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Plant-Pollinator Interactions
FROM SPECIALIZATION TO GENERALIZATION

Edited by Nickolas M. Waser and Jeff Ollerton

"cHAPTER FIFTEEN

The Conservation of Specialized and
Generalized Pollination Systems in Subtropical
Ecosystems: A Case Study

Suzanne Koptur

They paved paradise and put up a parking lot
—Joni Mitchell

If one is lucky enough to hikein a pristine natural area and to come upon a dis-
play of native plants in bloom, one may see native visitors pollinating flowers
and enjoying the floral rewards. These visitors may even have evolved over time
to best exploit the rewards and the flowers, to best export their pollen for disper-
sal to another individual of the same plant species. Much important research has
been conducted in natural areas with minimal disturbance, and from these stud-
ies a body of ecological and evolutionary theory has grown about these striking
mutualisms. This idyllic scenario is becoming the exception, however because
many parts of the planet now have a disproportionately large percentage of the
fauna made up of one species, Homo sapiens. The earth’s human population has
doubled in the past 40 years (surpassing six billion in 2001). Humans are prone
to taking the nicest places and transforming them into places where they will
live and work, often in isolation from anything natural. Even areas that supertfi-
cially seem to be “pristine” often or always show the imprint of humans (McKib-

~ bin 1989); for example, nonnative plants or pollinators are likely to join the na-

tives in the idyllic scenario just described (Brown et al. 2002; Memmott and
Waser 2002).

Habitat destruction and fragmentation often shift the balance of nature in re-
maining habitat patches so that native organisms can no longer persist. Large
predatory animals that require large areas for their home range provide the most
obvious indication when they disappear, and, with the demise of predators, cas-
cading effects of increased herbivore abundance may affect plants (Anderson
1997; Malcolm 1997; Dicke and Vet 1999; Jeffries 1999; Terborgh et al. 2001;
Dyer and Letourneau 2003). Smaller animals, including insects, may hold on
longer in remaining habitat patches as long as their survival requirements are
met, but many groups show increased species richness with larger fragment size





(Robinson et al. 1997; Steffan-Dewenter and Tscharntke 2002; Steffan-Dewenter
etal., chap. 17 in this volume). Predators and parasitoids are more strongly af-
fected by habitat fragmentation than are lower trophic groups (Gibb angd
Hochuli 2002). Various phenomena accompanying fragmentation may lead to
the decline or disappearance of organisms, including negative consequences of
inbreeding, which results from isolation of small populations (Holsinger 1993;
Hastings and Harrison 1994), and stochastic extirpation without recolonization
due to greater distances from other populati'ohs (Hanski 1997). Smaller animals
may have even greater effects on plants, because many of them serve as pollina-
tors (Steffan-Dewenter et al. 2002) and seed dispersers (Bierregaard and Stouffer
1997) as well as herbivores (Rao et al. 2001) and seed predators (Donoso et al.
2003). Animals disappear more quickly than plants from landscapes affected by
humans, but plants without their mutualistic animal partners may not persist
long into the future.

In many situations it is not possible to preserve wild habitats, especially in the
vicinity of urban areas, where human population pressures are great. Forward-
thinking governments may set aside preserves, but these are often smaller and
fewer than what conservation biologists might deem optimal or desirable. Plant
species may be preserved in protected and/or managed habitat remnants, but, if
their pollinators are lost and they cannot reproduce sexually, they may be evolu-
tionarily dead. Habitat destruction can incur an “extinction debt” that will not
berealized for decades or centuries; this is the reasoning behind using successful
pollination as a measure of ecosystem health (Aizen and Feinsinger 1994), al-
though using pollination deficits to infer pollinator declines may not be entirely
straightforward (Thomson 2001).

In conquering the natural world, we humans have been largely oblivious to
our dependence on pollinators for much of what we eat and use (Nabhan and
Buchmann 1997) and have “forgotten pollinators” (Buchmann and Nabhan
1996). For over a decade, there have been declines in pollinators and pollination
disruption has been reported worldwide (Kearns et al. 1998), though there isless
direct evidence than many have presumed and such conclusions may be prema-
ture (Cane and Tepedino 2001). Long-term data are needed to track changes
(Kearns 2001; Roubik 2001), and it is difficult to tell if changes are truly declines,
or just supra-annual fluctations (Roubik 2001; Williams et al. 2001) or statistical
artifacts (Cane 2001; Kerr 2001).

Indeed, there are some anthropogenically fragmented habitats where many
of the mutualistic plant-animal relationships remain fairly intact, and not all
mutualistic interactions show negative effects of habitat fragmentation or land-
use intensity (Klein et al. 2001). Humans may actually enhance their own habi-
tats in ways that can attract and sustain pollinators—to the benefit of native
plant species dependent on specialized and generalized pollinators. The quality
of the matrix—the space between the habitat fragments—can play a role in
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reducing negative effects of fragmentation (Perfecto and Vandermeer 2001). In
subtropical southern Florida, extensive plantings of nonnative ornamentals pro-
vide abundant floral rewards to sustain pollinators of native plants in the urban
matrix between the remaining fragments of natural habitat. Native-plant enthu-
siasts have promoted gardening with indigenous species, further enhancing the
seemingly inhospitable between-fragment spaces for pollinator attraction and
survival.

For the past decade my students and I have been studying plant-animal inter-
actions in the South Florida pine rocklands. In this chapter I will review the
effects of habitat destruction and fragmentation on native plants that remain in
thenaturallandscape, consider the role of the matrix in ameliorating some of the
negative effects of habitat fragmentation on pollinators, and discuss some mea-
sures that are being taken to conserve pollinators in the human-dominated land-
scape of subtropical South Florida in the United States. My hope is that this ex-
ample will serve to illustrate problems and possibilities for more general
maintenance of pollination systems in human-dominated landscapes.

Effects of Habitat Destruction and Fragmentation in Pine Rocklands of
South Florida

Thebasicresult of habitat destruction is thatless habitat is available in which na-
tive plants can persist. I will illustrate this point by using the pine rocklands habi-
tat from the uplands of extreme southern peninsular Florida. Pine rocklands, a
fire-maintained subclimax vegetation with many endemic taxa, used to be
nearly continuous albeit divided occasionally by freshwater wetlands or “trans-
verse glades” (Snyder et al. 1990). The area covered by the rocklands ecosystems
was never large (fig. 15.1A) and shrankrapidly from the mid- tolate 20th century
because of economic development. Rockland sites were preferred areas for clear-
ing, building, and (after the invention of the rock plow) vegetable fields. Today,
less than 2% of the original habitat outside of Everglades National Park remains,
composed of a highly fragmented patchwork throughout urban and suburban
Dade County (fig. 15.1B). Many of these anthropogenic fragments are protected
as parks, but only some are maintained with exotic-pest-plant control and peri-
odic fires. Other fragments are in private ownership; most of these have man-
agement problems similar to those of the parks, or precarious preservation
status.

Fragments of pine rocklands also dramatically illustrate the “edge effects” re-
sulting from increased perimeter-to-interior ratio: greater invasion by exotic
species (especially weedy pest plants) that crowd out natives. The edges are
greatly influenced by the surrounding inhabitants in terms of fire suppression:
without periodié fires, pine rocklands undergo succession to hardwood ham-
mock forest, losing their diverse understory of herbs and shrubs (Snyder et al.
1990; DeCoster et al. 1999). Many of these understory plants are endemic to this
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Figure 15.1 Original (left) and present-day (right) extent of pine rocklands in mainland southern Florida. There are also pine rocklands in the lower Florida Keys

but they are not shown at the scale of the state map. (Left) Location and extent of Miami Rockridge is shown in black, and that same area is shown outlined at a

much larger scale in the projection to the right. (Right) Prefragmentation extent (outlined) and extent in 1992 (black areas). Most remaining intact rocklands are

protected within Everglades National Park; outside this park, less than 2% of the original rocklands remain.
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habitat, and many are rare and becoming more so. Many former pine rocklands
fragments have been degraded so completely that there is no longer a central
core with native species, only a monoculture of Brazilian pepper (Schinus tere-
binthifolius) or a mixture of pest-plant species (Bradley and Gann 1999).

Exotic plantsare not the only pests; exotic insects can compete with and elim-
inate native beneficial insect mutualists as well. Many areas in the southern
United States (as well as Central America), formerly species-rich in native ants
(and other insects), have become dominated by exotic ant species such as fire
ants (Solenopsis invicta). Fire ants can limit the numbers of herbivores and polli-
nators with their aggressive, omnivorous foraging behavior (Fleet and Young
2000). Honeybees may be kept by beekeepers in groves adjacent to, and even in,
some natural forest areas and may usurp floral resources that originally sup-
ported a diversity of native insects (Cairns 2002).

Animals kept as pets (or feral colonies maintained by kindhearted but mis-
guided humans) can, in some cases, also have a profound impact on natural
habitats. Many natural areas have networks of people who feed stray cats, cap-
ture them, neuter/spay them, and release the strays. Rather than controlling the
populations, the presence of the colony serves as an “attractive nuisance,” so
that more cats are abandoned at the parks and populations continue to grow
from the continual “immigration” of new individuals (Clarke and Pacin 2002;
Castillo and Clarke 2003). The effects of domestic cats (Churcher and Lawton
1987; Schneider 2001) and other feral animals (Woodroffe et al. 1990; Schneider
2001) on wildlife are destructive and profound. Birds, lizards, and small mam-
mals eat a variety of insects; when cats reduce their numbers, then insect popu-
lations can grow to levels that severely limit plant growth and reproduction.
Some residents of Miami keep chickens that roam freely, which may travel
through local parks in their search for food—eating seeds, seedlings, and small
plants (and sometimes themselves providing food for resident foxes!). Goatsand
rabbits may similarly alter the landscape in their quest for forage and make
“natural” areaslessdiverse and more barren, just as livestock does in midwestern
U.S. forests (Dennis 1997).

Native animals may also be influenced by human interaction that in turn can
affect their habitat. Sportsmen hunted the charismatic, endangered Key deer to
near extinction as the Keys were exploited for tourism (Silvy 1975; Frank et al.
2003). Since their protection, Key deer have grown so numerous that popula-
tions have reached carrying capacity (Lopez 2001) and their grazing effects may
have a larger impact than ever in the past (Folk et al. 1991; Koptur et al. 2002).
Key deer herbivory, especially after fire, significantly reduces plant stem length
and eliminates flowers on many preferred species (S. Koptur et al., unpublished
data).

There is clearly need for management of pine rocklands fragments in the ur-
banized landscape of South Florida. County natural-areas managers prioritize
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activities in lands they manage and are fairly effective in controlling exotic
plants via manual removal and herbicides. It is more difficult to use fire to man-
age fragments, especially those in close proximity to residential areas, but on
occasion progress is made in this aspect of pine rocklands habitat conservation.
Urban and suburban areas inhabited by humans are also managed for problem
insects, especially mosquitoes, cockroaches, and ants. Pesticides that are used to
control insects in adjacent areas can certainly affect survival of nontarget insects
in natural area fragments in the urban landscape. Closer to humans, more pesti-
cides are used: more than 20,000 pest control firms and 100,000 service person-
nel treat 12 million dwellings nationally, including most of the 280,000 retail
food outlets, 480,000 commercial restaurants and kitchens, and 66,000 hotels
and motels in the United States (National Pest Management Association 2001).
In subtropical southern Florida, I estimate that more than 90% of homes use
chemical pest control inside the dwelling, and more than 60% use some sort of
chemical pest control in the yard. Termite control in dwellings is ubiquitous-but
usually has little broadcast effect. Certain pesticides (some used for fleas, ticks,
and juvenile mosquitoes) are fairly specific; but broad-spectrum insecticides
(such as those used for adult mosquito or fruit fly control) can certainly cause a
decline of beneficial insects. The aerial application of pesticides to crops and
forestry plantations has been shown to depress pollinator populations (Kevan
1975;Johansen 1977;Johansen etal. 1983; Kearns and Inouye 1997; Spira 2001).
Coincident aerial insecticide spraying and flowering of endangered ento-
mophilous plants puts those plants in peril (Bowlin et al. 1993; Sipes and Te-
pedino 1995). Even application of Bacillus thuringensis by organic gardeners can
be detrimental to butterfly pollinators if B. thurigensis spores drift to weedy and
native larval host plants adjacent to vegetable gardens.

Empirical Examples

Observations of pollinator-plant interactions in relatively pristine pine rock-
lands of the Everglades and lower Florida Keys provide a basis for comparison of
the interactions of the same plants occurring in fragments of pine rocklands in
suburban and urban Miami-Dade County and in the developed areas of Big Pine
Key. We imagined that fragmentation of habitat would be detrimental to plant-
pollinator interactions, and it seemed reasonable to hypothesize that species es-
pecially vulnerable to negative effects of fragmentation would include special-
istsand obligate outcrossers. Therefore, we selected to study native plant species
that span a range of pollination systems, from specialized to generalized. I will
choose examples from this research to illustrate that “all is not lost” for some
plant species persisting in pine rocklands fragments.
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Figure 15.2 Flowers of pine rocklands plants: (A) flowering shoots of the pineland clustervine, Jacque-
montia curtissii; (B) a small individual of the pineland petunia, Ruellia succulenta, in full bloom; (C) the Big
Pine partridge pea, Chamaecrista keyensis, with flowers and developing fruit; and (D) fast-moving bee
(Centris errans) collecting oil from flowers of locustberry, Byrsonima lucida.

Pollinator Fauna
There are certainly differences in the pollinator fauna between pristine habitat
and habitat fragments. For most of the plant species we have examined, pollina-
tor species richness is greater in pristine habitat and in larger fragments than in
medium-sized and small fragments. The composition of the fauna varies as well,
as illustrated by the following examples.

The pineland clustervine, Jacquemontia curtissii (Convolvulaceae), has nu-
merous white flowers with rotate, open corollas about 2-3 cm in diameter, with
nectar in the center of the flower available to a wide array of visitors (fig. 15.2A);





some flower visitors also collect its white pollen. Three pristine pine rocklands -

sites in Everglades National Park had a total of 22 species of flower Visitors, of
which 19 were probable pollinators (determined by size and activities on flow-
ers): three large (greater that 10 ha) fragments had 12 probable pollinator spe-
cies, medium (3-9 ha) fragments had 11 pollinator species, and small (less than
3 ha) fragments had 6 pollinator species (Koptur and Geiger 1999). We Tecorded
26 species of floral Sm#oa and observed certain visitors only in fragments, ingj.
cating that the pollinator fauna of J. curtissii in fragments is not simply a subset
of pollinators in the intact habitat.

The pineland petunia, Ruellia succulenta (Acanthaceae), has large, showy
flowers with a lavender funnelform corolla (fig. 15.2B), suggesting that visits are
limited to insects with long proboscises. Geiger (2002) found this was not the
case because numerous bees, as well as Lepidoptera visitors, crawl down the
corolla tube to reach the nectar and pollinate the flowers. There were highly
significant differences in the proportions of Hymenoptera (bees) and Lepidop-
tera (butterflies and skippers) visitors by habitat size class; bees make up an
increasing proportion of the total floral visitors as one moves from small to
intact/pristine size classes, and Lepidoptera are more important in the smaller
fragments (Geiger 2002).

The Big Pine partridge pea (Chamaecrista keyensis, Fabaceae: Caesalpin-
ioideae) has large, showy, yellow flowers (fig. 15.2C) that are buzz-pollinated by
carpenter bees (Xylocopamicans) and two species of Melissodes bees (Liu and Kop-
tur 2003); they are also visited by other, nonbuzzing bees who pick up the pollen
scattered on the petals by the buzzing bees but usually do not contact the stigma
in the process. Chamaecrista keyensis flowers received substantially more visits by
X. micans, but fewer visits from Melissodes spp., in urban edge versus forest sites
in the Key Deer Refuge. Unexpectedly, the buzz-pollinators made up a substan-
tially greater proportion of the bee visits in urban edge sites than in forest sites,
where nonbuzzing visitors were more common (Liu and Koptur2003). The num-
bers of buzz-pollinating bees at partridge pea flowers declined after repeated aer-
ial mosquito spraying in Big Pine Key (Liu and Koptur 2003). This aerial spraying
has been observed to depress Lepidoptera populations in the Keys as well (Sal-
vato 2001; S. Carroll and J. Loye, unpublished data).

Byrsonima lucida, the sole member of the tropical plant family Malpighiaceae
native to South Florida (fig. 15.2D), has a specialized pollination system: oil is se-
creted as a floral reward and is collected by andrenid bees in the genus Centris, of
which only two species occur in this area (Centris errans = C. versicolor, and C.
lanosa). Our hand-pollination experiments show that flowers need visitation to
set fruit, and plants set substantially more fruit with cross- than self-pollination
(Koptur and Geiger 2000). Copious fruit production in this species is, therefore,
evidence of not only visitation, but also likely deposition of pollen from other
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individuals. Everglades plants fruit heavily, as do plants in or near some of the
larger fragments, and it is common to see C. errans bees at these sites. Plants in
smaller fragments also set fruit, though sometimes only modestly; even plantsin
gardens and planted landscapes set fruit. Centris lanosa is the more common visi-
tor to these plants, although both Centris spp. have been observed in urban areas.

Pollinator Activity in Disturbed Habitats
" Native plants do exist in the urban landscape, either persisting in fragmented or

semideveloped land or planted back into the landscape as garden specimens or
in landscaping projects of varying size. The native plants are visited by some
of the same insect species that visit them in natural environments, and by some
species that are more common in disturbed situations. Plants that are both gen-
eralists and specialists in their pollinator affinities have been observed to main-
tain pollinator relationships in urban situations in South Florida.

The endangered crenulate leadplant (Amorpha herbacea var. crenulata, Faba-
ceae: Papilionoideae) needs pollinator visits for fruit set, and cross-pollinations
set considerably more fruit and seed than self-pollinations (Linares 2004). Amor-
pha crenulata survives in only a few small pine rocklands fragments in Miami-
Dade County, but, wherever it grows, it receives visits from a variety of native
solitary bees (such as Dianthidium curvatum floridense) and nonnative honeybees
(Apis mellifera). Even in sporadically mowed lots, crenulate leadplant produced
abundant fruit. Planted in gardens within its native range and beyond, its strik-
ing inflorescences of tiny white flowers tipped with orange-yellow anthers are
visited by native and introduced insects (figs. 15.3A,.15.3B).

The purple flowers of pine rocklands milkpeas, Galactia spp., are visited by
nectar-collecting halictid bees which get brushed by the anthers and pollinate
them (personal observation). While conducting a study of the distribution of
rare milkpeas of southern Florida pine rocklands, O’Brien (1988) observed native
bee ﬁo_:nmﬁoa (Augochlora pura ssp. mosieri) visiting remnant milkpea individu-
als in manicured lawns of Coral Gables.

Role of the Matrix

The characteristics of the matrix—the space between habitat fragments in a frag-
mented landscape—are crucial to the maintenance of plant-pollinator inter-
actions in fragments. Those fragments that are small and/or isolated from larger
areas of intact habitat may depend in particular on the matrix for support of pol-
linators passing through or possibly even nesting and living in the matrix. A
thorough comparison of ecology of species across fragmented landscapes must
also consider matrix habitat (Jules and Shahani 2003). I will consider several
types of matrix habitat found between pine rocklands fragments and their po-
tential effects on plants and insects in remnant habitat.





Figure 15.3 More pine rocklands plants and insects: (A) crenulate leadplant, Amorpha herbacea var.
crenulata, plant habit; (B) inflorescence close-up of A. herbacea; (C) caterpillar of naturalized orange-
barred sulfur (Phoebis agarithe) butterfly on native Cassia bahamensis (aka Senna mexicana var. chap-
manii); and (D) flowering stem of the butterfly pea, Centrosema virginiana.

Concrete in the Big City

One aspect of urbanization (that is definitely not pollinator friendly) is the use of
asphalt (tarmac) on roads and concrete on other horizontal surfaces to thwart
the establishment and growth of any plant life. As the population of South
Florida has grown, roads that were formerly unpaved became paved, then
widened from two-lane, then four-lane roads, then to multilane expressways.
Consequently, the area covered by asphalt has steadily increased over the past
century. As areas have been developed for human habitation and other uses,
more and more ground has been covered by concrete. Gardens have been elimi-
nated from many lots for various reasons (they require care, attract unwanted
animals, they look “too wild”). As in many parts of Latin America, a sign of suc-
cessisatidy, barren yard consisting of concrete (frequently painted) with a mini-
mum of plants.

Suburban Lawns: A Golf-course Green in Every Yard?

As inhospitable as concrete is, matrix consisting of meticulously maintained
lawns (turf grass) may be even more detrimental to the movements of pollina-
tors. Turf grass science leads to the development of grass strains that are tough
and easy to maintain; the goal is to make the lawn as uniform as possible. Exten-
sive use of chemicals (fertilizers, herbicides, and pesticides/insecticides) is
needed to maintain the ideal lawn. Pest control operators leave signs in lawns so
that humans can avoid these areas for at least one day, but few pollinators (or
pets or children) are able, or take the time, to read these signs.

Pollinator Relief in the Land of Flowers

Fortunately, a number of features of the matrix between natural habitat frag-
ments exist that are improvements over concrete. The penchant many residents
of Florida (dubbed by the Spaniards “the land of flowers”) have for lush land-
scaping and beautiful flowers has led to an extensive array of cultivated orna-
mental plants that can provide pollinators with a variety of foods and shelter.
Most pollinator foods are provided in flowers, usually in the forms of nectar and
pollen, but certain species also provide oils (e.g., Malpighiaceae), resins (e.g.,
Clusiaceae), and extrafloral nectar (many families; Koptur 1992).

There are some spectacular sights involving animals and flowers to be seen on
the streets of Miami. Brilliant yellow, black, and white spot-breasted orioles
(Icterus pectoralis) visiting flowers of the sausage tree (Kigelia pinnata, Bignoni-
aceae) are the facultative pollinators of these bat-adapted flowers, the fruit of
which resembles huge, pendant sausages. High up on the bare trunks of majes-
tic Bombacaceae, squirrels drink nectar from the flowers of Bombax malabaricus
and Pseudobombax sp. These visits rarely lead to fruit production because con-
specific individuals of these species are few and far between. Fortunately, in big





cities (especially in the subtropics), there are many opportunists who use floral
rewards, sometimes, though not always, pollinating in the process.

Isolated individuals of Byrsonima lucida in urban garden plantings receive vis-
its from their specialized Centris bee pollinators even though no other B. lucida
are in sight. Those bees visit alternative oil sources found in frequent plantings
of several ornamental species of Malpighiaceae: Malpighia coccigera, Stigmaphyl-
Ion spp., and Thryallis glauca. And when the neighbors decide to add native B. lu-
cida to their gardens, fruit set is then possible for formerly isolated individuals.
Perhaps this fruit set is of less fitness consequence than fruit set on individuals in
native habitats, but it can serve to perpetuate this species in the matrix between
natural habitat fragments.

Nonnative species cultivated for their useful fruit are readily pollinated in
South Florida. Passion fruit (Passiflora edulis) are usually grown along fences and
are most effectively pollinated by carpenter bees, buta group of honeybees work-
ing together can also effect pollination (Hardin 1987). Flower beetles visiting the
purportedly wind-pollinated flowers of jackfruit (Artocarpus heterophyllus) grow-
ing in orchards or garden plantings may enhance fruit production and seed set
in South Florida (El-Sawa 1998).

Ornamental, exotic congeners of native species can serve to attract and feed
pollinators and can help pollinators make their way between fragments or be-
tween native species in the urban landscape. A very popular cultivated species,
Ruellia brittoniana, has purple, pink, or white flowers that look very similar to the
native R. succulenta. Ubiquitous plantings of this popular species ensure plenti-
ful nectar for butterflies and bees, and maybe even larval food for specialist her-
bivore butterflies (Nymphalidae) such as the white peacock (Anartia jatrophae)
and the malachite (Siproeta stelenes). Found throughout the tropics, Lantana ca-
mara volunteers readily as its seeds are dispersed by birds that eat the blue fruits;
butterflies are nourished by its nectar and may contribute to its hybridization
with native L. depressa in South Florida (Ramey 1999).

Even Weeds Serve a Purpose

Lantana camara is listed as a category [ nonnative, invasive plant by the Florida
Exotic Pest Plant Council and is one of the worst weeds in all the world (Holm
1977), forming dense thickets in 47 countries and a weed in many crops as well;
yetitis frequently planted to attract butterflies in the United States and in South
Florida is a well-used nectar plant for many butterfly species. Other pervasive
weeds are nourishment mainstays for pollinators in the seminatural and dis-
turbed landscape.

Devil’s pitchfork (Bidens pilosa, Asteraceae) is a crop weed in the Old and New
World tropics and a frequent resident of any disturbed ground or unmown lawn
in South Florida. It is so favored by insects that one can obtain a good general col-
lection of floral visitors for an area simply by observing its blossoms. A recent edi-

tion of a popular ecology textbook had a photo of a zebra butterfly (Heliconius
charitonius) sipping nectar on this flower rather than any of the native plants in
the area!

Brazilian pepper (Schinus terebinthefolius, Anacardiaceae) is a woody species
with attractive red berries that facilitate its dispersal by birds into natural areas;
it frequently colonizes disturbed ground to form a monospecific stand (as in the
former agricultural area within Everglades National Park known as the “Hole in
the Donut”). Honeybees and other insects consume the floral nectar of this pest
tree, and honey production is greatly enhanced by its presence (Ewel 1982).

Another notorious pest plant, the paperbark tree (Melaleuca quinquenervia),
has attractive white flowers full of nectar that is collected by a variety of insects,
including butterflies, skippers, moths, wasps, bees, and flies. Honeybees are the
most abundant pollinators (Vardaman 1994), and, although the flowers can au-
tomatically self-pollinate, seed set is enhanced by insect visitors (Vardaman
1994). The beekeeper practice of placing their beesin natural areas may therefore
promote the spread of noxious pest trees (both paperbark and Brazilian pepper)
that provide nectar for honeybees and in turn receive pollinator services.

