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Abstract
We examined the influence of both the proximity and extent of human developments and paved roads on the presence of the
predatory, non-indigenous, red imported fire ant (Solenopsis invicta). This species was inadvertently introduced into the United
States at the port of Mobile, Alabama, around 1930 and rapidly spread to many southeastern states, including Florida. More
recently, S. invicta colonized the Florida Keys, an area with a high proportion of rare and endemic vertebrate and invertebrate
species. We placed bait transects in transitional salt-marsh, pineland, and hardwood hammocks on 13 of the lower Florida Keys
and compared habitat type, the shortest distance of the bait transect to a development or road, and area of development and roads
50, 70, 100, and 150 m around each bait transect for areas with and without red imported fire ants. Red imported fire ants were
detected on 21 of the 80 transects and were equally abundant in all habitat types. While all of the development and road variables
differed significantly between bait transects with and without red imported fire ants, transects that were closest to roads and that
had the largest amount of development within a 150 m radii had the highest probability of presence of red imported fire ants.
Recovery efforts for endangered species in areas invaded by red imported fire ants should include analyses of the cumulative
impacts of roads and developments in areas near protected lands. «;) 2002 Elsevier Science Ltd. All rights reserved.
Keywords:Red imported fire ant; Solenopsisinvicta; Lower Keys of Florida; Invasionbiology; Non-indigenousspecies;Fragmentation

1. Introduction

an early succession species (Diamond

Habitat
destruction
is the primary cause for the
extinction
of most terrestrial
species (Bailie
and
Groombridge,
1996), but the impact of a human development or roads may be far greater than the immediate
area of the destruction. One potential negative effect
that roads and developments can have on native ecosystems is the increase in invasive, non-indigenous species in the surrounding
area (Elton, 1958; Simberloff,

Williamson,
1996) and/or the disturbance can act as a
dispersal corridor, increasing the rate of invasion into
undisturbed ecosystems (Tyser and Worley, 1992; Forman, 1995). Once established, some non-indigenous
species have a dramatic negative influence on communities (Simberloff,
1981) and ecosystems (Vitousek,
1990; Vitousek et al., 1996).
One of the most destructive non-indigenous species is
the red imported
fire ant (Solenopsis invicta). Red

1981; Rejmanek,
1989). Human
disturbance
can
increase non-indigenous
species in two general ways: it
can provide habitat with reduced native predators and
competitors for a species that is a human commensal or

imported fire ants were inadvertently
introduced into
the United States at the port of Mobile, Alabama,
around 1930 from South America and rapidly spread to
many southeastern states, including
Florida
(Vinson
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an introduction were to occur in these areas that it
might be successful.
Solenopsisinvicta is known to prey on or compete
with a wide range of invertebrates (Porter and
Savignano, 1990)and vertebrates (Allen et al., 1994).
Solenopsisinvicta is attracted to mucous (Vinson and
Sorensen,1986),making newborn mammals, recently
pipped birds and herpetofauna,and speciesthat leave
mucoustrails particularly vulnerableto predation. The
larval and pupal stages of invertebrates are at risk
becauseof their inability to escapefrom fire ant attacks.
Vertebrate speciesthat have beenpredated on by red
imported fire ants include gopher tortoises (Gopherus
polyphemus,Landers et al., 1980),loggerheadturtles
(Caretta caretta, Moulis, 1997), eastern cottontails
(Sylvilagus floridanus, Hill, 1970), small mammals
(Smith et al., 1990;Killion and Grant, 1993),and whitetailed deer(Odocoileusvirginianus,Allen et al., 1997).In
addition, Solenopsisinvicta, outcompetesnative ants
and reducesdiversity in many insectcommunities(Forter and Savignano,1990).
More recently, Solenopsisinvicta colonizedthe lower
Florida Keys,a subtropicalarea with a high proportion
of rare and endemicvertebrateand invertebratespecies.
Solenopsisinvicta is a voracious predator that could
have a large negativeimpact on many of the speciesin
the lower Keys, as well as overall biodiversity. The
lower Florida Keys are the terminal portion of an
archipelago of islands extending westward from the

