearadisi), will have reduced economic viability due to the require-
area, opening the door for disaster relief funds and for U.S. Mament for multiple bactericidal sprays per year to maintain yields
shals to assist crews in expediting the cutting and removal of treasid quality.
from homeowners’ residences in metropolitan Miami (26). South The Florida citrus industry is concentrated predominantly in the
Florida was one stop on a national tour conducted by the Secretaguthern half of the State, in close proximity to rapidly expanding
urban population centers. Because the outbreaks originated in
urban areas, response to citrus canker, therefore, affects not just
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the citrus industry. Hundreds of thousands of urban homeowners
have citrus trees as ornamentals and for dooryard fruit production
and have had or will have their trees destroyed. The Florida
Department of Agriculture and Consumer Services, Division of
Plant Industry (DPI) and USDA, APHIS responded to the 1995



discovery in Miami by forming a cooperative state/federal citrus mately 10 square miles (18). During the study, there was a rapid
canker eradication program (CCEP). Initialy, the scientific basis  increase in the incidence of diseased trees. For example, in one of
for the eradication effort was provided by previous data from  the study areas, incidence increased from a single infected door-
Argentina indicating that canker bacteria can spread up to 32 m yard tree to 1,731 infected trees within a two square mile area
(105 ft) during rainstorms associated with wind (30). This was (Fig. 1). The study was crucial for establishing that disease gradi-
trandated into regulatory policy that resulted in the location of ents resulting from bacterial dispersal occurred over distances far
diseased citrus trees by survey teams, and mandated the removal in excess of 125 ft (Table 1).
and destruction of these trees and of “exposed trees”, all those Natural spread of citrus canker results from a combination of
citrus trees within a 38-m (125 ft) radius of a diseased tree; comvind and rain. Rain wets canker lesions on citrus fruits, twigs, and
sidering an additional 6 m (20 ft), presumably for the sake ofoliage surfaces, allowing the bacteria that multiply in plant tissues
caution (5). Trees are removed and destroyed because no effectiveooze to the surface. These bacteria are splashed by additional
chemical or horticultural methods of controlling the spread ofain, picked up by wind currents, and blown some distance, and then
canker are known. However, despite the use of the “125-ft ruleSplatter onto previously uninfected plant surfaces. Infection can be
by the CCEP, the disease continued to increase in urban areas actieved through wounds or, if the winds have velocity >8 m/s
the bacterium spread to numerous commercial citrus plantations {88 mph) (27,28), the inoculum can be forced directly through sto-
south Florida (17,25). mata and infect the mesophyll tissues beneath (19). Using National
The validity of the 125-ft rule for containment of the pathogerWeather Service data from the Miami International Airport
spread came into question for three reasons: (i) spread of Xac ineather station for rain and wind gusts, the epidemiological study
central Florida grove in the early 1990s was as much as 2,600 ft @stablished a close relationship between rainstorm events and sub-
association with common rainstorms (16); (ii) catastrophic weathesequent increases in the incidence of canker-infected trees (17).
including hurricanes and tornadoes was documented by subsed mpacts of the disease. One of the regulatory responses to cit-
quent disease survey to cause spread of the bacterium up to 7 miles canker is the establishment of federal quarantine boundaries.
(17); and (iii) destruction of 125 ft in citrus groves and urban areaslthough the precise placement of such boundaries is a complex
failed to reduce the progress of disease in most locations. Fi@sue, they are usually located two or more miles beyond any
these reasons the CCEP solicited a research study in collaboratiomown infestation (5). Within quarantine areas, movement of all
with USDA-ARS and UF-IFAS to quantify the distance of disper-citrus plant material is restricted. This affects both the citrus in-
sal of the canker pathogen in a subtropical setting in urban Miamilustry and homeowners with citrus trees. Commercial citrus nurs-
This 18-month epidemiological study involved a complete and reery sales are prohibited. Commercial production must be handled
peated GPS-based census of over 19,000 healthy and diseasedlesignated packinghouses where fruit is treated with disin-
dooryard citrus trees in four study areas, three in Dade County afiestants. Some processing plants and packinghouses refuse to ac-
one in Broward County, with a combined study area of approxieept fruit from quarantine areas. Market distribution of fresh fruit
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Fig. 1. Spatial arrangement of citrus canker-infected trees during four time periods in study site 1 in Miami, Dade County. Spatial location was determined by
differential global positioning system (GPS). Theinitial focal tree, determined by age of infection, is depicted by alarge black dot. Subsequent infected trees depicted
by smaller dots.
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from regulated areas is often restricted. Harvesting and transport areas of the State. One of the worst hit areas is the lime industry
equipment is required to undergo disinfestation. Commercial cit- south of Miami where approximately 40% of the 3,676-acre
rus plantings are required to have decontamination stations at farm (1,488 ha) industry has been destroyed in an attempt to curb
gates, a precaution that has recently become a State-wide require-  further spread of citrus canker there (15).