Exotic Alternatives When Natives Are Absent: Benefits to Butterflies
Lepidoptera feed in different ways as either adults or larvae, and larval food
plants are necessary to maintain butterflies, moths, and skippers in the land-
scape. Some of South Florida’s rare butterflies use not only native but also exotic
host plants. The Atala butterfly (Eumaeus atala), once thought to be extinct, lays
its eggs on coontie, a native cycad (Zamia pumila), and the extensive coontie
starch industry of the early 20th century may have led to the extirpation of this
butterfly in South Florida prior to its subsequent recolonization (Smith 2000). A
reintroduction program undertaken at Crandon Park utilized extensive cycad
host plantings and larval relocations from colonies at Fairchild Tropical Garden
(Smith 2002), where Atala larvae also feed on the cultivated cardboard palm (Z.
furfuracea) and other cycads in the garden’s extensive collection—the reason the
garden is eager to farm out the larvae of this endangered butterfly species! Atala
adults visit many flowers, including native palmettos, Lantana involucrata, and
weedy Bidens pilosa (Smith 2000, 2002).

The Miami Blue (Hemiargus thomasi bethunebakeri) utilizes balloon vine (Car-
diospermum spp.) hosts. The larvae feed on the plant and hide in the seedpods to
avoid predators. Balloon vine occurs adjacent to hammocks in the lower Florida
Keys (Loye and Carroll, in press), and these hammocks are often close to roads,
resulting in the mowing of these areas to appease safety concerns. Conse-
quently, the state’s Department of Environmental Protection has requested that
an area several feet wide be left unmown to allow the plants to fruit, to perpetu-
ate suitable host plant for the Miami Blue.

Common butterflies also utilize both native and cultivated species for their
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rval hosts: the native cloudless sulfur (Phoebis sennae) and the naturalized
range-barred sulfur (Phoebis agarithe) utilize native and cultivated Cassia spp. as
1eir larval host plants (Glassberg et al. 2000). These butterflies visit a variety of
owers for nectar, and their activity is greatest in areas with abundant host
lants, in both natural areas and urban areas (fig. 15.3C).

ieneral Conclusions

Irban and Anthropogenic Landscapes and Pollinator Conservation

Jur results do not show a marked difference in the response of specialized versus
:eneralized pollination systems to habitat fragmentation (table 15.1). Aizen et
1. (2002) surveyed the literature and concluded that the extent of specialization
loes not necessarily correlate with the likelihood of a species experiencing neg-
itive effects of habitat fragmentation. Ashworth et al. (2004) noted more re-
’ently that, although pollinators are sensitive to habitat fragmentation, plants

hat are pollination specialists do not appear to suffer more from habitat frag- '

mentation than do generalists, and they proposed that this is because of asym-
metry in the degree of specialization of the plants and their pollinators (see also
Vazquez and Aizen, chap. 9 in this volume; Petanidou and Potts, chap. 11 in this
volume).

Thompson (1997) makes the case for conserving interaction biodiversity as
well as species diversity. Although this may be most easily done with large pre-
serves, there are “chronically fragmented” landscapes where this option does
notexistand there is much value in small preserves (Schwartz and van Mantgem
1997). If small preserves can be managed in ways that tip the balance of naturein
favor of native species (using exotic removal, fire management, and augmenta-
tion of resources in the matrix between preserves), many plant-animal inter-
actions will also be maintained. Generalized interactions are more flexible, and
it will take more care to ensure the persistence of extreme specialists; it will cer-
tainly not be possible in all cases. One way of increasing the chances of the per-
sistence of these interactions is by “gardening for pollinators.”

Gardening for Pollinators
Some naturalists have promoted butterfly gardening (e.g., Minno and Minno
1999; Glassberg et al. 2000), as have plant societies, public and private gardens,
and plant-related businesses. The most important message for nonbiologists is
that gardeners need to plant not only nectariferous plants but also larval food
plants to encourage the butterflies to linger and proliferate. The beneficial effects
on urban wildlife (specifically Lepidoptera) are noticeable. Little has yet been
done, however, to promote the numbers of other pollinators. It is essential not
only to include plants with floral rewards for the pollinators, but also to consider
the pollinators’ other needs (larval host plants and nesting sites).

The idea of gardening for pollinators was expressed in a popular article

Table 15.1 Summary of fragmentation effects (FEs) on pine rockiand plants (general conclusions from work in progress)

FEs on FEs on

species Specialist/ Principle FEs on polien pollinators FEs on

(family) generalist pollinators flowering deposition at flowers fruit set

Amorpha crenulata Generalist Bees Negative No info None None
(Fabaceae)

Byrsonima lucida Specialist Centris bees Positive None None slight negative
(Malpighiaceae)

Centrosema virginiana Specialist Large and Mixed None Medium bees None
(Fabaceae) medium-sized more common

bees

Dyschoriste angusta Generalist Bees and Mixed None None No info
(Acanthaceae) butterflies

Evolvulus sericeus Generalist Small bees Negative — None No info
(Convolvulaceae) and flies

Galactia spp. Specialist Medium and Negative — None None
(Fabaceae) small bees

Jacquemontia curtissii Generalist Bees, flies, wasps, Negative None Fewer species None
(Convolvulaceae) butterflies

Ruellia succulenta Generalist Bees and Negative None Butterflies more None
(Acanthaceae) butterflies commeon

(Tasker 1996) by a newspaper columnist influenced by the “Forgotten Pollina-
tors Campaign” (Buchman and Nabhan 1996); since that time, local interest in
making pollinators welcome has been growing. The Forgotten Pollinators Cam-
paign directed much attention to disappearing pollinators in the southwestern
United States, and worldwide, and a booklet entitled Gardening for Pollinators was
published by the Sonoran Desert Museum for guidance in the arid southwest.
The humid, subtropical climate of South Florida is vastly, different from the arid
southwest, and some parts are considerably more urbanized; nonetheless, both
areas share problems in disappearing species and declining pollinators. Al-
though bee diversity of the desert southwestern United States dwarfs that of
Florida, Florida’s bee fauna is still fairly rich compared with that of the rest of the
United States (Pascarella et al. 1999, 2001).

Solitary bees may find it difficult to nest in gardens that are too neatly main-
tained: some of these bees nest in dead twigs, which they may stuff with pieces
of leaves they cut; others nest in rocky crevices, or right in the ground in sandy
patches. Carpenter bees nest in wood, including wooden structures, and are
often more abundant in urban edge habitats (Liu and Koptur 2003). Centrosema
virginiana, the butterfly pea (fig. 15.3D), is pollinated primarily by these large
bees, and carpenter bee activity at flowers is much greater for plants near picnic
tables and park visitor facilities than those farther from wooden structures
(Cardel 2004). In the Redland agricultural area of South Florida, edible passion-
fruit (Passiflora edulis) grown on fences with wooden posts, or in areas with
wooden structures, receive more visits from carpenter bees; P. edulis on chain-
link fences with only concrete structures nearby receive more honeybee visits
(Hardin 1987). Therefore, it is important to have some habitat heterogeneity in





a garden to promote nesting by a variety of bee pollinators. Entomologists use
pollinator nest traps to study bee diversity (Pascarella et al. 1999, 2001), but nest
blocks/boxes have not been yet deployed in the South Florida landscape to at-
tract pollinators. Wasps frequently colonize nest blocks (much more than bees)
in South Florida studies (J. Pascarella, personal communication).

Importance of Education in Pollinator Restoration

Insects and Gardens (Grissell 2001) gives readers an appreciation of the diversity
of insects maintained by plants in a garden. This innovative work not only edu-
cates about insect biology and natural history; it also guides gardeners to a coex-
istence in which humans and insects can share gardens, encouraging gardeners
to tolerate many types of insects (such as bees, wasps, earwigs) that may at first
seem undesirable—those that benefit garden plants not only by visiting and pol-
linating flowers but also by eating potential pests.

The most powerful conservation education starts with children, and many
activities are aimed at young people. Butterflies are lovely, and butterfly garden-
ing is the easiest hook for most people; once hooked, they are more likely to be
open to appreciating the presence and activities of other insects in the garden,
the home landscape, and in natural areas. Schoolyard ecology (Berkowitz 2000)
brings students (and families) in touch with the natural environment, and stu-
dents who are exposed to nature activities in school are more likely to care about
nonhuman life in the future. Most organizations that have conservation of flora
and/or fauna as part of their mission, therefore, have a substantial educational
component, for example, botanical gardens, zoos, government agencies (fed-
eral, state, and county), and nongovernment organizations. Continuing to edu-
cate people after elementary school is perhaps the most important mission of
many organizations if their goals of conservation are to be realized in our com-
plex, modern world. One example is the North American Butterfly Association,
whose Miami Blue chapter conducts semiannual butterfly counts, which in-
crease public awareness of these insects. Adult education with public programs
and special events displays and activities are ways to engage members of society
who might otherwise never think about the importance of pollinators.

The Florida Native Plant Society and the Tropical Audubon Society regularly
have plant sales to promote creation of a habitat for wildlife. As more native
plants join the home landscape, the earlier planted individuals find mates, fruit
and seed are produced, and, in some cases, new populations become self-
sustaining. Admittedly, the genetic structure of remnant natural populations is
very likely changed with these native plantings in the matrix between natural
habitat fragments as pollinators move from fragment to oases of floral rewards
(some from exotic plants, some from native plants). This is a dilemma in our ir-
reversibly altered human-dominated landscapes.

356 * Suzanne Kontur

Restoration of pollinator-plant interactions by gardening for pollinators can
enhance plant and pollinator diversity and help rejuvenate landscapes in which
plants have lost their partners. There are many examples of pollinators that have
disappeared and are presumed extinct, from localized specialists to far-ranging
generalists (Buchman and Nabhan 1996). Planting projects can serve to replace
floral resources lost through development and may attract and support popula-
tions of floral visitors that would otherwise decline or disappear. These may be
the only means that can conserve both generalist and specialist pollinators in
the face of ever-growing human populations.
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"Plant-Pollinator Interactions is a multifaceted exploration of the specialization-
generalization continuum in pollination; however, it goes well beyond poltination to draw
novel connections with other interspecific interactions. Conceptually framed, highly
synthetic, and up-to-date, this impressive edited volume should appeal to a broad cross-
section of ecologists and evolutionary biologists.”

Judith Bronstein, University of Arizona

“Plant-Pollinator Interactions illustrates that pollination biology is not only ane of the most
mature but also one of the most dynamic fields of evolutionary ecology. The study of
pollinator-plant interactions has long been essential to ideas in all areas of ecology and
evolutionary biology, and the editors and contributors of this book have done a beautiful
job at selecting topics. A must read for anyone interested in how species interact, and
how such interactions shape the evolution of the parties involved,”

Lars Chittka, Queen Mary College, University of London

“This is an excellent book that masterfully covers the field of pollination biology 2t
different scales, from populations through communities to tandscapes, and from
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Abstract

A field experiment was conducted with outplantings of the native perennial shrub Senna
mexicana var. chapmanii in a semi-natural area adjacent to native pine rockland habitat in
southern Florida. The presence of ants and the availability of extrafloral nectar were manip-
ulated in a stratified random design. Insect communities were monitored and recorded over
a period of six months with a view to addressing three main questions. Do ants provide
biotic defense against key herbivores on S. chapmanii? Is the presence of ants on S. chap-
manii mediated by EFN? Finally, are there ecological costs associated with the presence of
ants on S. chapmanii, such as a reduction in alternative predator or parasitoid numbers?
Herbivores on S. chapmanii included immature stages of three pierid butterflies, and adult
weevils. Eight species of ants were associated with the plants, and other predators included
spiders, ladybugs, wasps, and hemipterans. Parasitic, haemolymph-sucking midges (Cera-
topogonidae) and parasitoid flies were also associated with the caterpillar herbivores, and
possibly the extrafloral nectaries of the plants. The presence of ants did not appear to influ-
ence oviposition by butterflies, as numbers of lepidopterans of all developmental stages did
not differ among treatments. Significantly more late instar caterpillars, however, were
observed on plants with ants excluded, indicating that ants remove small caterpillars from
plants. Substantially more alternative predators (spiders, ladybugs, and wasps) were
observed on plants with ants excluded. Rates of parasitization did not differ among the treat-
ments, but there were substantially fewer caterpillars succumbing to virus among those col-
lected from control plants.

We provide a rare look at facultative ant-plant mutualisms in the context of the many
other interactions with which they overlap. We conclude that ants provide some biotic
defense against herbivores on S. chapmanii, and plants benefit overall from the presence of
ants, despite negative impacts on non-ant predators.
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Introduction

Extrafloral nectaries (EFNs) have been reported in 93 plant families and 332 genera [1], and
may be found on almost any vegetative or reproductive plant structure [1, 2, 3, 4]. While extra-
floral nectar (EFN) may be consumed by a broad range of arthropods, its discovery by ants is
thought to be of greatest importance to plant defense [1, 5, 6]. While defending their resource,
many ant species show territorial aggressiveness towards, or even prey on other insects that
they encounter [1].

Since Thomas Belt first hypothesized the mutualism between plants and defensive ants [7],
many studies have supported ants as biotic defenders of plants [6, 8, 9, 10]. Ant-plants may be
placed into two categories based on their defensive strategy. Myrmecophytic plants provide
nesting sites and are permanently occupied by specialized ant species, while myrmecophylic
plants provide unspecialized food rewards, most commonly extrafloral nectar (EFN) or honey-
dew (through associations with honeydew producing hemipterans), and foster only facultative
interactions with ants. While the defensive role of ants on myrmecophytic plants is well sup-
ported [8, 9, 10], the defensive benefits of EFN attracted ants have been empirically demon-
strated only relatively rarely [11, 12, 13, 14]. Indeed, several studies of EFN mediated ant-plant
interactions have observed neutral or even negative effects on plant fitness [15, 16, 17]. In some
cases the chemical composition of EFN appears to be tailored to attract defensive ants, and dis-
courage exploiters [18]. Many facultative mutualisms between ants and EFN producing plants,
however, offer low levels of species specificity and nectar is, therefore, available to be exploited
by a host of arthropods which may confer no benefits to the plant (nectar thieves), and may
even deter ants [19]. For example, 14 families of Diptera and 5 families of wasps have been
observed at the EFNs of Lima beans alone [20]. The importance of EFN on the biology of non-
ant consumers, however, has rarely been studied [21].

Ants, themselves, vary in their defensive qualities [9, 22, 23], and even the most effective ant
bodyguards may not be exclusively beneficial for plants [24]. Mutualisms between plants and
ants do not occur in isolation, but within a complex web of biotic interactions. In the cactus
Ferocactus wislizeni, for example, plants defended by the most aggressive ants, Solenopsis
xyloni, suffer reduced herbivory and produce more flowers. Those flowers, however, receive
fewer and shorter visits from pollinators, deterred by the same ferocious ants [24]. Other stud-
ies have also observed that pollinators recognize the danger posed by ants [25, 26]. Assun¢io
et al. [26] placed plastic ants on the petals of Heteropterys pteropetala. Flowers with plastic ants
produced significantly less fruit than control flowers. Aggressive ants have also been observed
to reduce the numbers of other beneficial insects, such as predators and parasitoids, on EFN
bearing plants [6, 22]. In the EFN bearing tree, Qualea multiflora, both ants and spiders reduce
herbivory rates, and an interaction effect has been observed whereby the best protected plants
are those that harbor both ants and spiders. In many cases, however, ants outcompete spiders,
with detrimental effects on plant defense [27].

Contflict between mutualistic guilds (bodyguards, pollinators, parasitoids) represents an
important and understudied ecological cost of indirect plant defenses, and may be most preva-
lent in generalized systems where there is greater variation in partner quality and the relative
importance of each mutualism. If we hope to understand the ecological role of EFN, along with
the costs and benefits of ant-plant mutualisms, we must consider the whole network of interac-
tions in which they exist. Ant-plant associations have been described as keystone interactions
with the potential to dramatically alter the structure of arthropod communities [6]. The tempo-
ral dynamics of such mutualisms, however, and the balance of costs and benefits received by
the plant, have rarely been studied in the context of the community [28, 29, 21].
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Senna is a relatively large genus (300-350 species) of Caesalpinoid legumes, and one of the
three richest genera in terms of the number of EFN bearing species, along with Passiflora and
Inga [30]. The diversification of Senna has been attributed to the evolution of EFNs, facilitating
interactions with opportunistic ants, and the exploitation of newly arising ecological niches
[30]. Although the ecology of EFNs in Senna is not well understood, there have been a number
of studies on EFN mediated interactions in Senna and closely related taxa.

In the present study we observed and recorded insect activity in Senna mexicana var. chap-
manii (hereafter referred to as Senna chapmanii) over a period of six months, and compiled a
large database of species occurring on our study plants. We examined the role of EFN in medi-
ating ant-plant interactions in S. chapmanii, as well as the effects of ants on predator and herbi-
vore numbers. Additionally, we investigated how the presence of ants affects the rate of
parasitization in S. chapmanii’s key herbivores, the Sulphur butterflies. Ant protection of cater-
pillars against parasitoids has been observed several times through the experimental exclusion
of ants [31, 32]. In one such exclusion experiment, parasitization by tachinid flies and braconid
wasps, resulted in 78% mortality in Hemiargus isola (Lepidotera: Lycaenidae) larvae, almost
twice that observed in the presence of tending ants [32].

In this study, 60 seedlings of S. chapmanii were planted in semi-natural growing conditions.
The presence of ants and the availability of EFN were manipulated to test three major hypothe-
ses. First, we predicted that ants on S. chapmanii would provide defense against herbivores
such as pierid butterflies. Secondly, we hypothesized that the presence of ants would be medi-
ated by the availability of EFN. Finally, we predicted that, despite their defensive benefits, the
presence of ants would come at some ecological cost to S. chapmanii plants, specifically, a
reduction in the numbers of other predatory insects, or the rate of herbivore parasitization.

Methods

Seeds for plants cultivated for our experiment were collected from Camp Owaissa Bauer under
Research Permit # 0021 to SK, Natural Areas Management Miami-Dade County Park and
Recreation Department. The experiment was conducted on the grounds of the University of
Florida's Tropical Research Experiment Center (UF-TREC: 25°30°27.52”N, 8°30’13.67"W; ele-
vation 2.4 m) with permission as JEP was on the faculty and SK an official Research Associate
of UF.

Study site

The experiment was carried out at UF-TREC in Homestead, Florida. The regional climate is
classified as subtropical, with average annual temperatures fluctuating between 3.2-24.8°C in
January and 22.7-32.4°C in July. The mean annual precipitation is 1496 mm. The site elevation
is close to sea level, and consists of flat calcareous limestone rocklands that have been rock-plo-
wed for agriculture. We utilized a 2 acre restoration area within the site. The restoration area
was a rockland hammock, previously overgrown with exotic pest plants, that had been mostly
cleared of all vegetation except for some large native trees in the center and on a few edges.
Within 5 m of the western edge there is a stand of pine rockland habitat, a protected natural
area.

Study species

Senna Miller (Fabaceae: Caesalpinoideae), formerly included in the genus Cassia, is a genus of
300-340 species, of which 80% occur in the New World [33]. Senna spp. are mostly woody
perennials with parapinnate leaves, some bearing foliar nectaries between the lowest pair of
opposite leaflets (varying among species) [34]. Senna mexicana (Jacq.) H.S. Irwin & Barneby
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var. chapmanii (Isely) H.S.Irwin & Barneby is a native species of southern Florida, and is state-
listed as threatened (Atlas of Florida Plants), occurring only in Miami-Dade and Monroe coun-
ties, as well as in the Bahamas and Cuba. This species grows in pine rockland habitat and rock-
land hammock edges as an upright or sprawling subshrub, up to 1.2 m in height, spreading
broader than tall. The bright, showy, yellow flowers (ca. 2 cm diameter) offer no nectar to floral
visitors, and are usually visited by bees collecting pollen by ‘buzzing’ the anthers [35, 36]. Extra-
floral nectaries, however, occur on the pedicels of flowers in the inflorescences, as well as
throughout the foliage between basal leaflets.

Experimental design

Senna chapmanii plants were grown in a greenhouse at Florida International University, from
seed collected from the pine rockland at Camp Owaissa Bauer in Homestead (under Research
Permit # 0021 to SK, Natural Areas Management Miami-Dade County Park and Recreation
Department). After 3 months, sixty plants were transplanted into the experimental site on the
grounds of the University of Florida Tropical Research Experiment Station, in an area of
approximately 8000m>. Plants were installed in an evenly spaced array, over the open areas not
occupied by dense vegetation. Each plant was at least 4m from its nearest neighbor. Treatments
were assigned systematically to ensure even distribution of treatments across the site. Plants
were mulched with wood chips, and watered for two months until they were established.

The experiment consisted of four treatments, in which the presence of ants and the avail-
ability of EFN were manipulated. The two independent variables were ants (present or
excluded) and EFN (available or unavailable). The sixty plants were randomly assigned to one
of four treatments as follows: 1) Ants removed, and a sticky resin (Tanglefoot™) applied to the
base of branches to prevent the transit of ants and other crawling insects; this treatment is des-
ignated TF. 2) Ants present: ants removed manually to control for the effects of removal, such
as shaking of branches, but no tanglefoot applied, so their return was not prevented; this is the
control designated C. 3) Nail polish (Sally Hansen “Hard as Nails”) applied to all nectaries on
the plant to reduce nectar available to all visitors; this treatment is designated NP. 4) Nail polish
dabbed on the back of each leaf, to test for its potential repellent effects; this treatment is desig-
nated NPC. Nylon nail polish effectively seals the nectaries and eliminates nectar production
[37, 14] without damaging plant tissues on this species and others with fairly sturdy leaves. The
assigned treatment was applied to three branches of each plant, and reapplied weekly through-
out the course of the experiment. The arthropod censuses and collections were made from the
selected branches. Though originally there were 15 plants in each treatment, final sample sizes
of plants monitored were TF = 12, C = 15, NP = 12, and NPC = 11.

Plants were transplanted in March 2003, the cooler dry season in south Florida, so irrigation
was needed to aid their establishment until the summer rains came in late May. Plants were all
similar in size initially, but some grew taller and others broader, depending on their genotype.
We chose branches that were held upright and did not touch the ground, and trimmed overlap-
ping branches to eliminate pathways for crawling insects to access treatment branches. Obser-
vations began in the fall rainy season, September 2003, and exclusion experiments started in
October 2003. The experiment continued through February 2004, a period of six months, span-
ning both the wet and dry season (from December onward). In nature, plants flower and fruit
year round, though flowering is greater from November through May (personal observations).

Data collection

Throughout the field season a weekly census was conducted for each plant during the morning
hours (dawn until mid-day), always with sunny or partly cloudy weather, during which insect
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numbers were counted, and their behaviors monitored, on the three target branches. Predatory
arthropods such as ants, spiders, wasps, bugs, ladybugs and flies, were noted along with
whether they visited nectaries, removed herbivores, or fed on other insects. Vouchers were col-
lected where species determination was necessary. Herbivores on the plants were also recorded
(leaf-chewing weevils, and larvae of pierid butterflies and tortricid moths), but only the larvae
of pierid butterflies were intensively sampled. Numbers of small larvae (1* and 2" instars)
were recorded, while mature (3¢, 4™ and 5" instar) caterpillars were recorded, collected, and
reared to glean information on rates of parasitization and disease. The larvae of tortricid moths
were sporadically collected and reared for information on their species identity and parasitiza-
tion. For each type of arthropod we counted the number of individuals at each census, except
for ants, flies, and weevils, where only the presence or absence of each species was noted.

Caterpillars were maintained individually in the laboratory, in 1-gallon plastic bags, and fed
on leaves until they died or pupated. Caterpillars/Pupae were kept in the bags until the emer-
gence of adult butterflies or, in the case of dead or morbid individuals, until the emergence of
parasitoids (such individuals were placed in plastic Falcon ™ tubes with loosened caps). Emerg-
ing butterflies or parasitoids could then be identified.

For each pierid caterpillar collected, we recorded whether it survived to adulthood or died.
For those caterpillars that died, it was determined if their death was a result of parasitization
(where a parasitoid was seen to emerge) or from a virus. The most common parasitoid, a tachi-
nid fly, usually emerged as a larva from the pierid butterfly chrysalis, and pupated in the con-
tainer. We later found that some of these flies pupated within the chrysalis, and died while
emerging from both pupae cases. Some fly larvae presumably died before emergence, and were
not detected. By this stage specimens were often desiccated to such an extent as to prevent reli-
able analysis and, therefore, it was not always possible to determine the exact cause of death. In
such cases we assigned the category “maybe parasitized”. Virus infected caterpillars exhibited
discoloration and turned black shortly after death; virus infected pupae neither eclosed a but-
terfly nor a parasitoid, but turned either black or a mosaic of colors. Dead specimens (larvae
and pupae, presumed to be killed by virus) collected over the study were later sent to L. Solter
(Ilinois Natural History Survey) for examination, to determine if there was evidence of virus
or microsporidia. This turned out to be impossible to determine as our specimens, left in tubes
at room temperature, had acquired fungi and other decomposers that interfered with her
observations; no one common pathogenic agent could be identified from these specimens.

Data analysis

We summed the occurrences of all types of insects on each plant (actual counts for most types;
only presence/absence for ants, flies, and weevils) over the course of the experiment. We used
sums rather than averages as it was unlikely that individual insects would be on the same plant
(except for caterpillars, which were removed at the third instar and later for rearing). Where
actual numbers were recorded, counts were compared among treatments using Univariate
Analysis of Variance. Where only presence/absence was recorded, insect occurrence was com-
pared using Contingency Tables and the Kruskal-Wallis test (SPSS version 11).