mainland of Florida (Fig. 1). The lower Keys also are a
place where substantial habitat destruction and fragmentation have recently occurred (Davis and Odgen,
1994).Primarily due to this habitat destruction,muchof
the lower Keys' fauna is endangered(Humphrey, 1992).
In an attempt to preserve the diversity of the lower
Keys, much of this land has beenpurchasedby federal,
state, and private conservationorganizations.Despite
this protection, populations of severalspeciesremain
low (Humphrey, 1992;Moler, 1992).One possiblecontributing factor to the low abundancesof someof these
speciesmay be mortality causedby Solenopsisinvicta.
Previous studies have shown that Solenopsisinvicta
favors openand semi-openhabitats (includingdisturbed
areas),and generallyforageswhen soil temperaturesare
between22 and 36 °C at a depth of 2 cm (Porter and
Tschinkel,1987);theseconditions are found throughout
the Lower Keys. Despitethis, Solenopsisinvictawas not
found in Wilson's 1958collecting trip to Key West and
Big Pine Key (Wilson, 1964). Deyrup and colleagues
only found Solenopsisinvicta in highly disturbed areas
(e.g. parking lots, roadsides)on two of the main lower
Keys (Key West, Saddlebunch)despite numerouscollecting trips from 1982to 1987 (Deyrup et al., 1988).
Porter (1992) surveyedthe roadsides of sevenof the
l.owerKeys and only found Solenopsisinvicta on one
key (StockIsland). While red imported fire ants appear
to be able to invade and establishpopulations in disturbed habitats in the Florida Keys (e.g. developments
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Fig. I, Location of the lower Florida Keys, bait transectlocations,and the predicteddistribution of Solenopsisinvicta (95% probability),
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and roadsides),it is not known if the specieshas the
ability to invade. ~ndisturbed habitat. In addition,
the effects of addItIonal developmentsand roads on
presenceof Solenopsisinvicta in the vicinity of protected
lands has neverbeenexplored.
The purpose of this study was to examinethe influence of developmentand roads on the presenceof
Solenopsisinvicta in undisturbed preservedhabitat in
the Florida Keys. Specifically,we examined both the
proximity of roads and developmentand the amountof
area disturbed by roads or developmenton presenceof
Solenopsisinvicta.