ment even outside of regulated areas. Replanting of citrus, in both
commercial groves and residentid areas that have undergone eradi-
cation efforts, isillegal until canker has been declared eradicated
and the area has been free of the disease for 2 years. In residential
areas, people are informed that transporting fruit to neighbors and
family is illegal. Even lawn and garden services are required to
decontaminate any equipment moved between properties. Inten-
sive media coverage and public relations expertise are employed
to publicize these measures.

Impacts of epidemiological research. In December 1998, the
Miami epidemiology study was reviewed by a group of scientists
and regulatory officials. The consensus was (i) that the 125-ft (38 m)
radius used to define exposure was inadequate to suppress the
continued spread of canker, and (ii) that although disease spread
was detected up to 58,850 ft (17,942 m), the majority of new can-
ker infections occurred within approximately 1,900 ft (579 m) of
known source trees. As a result, a new regulation, the “1,900-ft £
rule” was put into practice in late 1999, requiring the removal ani==
destruction of diseased citrus trees and of all citrus trees within | ™=
1,900-ft radius of a diseased tree (13,21). The 1,900-ft rule hi: =" ==
been challenged in court and upheld and is considered in tt' 'y
Florida citrus canker action plan (5). Each circle of 1,900-ft radiu:
represents 0.41 square miles (1.06k(Rig. 2). The implementa-

the majority of dooryard citrus within approximately 793 square .
miles (2,054 krf) of the Miami metropolitan area in Dade and “#
Broward Counties. An estimated 750 thousand dooryard trees w .., 5
be removed from urban areas in Dade and Broward Countiesi s oS BT . . Lt

within the next year (6) (Fig. 3). The reaction of residents Whosejg. 2. Map of a portion of residential Broward County, Florida. Blue dots
trees have been or will be removed ranges from general accefepict examples of two individual citrus canker-infected trees located in two
tance to strong resistance. Occasionally personal threats to erasidential properties. Blue circles surrounding the blue dots indicate areas
cation program personnel and administrators and lawsuits haygthin 1,900-ft radii of these two infected trees. Red dots indicated all known

; ; - e Clfrus canker-infected trees within the mapped area. Red lines depict the
been brought against the state by residents and municipaliti undary defined by overlapping circles of 1,000-ft radii that define the

(9,22). Commercial citrus has also been affected by the requirgstential area exposed to citrus canker, within which all citrus canker-infected
ment for removal of large nhumbers of productive trees in severahd noninfected trees will be removed in an attempt to eradicate the disease.

TABLE 1. Results of the epidemiology study of citrus canker dispersal?