Analyses were performed with both actual data of occurrences of the various arthropod
groups and square-root transformed data, which always gave the same results, so we report the
results with the actual data. Some plants died during the course of the experiment, succumbing
to fungal blight; data from all plants that lived for at least two months were included. Post-hoc
tests for between treatment comparisons were either Tukeys HSD (for equal variance) or Dun-
net’s C or Games-Howell (depending on the sample size). Caterpillar rearing data were ana-
lyzed using contingency tables.
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Results

In all the analyses we sought to detect effects of the treatments on the abundance of the various
arthropods associated with Senna mexicana var. chapmanii. We will consider each of the
groups in turn, starting with the ants, continuing with other potential predators, and then the
herbivores.

Ants

Eight species of ants were encountered on experimental plants (Table 1). Plants treated with
Tanglefoot had the lowest numbers of ants of most species (lowest mean ranks in the Kruskal
Wallis test), but only for one species of ant (Brachymyrmex obscurior; Kruskal Wallis X*5 = 9.2,
p =.026) was the difference significant (Fig 1). Fire ants (Solenopsis invicta) did not differ sig-
nificantly among treatments (X*; = 2.822, p = 0.42) (Fig 1), and carpenter ants (Camponotus)
were marginally significant when the three observed species were combined (X*; = 7.23,

p = 0.065). Overall, the desired effect of ant exclusion was obtained: all ant species combined
were substantially less frequent on the Tanglefoot treated plants than on all the other treat-
ments, which were not different from each other (Fig 1).

Of the 60 plants in the study, 18 were colonized by fire ant nests at their base during the
course of the experiment: 9 of the NPC plants; 5 of the NP plants; and 2 each of the TF and C
plants. During the course of the experiment, some of the plants died, succumbing to a type of
blight, wilting one week, dead the next week. One or two of each group was lost in this way,
reducing the sample size by the end of the study. Only one of the plants with a nest at its base
died.

Other Predators

Predators of several orders (Hymenoptera, Hemiptera, Coleoptera) and many families were
recorded on the Senna chapmanii plants in this experiment (Table 1; Fig 2). Several non-ant
predators were substantially more abundant on plants with ants excluded: ladybugs (Cocinelli-
dae) (F3 47 = 3.4, p = 0.025), spiders (Thomisidae) (F; 47 = 2.998, p = 0.040), and wasps (Vespi-
dae) showed statistically significant differences (F; 47 = 2.82, p = 0.049) among treatments and
were most abundant on Tanglefoot treated plants (Fig 2). Hemiptera predators (F; 4, = 1.56,

p = 0.212) and sucking flies (Ceratopogonidae) (F; 4, = 1.999, p = 0.127) did not differ signifi-
cantly among treatments.

Herbivores

Three pierid butterfly species occurred on Senna mexicana var. chapmanii: Abaeis nicippe
(Cramer) (the sleepy orange), Phoebis philea (L.) (the orange-barred sulfur), and Phoebis sen-
nae (L.) (the cloudless sulfur). Abaeis nicippe were the most numerous, followed by P. sennae,
while P. philea were relatively rare (Fig 3). Abaeis nicippe larvae consumed only foliage,
whereas the larvae of both Phoebis species consumed either leaves or flowers. Phoebis larvae
had coloration reflecting the color of the plant organ consumed. Comparing the number of cat-
erpillars collected at 3 instar and larger for rearing, we can see that for both Phoebis species,
more were found on plants with ants excluded (P. philea X*; = 141.24; p < 0.005; P. sennae X5
=78.25; p < 0.005), and this difference was significant also for comparing only ant exclusion
(TF treatment) with the control for both Phoebis species as well (P. philea X* = 17.82;

p < 0.005; P. sennae X5 = 16.6; p < 0.005. This difference between ant-excluded and control
was not evident, however, for Abaeis nicippe (X> = 0.08; p > 0.5), though overall there was a
significant effect of treatment (X5 = 107.22; p < 0.005). When caterpillars of all species
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Table 1. Arthropods associated with experimental Senna plants.

Order, Family

Hymenoptera, Formicidae

Hymenoptera, Halictidae

Hymenoptera, Apidae
Hymenoptera, Vespidae

Hemiptera, Alydidae
Hemiptera, Reduviidae

Hemiptera, Pentatominae

Hemiptera, Pyrrhocoridae
Coleoptera, Cucurlionidae

Coleoptera, Coccinelidae

Arachnida, Thomisidae

Genus, Species, author

Brachymyrmex obscurior* Wilson & Taylor
Camponotus floridanus Buckley

Camponotus rasilis* Wheeler

Camponotus sexguttatus* Fabricius
Odontomachus brunneus Deyrup et al.
Paratrechina longicornis Latreille

Pseudomyrmex elongatus Mayr

Pseudomyrmex gracilis* Fabricius

Solenopsis invicta* Buren

Augochlorella spp.

Augochloropsis anonyma Cockerell

Melissodes communis Cresson

Polistes major (Beauvois) det. Deyrup 2003
Pachodynerus nasidens Latreille det Wiley 2005
Hyalymenus longispinus Stal, 1870; det. D. Zisk 2005
Zelus longipes L.—D. Zisk 2005

Euschistus sp. det. D. Zisk 2005

Loxa virescens Amyot & Serville

Dysdercus mimulus Hussey; det. J. Brambilia 2005
Diaprepes abbreviatus Hussey; det. M.C. Thomas
Pachnaeus litus Germar

Brachiacantha decora Casey; det. MC Thomas
Cycloneda sanguinea Hussey

Coelophora inaequalis Fabricius det M.C. Thomas
Diomus roseicollis Mulsant

Hippodamia convergens Guérin-Méneville
Misumenoides formosipes Walckenaer 1837

Nest location, ecological info, etc

Ground (Tschinkel & Hess 1999)
Decaying wood

Decaying wood

twigs

subterranean

Tree bark, rotten wood, stones, debris
Dead twigs

Twigs, branches

ground

Flower visitor

Flower visitor

Flower visitor

Predator, make caterpillar meatballs
Predator

ant-mimic nymphs—plant/seed feeders
predator, Assassin bug

predator

predator

Plant feeder

Leaf feeder

Leaf feeder

predator

predator

predator

predator

predator

predator

Table 1—Arthropods on Senna mexicana var. chapmanii plants in experimental plantation, Homestead, FL. Taxonomic information includes order, family,
genus, species, and authority. Ant (Formicidae) species considered exotic are indicated with *. Brief ecological information is also provided for each

documented association.

doi:10.1371/journal.pone.0138157.t001

collected for rearing were combined, there was an even more dramatic difference among treat-
ments (X’ = 195.6, p < 0.005) with many more caterpillars discovered, collected, and reared
from plants with ants excluded versus control plants (X> = 14.0; p < 0.005).

Although all caterpillars were somewhat more numerous on plants with ants excluded
(especially Phoebis sennae), the overall number of Pieridae encountered in weekly censuses (all
species combined, and all stages from early through late instars), did not differ significantly

among plants in different treatments (F; 4; = 1.288, p = 0.29) (Fig 3). Numbers of caterpillars
collected and reared in the lab (3" instar and greater), however, differed significantly among
treatments (Pearson X3 = 34.997, p < .0001), with greater numbers found on plants from

which ants were excluded (the TF treatment; Fig 4).

Several species of tortricid caterpillars (subfamily Phyticinae) were recorded, collected, and

reared, and their numbers did not differ significantly among treatments (F; 4, = 0.591;

p = 0.624; results not shown). Leaf-chewing weevils were also encountered on experimental
plants, including Diaprepes abbreviatus and Pachnaeus litus (Coleoptera: Curculionidae).
Their numbers did not differ significantly among treatments.
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Fig 1. Ants on Senna mexicana var. chapmanii (experimental plantation) plants in Homestead, FL. Mean and standard error of numbers summed over
the field season, over all plants, by treatment. Differences among treatments shown by Kruskal-Wallis for presence/absence data. Treatments abbreviated
as C = control, TF = (tanglefoot) ant exclusion, NP = nail polish, NPC = nail polish control. Sample sizes of plants monitored were TF =12, C =15, NP =12,
and NPC = 11).

doi:10.1371/journal.pone.0138157.g001

PLOS ONE | DOI:10.1371/journal.pone.0138157 September 22,2015 8/18





el e
@ : PLOS ‘ ONE Extrafloral Nectaries, Ants, and the Associated Arthropod Community

a

" Spiders

t & b

Q

£ b b

-

z ,

c

o,

2 | i

Tanglefoot Control Nail Polish NP control
2 Coccinelid Predators

n
¥

!

£ ab

< ab

Tanglefoot Control Nail Polish NP control

¥ a Wasp Predators

5 ab

=

<o ab

O o

= b

Tanglefoot Control Nail Polish NP control
Treatments

Fig 2. Other potential predators on Senna mexicana var. chapmanii (experimental plantation) plants in Homestead, FL. Mean and standard error of
numbers summed over the field season, over all plants, by treatment. Differences among treatments shown by ANOVA for count data. Treatments and

sample sizes the same as in Fig 1.
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Fig 3. Herbivores on Senna mexicana var. chapmanii (experimental plantation) plants in Homestead, FL. Mean and standard error of numbers
summed over the field season, over all plants, by treatment. Differences among treatments shown by ANOVA for count data. Treatments and sample sizes
the same as in Figs 1 and 2.

doi:10.1371/journal.pone.0138157.9003
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Fig 4. Pieridae (3" instar or higher) collected from field-grown Senna mexicana var. chapmanii, and brought to lab for rearing. Individuals, summed
over the field season over all plants, are separated by species and treatment. n = number of plants monitored. Treatments and sample sizes of plants
monitored the same as in Figs 1, 2 and 3. Pearson X2;=25.5,p<0.0001.

doi:10.1371/journal.pone.0138157.g004

Parasitoids

Two species of tachinid flies were reared as parasitoids from the two most common sulfur but-
terfly caterpillars, A. nicippe and P. sennae. One species was positively identified as Lespesia
parviteres (Aldrich & Webber), while the other, a species of Hyphantrophaga (possibly H. sell-
ersi (Sabrosky), could not be identified beyond the genus due to confusion in this taxon.
Though the same flies reared as parasitoids were also observed several times in the field on
plants and on researchers, their numbers were not great enough to warrant analysis. Small flies
observed sucking the haemolymph of sulfur caterpillars were collected and determined by Wil-
liam Grogan to be Forcipomyia (Microhelea) eriophora (Williston) (Ceratopogonideae), a spe-
cies recently observed in the Florida Keys feeding on the Florida leafwing butterfly [38]. Most
of the caterpillars found with the sucking flies died before pupation [14], perhaps from a virus
transmitted by the flies.

Only one wasp (Ichneumonidae) parasitoid individual was reared from the sulfur caterpil-
lars, but this species was never observed in the field, though several other small wasps that
might be parasitoids were observed on plants and at nectaries.

Parasitization and caterpillar success

Parasitization rate determined from caterpillars collected was 13% over all treatments. The rate
did not differ significantly among treatments (Pearson X*; = 4.35, p = 0.226; Fig 5).

Viruses were implicated in the death of many caterpillars, despite hygienic rearing protocol.
Over all treatments, 13% of the individuals reared apparently succumbed to virus; this differed
significantly among treatments, with caterpillars from Control plants faring substantially better
than those from all the other treatments (Pearson X?; = 8.75, p = 0.033; Fig 5).
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Fig 5. Rates of parasitization, virus death, and adulthood reached by caterpillars by treatment. Sample size is the number of caterpillars collected from
plants (3" instar and beyond) and reared from plants in each treatment group. Parasitized counts include both definitely and “maybe parasitized” individuals.

doi:10.1371/journal.pone.0138157.9005

Caterpillar success rate in becoming an adult butterfly was 61% over all treatments, and
though not significant (Pearson X3 = 7.38, p = 0.06; Fig 5), the best survival was seen in the
caterpillars from Control plants (69% vs. 57-58% in all other groups).

Discussion

Extrafloral nectaries are a way of plants attracting “pugnacious bodyguards” [3] as they subsi-
dize the diet of carnivorous insects [39], forming the basis for protective mutualisms. The out-
come of food-for-protection mutualisms between ants and plants are difficult to predict,
however, as they don’t occur in isolation, but within a complex web of biotic interactions. By
manipulating the presence of ants, and the availability of EEN, we cast some light on the many
interactions mediated by EFN, and the role of ants as a biotic defense in S. chapmanii.
Although the presence of ants has been shown to deter oviposition by lepidopteran herbi-
vores in several studies [4, 11, 40], our results suggest this is not the case in S. chapmanii, as
overall numbers of pierid caterpillars were similar among treatments. Late instar pierid cater-
pillars were significantly less abundant in the presence of ants, however, indicating that ants
defend S. chapmanii plants by removing these key herbivores (Fig 6). A very similar relation-
ship between ants and pierid herbivores has been observed in a closely related species, Senna
occidentalis. Fleet and Young [41] observed that oviposition by two Sulphur butterflies was not
deterred by defensive ants, but that the survival rates of eggs and larvae were reduced. Several
other studies have reported reduced levels of caterpillar infestation in the presence of ants [42,
43]. Sendoya and Oliveira [43] studied these effects at the habitat level (the Brazilian cerrado),
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Fig 6. Predators on Senna chapmannii plants—upper left, Polistes major wasp with Phoebis philea caterpillar; upper right, Polistes wasp damage
to Phoebis sennae chrysalis; lower right, coccinelid Brachiacantha decora adult at extrafloral nectary; lower left, thomisid spider Misumenoides

formosipes ready for prey.

doi:10.1371/journal.pone.0138157.9g006

and found that rates of caterpillar infestation were influenced by local variations in ant num-
bers and species, as well as the preference of those ant species for plants producing EFN.

We observed no differences in the incidence of tortricid caterpillars among treatments, and
this was to be expected, as these are concealed feeders and are less likely to be affected by sur-
face patrolling ants. Indeed, the presence of ants may even benefit some concealed feeders by
deterring their enemies [44, 45]. Unfortunately, too few Tortricidae were reared in this study to
determine if that is the case in this system.

The role of ants as plant defenders is well supported, but mainly in myrmecophytic plants
that provide both food and shelter to their ant partners, and engage in specialized obligate
mutualisms (for example, [8]). Senna and relatives, however, represent a large group in which
the ecology of EFN has been relatively well studied, and several species have been observed to
benefit from facultative relationships with ants. Senna occidentalis in Texas receives protection
from fire ants against two of the same sulfur butterflies as in this study, resulting in greater
plant height, number of leaves, and reproductive fitness [41]. In the Brazilian cerrado,
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Chamaecrista debilis nectaries are visited by ants that decrease herbivory and increase fruit set
[46]. The nectaries of Cassia fasiculata have also been shown to support protective ants that
reduce herbivore damage [47], and increase plant fecundity [48]. Boecklen [49], however,
excluded ants from the same species using two methods (tanglefoot and excising nectaries,
alone and in combination), concluding that the presence of ants was of no benefit to plants as
treatment plants produced as many fruits as did control plants. It remains to be seen in our sys-
tem if ants visiting nectaries enhance plant reproduction.

The application of Tanglefoot™ was effective in excluding ants from treatment branches
over the course of the study. Reducing the availability of EFN using nail polish, however, did
not significantly affect ant activity on the study branches. This was a surprising result, as many
studies have linked ant activity with the availability of EEN [50, 20, 51]. Indeed, Baker-Meio
and Marquis [52] studied several varieties of Chamaecrista desvauxii and found that those vari-
eties with larger nectaries produced more nectar and attracted more ants. During our study,
EFNs in the inflorescences of flowering individuals may have augmented ant activity on nail
polish treated branches, as they were not always covered with nail polish. Additionally, on
large study plants, only the experimental branches were treated, so the availability of EFN on
non-test branches likely accounts for many of the ants attracted to these plants.

Our results demonstrate that when ants are excluded from nectaries in this study system, the
numbers of other predators are significantly increased (Fig 7). The deterrence of other predators
represents an important ecological cost of ant-plant interactions. Torres-Hernandez et al. [22]
also found that predator numbers on Turnera ulmifolia were increased when ants were
excluded, and that these predators provided better defense against herbivores than some ant
species. Spiders have been shown to enhance seed set of Chamaecrista nictitans host plants with
extrafloral nectaries [53], even when ants are ineffective at repelling some herbivores [45]. Ves-
pid wasps visit extrafloral nectaries and are voracious predators (and we observed several mak-
ing “caterpillar meatballs” during the course of the study). Wasps attracted to the extrafloral
nectaries of Turnera ulmifolia have been shown to positively affect plant reproductive output
[54]. Coccinellidae larvae and adults have been observed to visit extrafloral nectaries ([55], and
the present study) and consume a variety of arthropods. Feeding on nectar and honeydew has
even been shown to enhance development and survival these omnivorous “predators” [56].

In this study, neither the presence of ants, nor the availability of EEN, affected the rates of
parasitization in pierid caterpillars. Although several studies have observed ants defending cat-
erpillars from parasitoids [31, 32], these studies involved ant-tended lepidopteran species that
are known to provide ants with sugary resources in return for defense. It has been observed
[James Spencer, personal communication] that sulphur caterpillars at times produce tiny drop-
lets on the tips of setae covering their bodies, but the potential role of this liquid as an ant
reward, or ant-deterrent, has not yet been investigated. We have never observed caterpillar-
tending behavior by ants, but the droplets may play a role in caterpillar protection (presently
under investigation).

A surprising observation was that on control plants, where ant activity was high, fewer cat-
erpillars died from viruses. We also observed that caterpillars collected from these plants had a
higher rate of successful emergence as adults, although the result was not quite significant in
this case. A variety of predators and parasitoids (Coccinellid larvae, tachinid flies, and parasitic
wasps) have been shown to carry viable nuclear polyhedrosis virus [57]. It is possible; therefore,
that the deterrence of predators by ants may explain the low rates of viral infection seen in cat-
erpillars collected from control plants. An alternative explanation is that ants may dispropor-
tionally predate upon virus infected caterpillars, leading to lower rates of virus infection in
reared caterpillars. While we view this explanation as unlikely, future work could determine if
virus infected caterpillars are more or less vulnerable to predation.
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Fig 7. Some players in the tritrophic system—upper left, caterpillar of the orange-barred sulfur butterfly, Phoebis philea, on Senna chapmanii;
upper right, pupa (chrysalis) of P. sennae; lower left, adult P. sennae; lower right: caterpillar studded with sucking flies (virus transmitters?). When
viruses are involved, the pupae do not hatch, but instead turn various colors.

doi:10.1371/journal.pone.0138157.g007

An unanticipated dimension of the study was the discovery of caterpillar-sucking midges
that might have a role in spreading virus and thereby controlling caterpillars. Ceratopogonidae
midges (Forcipomyia (Microhelea) eriophora) were first observed feeding on P. sennae during
this study, and the phenomenon was later observed several times in natural settings. The para-
sitized larvae were collected, and died at higher rates in captivity than is expected in rearings of
this species [14]. It might be that these Ceratopogonidae midges are not as likely to suck cater-
pillars in the presence of ants, but more work is needed to test this, as well as the virus trans-
mission hypothesis [14].

Like many EFN producing plants, S. chapmanii appears to engage in non-specialist faculta-
tive interactions with ants. In this study alone, the EFNs of S. chapmanii were regularly visited
by eight species of ants. In addition to attracting small numbers of workers to defend against
herbivores, some EFN producing plants may also attract ants to nest beneath the plants,
increasing the reliability of defense and potentially providing additional nutrients in the soil
[58, 59]. In this experiment, of the thirty plants with available EFNs, eleven had fire ant nests at
their base. Study plants were mulched to prevent the growth of weeds that might function as
‘ant-bridges’, and this mulch may have contributed to the attraction of nesting ants, however,
this unexpectedly high occurrence of nests surely warrants further investigation. Indeed, the
outcomes of ant-plant mutualisms must ultimately depend more on the dynamics of colonies,
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than the behavior of individual workers, and we are not the first to suggest that future work
might use colonies, rather than workers, as the unit of study [60].

We have previously shown that S. chapmanii plants produce more EFN in response to leaf
damage, and that the same leaf damage elicits increased ant activity on the plants [51].
Although not comprehensive, the present study provides a record of many insects found on S.
chapmanii, and represents a rare effort to describe EFN mediated ant-plant interactions in the
context of the many other interactions around which they occur. We provide strong evidence
that ants remove key herbivores from S. chapmanii, and future work should focus on how ants
affect plant reproductive fitness in this system.
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ABSTRACT: The federally endangered crenulate leadplant, Amorpha herbacea Walter var. crenulata
(Rydb.) Isely, is an endemic shrub of the globally imperiled pine rocklands of southern Florida. Crenu-
late leadplant is near extinction in the wild due to heavy habitat loss, fire suppression, altered hydrol-
ogy, and invasion by non-native species. This study examined the floral biology and breeding system
of the leadplant and factors that may help explain its decline and provide direction for conservation.
Protogynous flowers and a high pollen/ovule ratio suggest a reproductive strategy of outcrossing,
while a binucleate pollen grain indicates possible gametophytic self-incompatibility. Hand pollinations
show that while the leadplant is capable of some self-fertilization, it is significantly more successful in
setting fruit when cross-pollinated, and produces a greater percentage of seed when outcrossed. This
predominantly self-incompatible species may, therefore, suffer decreased reproductive fitness in its few

remnant localities.

Index terms: Amorpha herbacea var. crenulata, bees, breeding system, endangered plant, Fabaceae, pine

rockland, protogyny, self-incompatibility

INTRODUCTION

Amorpha herbacea Walter var. crenulata
(Rydb.) Isely, the crenulate leadplant, is
a federally endangered shrub endemic to
the globally imperiled pine rocklands of
extreme southern Florida (USFWS 2006).
The crenulate leadplant (Fabaceae: Papil-
ionoideae) has dwindled to near extinction
in the wild, where it exists solely as remnant
adult populations in highly altered sites.
Its primary threats are habitat destruction
and fragmentation, fire suppression, drain-
age, and invasion by non-native species
(FDACS 2000).

The pine rockland habitat of the crenu-
late leadplant has been largely destroyed
throughout urban and suburban Miami-
Dade County (USFWS 2006). With a tree
canopy composed solely of slash pine
(Pinus elliottii), the pinelands support
a number of endemic shrubs and herbs
now listed as threatened or endangered.
Pine rocklands outside of Everglades
National Park once covered nearly 65,000
hectares, but now have been reduced to
small fragments. In Miami-Dade County,
the pine rocklands occur along the Miami
Rock Ridge, an exposed portion of the
Pleistocene Miami Limestone formation
approximately 80 kilometers long and 6 to
14 kilometers wide (DERM 1993).

Crenulate leadplant had a restricted range
even before habitat destruction took its
toll. The shrub was constrained to an area
approximately 19 km long and 8 km wide
in Miami-Dade County (DERM 1993).
This range is within the northern Biscayne

region of the Miami Rock Ridge, much
of which historically was close to the
transverse glades and eastern edge of the
Everglades (Snyder et al. 1990). Crenulate
leadplant is associated with the seasonally
hydrated, pineland-marl prairie ecotone,
which essentially no longer exists in Mi-
ami-Dade County (FDACS 2000).

The study of plant breeding systems is
vital to species and habitat conservation
(Richards 1997). If a plant is self-incompat-
ible, it must have access to the pollen of a
different genetic individual for successful
reproduction. If pollinators are necessary,
conservation requires habitat to support the
pollinators and to sustain plant populations
large enough to enable cross-pollination.
Thus, knowledge of breeding systems is
important in formulating integrated man-
agement strategies (Koptur 2006). It also
has important practical applications in
managing endangered plants to conserve
their genetic variability (Kearns and In-
ouye 1993), since breeding systems play a
crucial role in shaping population genetic
structure (Hamrick 1989).

This study examined the floral and repro-
ductive biology of crenulate leadplant, fac-
tors that may help explain its decline in the
wild and assist in achieving the immediate
federal objectives of preventing extinc-
tion and increasing populations. Modern
conservation is strongly oriented toward
habitat protection, but this does not remove
the need to understand the autecology and
requirements of individual species (Noss et
al. 1997), especially those that have become
so rare that they require individual listing
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and recovery planning to avert extinction
(Atwood and Noss 1994).

METHODS

Study Plants and Sites

Crenulate leadplant is a multi-stemmed
shrub, readily resprouting from its base
after periods of dry weather, mowing, or
fire (Figure la). Its white inflorescences
are tinged with red and its small flowers
have bright orange pollen, making an at-
tractive display for flower visitors (Figure
1b,c). We studied the crenulate leadplant
in the wild and in a greenhouse. Study
sites included two Miami-Dade County
parks with naturally occurring leadplant
populations. A third, privately owned site
was monitored initially, but later abandoned
as a study area after it was cleared.

Greenhouse study plants were obtained as
seedlings from Fairchild Tropical Botanic
Garden in Coral Gables, Florida. Seeds
from two different sources produced the
seedlings from which our study plants were
grown. We potted seedlings individually in
4-inch containers in an alkaline potting mix
consisting of equal parts fine-grain pum-
ice, silica sand, peat moss, and pine bark
soil conditioner. The plants were placed
on two tables in the Florida International
University greenhouse where they received
regular watering and occasional treatment
for ants (baits made of sugar, boric acid, and
water) and scale insects (insecticidal soap
spray). A half-strength mixture of liquid
Miracle-Gro fertilizer (15-30-15, N-P-K)
was applied every few months equally to
all plants. The plants were stepped up to
1-gallon containers, and some to 3-gallon
pots, over the course of several years. They
were cut back when stems grew too long
and in order to induce flowering.

Floral Biology and Phenology

Crenulate leadplant has unusual flowers for
its legume subfamily, the Papilionoideae,
comprised of species known for their five-
petaled, zygomorphic flowers. Crenulate
leadplant flower corollas are reduced to
a single standard petal; hence the generic

name Amorpha, meaning “without shape,”
or “deformed” (Linnaeus 1753; Rydberg
1919; Isely 1990; McMahon 2002).