2. Methods
2.1. Distributionand abundanceofred importedfire ants
We collected data on the presence of Solenopsis
invicta on all of the lower Keys that are reachableby
road and have some development. Publicly owned
habitat patchesof pinelands,hardwood hammocks,and
transitional salt-marshthat were >0.10 ha were sampled. Someof the smaller, lower-elevationkeys lacked
thesethree habitat types,so as many habitats were surveyed as possible. Pinelands are dominated by south
Florida slashpine (Pinus elliottii var. densa)overstory
and saw palmetto (Serenoarepens)understory. Hardwood hammocks are closed-canopybroad-leavedforests that have a high diversity (> 150 species)of both
evergreen and semi-evergreentropical tree species.
Transitional salt-marshtypically occurs at 3-5 m above
sea-levelbetweenmangrovesand the upland hardwood
hammocks.The dominant tree speciesis buttonwood
(Conocarpuserectus)and the understoryis comprisedof
marshgrassesand sedges.
Ant bait transects were placed on preservedlands
using randomly chosenUniversal TransverseMercator
coordinates within the habitat patch as the starting
point and a random number table to determine the
orientation of the transect.While ant mound counting is
an acceptablemethod of estimating fire ant presence
and abundancein centralFlorida and north to Virginia,
in the Florida Keys red imported fire ants coloniesoften
do not form mounds,but exist in cracksand fissuresin
the limestonesubstrate.
Thirty-five of the transectswere placed in hardwood
hammocks, 34 were placed in transitional salt-marsh
and 10were in pinelands.Each transectwas 90 m long
and consistedof 10stations of paired baits (one honey,
one meat45-60 cm apart) placed on the ground, spaced
10 m apart (Wojcik, 1994).Each bait transectwas sampled once during a 2-weekperiod from 15 to 31 July
1996 in the morning (07:00-10:00hours) or the afternoon (16:00-19:00 hours) when temperatures were
favorable for fire ant foraging. Mter placement,baits
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were left out for 1.5 h to attract ants and then were
collectedand placed in cups, frozen, and transportedto
the USDA, ARS, Imported Fire Ant Laboratory (Gainesville,FL). In the laboratory ants were picked from
the bait, placed in alcohol, and identified to species.
2.2. Data analyses
A logistic analysis(a logistic regressionthat incorporates class variables, SYSTAT, 1992) was conducted
using the presenceor absenceof red imported fire ants
at a transectasthe dependentvariableand the following
as independentvariables:
.habitat type;
.the euclidean (shortest) distance of the closest
portion of the bait transectto a development;
.area of development50, 75, 100, 150 m around
eachbait transect;
.the euclidean (shortest) distance of the closest
portion of the bait transectto a pavedroad; and
.area of roads 50,75,100,150 m around eachbait
transect.
We measuredindependentvariablesusing habitat and
road data sets analyzedusing geographic information
system (GIS) software (ARC/INFO, 1990). Habitat
data (including types of human developments)came
from the Advanced Identification project mapping coverages(ARC/INFO data sets)provided by the Environmental Protection Agency (EPA, Region IV,
Atlanta). Thesevector-basedcoverageswere createdby
digitizing habitats based on photo interpretation and
ground-truthing. The minimum resolution was
approximately 0.10 ha. To estimate the influence of
human development,we selectedall areasin the habitat
coveragethat had beenclassifiedas being "developed"
by the habitat map. Developedareasincluded buildings,
parking lots, and highly disturbed yards >0.10 ha. In
ARC/INFO we created coveragesthat estimated the
euclidean(shortest)distanceof a transectto a development. We also used GRID to calculate the sum of
developmentwithin an oval-sizedneighborhood of 50,
75, 100,150 m radii around each transectin the lower
Keys and to produce a raster-basedcoverageof these
values. We did not examine neighborhoods> 150 m
becausemany of thesewould include a large proportion
of water. We repeatedthis processfor the roads coverage. Road data came from Florida Department of
Transportation vector-based coverages. To prepare
thesevector-basedmap coveragesfor analysiswe converted them to raster-basedmaps using the GRID
module of ARC/INFO. We used a lOx 10 m sized cell
for all rastermaps.
Our dependentvariable was the presenceor absence
of Solenopsisinvicta at the bait stations on a linear
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transect. We classifieda transectas having Solenopsis
invicta if it was detectedat one of the 10 bait stations.
All transectswere mapped using a GPS (global positioning system)and the locations were convertedto a
GIS data layer.
We reduced the inter-correlated variables prior to
multivariate analyses.The variable with the highest
between-groupsignificancewasretainedand usedin the
model. The bestmodel was usedto createa grid of predicted values for the dependentvariable at each cell
throughout the lower Keys. If a variable was not normally distributed we useda logarithmic transformation.
The retained and transformed variables were entered
into a stepwiselogistic analysisto derive a multivariate
model that would predict the presenceor absenceof red
imported fire ants. The resulting modelswere evaluated
using goodness-of-fittests based on maximum likelihood estimatesand how accuratelythey classifiedred
imported fire ant presenceor absence.All of the variabIeswere comparedusing a t-test if the data was normally distributed and the varianceswere equal and a
Mann-Whitney rank sum testif otherwise.