Trees Distance (ft) necessary to capture
Area  Assessment period (30 days) Focal Newly infected 90% 95% 99% % Captured at 125ft % Captured at 1,900 ft
1 Apr/May 1998 38 14 800 4,150 4,150 13 93
May/Jun 1998 52 38 1,450 1,450 1,650 44 100
Jun/Jul 1998 20 72 1,200 1,600 1,900 44 100
Jul/Aug 1998 162 234 700 800 1,450 36 100
Aug/Sep 1998 39 123 350 500 700 44 100
Sep/Oct 1998 519 31 250 950 950 72 100
2 Nov/Dec 1997 4 17 2,050 3,400 3,400 18 88
Dec 1997/Jan 1998 21 7 950 950 950 14 100
Jan/Feb 1998 28 2 450 450 450 50 100
Feb/Mar 1998 30 21 450 500 700 44 100
Mar/Apr 1998 51 31 450 1,050 2,050 52 97
Apr/May 1998 82 48 400 450 550 75 100
3 Mar/Apr 1998 5 2 200 200 200 50 100
Oct/Nov 1998 9 6 1,950 1,950 1,950 33 83
Feb/Mar 1999 16 10 900 900 900 10 100
Mar/Apr 1999 26 5 850 850 850 20 100
4 Nov/Dec 1997 3 41 11,140 19,450 19,700 7 12
Dec 1997/Jan 1998 44 49 1,100 10,750 20,800 44 92
Jan/Feb 1998 93 14 1,350 2,700 2,700 13 93
Feb/Mar 1998 107 14 2,950 58,850 58,850 40 67
Mar/Apr 1998 121 108 900 1,400 3,150 53 98
Apr/May 1998 229 62 700 2,050 2,350 63 9

a Repeated surveys of over 19,000 citrus trees in four study areas in Dade and Broward Counties, Florida, identified the location of trees via GPS, their disease
status and, for infected trees, age of the oldest lesion. In each successive time period, the distances from all trees newly irfected to the nearest identified
previously infected (focal) tree were calculated. The results thus provide conservative estimates of dispersal distances for the citrus canker pathogen. All
measurements are shown in feet rather than meters because this is the unit of measure used by the eradication program in Florida. Time periods are 30 daysin
duration but are not necessarily consecutive. Instead they represent periods when new disease increase was sufficient to allow dispersal measurements.
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Removal of diseased and exposed trees is one part of the eradi-
cation program. Detection of new infections is another. Citrus
canker has continued to spread northward along the east coast of
Floridatoward the Indian River citrus production area of St. Lucie
and Martin Counties, which consists mainly of highly susceptible
plantings of grapefruit. A second important outcome of the canker
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Fig. 3. Projected outcome of the implementation of the 1,900-ft regulation/
law for eradication of citrus canker in metropolitan Miami, Dade and Broward
Counties of Florida. Each sguare depicts a one sguare mile section. Red

epidemiology study is the adoption of sentinel tree survey method.
Arrays of approximately 144 existing dooryard trees of suscepti-
ble cultivars in a 12 by 12 arrangement (trees approximately 440-ft
apart) covering each square mile are used as an early warning
system for new canker outbreaks (Fig. 4). Beginning in June 2000,
a 15-mile (25 km) wide by 20-mile (33 km) long sentinel-tree area
in Palm Beach County, north of the Miami outbreak area, was
visually surveyed on a repeated 30-day rotation. As aresult, three
new outbreaks of canker have been detected to date. Detection of
these new outbreaks of canker results in removal and destruction
of diseased and exposed trees under the 1,900-ft rule. The success
of the sentinel tree grid system has prompted its expanded use
further north aong the eastern coast of Floridainto Martin and St.
Lucie Counties, and there are now plans to implement it else-
where in the State.

Reaction. The timely implementation of the 1,900-ft rule and
the sentinel tree grid system would not have been feasible in 1999,
given existing CCEP funding and manpower constraints. How-
ever, once the results of the epidemiological study became widely
known and understood, citrus industry organization groups pres-
sured the CCEP for a more effective eradication effort. These
groups aso immediately lobbied state and federal sources for fi-
nancia support for stepped up implementation of the 1,900-ft rule.
Within a matter of days the Governor and Commissioner of Agri-
culture of Florida and USDA, APHIS announced that $175 million
of combined state and federal funding would be directed at an all-
out effort to eradicate citrus canker from the Miami outbreak area
within 1 year (7,11,13,21). In addition, $40 million is to be allo-
cated for indemnification of affected urban residents and some
commercial citrus producers (17,24).