We observed leadplant inflorescences and
flowers on plants in the field for growth
patterns and for timing of male and female
reproductive functions. To determine the
growth of the leadplant’s spike-like termi-
nal racemes, we measured 24 racemes on
six plants daily until first flower opening.
Inflorescence expansion ceased once flow-
ers started to open.

Three racemes on two plants were moni-
tored hourly for 30 hours following first
flowering activity to determine the number
of the protogynous flowers in female-phase
and male-phase. We looked at six maturing
racemes on four plants, and counted the
number of female-phase and male-phase
flowers at mid-inflorescence. To record
the time an inflorescence lasted, from
first flower opening to pollen dispersal,
we monitored 11 racemes on four plants
daily. To determine the average number of
flowers per centimeter of inflorescence, we
measured five racemes with a millimeter
ruler and counted the number of flowers
on each raceme.

Individual reproductive components were
measured with a millimeter ruler using 30
flowers from at least six leadplants for each
component. We measured calyx length,
petal length, style protrusion beyond the
standard petal, longest stamen exsertion
beyond the standard, flower length from
base of the calyx to the tip of the longest
exserted stamen, fruit length, and seed
length.

Stigma Receptivity

We tested for stigmatic esterase activity, an
enzymatic indicator of receptivity which
also identifies the location of the recep-
tive stigmatic surface (Kearns and Inouye
1993). Five styles were removed from
leadplant flowers in each of three stages:
just before flower opening, immediately
following flower opening, and after anther
dehiscence. The test solution was 2.5 mg
of the substrate alpha-naphthyl acetate
dissolved in three drops of acetone in a

test tube. Five ml of phosphate buffer (0.1
M, pH 7.0) were added to the dissolved
alpha-naphthyl acetate and shaken well.
Then, 12.5 mg of tetrazotized o-dianisi-
dine blue dye were added to the solution
and shaken again. A control solution was
prepared that contained everything but
the alpha-naphthyl acetate (Kearns and
Inouye 1993). Styles were immersed in
small quantities of the test and control
solutions, and observed 10 minutes later for
a strong reddish coloration that indicates
enzymatic activity.

Pollen Nuclei

Pollen grains of crenulate leadplant were
observed using two different DNA probes:
(1) DAPI (4°, 6-diamidino-2-phenylin-
dole), a double-stranded DNA-specific
dye that fluoresces blue in proportion to
the amount of DNA in a nucleus after
excitation with UV light; and (2) Hoechst
33258 (bisbenzimidazole derivative). We
used fresh pollen from one greenhouse
plant. Preserved pollen from three other
individuals was fixed in a 1:3 acetic acid:
ethanol solution for several hours, followed
by 30 minutes in 50% ethanol, then stored
in 70% ethanol (Kearns and Inouye 1993).
We placed the fresh pollen in a drop of
DAPI solution on a microscope slide under
a Leitz dialux 20 microscope. We placed
preserved pollen from three plants in a drop
or two of Hoechst 33258 on three micro-
scope slides and added cover slips. The
slides were then rinsed with a phosphate
buffer, observed under the microscope, and
photographed.

Pollen Count

We estimated the number of pollen
grains per leadplant flower by placing 10
dehiscing anthers from one flower in a
micro-centrifuge tube and adding 0.1 ml
of lactophenol-aniline blue (Kearns and
Inouye 1993). We placed the tube in a
vortex mixer for approximately 30 seconds
to evenly suspend grains in the solution,
and piped the solution into the wells of a
hemacytometer. We observed the hema-
cytometer under a compound microscope
and counted pollen grains within its grid.
Pollen production per flower was estimated
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Habit (a)

Branch (b)

Inflorescence (c)

Figure 1. Crenulate leadplant habit (a), branch (b), and inflorescence (c).
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using the following formula:

0.1 ml X mean # pollen per sample X 1
0.0009 ml

# flowers
We used a total of three flowers from
each of three plants, and had six replicate
samples per flower.

Hand Pollinations

To determine the relative success of self
versus outcross pollen, we conducted hand-
pollination treatments over two flowering
seasons on leadplants in the greenhouse.
The greenhouse environment provided con-
sistent light, temperature, and humidity for
all plants, and prevented pollinators from
visiting flowers. The success of different
pollen sources in fertilizing ovules was
measured by fruit and seed set (Kearns
and Inouye 1993) (see below).

We performed hand pollinations using
pollen from different inflorescences on the
same plant to test for selfing (geitonogamy)
and using pollen from flowers on differ-
ent genetic individuals (genets) to test for
outcrossing (xenogamy). Same-flower self-
pollinations were not performed due to the
separation in time of stigma receptivity and
anther dehiscence. Many self-compatible
species undergo no within-flower, or even
within-ramet, self-pollination as a result
of dichogamy (Richards 1997). Controls
(no manipulation) were conducted to see
if automatic self-pollination occurred.
No pollination bags were used initially,
since even the finest mesh bags can alter
the environment of the flowers inside,
and temperatures and humidity inside the
greenhouse often were high. We bagged
developing fruit to insure none of the
fruit came off the plants before it was
collected and counted. We did not test for
seed production without sexual reproduc-
tion (agamospermy), as this test involves
emasculating flowers by removing anthers
before they dehisce (Kearns and Inouye
1993). It was not possible to remove the
leadplant flower’s 10 stamens without
mutilating its tiny gynoecium.

Greenhouse plants that produced at least
three inflorescences were used as experi-

mental plants. All treatments (self-pollina-
tion, cross-pollination, and no-pollination
control) were done on each individual, and
replicated if there were enough racemes
available. Inflorescences were pollinated
only once. All male-phase (earlier-opened)
flowers were removed prior to hand pol-
linations. Removing flowers with exserted
stamens prevented their pollen from com-
ing into contact with hand-pollinated
flowers. All receptive flowers on a single
raceme received the same hand-pollina-
tion treatment. We used an OptiVISOR to
magnify the flowers for precision pollen
application.

Pollen for hand pollinations was obtained
from field and greenhouse plants. It was
taken in the form of whole or partial in-
florescences broken off the paternal plants
by forceps, placed in glassine envelopes,
and used within several hours of harvest-
ing the flowers. The pollen-donor raceme
was held at its base by forceps and rubbed,
brush-like, over all protruding styles on
the maternal inflorescence until pollen
was generously distributed and visible on
the stigmatic surfaces. The bright, yellow-
orange leadplant pollen is easily seen on
stigmas. We used ample pollen supply
since, in some plants, more than one pollen
grain per ovule is required to initiate seed
production (Kearns and Inouye 1993).

Racemes were marked with jewelers’ tags
to indicate self- or hand-pollination treat-
ments, or control. Fruits were collected
when brown (mature) or when they easily
came off inflorescences. Fruits were stored
in paper envelopes and air-dried. Fruits and
seeds were later weighed to 0.1 mg on an
American Scientific Products electronic
analytical balance.

Pollination and Insect Visitors

Formal insect pollination studies of crenu-
late leadplant were not conducted; however,
some observations of insect visitors were
made in the field. We photographed and /
or collected specimens whenever possible
for identification. We reared one caterpil-
lar successfully to eclosion on a diet of
crenulate leadplant. The adult butterfly
was determined by an entomological tax-
onomist, and then released.

Statistical Analysis

Data are presented as means + 1 S.D. As
the data were not normally distributed, we
applied square root transformations for
2001 and 2002 fruit count data. We used
a one-way repeated measures analysis of
variance (ANOVA) on the number of fruit
produced by hand pollinations and con-
trols, and a Bonferroni test at a 5% level
for post hoc comparisons. Between-year
differences were tested using a two-way,
repeated-measures ANOVA. For 2002
percent fruit set data, we used a one-way
ANOVA with arcsine square root transfor-
mations and Fisher’s LSD at a 5% level for
post hoc comparisons. Two-way, repeated
measures ANOVA of treatment and year
was carried out on raw percent seed set.
We used a paired-sample t-test to compare
fruit and seed weights for cross- and self-
pollination treatments.

RESULTS

Floral Biology and Phenology

The flower of crenulate leadplant is di-
chogamous, with a difference in timing
between stigma and pollen presentation.
The protogynous flower presents a single
receptive style before 10 monadelphous
stamens are exserted and dehisce. Stamens
eventually extend past the style, but are
adjacent to it at one point during their ex-
sertion (Figure 2). The anthers we observed
did not dehisce until after stamens were
exserted beyond still-receptive stigmas.
The inflorescence is a spike-like raceme
that ranges from only a few centimeters
in length to more than 30 cm (Figure 3).
Flowers mature from the bottom of the
raceme toward the apex in an orderly suc-
cession, although some buds open out of
sequence. Flowers are arranged in a spiral
around the inflorescence axis, becoming
more crowded toward the tip.

We observed plants to bloom in the field
as early as March and as late as mid-
November. Individual plants may flower
off and on throughout the season, with
flowering usually accompanying flushes
of new growth.
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Inflorescence Characteristics

Inflorescences grew an average of 1.2 +0.8
cm per day while expanding (n = 57 daily
measurements) with a range of 0.0 to 3.3
cm per day. Growth stopped just before
or when the first flower(s) opened. By the
middle of the second day after flowers be-
gan to open, inflorescences had an average
of 16 +4.6 flowers in either female or male
phase. The number of flowers becoming
active within that initial period ranged
from 11 to 20 (n = 3 racemes), with the

females outnumbering the males. By the
time inflorescences were midway through
their bloom, male-phase flowers predomi-
nated. Leadplant racemes expanded over
an average of one week (n = 11 racemes,
mean = 7.0 + 3.0 days), from time of first
flower opening until pollen dispersal. The
shortest inflorescence (3.1 cm) expanded
over three days, and the longest inflores-
cence (22.5 cm) opened flowers over 11
days. There were approximately 10 flowers
per centimeter of leadplant inflorescence
(n =77.5 cm, mean = 9.8 + 1.2 flowers).

Figure 2 . Line drawing of flowers of crenulate leadplant. Female phase (left) — style exserted and re-
ceptive; anthers beginning to show. Male phase (right) — all ten stamens exserted, full display with all

anthers dehisced.

Total flower counts ranged from 107 on the
shortest raceme (10.5 cm) to 208 on the
longest (20.5 cm) (n = 5 racemes, mean
= 150.6 + 37.2 total flowers).

Flower Opening and Floral
Characters

Leadplant flowers opened during day and
nighttime hours. The flower style first
uncurls from a tightly closed bud. As the
style straightens, the bud widens to reveal
a portion of the single white banner petal
enclosing bright yellow-orange anthers.
Within hours of style emergence, the sta-
mens begin to exsert. They are of varying
lengths during this process, in which the
banner petal either extends and fans open
slightly or extends and remains slightly
folded around the style. Stamens do not
exsert simultaneously; nor do anthers de-
hisce simultaneously. The style begins to
wilt or retract as stamens reach full length,
and the style eventually is entirely enclosed
by the banner petal. The male flower phase
generally last two to three times as long as
the female phase. In nature, flowers usu-
ally are spent, with all pollen dispersed,
within 48 hours.

The leadplant’s five-lobed, persistent
flower calyx averaged 3.2 + 0.3 mm in
length, and the obcordate standard petal
(banner) averaged 5.6 +£ 0.9 mm in length
from base to tip. The base of the ban-
ner begins within the calyx. On average,
leadplant styles protruded 1.7 + 0.3 mm
beyond the standard. There was much
greater variability in the longest stamen’s
exsertion beyond the banner, with an
average length of 5.1 + 1.5 mm. Overall,
the leadplant flower, including the longest
exserted stamen, averaged 9.7 + 1.6 mm
in length. Like all legumes, the ovary of
the leadplant is superior and unicarpellate,
and placentation is marginal. The ovary is
approximately 1 mm long, compressed,
and contains two ovules.

Fruit and Seed Characteristics

The leadplant fruit is a glandular-dotted,
indehiscent legume, maturing from green to
brown. Fruit measured approximately 5.6 +
0.4 mm in length. Seeds were compressed,
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varying in color from olive green to milk
chocolate brown, curved at one end, and
pitted. The average seed length was 3.1 +
0.3 mm. Generally only one of two seeds
matures per fruit (Long and Lakela 1971),
with single healthy seeds filling the entire
seed compartment. Two-seeded fruit have
been found on some robust, ex situ field and
container specimens (Fellows 2002).

Stigma Receptivity

The leadplant stigma, a tiny area at the tip
of the style, first becomes receptive while
in the bud. Flowers in two early stages had
stigmas staining dark purple-brown when
tested for esterase, indicating enzymatic
activity. Stigmas lose receptivity some
time after stamens exsert. We observed
stigmas that still appeared receptive after
stamens began to extend. When the style
wilted or retracted within the banner petal,
it was impossible to observe the stigma
for receptivity, and further pollination ap-
peared unlikely.

Pollen Characteristics and Pollen
/Ovule Ratio

The leadplant has a binucleate pollen grain
(Figure 4). Pollen from four leadplant
individuals clearly showed the binucleate
nature of the grain, meaning it is shed while
containing two cells: a vegetative cell and
a generative cell.

The leadplant flower’s 10 stamens together
produced an estimated mean pollen produc-
tion of 4654 + 2350 grains. Dividing pollen
number by uniform ovule number of two
gave a ratio of 2327 + 1175:1. Individual
plants varied in their pollen / ovule ratio:
of three leadplant flowers sampled, the
lowest estimated ratio was 1370:1, and
the highest was 3639:1.

Hand Pollinations

Cross-pollinations of crenulate leadplant
in 2001 and 2002 produced significantly
more fruit than self-pollinations and con-
trols (F = 76.67, df = 2,18, P < 0.0001,
combined years). In 2001, greenhouse
cross-pollinations of five individuals (six
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Figure 3. Line drawing of crenulate leadplant inflorescence with oldest flowers at the bottom, buds at

the top.

racemes, including one replicate) produced
239 fruit, a mean fruit set of 41.6 = 16.3
per raceme. Self-pollinations of the same
five plants (five racemes) produced 50 fruit,
a mean fruit set of 10 = 8.5 per raceme
(Figure 5). Controls produced a mean
fruit set of 5.2 + 5.5 per raceme. One-way
repeated measures ANOVA and post-hoc
comparisons showed a significant differ-
ence between cross-pollinated fruit set and
that of self-pollinated racemes and controls
(F=41.33,df =2, 8, P <0.001).

In 2002, greenhouse cross-pollinations of
five individuals (six racemes, including one
replicate) produced 165 fruit, a mean fruit
set of 27.0 £ 16.2 per raceme (Figure 5).
Self-pollinations of the same five plants
(six racemes, including one replicate)
produced 22 fruit, a mean fruit set of 2.8 +
3.8 per raceme. Controls produced a mean
fruit set of 1.1 + 1.2 per raceme. Again,
the difference between cross-pollinations
and the other two treatments was highly

significant (F=31.04,df=2,8,P <0.001).
There was no significant difference in
treatments between years (F = 4.53, df =
1, 8, P <0.66) and no interaction between
year and treatment (F = 0.40, df = 2, 16,
P <0.614).

Figure 4. Pollen grain of Amorpha crenulata show-
ing its two-nucleate status upon release.
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Figure 5. Fruit set from Amorpha crenulata hand-pollination treatments for 2001 (above) and 2002 (below).
The number of fruit set with cross-pollination was greater than all other treatments on all plants.

In 2002, we also estimated the number of
receptive female flowers for hand pollina-
tions and controls to obtain the percent
of fruit by each treatment. There was a
significant difference among the three
treatments (F = 14.36,df=2,8,P<0.11),
and post-hoc tests showed cross-pollina-
tions yielded a significantly higher mean
percent fruit set than did self-pollinations
and controls. Fruit weights in 2002 were
not significantly different for cross- and
self-pollination treatments (t = 0.62, P
< 0.29).

The leadplant ovary contains two ovules,

but usually only one seed matures (Long
and Lakela 1971). No fruit with two seeds
was produced during greenhouse pollina-
tions in 2001 and 2002, and a number of
fruit in both self- and cross-pollinations
produced no seeds. Undeveloped seeds
appeared black and dust-like. Cross-pol-
linated fruit produced a significantly higher
percentage of seed per mature fruit than
self-pollinated fruit (F = 12.67, df = 1, §,
P < 0.007, based on one seed per fruit), as
well as a higher overall mean number of
seed. There was no significant difference
in treatments between years (F = 3.91, df
=1, 8, P <0.083) orin interaction between

year and treatment (F = 1.57, df = 1, 8,
P < 0.245).

In 2001, 87 percent of the cross-pollinated
fruit produced seed (n = 215 fruits). The
mean number of seed was 37.4 + 9.4 per
outcross treatment inflorescence. Fifty-
eight percent of the self-pollinated fruit
produced seed (n = 50 fruits). The mean
number of seed was 5.8 + 6.1 per self-pol-
linated inflorescence.

In 2002, 88.5 percent of the cross-polli-
nated fruit produced seed (n = 165 fruits).
The mean number of seed was 24.3 =+
21.8 per outcross treatment inflorescence.
Fifty-four percent of the self-pollinated
fruit produced seed (n = 34 fruits). The
mean number of seed was 2 = 2.4 per
self-pollinated inflorescence. Though the
numbers of fruit with seed clearly differed,
there was no significant difference in the
weights of seed produced by cross-pol-
lination compared to seeds produced by
self-pollination (t =1.61, P < 0.103).

Pollination and Insect Visitors

The crenulate leadplant is a larval food
source for the Cassius Blue butterfly,
Leptotes cassius (Cramer) (Lepidoptera:
Lycaenidae). The Cassius Blue lays its
eggs singly on host plant buds, and cater-
pillars eat flowers and seedpods (Opler et
al. 2006). We found several of the green,
slug-like larvae on leadplant flower ra-
cemes feeding at nighttime. We observed
potential pollinators on the leadplant
including Apis mellifera L., a non-native
honeybee from the Mediterranean (Api-
dae); Agapostemon splendens Lepeletier,
a conspicuous, metallic green sweat bee
(Halictidae); and Dianthidium floridiense
Schwarz, a native, leaf-cutting solitary bee
(Megachilidae).

Several species of ants were observed on
crenulate leadplants, including the non-
native crazy ant, Paratrechina longicornis
(Latreille) (Hymenoptera: Formicidae).
Other insect visitors included two weevils,
Artipus floridanus Horn and Pachnaeus
litus (Germar) (Coleoptera: Curculionidae)
that were probable herbivores. An unidenti-
fied hairstreak butterfly (Lepidoptera: Ly-
caenidae) was observed with its proboscis
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inserted into a crenulate leadplant calyx,
perhaps looking for nectar, and probably
pollinating the flowers.

DISCUSSION

The crenulate leadplant has several charac-
teristics suggesting a system of facultative
outbreeding and gametophytic self-incom-
patibility. Dichogamy in the leadplant is
recognized as an outcrossing mechanism,
and is intrafloral and incomplete. A lead-
plant flower presents its receptive stigma
before stamens are exserted, but there is a
point when one or more of its 10 stamens
are adjacent to the stigma, and self-mating
conceivably could occur. The flowers we
observed resolved this positional inter-
ference by delaying pollen release until
stamen were exserted past still-receptive
stigmas.

Incomplete protogyny provides an op-
portunity for cross-pollination before
self-fertilization is possible (Lloyd and
Webb 1986). If the selective force for a
plant’s dichogamy is avoidance of self-mat-
ing, incomplete protogyny is expected to
evolve (Lloyd and Webb 1986). However,
if a plant is strongly self-incompatible and
dichogamous, it is unlikely that dichogamy
was selected to reduce selfing (Lloyd and
Webb 1986).

In addition to possible within-flower pol-
lination (autogamy), the leadplant has
an opportunity to self-mate via different
flowers on the same plant (geitonogamy).
A leadplant raceme can bear female- and
male-phase flower blossoms at the same
time (asynchronous), and usually there is
more than one same-phase flower on the
raceme (synchronous). Because not all
female flower phase are completed before
males release their pollen, there is a chance
for a pollinator to carry pollen from one
flower to another flower with a receptive
stigma on the same raceme. In addition,
there may be two or more inflorescences
on a plant bearing flowers in and out of
synchrony with other flowers, enabling
geitonogamy.

Our observations suggest that dichogamy
in the crenulate leadplant serves as more
than a backup for outcrossing. It allows

prolonged pollen presentation: the male-
phase leadplant flower can last three times
longer than the female phase. The stamens
fan out and anthers disperse pollen over an
extended period, while the banner petal
folds over the wilting style, protecting it
from further exposure to its own pollen.
Dichogamy is associated with longer-lived
flowers relative to homogamy (Schoen and
Ashman 1995). In addition, in accordance
with Lloyd and Webb’s predictions (1986),
leadplant stamens and anthers offer signals
and rewards to floral visitors. While a
single crenulate leadplant flower is tiny and
unremarkable, a number of synchronous
male-phase flowers on a raceme are eye-
catching, with bright yellow-orange pollen
and white banner petals contrasting with
dark purple flower calyxes and raceme
rachis. The stamens present a generous
reward of pollen.

The results of controlled greenhouse pol-
linations strongly indicate that the crenulate
leadplant is mostly self-incompatible. Data
for cross-pollinations, self-pollinations,
and controls for individual plants showed
a highly significant difference in fruit set.
All greenhouse cross-pollinations resulted
in fruit set, while only a fraction of self-pol-
linations set fruit. The difference in seed set
percentages of mature fruit for cross- and
self-pollinations also was substantial.

Historically, partial self-incompatibility
and consequent outcrossing may have
facilitated the greatest possible levels of
genetic diversity in crenulate leadplant
populations, given the species’ limited
range. Outcrossing also could have miti-
gated problems of limited seed dispersal.
Seed dispersal affects the overall distribu-
tion of genes within a population (Proctor
et al. 1996). We observed naturally occur-
ring leadplant seedlings that appeared to
germinate directly under maternal plants,
placing relatives in close proximity. In
the past, water most likely played a role
as a seed dispersal agent, since the lead-
plant historically occurred in transverse
glades and seasonally inundated habitats
(G. Gann, Director, Institute for Regional
Conservation, pers. comm.). Water no
longer appears to be a factor in seed dis-
persal due to habitat drainage, and seed

dispersal is likely to be more restricted in
the last century.

Characteristics suggesting a system of
outbreeding include a high pollen/ovule
ratio (Cruden 1977). Our data show a ratio
for crenulate leadplant within Cruden’s
described range for xenogamy. A high
pollen/ovule ratio is associated with plants
bearing highly localized stigmatic areas,
such as the tiny receptive “wet” stigma
at the tip of the crenulate leadplant style
(Cruden and Miller-Ward 1981). The wet
stigma and crenulate leadplant’s binucleate
pollen grain are strongly correlated with
gametophytic self-incompatibility (GSI)
(Richards 1997). GSI is a chemical form of
self-recognition, differing from dichogamy
in that it occurs after pollen is deposited
on a stigma. The incompatibility reaction
is mediated by the binucleate pollen grain,
and involves inhibition of the pollen tube
within the style. The reaction is expressed
after the second pollen grain mitosis in
the pollen tube (Richards 1997), although
Lewis (1949) and Pandey (1959, 1970)
report other times of inhibition.

Reproductive Strategy

Results of hand pollinations of crenulate
leadplant indicate a system in which self-
fertilization is possible, but outcrossing
is probably the common mode of fruit
and seed production. Such a combined
reproductive strategy is not unusual in
plants (Richards 1997), since self-mating
as well as cross-mating can confer fitness
benefits onto offspring (Holsinger 1992).
Self-fertilization may serve as a backup in
case outcrossing fails (Proctor et al. 1996).
The balance between the two systems var-
ies widely, depending on the life history
and ecology of the species (Proctor et al.
1996). Even if selfing is possible, most
plants favor cross-fertilization (Proctor et
al. 1996) because outcrossing confers more
genetic diversity (Richards 1997). Genetic
diversity refers to the amount of genetic
variability among individuals of the same
species, and is directly related to a species’
ability to survive environmental change
(Mazzotti 1990). Reduced genetic variation
may increase a species’ risk in the face of
long-term biotic or abiotic environmental
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change (Frankel and Soulé 1980; Soulé
1980). In the case of crenulate leadplant,
such a decrease may have made it difficult
for populations to adjust to habitat changes
in hydrology and light.

CONCLUSIONS

Not only is crenulate leadplant extremely
rare due to the limited number of individu-
als in the wild, its pine rockland habitat
is classified as globally imperiled (FNAI
2004). This leaves the crenulate leadplant
vulnerable to problems inherent in small
populations, such as inbreeding depression
and genetic drift, as well as those correlated
with habitat fragmentation. The leadplant’s
need for outcrossing further compounds the
dangers of small populations by reducing
the availability of suitable mates (Kearns et
al. 1998). Additional drawbacks are inva-
sion by non-native species, suppression of
natural fire regimes, and altered hydrology
(Koptur 2006).

Optimum management and species restora-
tion plans include consideration of breeding
systems and a familiarity with the plant’s
natural history. Given the right combina-
tion of soil, light, water, and open habitat
for pollinators to find the plant, crenulate
leadplant thrives and sets fruit, and its
seeds germinate easily, although seedling
survival appears spotty (L. Linares, pers.
observation; Koptur 2006).