at the largest scale analyzed (150 m around a bait
transect)was the most significant development-related
variable. The more development,the more likely red
imported fire ants were collectedin the bait transect.
Thesetwo variables (euclideandistanceto roads and
development150 m around the transect) were transformed and used as independent variables for our
logistic analysis. The model converged on one significant modelbasedon the function:
10git(P)= 2.543-0.034R + 0.044D
where P is the probability of presenceof Solenopsis
invicta,R is the euclideandistanceto a road, and D is
the amount of development150 m around a transect
(Fig. 1). The goodness-of-fittest that comparedthe two
variable model with a model with just the constantwas
significant(r=28.88, P<O.OOOl,df=2). Classification
accuracyof the model was high whenpredicting which
bait transectswould not have red imported fire ants (51
correct, eight incorrect). The classificationaccuracyof
transectswith red imported fire ants was not as high (11
correct, 10 incorrect).

3. Results
4. Discussion
We identified Solenopsisinvicta from 21 of 80 transects on 9 of the 13 lower Keys. On the transectswhere
Solenopsisinvicta was detected,the averagenumber of
bait stations with Solenopsisinvicta was 5.4 (SD = 2.4)
and the rangewas from 3 to 10(out of 10stationstotal).
We identified 48 speciesof ants and a total of 287,180
individuals from the 80 transects.Solenopsisinvictawas
the seventhmost abundant species,comprising nearly
8% (22,775)of the total ants counted.
Solenopsisinvictawas presentat 29% of the transects
in the transitional salt-marsh, 30% of the pinelands
transects,and 23% of the hardwood hammock transects.The proportion of transectswith S. invictadid not
vary significantly by habitat type (X2=0.262, P<0.88,
df= 2).
None of the developmentvariableswas significantly
correlatedwith the road variables(r<0.4, P>0.05), but
all of the developmentvariables and all of the road
variables were significantly inter-correlated with each
other (r>0.4, P<0.05). None of the independentvariabIes were normally distributed, therefore a MannWhitney rank sum test was conducted comparing the
medianvalues for transectsthat had Solenopsisinvicta
presentto transectswhere Solenopsisinvictawasabsent.
All of the road and developmentvariables significantly
(P<0.05) differed between transects with Solenopsis
invicta absentand present(Table 1). The euclideandistance to roads was the most significant roads-related
variable. Transectsclosestto roads were the most likely
to have Solenopsisinvicta.The amount of development

4.1. Distribution of Solenopsisinvicta
During the past 10 years, Solenopsisinvicta has dramatically expandedits distribution in the lower Florida
Keys from only highly disturbed areas on a few of the
most urbanizedkeys (Deyrup et al., 1988;Porter, 1992)
to all of the major habitat types on most of the lower
Keys. The colonization of native habitats by Solenopsis
invicta appears to be facilitated the greatest by close
proximity of roads and by large developments.However,the low classificationaccuracyof the logistic analysis indicates that there may be additional factors that
determinepresenceor absenceof red imported fire ants.
In addition, the invasion of red imported fire ants
appearsto be ongoing and the model only predicts the
currentdistribution.
Previous studies of aggressive,non-indigenousants
have found that roads and developmentsincreasenonnative ants, but thesestudieswereconductedon smaller
spatial scales.Stiles and Jones (1998)determined that
Solenopsisinvictamound densitywas higher in opendirt
and pavedroads than powerlinecuts and closed-canopy
dirt roads in coastal South Carolina. They also noted
that within the closed-canopyforest, there were more
mounds closerto the edgeof the roads than 20 m into
the forest. Development was not examined in their
study.
Studiesof the Argentine ant (Linepithemahumile),an
aggressivenon-indigenous ant, in southern California
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Table I
Comparison of the median values (not transformed) of independent variables used to determine Solenopsis invicta presence or absence on transects
in the Lower Keys of Florida"

Variable

Solenopsisinvicta absent

Solenopsisinvictapresent

Euclideandistanceto development
Developmentin a 50 m neighborhood
Developmentin a 75 m neighborhood
Developmentin a 100m neighborhood
Developmentin a 150m neighborhood
Euclideandistanceto roads
Roadsin a 50 m neighborhood
Roadsin a 75 m neighborhood
Roads in a 100m neighborhood
Roads in a 150m neighborhood

1273m
0
0
0
2000m2
2240m
0
0
900 m2
3000m2

300m**
1900m2*
4500m2**
8900m2***
19,400m2****
900 m****
900 m2*
1400m2*
4600m2**
8900m2***

" Mann-Whitney U test wereperformed.
* P<0.05.
** P<O.OI.
*** P<O.OOl.
**** P<O.OOOI.