An unfortunate consequence of the 1,900-ft rule is that its un-
popularity with both commercia citrus concerns and residential
citrus owners who are adversely affected by it places the scientists
involved in the study at odds with groups whom they are at-
tempting to help. Compensation for affected residents is available
through the “Florida Shade” program that provides a $1@uicher,

redeemable at local retail garden centers, for each property from
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circles depict areas of 1,900-ft radius surrounding a citrus canker-diseased Fig. 4. Example of the practical implementation of the sentinel tree grid
tree, within which citrus trees are defined as ‘exposed’, on the basis of measusystem. The grid depicted by the red lines divides the one square mile into
ments of disease dispersal gradients from an epidemiological study in tHel4 subsections. Where possible, within each subsection a legal property is
urban Miami area. Note that the overlapping of such circles means that implselected on which one or more citrus trees highly susceptible to citrus canker
mentation will result in an effective clear-cutting of citrus in large portions ofare located (depicted in green). The result is an irregular array of trees that
this metropolitan area. can be resurveyed for new canker infections on a 30-day rotation.
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which citrus trees have been removed and destroyed (12). This has
helped to placate some, but certainly not all, of the residential
owners of citrus. For commercial citrus producers, canker-related
losses prior to November 1998 can be indemnified on an acreage
basis. After that time, indemnification is restricted because federal
crop insurance was amended to include coverage for citrus canker-
related losses. However, for both urban residents and commercial
growers, indemnification cannot fully offset the implications,
whether esthetic or commercial, resulting in severe political and
economic penalties for Florida’s citrus industry.

The future. Complete eradication of an invasive species that
has spread to the extent that citrus canker has in Florida is ex>
tremely difficult. Some researchers, growers, and residents disputg
the concept and feasibility of eradication, and the question thus
arises, “Can we live with citrus canker?” Several counties in
southeast Asia and elsewhere have lived with canker for decades;
but production costs increase, some cultivars are too susceptible
and are no longer commercially feasible to grow, and national an
international markets are lost due to quarantines and embargos
(23). The obvious implication is that failure to attempt eradication g,
will result in severe political and economic penalties for Florida’sio.
citrus industry. Unfortunately, even if eradication is achieved,
there is a high probability for reintroduction of Xac in the future.11:
Surveillance programs such as the sentinel tree grid system wil
need to be maintained in order to realize the benefits of eradi-
cation for the future. Furthermore, approximately $8 million of the13s.
$175-million eradication budget is projected to be used to fund
new research on citrus canker dedicated to detection, eradicatidkf;
control strategies, and development of host resistance.

The magnitude of response to the current citrus canker epidemjg
in Florida is unprecedented in plant pathology and represents g
scale of public attention and governmental efforts that would
normally be devoted to eradication of a newly introduced human
or livestock pathogen. Even so, the attendant costs of eradicatiéi:
and compensation for canker losses may be equaled or surpasse
by the current attempts to survey and control other invasive pests;
such asPlum pox virus of stone fruits in eastern North America
and the spread of Pierce’s disease bacteriyhalla fastidiosa, by
the glassy winged leafhopper in California, for example. Survey9.
and eradication strategies for these newly discovered outbreaks
are as heavily reliant on results of epidemiological studies of the

4.

vector and pathogen spread as has been the case for citrus canke

eradication. The escalation of international travel and commerce
has opened a new era, during which we will likely have to battle
invasive species introductions in unprecedented numbers and
eradication and containment efforts of previously unparalleled!-
magnitude. As such, citrus canker currently stands as a major t
case for USDA, APHIS, PPQ safeguarding policies and proce-
dures designed to improve protection for U.S. agriculture againsg.
introductions of invasive pest species now and in the future (1). A
daunting concern is the probability in the near future of simulta-
neous multiple introductions of invasive agricultural pest species,
The question arises, can we afford to allocate sufficient combinetf"

state/federal resources to be directed toward simultaneous battlgs

fronts? In a society that is moving rapidly toward high-tech busi-
ness and away from agrarian ideals, can agricultural commodiBe.
groups and regulatory agencies demonstrate sufficient socioeco-
nomic need and awareness to the public and political fundin
sources to fund such efforts to protect U.S. agriculture? Perhagg'
the more sobering question is, can we afford not to?
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