Fairchild Tropical Garden biologists intro-
duced leadplants at a Restored Transloca-
tion Site (RTS), an endemic pine rockland
community owned by Florida Department
of Transportation about 42 km south of
Miami (Miami-Dade County, Florida)
(Maschinski et al. 2006; Wendelberger et
al. 2008). Four types of propagules were
used in the introduction: seedlings, rescued
whole plants, cuttings, and one to seven-
year-old nursery plants. Larger plants had
the best survival regardless of their origin.
Biologists concluded that with more than
100 native species establishing at the RTS,
it was likely that the leadplant would also,
forming a self-sustaining population (Wen-
delberger et al. 2008). The array of threat-
ened plants endemic to pine rocklands, and
the increasing knowledge and restoration

work associated with this habitat, hold
promise for further protection and benefits
(Koptur 2006). As described above, suc-
cessful reintroductions and outplantings
also may assist the crenulate leadplant and
its imperiled pineland cohorts.
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ABSTRACT: Fire intensity is one of the important components of a fire regime. However, relatively
few studies have linked fire intensity with post-fire population vital rates. In this study, we explored the
effects of fire intensity on population vital rates of Chamaecrista keyensis Pennell (Fabaceae) up to two
years post-fire. C. keyensis is an endemic understory plant of pine rockland, a fire-dependent ecosystem
of the Lower Florida Keys. We measured one fire intensity indicator, fire temperature reached by steel
plates on the ground, during three prescribed fires at different sites. We followed marked individuals
up to two years post-fire to derive annual survival, annual growth rate, percentage of fruiting plants,
mean number of fruits per reproductive plant, and number of seedlings per census plot (1 m2) of C.
keyensis. We found fire intensity had significant effects on reproduction in the first year post-fire only.
More specifically, mean number of fruits and percentage of fruiting plants increased as fire intensity
increased. Results from this study suggest that extremely low fire intensity caused by very short fire
return intervals (e.g., less than three years) may not provide sufficient stimulation to reproduction to
achieve the best post-fire recovery for C. keyensis.

Index terms: Chamaecrista keyensis, fire intensity, fire temperature, pine rockland, rare plant demog-

raphy

INTRODUCTION

Fire intensity, defined as the heat release
per unit time (Rothermel 1972, Pyne et
al. 1996), differs not only among fires of
different ecosystems, but within the same
ecosystem, and is also heterogeneous
within a single fire. Several studies have
shown that fire intensity is an important
factor shaping fire-dependent community
composition and structure, and population
dynamics (Moreno and Oechel 1991, Tyler
1995, Ansley et al. 1998, Odion and Davis
2000, Menges and Deyrup 2001, Brooks
2002). Most fire intensity studies have
focused on only one or two demographic
parameters (e.g., mortality or seedling
recruitment) immediately after fire. Stud-
ies of effects of fire intensity on multiple
population vital rates over a longer time
period are truly rare.

The Florida pine rockland is a globally en-
dangered fire dependent ecosystem (Snyder
et al. 1990). Fire return interval is a major
factor influencing pine rockland commu-
nity structure and composition (Snyder et
al. 1990, Slocum et al. 2003). The seasonal
timing of fire is also thought to be important
in this ecosystem, and has been shown to
influence demography of pine rockland
plant populations (Spier and Snyder 1998,
Negrén-Ortiz and Gorchov 2000). The role
of fire intensity in determining post-fire
population dynamics, however, is largely
unknown in pine rockland.

Fire intensity, in the strict sense, is difficult

to measure in the field. As a result, it is
commonly estimated via several surrogate
variables that are relatively easy to obtain in
the field, including maximum surface tem-
perature (e.g., Negron-Ortiz and Gorchov
2000), minimum diameter of remaining
branches (e.g., Moreno and Oechel 1991),
water evaporative loss (e.g., Moreno and
Oechel 1991), char height (Menges and
Deyrup 2001), and fuel consumption
(Pyne et al. 1996). In this study, we used
fire temperature reached by steel plates on
the ground as the fire intensity indicator.
We studied the effects of fire intensity on
mortality, growth, reproduction, and seed-
ling recruitment of Chamaecrista keyensis
Pennell (Fabaceae), a narrowly endemic
understory herb of pine rockland of the
Lower Florida Keys.

MATERIAL AND METHODS

Study species

Chamaecrista keyensis, commonly known
as Big Pine partridge pea, was formerly
found on several of the Lower Keys (No
Name, Big Pine, and Ramrod Keys [Irwin
and Barneby 1982]). More recently, Ross
and Ruiz (1996) found it only on Big Pine
Key, indicating its probable extirpation
from parts of its former range. The most
prominent threats to this species include
habitat loss and degradation, especially
long-term fire exclusion (Snyder et al.
1990). C. keyensis has been recommended
for federal listing and is currently listed
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as an endangered species by the State
of Florida (Florida Natural Areas Inven-
tory, 2002). C. keyensis individuals suffer
relatively high mortality rates during fires.
Post-fire recovery relies on vegetative re-
sprouting from surviving individuals and
seedling recruitment from the seed bank
and seeds produced post-fire (Liu et al.,
in press).

Study site

Pine rockland on Big Pine Key, the only
island currently supporting C. keyensis, is
also an important habitat for the federally
endangered key deer (Odocoilcus virgin-
ianus clavium Barbour and Allen). The
canopy of pine rocklands is monotypic,
composed of South Florida slash pine
(Pinus elliottii var. densa). The relatively
open canopy allows the growth of a diverse
shrub and herb layer with many rare and
endemic species (Snyder et al. 1990).

Pinelands on Big Pine Key are a mosaic
of open and shrubby pinelands, created
by a sporadic regime of prescribed burns
(Bergh and Wisby 1996). Fire history and
site factors both contribute to the distinction
between these cover types; in the absence
of fire for extended periods, open forests
on Big Pine Key become shrub-dominated.
The open pinelands have a relatively sparse
shrub layer and a well-developed herb
layer. In contrast, shrubby pinelands have
a dense shrub layer and poorly developed
herb layer.

Chamaecrista keyensis census and
fire intensity measurements

This study was part of a larger effort in-
vestigating effects of different fire regimes,
including fire season, on pine rockland
vegetation. We generated seven prescribed
burns during the summer or winter seasons
on experimental blocks of open or shrubby
pinelands (Liu 2003). Here we used data
from three experimental burns that had
good fire intensity measurements (Table
1). Among the three burned sites, two (IS
and IW) were on open pineland, while
one (DW) was on shrubby pineland. One
macro-plot (1 ha) was embedded in each
experimental burn site of 2-10 ha. Within

each macro-plot, 20 shrub plots (4 m in
diameter) were located stratified-randomly,
with four herb plots (1 m?) nested within
each shrub plot. C. keyensis censuses were
carried out in the herb plots. Additional
non-random census plots were established
to include more individuals of C. keyensis
for sampling (Table 1). We mapped all C.
keyensis in each census plot, and measured
the stem length and the number of stems,
flowers, and fruits of each individual once
before and annually for up to two years
after each fire.

Fire temperatures were recorded during the
three fires using 10 temperature-sensitive
paints, each of which melted at a particular
temperature from 93°C to 343°C at 28°C
intervals. Steel plates (75 mm x 75 mm x 3
mm, 128 g) painted with small dots of the
temperature-sensitive paints were placed
vertically just aboveground at the center
of each census plot before each fire. The
plates were recovered immediately after
the fire, and maximum fire temperature
at each census plot was assigned to the
highest temperature reached as indicated
by melting. Plates where no melting was
observed were arbitrarily assigned a value
of 38°C.

Chamaecrista keyensis demographic vital
rates derived from individual plants were
averaged for each census plot to match
the scale of maximum fire temperature
measurements. Variables included annual
percent survival, mean annual growth (cur-
rent total stem length / previous year total
stem length), percent reproductive plants,
mean number of fruits per reproductive
plant, and presence/absence and number

of seedlings. Annual survival and growth
included the period from the summer
before to the summer after fire (one year
post-burn), as well as annual survival and
growth for the subsequent year (two-year
post-burn). Percentage of reproductive
plants, mean fruit production, and seedling
recruitment were summarized for the first
and second year post-fire. Only one year
post-burn data were available for macro-
plot IW (Table 1).

Statistical analyses

Differences in maximum fire temperatures
among sites was analyzed with one-way
ANOVA followed by Tukey post hoc tests.
Effects of maximum fire temperature on
vital rates were performed separately for
each vital rate and each year. Analysis of
Covariance (ANCOVA) was used to test
the effects of site and fire temperature
(covariate) on all vital rates of C. keyensis
except for presence/absence of seedlings.
Presence/absence of seedlings was ana-
lyzed with binary logistic regression using
maximum fire temperature as a covariate
and site and previous fruit production as
factors. Some variables were transformed
to satisfy the parametric assumptions of
normality and equal variance.

In addition, the ANCOVA assumption of
parallel slopes of the covariate among
sites was satisfied, as indicated by the
non-significant interactions between fire
temperature and site or previous year fruit
production (for seedling-related variables
only). Since there were census plots with
no melted paint, an indication that those
plots were lightly burned or not burned, we

Table 1. Summary of Chamaecrista keyensis census regime for fire intensity research. Chamaecrista
keyensis density is based on stratified random plots only.

Site  Density /m’

# of census plotsl

Census period Burn Date

IS 1.03 95
Iw 0.27 105
DS 0.47 105

1999-2001 July 14, 1999
2000-2001 December 12, 2000
1999-2001 June 22, 1999

plots.

'80 of these plots were stratified random plots, others were non-random census

72 Natural Areas Journal

Volume 25 (1), 2005





also repeated our analysis excluding these
census plots to see if the results changed
qualitatively. Differences in vital rates in
burned vs. unburned plots were analyzed
elsewhere.

RESULTS

The highest and lowest fire temperatures
reached by all three burns were 343°C
and 38°C, respectively. The mean fire
temperature was different significantly
among the three sites (Fz, 200 = 20.09, P
< 0.001; Figure 1) and between each pair
of sites (Figure 1).

Survival differed significantly among sites,
but was not affected by fire temperature
during the first or second year post-fire
(Table 2). Similarly, fire temperature had no
significant effects on growth during those
years (Table 2). Site had a significant effect
on growth one-year post-fire, but not the
second year post-fire (Table 2).

In contrast, fire temperature had a sig-
nificant effect on percentage of fruiting

Fire temperature °C
)
(=)
S
|

31
W

Site

Figure 1. Mean and standard deviation of maximum fire temperature at three sites. Different letters
indicate significant differences among sites (Tukey post hoc) at P < 0.05.

individuals during the first year post-fire
(Figure 2), but not the second year post-
fire (Table 2). Site effects were significant
both one- and two-years post-burn (Table
2). Similarly, fire temperature had signifi-
cant effects on the mean number of fruits
one-year post-fire (Table 2, Figure 3), but
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Figure 2. Scatterplot of percentage of fruiting plants (non-seedlings only) of Chamaecrista keyensis on
Big Pine Key the first year post-fire vs. maximum fire intensity.

not during the subsequent year (Table 2).
Site effects were significant both one- and
two-years post-fire (Table 2).

Fire temperature, site, and/or the interac-
tion between site and fruit production the
previous year had no significant effects on
presence or absence of seedlings (Table 3).
Previous year’s fruit production, however,
had a marginally positive effect on seedling
presence (Table 3).

Fire temperature had no significant effect
on the number of seedlings either one or
two years post-fire (Table 2). In addition,
previous fruit production, as well as the
interaction of site and fruit production the
previous year, was not significant in either
year (Tables 2). In contrast, site effects were
significant the first year post-fire but not
the second year post-fire (Table 2).

DISCUSSION

Effects of fire intensity

Effects of fire intensity were found only
on the reproduction of Chamaecrista key-
ensis the first year post-fire, but not on its
survival, growth, or seedling recruitment.
While numerous studies have documented
increased flowering in response to fire
(e.g., Spier and Snyder 1998, Carrington
1999), few, if any, have linked increased
reproduction to fire intensity. However,
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previous year fruit production.

Table 2. Effects of maximum fire temperature on Chamaecrista keyensis vital rates: summary of ANCOVA including all plots including those with no
melted paint. Bold indicates P < 0.05 level. Italic indicates P < 0.1 level. Shaded area indicates non- applicable tests. Fire temp = fire temperature; Pyf =

Year post fire Factor Vital rate
Annual survival Annual growth Percent of fruiting plant
MS F gp1.am P MS F ap1.am P MS F ar1.ap P
Year 1 Fire temp 1450 13849 0.243 0.06 012,54 0725 4047 584,54, 0.018
site 17040  8.12, 105  0.001 17.8 359,51 0 31953 46.1, ¢ 0
Pyf
Site* Pyf
Year 2 Fire temp 017 075,54 0.388 132 214,  0.148 052 217,45 0.145
site 251 11.17 54 0.001 0.03 0.04,4  0.84 2.99 12517  0.001
Pyf
Site* Pyf

Spier and Snyder (1998) did observe
that the number of flowers and fruits of
Jacquemontia curtisii were significantly
greater after cooler fires. They attributed
such differences in reproduction to the
difference in season of burning, rather

than fire intensity effects. The significant
effects of fire intensity on C. keyensis
reproduction (both percentage of fruiting
plants and mean number of fruits) were in
part due to inclusion of census plots that
were either lightly burned or not burned,

110

90 4

Percentage of fruiting plants

100 o o o o

B Linear regression
Rsq =0.2172

0 100 200

Fire temperature (°C)

300 400

Figure 3. Scatterplot of mean number of fruits per reproductive plant of Chamaecrista keyensis the first

year post-fire vs. maximum fire intensity.

as such effects became non-significant or
marginally significant when these plots
were excluded (Liu 2003). Plants in census
plots lightly burned or unburned (but in the
burned area) did not reproduce as much
as plants in census plots more thoroughly
burned. Nevertheless, the trends of posi-
tive effects of fire intensity on C. keyensis
reproduction were similar with or without
these plots. Perhaps nutrient availability
was greater or aboveground competitions
were less in more intensely burned sites,
thereby stimulating reproduction. The
mechanism of fire intensity’s effect on
reproduction is unclear and needs further
investigation.

Several studies have shown decreased
seedling density with increased fire inten-
sity due to higher seed mortality (Moreno
and Oechel 1991, Odion and Davis 2000,
Brooks 2002). Others have found the op-
posite trend, i.e., increased seedling density
with increased fire intensity (Moreno and
Oechel 1991, Spier and Snyder 1998).
For example, Jacquemontia curtissii, an-
other endemic herb of pine rockland, had
greater seedling recruitment with higher
fire intensity due to heat-stimulated seed
germination (Spier and Snyder 1998).
High fire intensity may also create safe
sites for seed germination (e.g., with less
duff and litter and better soil contact).
Neither of these patterns was observed in
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Table 2. Continued.
Factor Vital rate
Mean number of fruits Number of seedlings
MS  F 41am P MS  F 41ap P
Fire temp 5.04 6.20 4 0.017 0.07 0.33,5 0.566
site 3.79 4.66,4 0.015 1.17 537,55  0.008
ny »»»»»»» i 0.09 0.43 5o 0514
Site* Pyt L 0.26 1.21,5  0.307
Fire temp 2.28 2.16 | 39 0.15 0.08 0.85,,, 0364
site 6.12 5813  0.021 0.1 1.10,,;, 0.303
ny ..... i 0 1 5 165 . 021
Site* ny »»»» . -
C. keyensis. ments integrated the heat released over

Similarly, C. keyensis mortality was not
significantly affected by fire intensity, but
was simply related to the presence/absence
of fire. Mortality of C. keyensis was much
higher in the presence of fire (Liu 2003).
Yet for other species (e.g. Jacquemon-
tia curtisii, Pinus elliottii var. elliottii),
mortality was positively correlated with
fire intensity (Tyler 1995, Ansley et al.
1998, Spier and Snyder 1998, Menges
and Deyrup 2001). Vegetative growth of
C. keyensis was also not significantly af-
fected by fire intensity. In contrast, leaf
production in Zamia pumila in Everglades
National Park was greater after intense fires
than after less intense ones (Negrén-Ortiz
and Gorchov 2000).

It is difficult to compare fire intensity re-
corded in this study to others in the same
ecosystem (e.g., Spier and Snyder 1998,
Negrén-Ortiz and Gorchov 2000) due
to differences in temperature recording
methodology. The temperatures recorded
here were those reached by the steel plates
with substantial mass (128 g). Temperature-
sensitive pellets on the ground as used in
Spier and Snyder (1998) or in aluminum
envelopes as used by Negron-Ortiz and
Gorchov (2000) will not necessarily record
the same fire temperature as measured by
our methodology. Since the temperature
plates have substantial mass, our measure-

time, whereas thermocouples measure
more or less instantaneous temperature.
Temperature plates may provide a better
indication of how surface soils or the bases
of plants heat up than thermocouples.

Implications for Chamaecrista
keyensis fire management

In this study we showed that fire intensity
had positive effects on fruit production.
While high fire intensity is usually associ-

ated with heavy vegetation (Snyder et al.
unpubl. data) resulting from long-term fire
exclusion, these data do not suggest that
long fire return intervals would benefit the
long-term health of C. keyensis population
for two important reasons: (1) C. keyensis
density declines in long unburned patches,
and (2) the response of increased fruit
production to fire intensity is short term
(only one-year post-fire). Short-term ef-
fects on one or two components among
C. keyensis’s vital rates are not enough to
compensate for the density decline that
results from long fire return intervals.
In addition, fire intensity is difficult to
control, as it varies not only with weather
and ignition patterns, but also within the
burn unit. Therefore, considerations of fire
management for C. keyensis should not
rely solely on its response to fire intensity.
Nonetheless, results from this study suggest
that extremely low fire intensity, which
may result from low fuel loads caused by
very short fire return intervals (such as < 3
years), may not provide sufficient stimula-
tion to reproduction for the best post-fire
recovery of C. keyensis.
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Creating self-sustaining populations resilient to stochastic events is the goal of conservation reintroduc-
tions. Concern about disrupting locally co-adapted gene complexes, outbreeding depression, and hybrid-
ization has led to a “local is best paradigm” for source selection, yet this policy constrains rare plant
reintroduction efforts and may not always best conserve rare species. Using progeny from controlled
crosses (control, selfed, near neighbor, far neighbor and between sites) with maternal plants from two
sites, we tested survival and population trajectories of US endangered Jacquemontia reclinata reintro-
duced in 2004 and 2005 to three sites. By 2011, survival and recruitment was greatest for mixed-popu-
lation progeny, was consistent across years, and became most apparent after extreme climate events
(hurricanes, drought, and exceptional cold). Populations founded from mixed sources exhibited greater
Outbreeding resilience to stochastic disturbances than those from a single source and had positive projected popula-
Climate change tion growth at two of three sites. Recipient sites most proximal to maternal origin were not those with
PVA best survival. Maximizing reintroduced population persistence calls for re-examining paradigms, using
Demography decision trees and reintroduction guidelines to guide source selection choices. The local is best paradigm
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may be dooming many reintroductions to failure.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Concern about maintaining genetic integrity of wild popula-
tions has led many in the conservation community to recommend
using local seed sources for restoration purposes so that local gene
pools and adaptations to local conditions will be preserved and
hybridization can be prevented (Vallee et al., 2004; McKay et al.,
2005). Selection of appropriate source material for restorations is
essential to achieve the goal of creating a sustainable population
capable of evolving in the wild (Neale, 2012). Many rare species
have small fragmented populations; individuals within may devel-
op inbreeding depression, a condition that leads to reduced fitness
(Frankham, 1995) and high risk of population extinction (Keller
and Waller, 2002; Angeloni et al., 2011). Inbreeding depression is
common across many populations (Angeloni et al., 2011) and spa-
tial scales (Linhart and Grant, 1996). While mixing populations to
increase gene flow would reverse the problem of inbreeding
depression, concern that mixing may lead to disruption of locally
co-adapted gene complexes and outbreeding depression has pre-
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vented broad use of this practice (Hufford and Mazer, 2003; Frank-
ham et al., 2011).

Determining whether it would be safe to mix populations for a
restoration requires knowledge of population genetic structure and
diversity (Hamrick et al., 1991; Keller and Waller, 2002). Using a
decision tree can help predict the probability of outbreeding
depression if similarities or differences in population taxonomy,
chromosome ecology, and the length of time populations have
been separated are known (Frankham et al., 2011). Estimates sug-
gest the probability of outbreeding depression in populations sep-
arated in the last 500 years growing in similar environments would
be small, but with few reintroduction projects examining genetic
diversity directly, empirical evidence supporting or refuting theory
regarding the impacts of mixing populations in restoration is
sparse (Broadhurst et al.,, 2008; Frankham et al., 2011; Neale,
2012).

Increasing uncertainty of climate change is heightening the ur-
gency of restoring rare species populations in a manner that will
ensure the greatest success (Maschinski and Haskins, 2012). Com-
mon garden or reciprocal transplant experiments allow for in situ
performance comparisons of populations (Hufford and Mazer,
2003) and these will become increasingly important tests of adap-
tation to changing climate (e.g., Marsico and Hellmann, 2009). As
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part of a landscape scale recovery effort for the US endangered Jac-
quemontia reclinata (Maschinski and Wright, 2006), we examined
the influence of single-source versus mixed-population breeding
history on plant survival and fitness in three locations along the
southeastern coast of Florida, USA. We also tested whether dis-
tance of reintroduction site from maternal source influenced trans-
plant survival. Further, we compared population growth during
transition periods with and without extreme climate events and
determined population viability of reintroduced populations with
single-source versus mixed-population breeding histories.

2. Materials and methods
2.1. Background

J. reclinata (beach clustervine) is a perennial vine endemic to the
South Florida coastal dune ecosystem. Mature plants produce mul-
tiple trailing stems from a central root. Plants may live 15 years or
more in the wild and can achieve reproductive maturity within
1 year (S. Wright, personal observation). Its white flowers are visited
by a wide array of generalist insects gathering nectar and pollen,
including flies, wasps, bees, and butterflies, with greatest pollinator
diversity in the largest plant populations (Pinto-Torres and Koptur,
2009). The capsular fruits produce one to four seeds; most seeds
are dropped below the plants when the capsules open. Although
many populations fruit prolifically, few seedlings establish in the
wild (Maschinski et al., 2003). Large-scale natural disturbances
(e.g., hurricanes), habitat fragmentation and alteration have re-
stricted the species’ range and contributed to its listing as federally
endangered (USFWS, 1996; Lane et al., 2008). In 2011, approxi-
mately 730 wild individuals grew in ten sites in coastal strand
and open maritime hammock, habitats that were once contiguous
along the eastern coast of Florida USA (USFWS, 1996).

Prior to any reintroduction or augmentation, guidelines advise
testing genetic structure of species with populations that have
fewer than 50 individuals flowering and setting fruit, are highly
fragmented and isolated, where no pollinators are present, or no
viable seed is being set (Maschinski et al., 2012a). As J. reclinata
has six of ten populations with fewer than 50 individuals and
low recruitment growing in fragmented, isolated patches (Mas-
chinski et al., 2003, 2011), we conducted genetic analysis on eight
of the known wild populations to test population structure prior to
initiating any reintroductions (Thornton et al., 2008). Random
amplified polymorphic DNA markers indicated that the two largest
populations used for maternal sources for this study, Crandon Park
(2001 n =144 plants in 700 m?) and South Beach (2001 n =245
plants in 340 m?), were genetically similar (Nei’s genetic dis-
tance = 0.05), and had greater genetic diversity (I=0.282 and
0.360, respectively) than the small populations with <50 individu-
als (I =0.136-0.243). Because Crandon Park and South Beach were
not significantly genetically differentiated, mixing sources was al-
lowed by current guidelines (Maschinski et al., 2012a).

The source propagules for our reintroduction experiments were
the F1 progeny of a controlled hand pollination experiment con-
ducted by Pinto-Torres and Koptur (2009). Briefly, they collected
seed from wild J. reclinata plants with known spatial location at
Crandon Park (CR) and South Beach (SB) and germinated seeds at
the Fairchild Tropical Botanic Garden nursery producing 65 repro-
ductive maternal plants for crosses. Following protocols of Kearns
and Inouye (1993), for each maternal source they produced six pol-
lination treatments: control (bagged and unmanipulated), selfed,
sibling (crossed with offspring from same parent), near neighbor
(crossed with offspring of a wild parent from a patch <20 m away),
far neighbor (crossed with offspring of a wild parent from a patch
>20 m away), and between-site crosses with two maternal plant

origins (CR and SB separated by 71.4 km; Fig. 1). Measurements
on seeds and seedlings resulting from the hand pollination trials
determined that J. reclinata has a mixed mating system: flowers
are able to set fruit with viable seeds with self pollen, but outcross
pollen produces significantly greater fruit and seed set than self
pollen (Pinto-Torres and Koptur, 2009). We maintained seedlings
that resulted from the crosses in our nursery for 1 and 2 years until
transplanting them to reintroduction sites. Not all hand pollination
treatments from each maternal source lived to maturity, thus our
experiments included eight maternal source X hand pollination
treatments: CR-control, CR-self, CR-sibling, CR-far neighbor, SB-
sibling, SB-far neighbor, and two between site crosses, CR x SB
and SB x CR. We report results of pollination attempts, seeds set
in 2002, and seedling survival in our nursery in 2003-2006 (Ta-
ble 1). Full replication of treatments across the three reintroduc-
tions was limited by plant availability and space at recipient sites.

2.2. Experimental reintroductions

To increase the number of populations and to test how breeding
history affected plant survival and recruitment, we reintroduced J.
reclinata to three sites within its historical range along the eastern
coast of south Florida (Fig. 1). We selected the reintroduction sites
based upon a recipient site assessment and ranking system
(Wright and Thornton, 2003; Maschinski et al., 2012b). Generally,
the recipient sites featured good quality habitat with high native
plant diversity similar to home sites, low invasive species cover,
good land manager support, and ample spatial extent for popula-
tion expansion. We use the term reintroduction to describe these
experimental populations, which assumes that the species oc-
curred historically at the sites, however at the time of reintroduc-
tion J. reclinata had been absent from all sites for at least 20 years.
The timing of installation of plants into reintroduction sites varied
due to logistics of site preparation by land managers. All plants
were reproductive adults at the time of outplanting.