(Suarezet al., 1998)and northern California (Human et
al., 1998)found that theseants were more likely to be
presentnearthe edgesof preserves.Preserveedgeswere
apparentlycloserto both roads and development.
Road construction was found to have a profound
effect on the long-term alpha diversity of ants in Westem Australia (Majer and Beeston, 1996)and on the
ecologically dominant ant species in South Africa
(Samwayset al., 1997).Samwayset al. (1997)hypothesized that aggressiveant speciessuchas Pheidolemegacephala may have had a competitive advantage on
roadsidesbecauseof the availability of road kills for
food.
In the Florida Keys, it appearsthat roads and development facilitate colonization both by providing optimal Solenopsis invicta habitat and by providing
corridors into native habitat. Solenopsisinvicta probably invadedisturbedareas(developedareasand roads)
in severalways: (1) natural mating flights which may
occur throughout the year in southern Florida, (2)
movement of colonies with mated queens in nursery
stock or construction fill, and (3) transportation of
newly mated queensthat land in vehiclesand are transported to new areas (Vinson and Sorensen,1986).
Invasion of areaslacking native cover, and thus fauna,
is probably facilitated by the lack of competitors and
predators. Suchareasexhibit higher reflectivity and are
thought to be more attractive to newlymated queens.
While close proximity of an undisturbed area to a
developmentdid appearto increasethe probability of
invasion,the amount of developmentat the largestscale
investigated(150 m around the transect)was the most
significant variable. Twenty-sevenpercent (16) of the
transectsin undisturbedareasthat were ~ 10 m from a
developmentdid not have Solenopsisinvicta,but these
areashad significantly less development150 m around
their transectsthan the 10transectsthat had Solenopsis

invicta (t = -2.25, P= 0.03, df= 24.0) and were ~ 10 m
from a development.
The shortestdistance from a transectto a road was
the most significantroads-relatedvariable. Severalof the
transects with So/enopsisinvicta were surrounded by
relativelylittle developmentbut were relatively closeto
a singleroad. While So/enopsisinvicta may forage up to
50 m from a colony that existson the road-side,fire ants
at thesetransectswere found at baits> 50 m from the
road indicating they came from a colony within
the intact habitat.
4.2. Conservationimplications
Evena singleroad traversing through preservedland
or the expansion of an existing development near a
refuge may increase the probability of invasion by
Solenopsis
invicta.In the lower Florida Keys thereare at
leastnine federallyendangeredendemicswhich occur in
upland habitats such as transitional salt-marsh, pinelands,and hardwood hammocksand may be negatively
impactedby red imported fire ants. All of thesespecies
may be negativelyeffected by Solenopsisinvicta either
through direct predation or indirect effects. Indirect
effects include reduction in survival and weight gain
resulting from envenomization,behavioral changesin
the impacted species,changes in foraging patterns,
changes in habitat use and reduce food availability.
Indirect effectsmay be more important than direct predation, but are more difficult to study (Allen et al.,
1998).Thesenine speciesinclude two mammals[Lower
Keys marsh rabbit (Sylvilaguspalustris hefner/), Key
deer (Odocoileus virginianus clavium)], four reptiles
[striped mud turtle (Kinosternon bauril), Big Pine
Key ringnecksnake(Diadophispunctatusacricus),Florida brown snake (Storeria dekayi victa), red rat
snake (E/apheguttata guttata)], and three invertebrates
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