On July 24, 2004, at Haulover Beach, we planted 143 J. reclinata
plants. Into twenty-four east to west oriented transects (15 m in
length) we randomly placed at 3 m spacing one plant representing
each of six hand pollination treatments (Table 2). Note one transect
had only five plants. Spacing allowed for adequate plant growth
and minimized intraspecific competition. The reintroduction area
featured expansive restored dunes replenished with offshore sub-
strate and planted with native coastal strand species.

Prior to the outplanting at Virginia Key, land managers removed
invasive exotics Casuarina equisetifolia (Australian pine) and Schi-
nus terebinthifolius (Brazilian pepper) to restore the open coastal
strand area. Located 2.7 km from CR, Virginia Key is one of the last
South Florida barrier islands remaining in a near natural state. It
contains high plant diversity within beach dune, coastal strand,
maritime hammock, and mangrove tidal swamp habitats. On April
7, 2005, we randomly planted 171 J. reclinata of four hand pollina-
tion treatments (Table 2) throughout suitable planting area. Plant-
ing areas were small patches that did not allow the transect design
used at Haulover Beach.

Substrate re-nourished from offshore dredged sand character-
izes the most northern reintroduction site, Delray Beach, a site re-
stored from domination by the invasive exotic Scaevola sericea
(beach naupaka) to a diverse planted native coastal strand commu-
nity. Human-constructed dunes and walking paths shape the
topography of the site and buffer the reintroduction from direct
salty sea breeze. On February 16, 2005, along with native coastal
dune plants, we randomly distributed 132 J. reclinata from six hand
pollination treatments (Table 2) throughout suitable planting area.
This reintroduction was integrated into a formal landscape that
precluded use of transects.
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Fig. 1. Map of Jacquemontia reclinata populations indicating maternal source populations (Crandon and South Beach) for the experiment and the three reintroduction sites
(Delray Beach, Haulover Beach, and Virginia Key). Map shows distances (km) between the sites.

At all sites we recorded GPS locations and watered each plant
with 1 quart of water at the time of the planting. The timing of
the introduction at Haulover Beach during the rainy season re-
duced the need for supplemental watering, however at Virginia
Key and Delray Beach land managers watered plants when needed
until the rainy season started. We monitored plant survival and
noted seedling establishment. We assumed the maternal parent
of any seedling was its closest outplanted neighbor.

2.3. Analysis

We analyzed differences in survival (days alive since installa-
tion) using a general linear model, where hand pollination treat-
ment (control, self, sibling, far neighbor or between site crosses)
and maternal origin (CR or SB) were the fixed main effects and site
was a random effect (SYSTAT, 2007). To determine whether there
was an advantage to plants installed at sites closest to maternal
origin, we analyzed maternal source and the distance from mater-
nal source to recipient reintroduction sites and their interactions
using general linear model (SYSTAT, 2007).

To help explain significant demographic trends, we gathered re-
gional temperature and precipitation data from online sources. We
report mean minimum soil temperature measured at a depth of
—10 cm for January through April in 2005-2011 at Homestead,
Florida using data from University of Florida Automated Weather
Network (http://fawn.ifas.ufl.edu/data/reports/). In addition we re-
port quarterly precipitation in Miami from 2004-2010 using data
from Florida Climate Center, Florida State University, Center for
Ocean-Atmospheric Prediction Studies (http://coaps.fsu.edu/
climate_center/data/precip_miami.shtml).

We examined whether breeding history influenced survival in
years with extreme climate events using a Kruskal-Wallis test on

population change during transitions with extreme events versus
transitions where no extreme event occurred for mixed vs. single
source crosses in all sites combined.

2.4. Population viability analysis

To understand the effect of breeding history on J. reclinata pop-
ulation viability, we developed three-stage composite models for
each hand pollination treatment planted at the three sites based
upon greenhouse and field measurements of experimental plants.
Stages were seeds, non-reproductive seedlings, and reproductive
adults. Using mean seed survival of Crandon sourced seeds col-
lected from the wild population and buried to 5 cm in controlled
experiments measured in 2003, 2006 and 2007 at Crandon Park
(Pascarella et al., 2011), we estimated seed survival in the seed
bank as 0.404. For each maternal origin X hand pollination treat-
ment, we used mean percent germination and mean percentage
seedlings surviving to adult stage measured in the greenhouse.
To account for decreased germination rates in the field in compar-
ison to the greenhouse, we multiplied each greenhouse seed ger-
mination value by 0.114, the field germination rate Pascarella
et al. (2011) measured from seed bank trials at Crandon Park. Field
measurements of average percent adult survival over the monitor-
ing period at each site supplied the adult-adult vital rate. We
determined reproductive value as number of seedlings observed
at the reintroduction site in 2011 (where maternal plant was as-
sumed to be the closest adult) per live adult observed in the previ-
ous monitoring period. For those treatments that had no
recruitment, we used a conservative 0.001 estimate for the repro-
ductive value.

For each breeding treatment we calculated population growth
trajectories, extinction risk, and elasticities using the stochastic
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Table 1

Comparison of total attempts, total seeds produced, and survival of seedlings in nursery 1, 3, and 4 years post-germination for six hand pollination treatments conducted on maternal plants from the two largest Jacquemontia reclinata

populations. For further details see Pinto-Torres and Koptur (2009).

% Mortality

Total mortality

Live seedlings in

Total

Live seedlings
May 2003

Total seeds
2002

Failed % Fruit
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Hand

Maternal
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nursery July 2006

reintroduced
by April 2005

24
24
70
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14

28
26
93

32
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84
52
43
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FN
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39
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455
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20
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30
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21
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SB
SB
SB
SB
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100
25
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18
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NN
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22

26

69

180 135 82 48
197

281

82

12
85

SB x CR

30

48

119

170

Total

simulation program RAMAS GIS (Akgakaya and Root, 2005). We
generated models with 1000 simulations over 50 years assuming
exponential-type density dependence that would affect all vital
rates. We generated standard deviation matrices assuming 4% of
vital rates. Initial vectors had zero values for seed and seedling
stages, but had the number of transplanted adults for the adult
stage.

3. Results

Total seed set and seedling survival generally increased with
crossing distance (Table 1). No SB-control, SB-self, SB- or CR-near
neighbor progeny survived to be included in the reintroductions.

Mean plant survival was significantly lower at Virginia Key
(789 + 144 days alive) than at Delray Beach (1448 + 322 days) or
Haulover Beach (1639 + 103 days; Fj430=10.7, p=0.001). How-
ever, by 2011, the greatest recruitment occurred at Virginia Key,
while the least occurred at Delray Beach (Table 2). Seedlings estab-
lished at all reintroduction sites, but not adjacent to all hand polli-
nation X maternal source treatment plants (Table 2).

Mean survival significantly depended upon distance between
maternal and recipient sites (F3430=17.41, p=0.0001), but there
was not a significant local advantage (Fig. 2). There were no signif-
icant interactions between hand pollination treatment and dis-
tance (F;430=0.827, p=0.44) nor treatment and maternal origin
(F3'430 =1.292, p= 0277)

Plant survival (mean days alive since installation) was signifi-
cantly greater with increased crossing distance. The between site
crosses had significantly greater longevity than treatment groups
of crosses between more proximate neighbors (F;430=7.96,
p =0.001; Fig. 3) and no interactions were significant. This pattern
of greatest longevity with greater outcrossing distance was consis-
tent across maternal origins in all years of the study and became
most apparent after extreme climate events (Table 2).

Significant mortality periods occurred between 2005-2006 and
2008-2011. Events occurring before 2006 that contributed to mor-
tality were desiccation, competition, maintenance personnel exca-
vating plants at Haulover Beach, burial by animals, and hurricane-
related events. Four category two hurricanes created storm surge,
heavy rains, and winds that impacted reintroduction sites. For
example, in October 2005, Hurricane Wilma severely impacted
Delray Beach burying 44 J. reclinata plants. We considered buried
plants as dead in 2006 and 2007, but two of these resurfaced by
2011 (Table 2). Between 2008 and 2011 exceptional cold and
drought occurred (Table 3).

Considering all sites combined, extreme climate events in-
creased mortality. The mean proportion of adult transplants sur-
viving was significantly greater during transition years in which
there were no extreme climate events than in transition years with
extreme events (Table 2). Mixed source populations had signifi-
cantly less mortality than plants from single sources in transition
years with extreme climate events, but did not significantly vary
in transition years without an extreme event (Median percent
mortality Single No Event = 0%, 95%CI = 0, 19; Mixed No Event = 4%,
95%Cl =1, 7; Single Yes Event =33%, 95%CI =25, 48; Mixed Yes
Event = 27%, 95%Cl = 17, 33; Kruskal-Wallis = 27.62, p < 0.0001).

Population trajectories greatly varied according to breeding his-
tory, maternal plant origin, and reintroduction site. Models pre-
dicted that populations founded with mixed-population
transplants had positive population growth at two sites. At Haulov-
er Beach, PVA models predicted population growth only for the
CR x SB population (4=1.030; Table 4), while at Virginia Key,
PVA models predicted positive population growth only for the
SB x CR population (Z=1.036). All other hand pollination treat-
ment models predicted population declines within 50 years or less
at any of the sites (Table 4).





J. Maschinski et al./Biological Conservation 159 (2013) 277-284 281

Table 2

Planting date, hand pollination treatment and maternal source and number of plants installed for experimental reintroductions of Jacquemontia reclinata at three sites. Number of
surviving plants from 2005 to 2011 is indicated. Years when monitoring was not conducted are indicated by - The number of seedling recruits observed in 2011 is specified.
“Indicates that plants previously believed dead at Delray Beach were found alive in 2011. These plants had been buried in deep sand by storm surge deposition. Downward arrows
indicate years of extreme climatic events. Note that we could not verify extreme cold temperatures at Delray Beach in 2010 from online sources.

Year monitored

Site Date planted Treatment # Planted 2004 éOOS 2006 2007 2008 éOOQ éO]] Total recruits 2011
Haulover Beach 23-July-04 Control 24 24 24 16 16 16 - 6 7
CR-Self 24 24 24 11 11 11 - 8 7
CR-Sib 24 24 24 17 17 17 - 9 8
CR-FN 24 24 22 16 16 15 - 12 5
CR x SB 24 24 23 22 22 20 - 14 20
SB x CR 23 23 22 18 18 17 - 13 8
Virginia Key 7-April-05 CR-Sib 22 - 22 11 9 1 0 0 0
CR-FN 52 - 52 25 21 17 15 10 31
CR x SB 63 - 63 44 43 38 27 21 35
SB x CR 34 - 34 21 21 19 18 16 30
Delray Beach 16-February-05 CR-Sib 24 - 24 10 10 - - 11" 0
CR-FN 22 - 22 11 11 - - 11 1
CR x SB-BS 24 - 24 16 14 - - 13 0
SB-Sib 15 - 15 10 7 - - 5 0
SB-EN 22 - 22 16 16 - - 15 1
SB x CR-BS 25 - 25 16 16 - - 17* 1
Elasticity values indicated that the most important vital rate 2500
influencing the models was adult stasis followed with equal impor-
tance by reproductive value, seed-seedling, and seedling-adult vi- - < -CR
tal rates. Treatment groups with the greatest recruitment coupled
with high values in all these cells had highest population growth. 5 20007
At Delray Beach, the low recruitment observed in 2011 resulted i
in negative population growth models for all treatments despite I
the relatively high survival rates of adults in recent years (Tables g 1500
2 and 4). §
7
4. Discussion £ 1000
<
As rare species populations become increasingly fragmented, @
habitat restoration and reintroduction will become more impor- S 500 1
tant components of biodiversity preservation. Building new popu-
lations that are functional, self-sustaining, and resilient to ,
stochastic events will require knowing whether to reinstate gene L/
0

flow between fragmented populations or preserve local adaptation.
And this is especially critical with more extreme and variable cli-
matic events. The ability to persist through extreme climatic
events will be critical to a species ability to shift range in response
to a changing climate (Early and Sax, 2011). In our study, mixed-
population J. reclinata progeny proved to have higher survival than
control, selfed or far neighbor progeny, despite site-specific cir-
cumstances such as hurricane impacts. It is noteworthy that the
mixed population advantage became more apparent after periods
of extreme environmental stress from hurricanes, drought, and
cold temperatures. Mixed-population founders had greatest num-
bers of next generation recruits, they showed greater resilience
to climatic events, and had greater recovery by 2011 than the sin-
gle source founders. Extreme drought and temperatures have been
documented to be correlated with decreased production, survival,
and germination of seeds (Torang et al., 2010), changes in commu-
nity composition, diversity, and ecotone boundaries (Jimenez et al.,
2011), but to our knowledge ours is the first study documenting
that mixing rare populations aids persistence in the face of ex-
treme climatic events. Thus mixing populations is warranted to re-
store J. reclinata, while using single population sources or “local is
best paradigm” for reintroductions will decrease the likelihood of
population persistence.

T
2.7 13.8 21.6 49.8 68.4 94.6
Distance from Maternal Origin (km)

Fig. 2. Influence of distance from maternal origin to recipient site on survival of
Jacquemontia reclinata. Patterns for offspring from Crandon Park (CR) and South
Beach (SB) maternal plants are indicated.

Evidence that only mixed source populations showed positive
population growth at two sites suggests that hybrid vigor over-
came negative effects of inbreeding depression. While there is no
evidence of outbreeding depression detected within the study per-
iod, some data are consistent with inbreeding depression in the
two source populations: no SB-self, SB-control, or CR or SB near
neighbor individuals reached adult stage in the nursery and no
CR-sib individuals survived more than 3 years at VK. There is stron-
ger evidence of inbreeding depression in the SB source population,
which is larger and occupies less than half the area of CR.

Others have reported that mixing populations, particularly if
they are closely related and have inbreeding depression, resulted
in heterosis (Rogers and Montalvo, 2004). Short-term studies have
provided evidence that rare plant reintroductions have had greater
success from mixed sources than from single sources (Vergeer
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Fig. 3. Mean survival of offspring from Crandon Park (CR) and South Beach (SB)
maternal plants generated from five hand pollination treatments and reintroduced
to three sites. Mean days alive since installation +1 SE are indicated.

Table 3

(A) Mean minimum soil temperature (°C) measured at a depth of 10 cm below the soil
surface from 2004 through 2011. Freezing temperatures occurred in January through
April at Homestead, Florida indicating that 2010 was an exceptionally cold winter
(University of Florida Automated Weather Network: http://fawn.ifas.ufl.edu/data/
reports/). (B) Monthly precipitation in Miami during from 2004 to 2010, the years the
reintroduced plants have been in the wild, indicate that the winter of 2008-2009 was
an exceptionally dry winter (Florida Climate Center, Florida State University, Center
for Ocean-Atmospheric Prediction Studies: http://coaps.fsu.edu/climate_center/data/
precip_miami.shtml). na=indicates data were unavailable. Bold values indicate
extreme climate events.

2004 2005 2006 2007 2008 2009 2010 2011

A. Minimum Temperature of Soil at —10 cm

January 12.7 12.7 10.3 124 10.2 8.2 0.0 11.8
February 15.7 133 938 8.0 115 7.7 0.0 14.4
March 18.6 146 138 16.2 13.1 11.6 0.0 15.2
April 17.9 na 18.7 14.5 14.7 153 0.0 21.6

B. Total Precipitation (cm)
January 2.52 1.92 032 0.54 125 034 0.89 6.48
February 3.08 062 347 213 411 012 469 058

March 1.5 397 11 2.7 524 1.78 2.81 2.87
April 4 327 023 5.33 3.78 1.17 8.95 6.73
May 245 747 8.62 5.28 1.71 753 3.42 0.13
June 6.79 176 7.05 1522 9.63 1164 7.2 16.94
July 6.74 5 7.32 9.03 893 6.17 7.36 14.50
August 1009 927 1295 444 999 791 8.75 28.14

September 10.88 991 16.73 8.22 7.87 6.83 15.89 11.40
October 5.54 548 1.64 9.63 6.51 2.62 1.58 39.45
November 0.34 2.7 1.63 0.66 097 297 2.35 3.96
December  0.51 1 3.11 0.79 0.28 3.01 1.21 na

et al., 2005; Godefroid et al., 2011). Heterosis may improve fitness
and provide an opportunity for range expansion (Rogers and Mont-
alvo, 2004). In contrast, inbred individuals often show reduced fit-
ness and less resilience to stress than outcrossed individuals
(Keller and Waller, 2002).

Local germplasm did not always yield the greatest reintroduc-
tion survival. Broadhurst et al. (2008) admonish that the “local is
best paradigm” may lead to significant restoration failure in many
taxa precisely because of inbreeding depression and these failures
may erode confidence in restoration programs in general. Our find-
ings support this argument especially because our two mixed pop-
ulations were not genetically differentiated and showed signs of
inbreeding depression. Maintaining small inbred populations of
endangered species in isolation is not only ill-advised, it may doom

restoration efforts to failure. Using single source material will in-
crease the probability of inbreeding in small introduced popula-
tions (Vergeer et al., 2004). However, genetics are not the only
consideration. In our study, proximity to maternal origin was less
important than site identity. Optimal recipient site distance from
maternal source may be geographic, but it is also likely to be re-
lated to ecologic similarity (Maschinski et al., 2012b). This finding
has implications for managed relocation or assisted colonization
practice. We suggest that when selecting recipient sites for reintro-
ductions, whether they be within current range or outside of range,
pollination syndrome, maternal distance from recipient site, and
similarity to maternal site ecology should be considered.

Reintroductions are opportunities to improve the evolutionary
potential of degraded wild populations that may suffer from
inbreeding or outbreeding depression (Neale, 2012). Any decision
to mix populations for restoration will require first knowing some
ecological, demographic and genetic information, as all interact to
ensure the persistence of a species (Keller and Waller, 2002). It is
noteworthy that gathering uncontestable information takes time
and resources that are not always available to conservationists.
Our ecological and genetic studies of J. reclinata began in 2000
(Thornton et al., 2008; Pinto-Torres and Koptur, 2009) and the
reintroduced populations only reached the demographic bench-
mark of next generation recruitment 5 years after installation. In-
deed decades may be required before a population viability
analysis would be possible to demonstrate that the populations
were sustainable if conditions remained constant (Maschinski,
2006). The consequences of mixing populations may influence dif-
ferent life stages and generations differently (Fenster and Gallo-
way, 2000), therefore long-term monitoring is essential to test
theory.

Few reintroduction studies have been established long enough
to satisfy the data requirements needed to build PVA models (Albr-
echt et al,, 2011; Knight, 2012; Monks et al., 2012) and few may
have had the benefit of agency support for the foundational re-
search we enjoyed. This is not a shortcoming of reintroduction
practice; it is a reality of the time required to research fundamental
biology and establish populations with next generation recruit-
ment. Time lags for population establishment will vary across sites.
We have observed good recruitment at two sites, but not at the
third. Our PVA models predicted negative population growth for
the Delray Beach population, the site with low recruitment, regard-
less of transplant breeding history. Because this site has vigorous,
healthy, fecund plants, we expect the population will likely recruit
next generation offspring if and when conditions become optimal
for seed germination and establishment (e.g., Venable, 2007) how-
ever, sufficient recruitment has not yet occurred to provide data for
the models. The population growth metric (1) allowed us to com-
pare growth rates across breeding treatments during the time-
frame included in the models (Crone et al., 2011), however more
time will be needed to assess whether future generations of these
mixed populations are as sustainable as the PVA models predict.
Future population sizes will greatly depend upon environmental
stochasticity and whether hybrid advantage breaks down.

With climate change models predicting more variable and more
extreme events (Allan and Soden, 2008; Bender et al., 2010; Durack
et al., 2012), initiating reintroductions with the highest probability
of survival will best ensure conservation of biodiversity. We call for
a re-examination of the “local is best paradigm” as the default pol-
icy for reintroductions. In the absence of the luxury of ample time
and finances to decide which source material is appropriate for a
reintroduction we advise using decision trees (Frankham et al.,
2011) and reintroduction guidelines (Maschinski et al., 2012a)
and paying close attention to ecology, life history, habitat special-
ization, and dispersal mechanisms of target species. For example,
selfing, gravity-dispersed, herbaceous annuals with habitat spe-
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Table 4

Matrices generated for each hand pollination X maternal origin treatment at three reintroduction sites. Lambda values for each are indicated. NA indicates hand pollination X

maternal origin treatment was not installed at the reintroduction site.

Haulover Beach Virginia Key Delray Beach

Seeds  Seedlings Adults Lambda Seeds  Seedlings Adults Lambda Seeds  Seedlings Adults Lambda
Control 0.896 Control NA Control NA
Seeds 0404 O 0.437 Seeds NA NA Seeds NA NA
Seedlings 0.103 0 0 Seedlings  NA Seedlings NA
Adults 0 0.857 0.808 Adults NA NA Adults NA NA
CR-Self 0.941 CR-Self NA CR-Self NA
Seeds 0404 O 0.637 Seeds NA NA Seeds NA NA
Seedlings 0.086 O 0 Seedlings NA Seedlings NA
Adults 0 0.96 0.837 Adults NA NA Adults NA NA
CR-Sib 0.926 CR-Sib 0.453 CR-Sib 0.806
Seeds 0404 O 0.471 Seeds 0404 0 0.001 Seeds 0404 0 0.001
Seedlings 0.098 O 0 Seedlings 0.098 O 0 Seedlings 0.098 0
Adults 0 0.813 0.848 Adults 0 0.813 0.286 Adults 0 0.813 0.806
CR-FN 0.924 CR-FN 0.961 CR-FN 0.850
Seeds 0404 O 0.333 Seeds 0404 O 1.824 Seeds 0404 O 0.091
Seedlings  0.08 0 0 Seedlings  0.08 0 0 Seedlings  0.08 0
Adults 0 0.86 0.876 Adults 0 0.860 0.727 Adults 0 0.860 0.833
CR x SB 1.030 CR x SB 0.991 CR x SB 0.823
Seeds 0404 O 1.0004 Seeds 0404 O 0.921 Seeds 0404 O 0.001
Seedlings  0.09 0 0 Seedlings  0.09 0 0 Seedlings  0.09 0
Adults 0 0.895 0.905 Adults 0 0.895 0.863 Adults 0 0.895 0.823
SB x CR 0.923 SB x CR 1.036 SB x CR 0.889
Seeds 0404 0 0.471 Seeds 0404 0 1.578 Seeds 0404 0 0.063
Seedlings  0.08 0 0 Seedlings  0.08 0 0 Seedlings  0.08 0
Adults 0 0.795 0.86 Adults 0 0.795 0.882 Adults 0 0.795 0.880
SB-Sib NA SB-Sib NA SB-Sib 0.694
Seeds NA NA Seeds NA NA Seeds 0404 O 0.001
Seedlings NA Seedlings NA Seedlings 0.086 O
Adults NA NA Adults NA NA Adults 0 0.85 0.694
SB-FN NA SB-FN NA SB-FN 0.897
Seeds NA NA Seeds NA NA Seeds 0404 O 0.063
Seedlings NA Seedlings NA Seedlings 0.084 0
Adults NA NA Adults NA NA Adults 0 0.731 0.888

cialization have been shown to be more prone to maladaptation
when populations are mixed, whereas wind-pollinated and seed-
dispersed species would be more suitable for population mixing
(Broadhurst et al., 2008). For rare species with few remaining indi-
viduals, great care is warranted and our ultimate goal is creating
populations with the greatest genetic potential possible, but we
concur with Frankham et al. (2011) that conservationists are being
overly concerned about outbreeding depression, assuming local
adaptation, when the central focus should be maximizing genetic
diversity and trusting in natural selection.
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ABSTRACT: Maintaining native plant diversity through fire management is challenging in the wild-
land-urban interface. In subtropical South Florida, fragments of fire-dependent, globally imperiled pine
rockland forest are scatiered throughout urban areas. To determine the effects of recent fire frequency,
major soil type, and fragment size on species composition, we measured understory vascular plant
presence and cover in 162 plots distributed among 16 publicly-owned pine rockland preserves in 1995
and 2003. Fragments received either 0, 1, or > 1 burn(s) between sampling periods. Native plant rich-
ness was very high overall. Major soil type, which varies regionally and is associated with latitude and
elevation, strongly influenced the assemblage of species present at a given site. Native species cover was
significantly different across different burn categories. Fragment size was positively associated with plant
species richness, but small fragments had high variance in the total number of native plant species they
supported, with some having nearly as many plant species as the largest fragment. Examining trends
over time for rare native and invasive non-native plant species revealed the spread of the invasive grass
Rhynchelytrum repens (Willd.) C.E. Hubb. and showed no major decreases in rare plant species. In
general, this study provided encouraging results for managers of small urban forest fragments, showing

Fire Frequency, and

that they can maintain high levels of native plant diversity, even when fire occurs infrequently.

Index terms: fire, forest fragments, pine rockland, species richness, wildland-urban interface

INTRODUCTION

As the world’s forests continue to disappear,
natural area managers must increasingly
become experts in the “art and science” of
maintaining urban forest fragments (Janzen
1988). Although the composition of such
remnants differs from that of intact forests
(Laurence and Bierregaard 1997), many of
these scattered pieces play a vital role in
conserving regional native plant richness.
In fact, small fragments (< 40 ha) have
been shown to contain species richness
rivaling or even exceeding that of large
preserves (Simberloff and Gotelli 1984,
Shafer 1995; Gann et al. 2002; Pither and
Kellman 2002).

Managing for native species richness in
urban fragments is difficult, with a suite
of unique issues spanning from social to
ecological. Aside from direct destruction,
societal impacts on urban forest fragments
include increased influx of non-native
plants (Noss and Csuti 1997) and animals
(Castillo and Clarke 2003; Meshaka et al.
2004), as well as dumping of household
trash (Chavez and Tynon 2000) and con-
struction debris. Ecological issues include
isolation and edge effects, which lead to
an over-abundance of disturbance-adapted
species and lower rates of pollination
and propagule dispersal (Noss and Csuti
1997).

In pyrogenic forests, an additional effect
of fragmentation is loss of the natural fire
regime that is vital to maintain the system

{Noss and Csuti 1997). As fire suppression
becomes the norm, re-introducing fire to
urban fragments poses a whole new suite
of social issues (Davis 1990), while the
major ecological issue becomes succession
to a non-pyric community, threatening
biodiversity in that system (Leach and
Givnish 1996; Heuberger and Putz 2003;
Varner et al. 2005). In fire-suppressed
urban forest fragments, populations of
rare species become extremely difficult
to maintain. The “art and science” of
management enters when managers must
combine both species-based and process-
based management (Hobbs 2007). Land
managers face the conflicting goals of
re-introducing fire to the landscape for the
good of overall biodiversity while trying
not to extirpate rare species that may be
vulnerable to fire. Further complicating
the issue, land management budgets are
usually so woefully inadequate that money
must be carefully allocated to only the
most effective techniques (Laurence and
Bierregaard 1997). It is, therefore, crucial
that land managers adapt their restoration
techniques to be as effective as possible.
To this end, we present a management
case study in remnants of fire-suppressed,
globally critically imperiled pine rockland
forest in Miami-Dade County (Florida).

It is the primary goal of Miami-Dade
County land mangers to “maximize native
biotic diversity” (Miami-Dade County Nat-
ural Areas Management Working Group
2004). Restoration strategies employed
in the County’s pine rockland preserves
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include controlling invasive plant species
infestations and conducting regular burns.
But given that prescribed fires are often
unfeasible, the County’s Natural Areas
Management Division conducts manual
hardwood reduction treatments as a sur-
rogate for capturing some of the ecological
benefits of frequent fires. This process also
prepares a fragment for possible future
prescribed fires by removing vegetation
that is less likely to burn. Whether it is
achieved through fire or through manual
treatment, the target structure for pine
rockland forests managed by Miami-Dade
County is one in which hardwoods are
reduced in stature and cover, palms occupy
approximately 25% of the midstory cover,
and shrub gaps contain a diverse mosaic
of understory grasses and forbs (Maguire
1995). Reasons for this target vegetation
structure include promoting diverse under-
story flora, increasing fine fuels (thereby
reducing smoke output), and preventing
hot burning fires that kill young pine trees
(Maguire 1995).

In order to provide feedback to local land
managers on the effectiveness of their
restoration practices, we examined patterns
in pine rockland plant diversity over an
eight-year period. We looked at the ef-
fects of three environmental factors that
we believed would influence plant species
composition, and we examined changes in
abundance and cover of both rare native
plant species and non-native invasive plant
species between sampling periods. Our
goals in this endeavor were to: (1) elucidate
some of the underlying factors that affect
plant species composition, (2) determine
whether fire management affects plant
species richness and floristic composition
within this time period, and (3) reveal
any possible rare plant species losses or
invasive plant species increases.

Environmental criteria we examined in-
cluded major geographic region (based
on edaphic factors), recent fire frequency,
and fragment size. For major geographic
region, we referred to the work of O'Brien
(1998). In that study, he spatially defined
three distinct geographic regions of Mi-
ami-Dade pine rockland forest that were
previously suggested by Robertson (1955)
and Snyder et al. (1990). For classification,

he used major soil type, though he noted
a north to south environmental gradient
whereby elevation and soil characteristics
were correlated with latitude. O’Brien
(1998), as well as Robertson (1955) and
Snyder et al. (1990) all suggested that plant
community composition changes along this
gradient (although this has never, to our
knowledge, been quantified). We, therefore,
predicted that floristic composition in this
study would differ by geographic region,
sensu O’Brien (1998). Second, because
pine rocklands have been well-documented
as a fire-dependent ecosystem (Robertson
1953; Wade et al. 1980; Snyder et al. 1990),
we hypothesized that fragments receiving
multiple fires from 1995 to 2003 would
have greater native plant species richness
and significantly different floristic com-
position than unburned or less frequently
burned fragments. Third, we predicted that
fragment size would be positively associ-
ated with plant species richness, per the
theory of island biogeography (MacArthur
and Wilson 1967). Though fragment size
has been shown to be a reliable predictor
of plant species richness in many different
systems (e.g., Honnay etal. 1999; Gillespie
2005), it has not been supported in other
studies (Robinson et al. 1992; Holt et al.
1995), and its over-use has been criticized
as irrelevant for planning and managing
preserves (Saunders et al. 1991).

In addition to the predictions described
above, we also wanted to utilize this dataset
to examine the changes in abundance and
cover of both rare native plant species and
non-native invasive plant species between
sampling periods 1995 and 2003—some-
thing of great interest to local land man-
agers. It has been shown that richness of
native pineland understory plant species
can be increased through fire management
(Brockway and Lewis 1997; Sparks et al.
1998) and thinning of overstory vegetation
(Maschinski et al. 2005). Additionally, it
is generally accepted that biological inva-
sions can reduce native biodiversity (Elton
2000; Simberloff 2005). Thus, if manag-
ing to maximize native biotic diversity on
Miami-Dade County preserves has been
successful, we expected to see decreased
abundance and cover of non-native plant
species, coupled with unchanged or in-
creased abundance and cover of rare native

plant species.

STUDY AREA

Pine rocklands were historically shaped
by fires every two to 10 years that culled
fire-intolerant trees and shrubs (Robertson
1953; Wade et al. 1980; Snyder et al. 1990).
In the United States, pine rocklands are
primarily located in subtropical southeast
Florida, where they are distributed atop the
Miami Rock Ridge. This limestone forma-
tion extends southwest from downtown
Miami for approximately 60 km and then
bends due West, extending 20 km into the
Long Pine Key area of Everglades National
Park (Figure 1). The ridge rarely exceeds
7 m in elevation. While most Florida pine
rocklands are in Miami-Dade County,
smaller parcels exist on geologically dis-
tinct limestone outcroppings in adjacent
Collier and Monroe counties (Snyder et
al. 1990). Pinelands sharing many of the
same species, but dominated by Pinus
caribaea Morelet, are found on the four
northernmost istands of the Bahamas (Cor-
rell and Correll 1982; TNC 2003) and the
Turks and Caicos Islands (TNC 2003). All
Florida pine rocklands are characterized
by an overstory of Pinus elliottii Engelm.
var. densa Little & Dorman, a midstory
dominated by palms and shrubs, and a
diverse understory comprised of perennial
grasses and herbs. The substrate is lime-
stone with occasional shallow sand. Mean
annual rainfall is 1400-1530 mm (Snyder
et al. 1990). Outside Everglades National
Park, Miami-Dade County pine rocklands
occupy only about 920 ha, which is less
than 2% of the original range (Bradley
2005). This substantial habitat loss has
contributed to pine rocklands being listed
as a globally critically imperiled natural
community (FNAI 2006). Remaining pine
rockland fragments of Miami-Dade County
are extremely important for conserving the
unique plant richness in South Florida.
Florida pine rocklands contain 98 state
listed and 16 federal listed vascular plant
species (Gann et al. 2006). Furthermore,
this plant community has a high degree
of endemism, with 41 vascular plant taxa
endemic to Florida and 25 species found
only in pine rocklands of Florida (Gann
et al. 2006). Most of these endemic plant
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Figure 1. Location of 18 study plots in 16 of Miami-Dade County’s managed pine rockland preserves. Geographic regions are labeled in white,

species require a fire return interval of less
than five years to maintain their habitat
(Robertson 1954).

Miami-Dade County is a matrix of roads,
buildings, and agricultural fields with a
human population of more than 2.4 mil-
lion (U.S. Census Bureau 2004). Since
its 1991 inception, the County’s Natural
Areas Management Division has main-
tained a prescribed fire program in its
pine rocklands, yet weak public support
has been a persistent barrier to its success.
Residents of the Greater Miami area are
the least educated in the state about the
need for and benefits of prescribed fire

{Anonymous 2004). Further management
challenges are presented by the small size
of pine rockland fragments, which poses
acquisition, protection, and management
issues. Of the 51 Miami-Dade pine rock-
land preserves, 45 are < 40 ha in size and
32 of those are < 10 ha.

METHODS

Sampling methods

We revisited historic plots and examined
vegetation data held at Fairchild Tropical
Botanic Garden to determine how major

pine rockland region (sensu O’Brien 1998),
recent fire frequency, and fragment size
influence understory plant diversity. In
1994-1995, Fairchild staff installed 20-m
x 40-m macroplots in each of the major
pine rockland fragments of Miami-Dade
County (Kernan 1994). Within each mac-
roplot, they randomly selected three 5-m
x 5-m subplots, and within each of these
plots, they randomly selected three 1-m x
1-m subplots (Figure 2). They permanently
marked all plots with subterranean rebars
and mapped each rebar with a submeter
accurate Trimble ProXR GPS unit. From
March through October of 1995, Fair-
child staff recorded all vascular vegetation
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< 0.5 m tall in each 1-m x 1-m subplot,
including trees, shrubs, vines, grasses, and
herbs. They listed each species, estimating
percent cover for each using an eight-class
system: 0%, < 1%, 1-5%, 5-15%, 15-30%,
30-50%, 50-80%, and > 80%. They did not
measure cover of non-photosynthetic veg-
etation, such as trunks of Serenoa repens
(W.Bartram) Small.

From May through September 2003, we

re-sampled 162 of the 1-m x 1-m subplots
nested within 18 macroplots installed by
Keman (1994). While this sampling period
was slightly truncated from that of 1995, it
encompassed the growing season, ensuring
that we were capturing all species present.
Plots were distributed throughout 16 pine
reckland fragments in a 42 km x 12 km
area of the Miami Rock Ridge. All frag-
ments are preserves owned and managed
by Miami-Dade County. During the study
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Figure 2. Schematic of original sampling design by Kernan (1994). Study plots (1 x 1 m) were nested
within 5 x 5 meter plots, which were in turn nested within 20 x 40 m macroplots. This study only con-

sidered data from the 1 x 1 meter subplots.

period, the county thinned hardwoods and
removed invasive plants from fragments
regardless of plot placement.

To examine how environmental factors
influenced assembly of native plant spe-
cies in the pine rockland plant community,
we subjected all presence/absence data
for native species in 2003 to Principal
Components Analysis (PCA) in PC-ORD
{McCune and Mefford 2006). We assigned
each study site to either the Biscayne or
Redland pine rockland region, as cir-
cumscribed in O’Brien (1998). We did
not collect data from the Long Pine Key
region, which is located inside Everglades
National Park (Figure 1). Using fire fre-
quency data from Miami-Dade County
records, we assigned macroplots to one of
three categories depending on whether they
received no fires, a single fire, or multiple
fires between 1995 and 2003. Because all
unburned plots occurred in the Biscayne
region, we examined fire frequency in
each region separately. In the Biscayne
region, we assigned macroplots to three
categories: five sites had no fires, three
sites had a single fire, and five sites had
multiple fires. In the Redland region, we
compared three macroplots that received
one fire to two macroplots that had mul-
tiple fires (Table 1). We sampled from two
macroplots at Pineshore Pineland and Larry
& Penny Thompson Park (in both cases,
one unburned plot and one single-burn
plot), because each represented a recent
fire history that was underrepresented in
the total dataset (Table 1). Burns included
both controlled burns and wildfires.

We defined species richness as the number
of species per sampling unit (McCune and
Grace 2002). Taxonomy generally followed
Wunderlin (1998). We conducted analyses
of variance (ANOVA; SYSTAT Software
2002) to determine whether species rich-
ness was significantly different between
sampling periods and whether major pine
rockland region and recent fire history
influenced species richness.

To determine whether community assem-
blage within the two regions predictably
changed with fire frequency, we used both
presence/absence and coverage data. First,
we performed a factor analysis to reduce
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Table 1. Eighteen sampling plots in Miami-Dade County preserves. Means are followed by standard errors,
Fragment # burns Months since Mean native plant  Mean native plant

Site Name size (ha) 1995-2003 last burn richness 1995 richness 2003
Biscayne Region

Larry & Penny ThompsonA 93 1 53 13.1£0.7 189+1.0
Larry & Penny ThompsonB 93 0 >96 149 + 0.8 19.7+0.8
Nixon Smiley 48.5 > 52 8.8+0.6 13.9+1.1
Deering Estatc South Addition 13.5 1 21 6709 92+09
Tamiami Complex Addition 10.5 0 >96 140+ 0.9 188+ 1.7
Bill Sadowski 85 0 >96 13.2% 1.2 16.6 = 1.1
Ludiam 4 >1 8 13.3+0.6 19.2+£09
Ned Glenn 4 >1 40 156 0.9 220£0.7
Ron Ehman 3 0 > 96 123+ 2.1 15315
Pineshore PinelandA 2.5 0 >96 126 £0.9 10714
Pineshore PinelandB 25 1 27 158+1.9 15.7+0.8
Coral Reef 2 > 64 158+ 0.8 17.8+09
Tropical 2 >1 70 5.0+04 98+0.7
Redland Region

Navy Wells 143 i 27 18.1 £2.0 269+19
Camp Owaissa Bauer 40 1 26 123+£0.7 148+ 0.5
Sunny Palms 16.5 >1 13 58+0.3 13.4+£0.6
Seminole Wayside >1 1.5 16.6 £ 0.7 179+ 1.1
Ingram 1 90 (est.) 8.8+ 1.2 142+ 1.3

the number of species present in the study  Toexamine trends over time inthe presence ~ RESULTS

plots and improve precision of classifica-
tion analyses. Using species’ coverages
represented by medians calculaled from
percent cover class of each species pres-
ent in a study plot, we selected variables
within each region with component load-
ings > 0.3 in the first two axes to enter
into the Stepwise Discriminant Analysis
(SDA). We report the final reduced model
that best defined the classification of plots
by fire frequency for each region.

We used linear regression to examine the
relationship between fragment size and na-
tive understory richness in 2003 (SYSTAT
Software 2002). As suggested by Cook et
al. (2002), we omitted non-native species
from this analysis in favor of species na-
tive to South Florida pine rockland, so that
species from the matrix would not obscure
patterns in native species richness.

of rare plant species and non-native,
invasive plant species, we first needed to
define the terms “rare™ and “non-native
invasive.” In cases where we discuss rare
species, we define these as native plant
species listed as endangered by the state
of Florida (Coile and Garland 2003). For
non-native invasive plant species, we used
those classified as “Category I” by the
Florida Exotic Pest Plant Council. This
classification indicates that the species
is altering native plant communities
(FLEPPC 2007). Significance tests for
changes in most important non-native
invasive plant species and rare plant species
were generated using the paired t-test
function in SYSTAT. All means we report
include notation of standard error.

Native plant species

Study plots had a total of 182 native vas-
cular plant species in 1995, with average
species richness per 1-m x 1-m plot ranging
from 5.0 + 0.4 to 18.1 + 2.0. In 2003, we
recorded 187 native species, with average
species richness ranging from 9.2 + 0.1
10 26.9 +_1.9 (Table 1). Comparing plant
species lists from 1995 and 2003, there
was a 68% overlap. as indicated in the
Appendix. Per plot native plant richness
changed significantly between sampling
years, increasing by an average of 4.5
species in each plot (ANOVA, F, |4, =
100.10, p < 0.001).

Major pine rockland region, which was
primarily differentiated by soil type, had
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a strong influence on the assemblage of
native plant species present in study plots
(PCA., Figure 3). The seven species that
most distinguished major region along
the first axis were all found primarily or
exclusively in the Redland region: Koano-
phyllon villosum (Sw.) King & H.Rob,,
Guentarda scabra (L.) Vent., Galium
hispidulum Michx., Pteridium aquilinum
(L.) Kuhn var. caudarum (L.) Sadebeck,
Ardisia escallonioides Schiede & Deppe
ex Schiltdl. & Cham., Toxicodendron radi-
cans (L.) Kuntze, and Forestiera segregata
(Jacq.) Krug & Urb. In the Biscayne region,
Euphorbia polyphylla Engelm. ex Chapm.
and Dyschoriste angusta (A. Gray) Small
were most important for distinguishing
region, but they were less important than

the seven Redland species. Although region
affected native plant species assemblage,
it did not significantly influence overall
native plant species richness (ANOVA,
F1. 160 = 2.56, p = 0.111).

Recent fire frequency had less influence
than region on the assemblage of native
plant species present in study plots. Plots
receiving zero, one, or multiple burn(s) did
not form distinct clusters in plant species
space when only presencefabsence was
considered (PCA, data not shown). In the
Redland region, native plant species rich-
ness was not significantly different among
recent fire frequencies (ANOVA, F| 43, =
1.273, p = 0.266). However, recent fire
frequency significantly influenced native

plant species richness in Biscayne plots
(ANOVA,F, | )4,=7.444,p=0.001). Con-
trary to expectations, a post-hoc analysis
using Tukey’s HSD multiple comparison
test showed that plots experiencing a single
burn over the study period had significantly
lower native plant species richness than
unburned (p = 0.001) and multi-burn (p
= 0.006) plots.

While presence/absence data showed little
effect of recent burn history, Stepwise
Discriminant Analysis using coverage data
revealed that native plant species cover
was significantly different in study plots
across different burn categories. For plots
in the Biscayne region, native plant spe-
cies presence and coverage in single burn

Cs2

= BISCAYNE
o REDLAND

CS1

Figure 3. Principal Components Analysis of study plots in plant species space. Study plots (1 x 1 m) are separated by major pine rockland region as described

in O’Brien (1998).
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plots overlapped with that of the other two
burn categories. Yet, differences were much
more apparent when comparing unburned
plots with those receiving multiple burns
(SDA, F(36, 194) = 3.80, P < 0.001, Figure
4). A total of 72% of Biscayne region
plots were correctly grouped by the jack-
knife classification. Breaking this down by
burn class, 60% of unburned plots were
classified correctly, as were 78% of single
burn plots and 80% of multiple burn plots.
Plots in the Redland region also showed

significantly different floristic composition
between burn categories (SDA, F(zo, W=
7.15, P < 0.001). We could not generate
a scatter plot of canonical scores for these
plots because discriminant analysis yielded
a single discriminant function axis. Over-
all, 82% of Redland plots were correctly
grouped by the jackknife classification,
with 78% of single burn plots and 89% of
multiple burn plots correctly classified. In
total, SDA used 36 species to classify plots
by recent fire frequency, with 18 species

used in the Biscayne region (of 30 total) and
20in the Redland region (of 47 total) (Table
2). All species considered for inclusion in
the models are indicated in the Appendix
at the end of this manuscript.

Fragment size had a positive influence on
native plant species richness in understory
plots, explaining 32% of the variation (r?=
0.32, p = 0.014, Figure 5). However, there
was a wide range in native plant species
richness among the smallest preserves.

CS2

1

EMULTI
O NONE
— SINGLE

CS1

Figure 4. Canonical scores from Stepwise Discriminant Analysis of plant species’ coverage in the Biscayne region, classified by recent fire frequency (zero,
single or multiple burn(s) within the past eight years). Ellipses are centroids plus confidence intervals.
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Table 2. Species used in model to classify study plots into one of three categories for recent fire fre-
quency: no burns, one burn, er multiple burns. Species are sorted according to the burn category in
which they were most prevalent. In the Biscayne region, there were no species with greatest mean
coverage in single burn plots, Asterisks indicate non-native taxa.

Biscayne Region

Redland Region

Greatest mean coverage in
unburned plots

Aeschynomene viscidula
Angadenia berteroi
Croton glandulosus
Paspalum monostachyum
Polygala grandiflora
Spermacoce verticillata*

Greatest mean coverage in
muitiple burn plots

Chiococca parvifolia
Cynanchum blodgettii
Desmodium incanum
Dvschoriste angusta
Elionurus tripsacoides
Evolvulus sericeus
Nephrolepis biserrata
Parthenocissus quinquenervia
Pirigueta caroliniana
Ruellia succulenta
Schizachyrium rhizomatum

Equal coverage in both plot types
Acalypha chamaedrifolia

Greatest mean coverage in
single burn plots

Ardisia escallanioides
Aster adnatus

Aster concolor

Ayenia euphrasiifolia
Chamaecrisia deeringiana
Chiococca parvifolia
Chridoscolus stimulosus
Galactia volubilis
Guettarda scabra

Schizachyrium sanguineum

Greatest mean coverage in
multiple burn plots

Abildgaardia ovata

Angadenia berteroi

Galactia smallii

Galium hispidulum

Koanophylion villosum
Macroptilium lathyroides*
Pityopsis graminifolia

Poinsettia pinetorum

Pteridium aquilinum var. caudatum

Pteris bahamensis

Presence and cover of rare native plant
species in managed plots increased over
the sampling period in many cases, but this
change was significant for only one species,
federally endangered Galactia smallii H.J.
Rogers ex Herndon (Table 3). Study plots
contained 14 Florida endangered plant
species. From 1995 to 2003, only three of
these 14 rare species decreased in number
of plot occurrences. No plant species were
lost from the study plots over this period;
in fact, four previously undocumented rare
species were recorded. Unfortunately, the
dataset was not large enough to support
analyses on the effects of fire frequency

or fragment size on rare plant species
abundance or cover.

Non-native invasive plant species

Non-native plant species were not a major
component of vegetative cover in this study.
Plots at Navy Wells had the highest mean
non-native plant species cover at 3.1%.
The majority of non-native cover at Navy
Wells was comprised of Schinus terebin-
thifolius Raddi. For both sampling pericds
combined, all study plots contained a total
of just 24 non-native plant species, many

of which were not widely distributed. In
fact, 70% (in 2003) to 72% (in 1995) of
all plots did not contain any non-native
plant species. In examining only those plots
containing non-native plant species, aver-
age cover fell from 4.7% in 1995 to 1.8%
in 2003, but this trend was not statistically
significant (ANOVA, Fos) = 376, p =
0.06). Of all non-native plant species, the
most prevalent were Schinus terebinthifo-
lius, Neyraudia reynaudiana (Kunth) Keng
ex A.S. Hitchc., and Rhynchelytrum repens
(Willd.) C.E. Hubb. (Table 4).

In comparing occurrences of most invasive
non-native plant species between sampling
periods, we found a general trend in which
Ardisia elliptica Thunb., Neyraudia reyn-
audiana, and Schinus terebinthifolius were
less abundant over time. This effect was
not statistically significant for any of these
species using paired t-tests (Table 4). The
opposite was the case for Rhynchelytrum
repens. This species was absent from all
plots in 1995, but was present in 23 plots
in 2003, with a significant increase in mean
cover in those plots by 1.2% (p = 0.01).
All but one of the 23 plots containing R.
repens had at least one burn during the
study period.

DISCUSSION

Native plant species

Native plant species richness is very high
in Miami-Dade County’s fragmented pine
rockland preserves. The documentation of
182 and 187 native taxa in our 162 study
plots (totaling 0.016 ha) is high compared
to one study in Everglades pine rocklands,
where DeCoster et al. (1999) found a
maximum of 128 species in a 0.1-ha plot.
While overall native plant richness in
our plots did not change greatly between
sampling periods, native plant richness on
a per-plot basis significantly increased.
Several factors may account for this.
Natural Areas Management practices that
commenced in 1991, such as removal of
non-native invasive plant species and native
hardwoods as well as prescribed burning,
were likely to have favored the biologically
rich pine rockland understory. In addition,
observer influence could explain part or
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Figure S. Regression of fragment size compared to native plant richness within 1 x 1 m study plots (r? = 0.32, P = 0.014). Mean native plant richness for each
fragment (N = 18) is presented here. Solid diamonds represent sites in the Biscayne region and hollow circles represent sites in the Redland region.

all of the increase in native plant species
richness. Assistant data collectors changed
over time, and while the lead observer
(Woodmansee) remained the same in both
1995 and 2003, he continued to build on
his knowledge of plant taxonomy in the
eight-year interim.

This work lends quantitative support to
previous suggestions (Robertson 1955;
Snyder et al. 1990; O’Brien 1998) that
species composition is distinctly different
between the Biscayne and Redland regions
of the Miami Rock Ridge. In showing
these differences, we underscore both the
importance of considering edaphic factors
in regional studies of species composition
as well as the need to preserve fragments
of different edaphic types in order to
maximize native biodiversity.

Although our results suggest that a single
burn will reduce native pine rockland plant
richness on Biscayne soils, we assert that
these results are most likely an artifact

of the unusually low number of species
at the Deering South Addition (Table 1),
the limited time span of our study, and
the low number of single burn plots we
were able to sample from the Biscayne
region (just 27, compared to 45 for both
unburned and multi-burn plots). Deering
South Addition plots are depauperate of
both native and non-native plant species,
with a mean of 10.1+0.9 total species (com-
pared to 17.4+0.4 species in all other plots
combined). In addition, when we removed
Deering South Addition plots from the
analysis, recent fire frequency no longer
significantly affected native plant species
richness (ANOVA, F(2.105) = 1.720, p =
0.184). Most likely, the low diversity at
Deering South Addition is because the area
was unmanaged for years and had begun
to succeed to a closed-canopy hammock
with few understory species. Repeated
manual reduction of hardwoods by Mi-
ami-Dade County (in 1995, 1997, 1999,
2002, and most intensively in 2003) as
well as a prescribed burn in 2001 has not

yet promoted recovery of the diverse pine
rockland understory. Overall, we believe
that significant change in pine rockland
plant species richness occurs over a longer
time span than the length of this study,
but we are not able 1o prove this with our
existing dataset.

In contrast to the slow response time of
plant species richness, it is interesting
to note that even in the relatively short
eight-year span of this study, the number
of fires received by study plots affected
floristic composition. Certain plant species
appeared to be much more affected by re-
cent fire frequency than others (Table 2). In
both the Biscayne and the Redland regions,
the majority of plant species used in the
discriminant analysis function are found in
pine rockland forests that have very sparse
canopy and shrub layers permitting high
herbaceous diversity. Those plant species
that had the greatest mean coverage in
unburned plots are mostly limited to small
native herbs and grasses. Exceptions to this
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Table 3. Presence and cover of fourteen Florida endangered plant species found in study plots. Asterisks indicate species that are also listed as endangered
by the U.S. Endangered Species Act. Columns headed by “# plots™ show the number of plots that contained each species.
1995 2003 Difference
Avg. Avg. Avg. p-value in
# plots % cover # plots % cover #plots % cover paired t-test
Alvaradoa amorphoides 0 0 0.5 | 0.5 N/A
Argythamnia blodgettii 3 1.33 5 1.25 2 -0.08 0.827
Bourreria cassinifolia 1 0.5 1 0.5 0 0 N/A
Chamaesyce deliwidea ssp.
adhaerens * 0 0 1 3 1 3 N/A

Chamaesyce deltoidea * 7 1.57 11 1.41 4 -0.16 0.87
Chamaesyce deltoidea ssp.

pinetorum 3 0.5 5 0.5 2 0 0.516
Chamaesyce porteriana 0 0 0.5 1 0.5 N/A
Galactia smallii * 5 0.5 7 0.5 2 0 0.001
Ipomoea tenuissima 6 0.92 0.5 -4 -0.42 0.185
Koanophylion villosum 12 3.58 21 1.33 9 -2.25 0.615
Lantana depressa 4 4.13 1 3 -3 -1.13 0.239
Poinsettia pinetorum 3 0.5 10 0.75 7 0.25 0.067
Scutellaria havanensis 3 0.5 2 0.5 -1 0 0.638
Trema lamarckianum 0 0 3 1 3 N/A

included the sometimes aggressive native
ferns Nephrolepis biserrata (Sw.) Schott
and Preridium aquilinum var. caudatum,
native vine Parthenocissus quinquefolia
(L.) Planch., native shrub Koanophyl-
lon villosum, and non-native sub-shrub
Macroptilium lathyroides (L.) Urb. With
the exception of K. villosum, the authors
have noted that each of these species can
be quick to colonize disturbed areas.

Although there was a positive correlation
between fragment size and native plant spe-
cies richness, this relationship might have
been stronger if we had data on mid-sized
fragments. We lack these data because there
are virtually no mid-sized pine rockland
preserves in Miami-Dade County. Close to
95% of pine rockland preserves are < 40
ha in size. All remaining preserves are >

80 ha, except for one newly acquired 54-ha
unit that contains some pine rockland. As
a whole, small fragments had wide vari-
ance in the total number of plant species
they supported. It was striking that many
of the smallest preserves in our study (<
15 ha) had levels of plant species richness
that approached or exceeded those of plots
in larger preserves. This highlights the
importance of conserving even small frag-

Table 4. Presence and cover of the four non-native plant species found in study plots that are classified as “Category I’ by the Florida Exotic Pest Plant
Council (2007). Columns headed by “# plots” show the number of plots that contained that species in 1995 or 2003. Paired t-tests were conducted to test

for significant differences in percent coverage of each (axon in 1995 versus 2003.

1995 2003 Difference
Avg, Avg. Avg. p-value in
#plots % cover #plots % cover #plots % cover paired t-test
Ardisia elliptica 3 14.2 1 3 -2 -11.2 0.053
Neyraudia reynaudiana 7 39 5 l -2 -2.9 0.143
Rhynchelytrum repens 0 0 23 1.2 23 1.2 0.01
Schinus terebinthifolius 24 6.1 5 5.4 -19 -0.7 0.111
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ments and indicates that preserve size is
one of the factors influencing plant specics
richness, along with soil type, hydrology,
firc history, and disturbance.

Over the study period, the significant
increase in cover of federally endangered
Galactia smallii as well as the increased
occurrences of |1 other rare plant specics
suggests pine rockland preserves in Mi-
ami-Dade County are being managed in a
positive way supporting floristic diversity.
This study was not designed to detect rare
plant species or track them over time;
thus, we have insufficient data to explain
directly why rare plant species presence
and cover changed or did not change over
time. Monitoring and research efforts that
include focusing on specific taxa, tagging
individual plants, and mapping with GPS
and GIS technology would be more effec-
tive for detecting the response of rare plant
species to land management activities,
Nevertheless, data gathered during this
larger study suggest many rare plant species
are thriving in Miami-Dade County pine
rockland preserves, and active management
can prevent rare species losses.

Non-native invasive plant species

Ongoing invasive plant species programs in
Miami-Dade County preserves most likely
contributed to the fact that overall non-na-
tive plant species were not a significant
component of plant cover in study plots.
The decline in abundance of the invasive
non-native species Schinus terebinthifo-
lius, Nevraudia reynaudiana, and Ardisia
elliptica Thunb. from 1995 to 2003 can
be attributed to active invasive species
management. These three species are all
removed regularly when funds permit. An
exception to the trend of non-native plant
cover decreasing from 1995 to 2003 was
the observed increase of the short-lived
perennial non-native grass Rhynchelvtrum
repens. The sharp increase in R. repens
occurrences since 1995 is a major manage-
ment concern, especially considering that
R. repens responds positively to fire. It is
difficult 1o treat because it often grows
interspersed with native grasses and herbs,
and it has recently been shown to displace
native grass species in pine rocklands (Pos-

sley and Maschinski 2006).

Conclusions

At the local scale, this study elucidates
some of the factors influencing species
assemblage and suggests directional trends
for cover of both rare native species and
non-native invasive species in managed
preserves. Region and corresponding
edaphic factors strongly influenced the
assemblage of native species present in
study plots. To a lesser degree, recent
fire history also influenced native species
assemblage. We showed that significant
loss of native plant diversity did not occur
during the eight-year time scale of this
study. However, increase in occurrences
of the invasive grass Riivnchelytrum repens
should cause alarm for South Florida land
managers. At the broader scale, this work
demonstrates the ecological value that
exists in urban fragments, even when they
are small and fire-suppressed, emphasizing
the importance of acquisition, preservation,
and restoration of these parcels.
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Appendix. All vascular species recorded in study plots, 1995 and 2003. Column 1 indicates which species were used in the stepwise discriminant analysis
(SDA) model, with species used from Biscayne region plots indicated with a ‘B’ and thoese used from Redland region plots indicated with an ‘R’. Column
2 indicates which year(s) the taxon appeared in study plots. Non-native species are underlined.
R BOTH Abildgaardia ovata (Burm.f.) Kral B BOTH Aristida purpurascens Poir.
1995 Acacia auriculiformis A. Cunn. ex Benth. 2005  Asclepias tuberosa L.
BR BOTH Acalypha chamaedrifolia (Lam.) Mull.Arg. R BOTH Aster adnatus Nunt.
B 2003 Aeschynomene viscidula Michx. 1995  Aster bracei Britton ex Small
BOTH Agalinis fasciculata (Elliott) Raf. R BOTH Aster concolor L.
BOTH Albizia lebbeck (L.) Benth. B 2003  Aster dumosus L.
BOTH Alvaradoa amorphoides Licbm, R BOTH Ayenia euphrasiifolia Griseb.
2003  Alysicarpus vaginalis (L.) DC. 2003  Baccharis halimifolia L.
BOTH Ambrosia artemisiifolia L. 1995  Berlandiera subacaulis (Nutt.) Nutt,
1995  Ampelopsis arborea (L.) Koehne BOTH Bidens alba (L.) DC. var. radiata (Schultz-
B 2003 Andropogon glomeratus (Walt.) B.S.P. var. Bip) Ballard ex T.E. Melchert
hirsutior (Hack.) C. Mohr 1995  Bletia purpurea (Lam.) DC.,
R BOTH Andropogon glomeratus (Walt.) B.S.P. var. BOTH Bourreria cassinifolia (A.Rich.) Griseb,
pumilus Vasey ex Dewey 1995  Brickellia mosieri (Smalil) Shinners
1995  Andropogon gyrans Ashe 2003  Buchnera americana L.
BOTH Andropogon ternarius Michx. B BOTH Bulbostylis ciliatifolia (Elliott) Fernald
2003  Andropogon tracyi Nash 2003  Bursera simaruba (L.) Sarg.
BOTH Andropogon virginicus L. BOTH Byrsonima lucida (P. Mill.) DC.
2005 Andropogon virginicus L. var. decipiens C. BOTH Callicarpa americana L.
Campbell R BOTH Cassytha filiformis L.
BOTH Anremia adiantifolia (L.) Sw. 1995 Casuarina equisetifolia L.
BR BOTH Angadenia berteroi (A.DC.) Miers 1995  Cenchrus gracillimus Nash
BOTH Ardisia elliptica Thunb. R BOTH Centrosema virginianum (L.} Benth.
R BOTH Ardisia escallonioides Schiede & Deppe ex R BOTH Chamaecrista deeringiana Small & Pennell
Schitdl. & Cham. BOTH Chamaesyce deltoidea (Engelm. ex Chapm.)
BOTH Argythamnia blodgettii (Torr.) Chapm. Small subsp. adhaerens (Small) A. Herndon
2003  Aristida beyrichiana Trin. & Rupr.
(continued)
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Appendix. Continued.

BOTH

R BOTH

BOTH
BOTH
2003
1995
BOTH

2003
BOTH
BOTH

BR BOTH
2003
2003

B BOTH

R BOTH

BOTH
1995
BOTH
BOTH
BOTH

BOTH
B BOTH
BOTH
BOTH
BOTH
B BOTH
1995
BOTH
B BOTH
BOTH
1995
BOTH
R BOTH

Chamaesyce deltoidea (Engelm. ex Chapm.)
Small

Chamaesyce deltoidea (Engelm. ¢x Chapm.)
Small subsp. pinetorum (Small) A. Herndon
Chamaecrista fasciculata (Michx.) Greene
Chamaesyce hirta (L.) Millsp.

Chamaesyce hypericifolia (L.) Millsp.
Chamaesyce hyssopifolia (L.) Small
Chamaecrista nictitans L. var. aspera
(Muhl. ex Elliott) H.S. Irwin & Bameby
Chamaesyce porteriana Small

Chaptalia albicans (Sw.) Vent. Ex Steud.
Chiococca alba (L.) A.S. Hitchc.
Chiococca parvifolia Wullschl. ex Griseb.
Chromolaena odorata (L.) King & H.Rob.
Cirsium horridulum Michx,

Clematis baldwinii Torr. & Gray
Cnidoscolus stimulosus (Michx.) Engelm. &
Gray

Coccothrinax argentata (Jacq.) L.H. Bailey
Coccoloba diversifolia Jacq.

Commelina diffusa Burm.f.,

Commelina erecta L.

Conyza canadensis (L.) Cronquist var.
pusilla (Nutt.) Cronquist

Crossopetalum ilicifolium (Poir.) Kuntze
Croton glandulosus L.

Croton linearis Jacq.

Crotalaria pumila Orntega

Crotalaria rotundifolia Walt. ex J.F. Gmel.
Cynanchum blodgettii (A. Gray) Shinners
Cyperus filiculmis Vahl

Dalea carnea (Michx.) Poir.

Desmodium incanum DC.

Desmodium marilandicum (L.) DC.
Desmodium tortuosum (Sw.) DC.
Desmodium triflornm (L.) DC.

Dichanthelium aciculare (Desv. & Poir.)
Gould & C.A. Clark

BR

2003
BOTH

2003

BOTH

2003

1995

BOTH
BOTH
BOTH

2003
BOTH
1995
2003
BOTH
1995
2003
1995
BOTH
BOTH
BOTH
1995

1995
BOTH
BOTH
BOTH
BOTH
BOTH
BOTH
BOTH
BOTH

Dichanthelium commutatum (Schult.) Gould

Dichanthelium ensifolium (Baldwin ex
Elliott) Gould var. unciphylium (Trin.)
B.F.Hansen & Wunderlin

Dichanthelium erectifolium (Nash) Gould &
C.A.Clark

Dichanthelium ovale (Elliott) Gould & C.A.
Clark

Dichanthelium strigosum (Muhl. ex Ell.)
Freckmann var. glabrescens (Griseb.)
Freckmann

Digitaria filiformis (L.) Koeler var.
dolichophylla (Henrad) Wipff
Dyschoriste angusta (A. Gray) Small
Echites umbellata Jacq.

Elionurus tripsacoides Humb. & Bonpl. ex
Wwilld.

Emilia fosbergii D.H. Nicols.

Eragrostis elliottii S. Wats.

Erechtites hieracifolia (L.) Raf. ex DC.
Eremochloa ophiuroides (Munro) Hack.
Ernodea cokeri Britton ex Coker
Eupatorium mikanioides Chapm.
Eupatorium mohrii Greenc

Eupatorium serotinum Michx,
Euphorbia polyphylla Engelm. ex Chapm.
Eustachys petraea (Sw.) Desv.
Evolvulus sericeus Sw.

Exothea paniculata (Juss.) Radlk. Ex T.
Durand

Ficus altissima Blume

Ficus aurea Nutt.

Ficus citrifolia P. Mill.

Forestiera segregata (Jacq.) Krug & Urb.
Galactia floridana Torr. & Gray
Galactia pinetorum Small

Galactia smallii H.J. Rogers ex Herndon
Galactia volubilis (L.) Britton

Galium hispidulum Michx.
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Appendix. Continued.
1995  Guapira discolor (Spreng.) Little BOTH Myrica cerifera L.
BOTH Guettarda elliptica Sw. B BOTH Nephrolepis biserrata (Sw.) Schott
R BOTH Guettarda scabra (L.) Vent. 2003  Nephrolepis exaltata (L.) Schott
R BOTH Hedyotis nigricans (Lam.) Fosberg var. 2003  Neptunia pubescens Benth.
floridana (Standl.) Wunderlin BOTH Neyraudia reynaudiana (Kunth) Keng ex
2003  Hedyotis uniflora (L.) Lam. A.S. Hitche.
BOTH Heliotropium polyphylium Lehm. BOTH Opuntia humifusa (Raf.) Raf.
BOTH Hieracium megacephalon Nash BR BOTH Parthenocissus quinquefolia (L.) Planch.
1995  Hypoxis sessilis L. R BOTH Paspalum blodgettii Chapm.
R BOTH Hyptis alata (Raf) Shinners 2003  Paspalum caespitosum Flugge
BOTH llex krugiana Loes. B BOTH Paspalum monostachyum Vasey
R BOTH /mperata brasiliensis Trin. BOTH Paspalum setaceum Michx.
1995  Indigofera spicata Forsk. 1995  Passiflora foetida L.
1995  Ipomoea alba L. BOTH Passiflora suberosa L.
B BOTH [Ipomoea indica (Burm.f.) Merr. var. BOTH Pectis glaucescens (Cass.) D.J. Keil
acuminata (Vahl) Fosberg 2003  Phiebodium aureum (L.)J. Sm.
BOTH Ipomoea tenuissima Choisy B BOTH Phyllanthus pentaphylius C. Wright ex
BOTH Jacquemontia curtisii Peter ex Small Griseb. var. floridanus G.L.Webster
R BOTH Koanophyllon villosum (Sw.) King & R BOTH Physalis walteri Nut,
H.Rob. BOTH Piloblephis rigida (W.Bartram ex Benth.)
1995  Lamtana camara L. Raf.
R BOTH Lantana depressa Small BOTH Pinus elliottii Engelm, var. densa Little &
BOTH Lantana involucrata L. Dorman
1995  Lechea torreyi (Chapm.) Legg. ex Britton BR BOTH Piriqueta caroliniana (Walt.) Urb.
BOTH Liatris chapmanii Torr. & Gray R BOTH Pityopsis graminifolia (Michx.) Nutt.
2003  Liatris gracilis Pursh BOTH Pluchea rosea Godfrey
R  BOTH Liatris tenuifolia Nutt. BOTH Poinsettia cyathophora (Murr.) Klotsch &
R  BOTH Licania michauxii Prance Garcke
BOTH Lyonia fruticosa (Michx.} G.S. Torr. 1995 Poinsettia heterophylia (L.) Klotsch &
BOTH Lysiloma latisiliguum (L.) Benth. Garcke ex Klotzsch
R BOTH Macroptilium lathyroides (L.) Urb. R BOTH Poinsettia pinetorum Small
BOTH Melanthera parvifolia Small 1995  Polygala boykinii Nutt.
BOTH Metopium toxiferum (L.) Krug & Urb. BR BOTH Polygala grandiflora Walt.
BOTH Mimosa quadrivalvis L. var. angustata 1995  Polygala smallii RR. Sm. & D.B. Ward
(Torr. & Gray) Barneby 1995  Psidium longipes (O. Berg) McVaugh
1995  Mitreola sessilifolia (J.F. Gmel.) G. Don B BOTH Psilotum nudum (L.) P.Beauv,
1995  Momordica charantia L. BOTH Psychotria nervosa Sw.
BOTH Morinda royoc L. R BOTH Pteridium aquilinum (L.) Kuhn var.
BOTH Muhlenbergia capillaris (Lam.) Trin. caudatum (L.) Sadebeck
(continued)
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Appendix. Continued.

R BOTH
B 2003
1995
BOTH
BOTH
BOTH
BOTH
BOTH
BOTH
BOTH
BOTH
1995
BOTH
BOTH
R BOTH
BOTH
BOTH

BR BOTH
BOTH

2003
2003
2003
BOTH
BOTH
BOTH
R BOTH

BOTH
R BOTH
R BOTH

~ w

1995
2003

Preris bahamensis (1. Agardh) Fée
Pterocaulon pycnostachyum (Michx.) Ell.
Pieris vittata L.

Quercus pumila Walt.

Quercus virginiana P. Mill.

Randia aculeata L.

Rapanea punctata (Lam.) Lundell

Rhus copallinum L.

Rhynchospora colorata (L.) H.Pfeiff.
Rhynchospora floridensis (Britton) H. Pfeiff.
Rhynchospora grayi Kunth

Rhynchospora intermedia (Chapm) Britton
Rhynchosia michauxii Vail

Rhynchosia minima (L.) DC.

Rhynchosia reniformis DC,

Rhynchelytrum repens (Willd.) C.E. Hubbard

Richardia grandiflora (Cham. & Schitdl.)
Scult. & J.H. Schult.

Ruellia succulenta Small

Sabal palmetto (Walt.) Lodd. ex J.A. & J.H.
Schultes

Sachsia polycephala Griseb.

Samolus ebracteatus Kunth

Schefflera actinophylla (Endl.) Harms
Schizachyrium gracile (Spreng.) Nash

Schizachyrium rhizomatum (Swallen) Gould
Schizachyrium sanguineum (Retz.) Alston
Schinus terebinthifolius Raddi

Scleria ciliata Michx.

Scutellaria havanensis Jacq.

Senna mexicana (Jacq.) H.S.Irwin &
Barneby var. chapmanii (Isley) H.S.Irwin &
Barmneby

Senna obtusifolia (L.) H.S. Irwin & Barneby

Senna pendula (Humb. & Bonpl. ex Willd.) H.S.
Irwin & Barneby var. glabrata (Vogel) H.S. Irwin
& Barneby

BR

BOTH
2003
2003
BOTH
BOTH
BOTH
BOTH
BOTH
BOTH

BOTH
BOTH
BOTH
BOTH

2003
1995
2003
BOTH
1995
BOTH
BOTH
BOTH
BOTH
BOTH
2003
BOTH
BOTH
BOTH
BOTH
BOTH
BOTH
BOTH
1995
BOTH

Serenoa repens (W .Bartram) Small
Setaria parviflora (Poir.) Kerguelen

Sida acuta Burm.f.

Sida elliottii Torr. & Gray

Sideroxylon salicifolium (L.} Lam,
Sisyrinchium nashii Bickn,

Smilax auriculata Walt.

Smilax havanensis Jacq.

Solidago odora Aiton var. chapmanii (Gray)
Cronquist

Solidago stricta Aiton

Sorghastrum secundum (Elliott) Nash
Spermacoce assurgens Ruiz & Pavon
Spermacoce terminalis (Small) Kartesz &
Gandhi

Spermacoce verticillata L.

Sporobolus junceus (P. Beauv.) Kunth
Stenotaphrum secundatum (Walt.) Kuntze

Stillingia sylvatica L.

Swietenia mahagoni (L.) Jacq.
Tephrosia florida (F. Dietr.) C.E. Wood
Tetrazygia bicolor (P. Mill.) Cogn.
Toxicodendron radicans (L.) Kuntze
Tragia saxicola Small

Tragia urens L.

Trema lamarckianum (Schult.) Blume
Trema micranthum (L.) Blume
Trichostema dichotomum L.
Tripsacum floridanum Porter ex Vasey
Triumfetta semitriloba Jacq.
Vaccinium myrsinites Lam.

Vernonia blodgettii Small

Vitis rotundifolia Michx.

Waltheria indica L.

Zamia integrifolia Aiton
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Plant-Pollinator Interactions
FROM SPECIALIZATION TO GENERALIZATION

Edited by Nickolas M. Waser and Jeff Ollerton

"CHAPTER FIFTEEN

The Conservation of Specialized and
Generalized Pollination Systems in Subtropical
Ecosystems: A Case Study

Suzanne Koptur

They paved paradise and put up a parking lot
—Joni Mitchell

If one is lucky enough to hikein a pristine natural area and to come upon a dis-
play of native plants in bloom, one may see native visitors pollinating flowers
and enjoying the floral rewards. These visitors may even have evolved over time
to best exploit the rewards and the flowers, to best export their pollen for disper-
sal to another individual of the same plant species. Much important research has
been conducted in natural areas with minimal disturbance, and from these stud-
ies a body of ecological and evolutionary theory has grown about these striking
mutualisms. This idyllic scenario is becoming the exception, however because
many parts of the planet now have a disproportionately large percentage of the
fauna made up of one species, Homo sapiens. The earth’s human population has
doubled in the past 40 years (surpassing six billion in 2001). Humans are prone
to taking the nicest places and transforming them into places where they will
live and work, often in isolation from anything natural. Even areas that superfi-
cially seem to be “pristine” often or always show the imprint of humans (McKib-

* bin 1989); for example, nonnative plants or pollinators are likely to join the na-

tives in the idyllic scenario just described (Brown et al. 2002; Memmott and
Waser 2002).

Habitat destruction and fragmentation often shift the balance of nature in re-
maining habitat patches so that native organisms can no longer persist. Large
predatory animals that require large areas for their home range provide the most
obvious indication when they disappear, and, with the demise of predators, cas-
cading effects of increased herbivore abundance may affect plants (Anderson
1997; Malcolm 1997; Dicke and Vet 1999; Jeffries 1999; Terborgh et al. 2001;
Dyer and Letourneau 2003). Smaller animals, including insects, may hold on
longer in remaining habitat patches as long as their survival requirements are
met, but many groups show increased species richness with larger fragment size



(Robinson et al. 1997; Steffan-Dewenter and Tscharntke 2002; Steffan-Dewenter
etal., chap. 17 in this volume). Predators and parasitoids are more strongly af.
fected by habitat fragmentation than are lower trophic groups (Gibb and
Hochuli 2002). Various phenomena accompanying fragmentation may lead to
the decline or disappearance of organisms, including negative consequences of
inbreeding, which results from isolation of small populations (Holsinger 1993;
Hastings and Harrison 1994), and stochastic extirpation without recolonization
due to greater distances from other populatidns (Hanski 1997). Smaller animals
may have even greater effects on plants, because many of them serve as pollina-
tors (Steffan-Dewenter et al. 2002) and seed dispersers (Bierregaard and Stouffer
1997) as well as herbivores (Rao et al. 2001) and seed predators (Donoso et al.
2003). Animals disappear more quickly than plants from landscapes affected by
humans, but plants without their mutualistic animal partners may not persist
long into the future.

In many situations it is not possible to preserve wild habitats, especially in the
vicinity of urban areas, where human population pressures are great. Forward-
thinking governments may set aside preserves, but these are often smaller and
fewer than what conservation biologists might deem optimal or desirable. Plant
species may be preserved in protected and/or managed habitat remnants, but, if
their pollinators are lost and they cannot reproduce sexually, they may be evolu-
tionarily dead. Habitat destruction can incur an “extinction debt” that will not
berealized for decades or centuries; this is the reasoning behind using successful
pollination as a measure of ecosystem health (Aizen and Feinsinger 1994), al-
though using pollination deficits to infer pollinator declines may not be entirely
straightforward (Thomson 2001).

In conquering the natural world, we humans have been largely oblivious to
our dependence on pollinators for much of what we eat and use (Nabhan and
Buchmann 1997) and have “forgotten pollinators” (Buchmann and Nabhan
1996). For over a decade, there have been declines in pollinators and pollination
disruption has been reported worldwide (Kearns et al. 1998), though thereis less
direct evidence than many have presumed and such conclusions may be prema-
ture (Cane and Tepedino 2001). Long-term data are needed to track changes
(Kearns 2001; Roubik 2001), and it is difficult to tell if changes are truly declines,
or just supra-annual fluctations (Roubik 2001; Williams et al. 2001) or statistical
artifacts (Cane 2001; Kerr 2001).

Indeed, there are some anthropogenically fragmented habitats where many
of the mutualistic plant-animal relationships remain fairly intact, and not all
mutualistic interactions show negative effects of habitat fragmentation or land-
use intensity (Klein et al. 2001). Humans may actually enhance their own habi-
tats in ways that can attract and sustain pollinators—to the benefit of native
plant species dependent on specialized and generalized pollinators. The quality
of the matrix—the space between the habitat fragments—can play a role in
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reducing negative effects of fragmentation (Perfecto and Vandermeer 2001). In
subtropical southern Florida, extensive plantings of nonnative ornamentals pro-
vide abundant floral rewards to sustain pollinators of native plants in the urban
matrix between the remaining fragments of natural habitat. Native-plant enthu-
siasts have promoted gardening with indigenous species, further enhancing the
seemingly inhospitable between-fragment spaces for pollinator attraction and
survival.

For the past decade my students and I have been studying plant-animal inter-
actions in the South Florida pine rocklands. In this chapter I will review the
effects of habitat destruction and fragmentation on native plants that remain in
the natural landscape, consider the role of the matrix in ameliorating some of the
negative effects of habitat fragmentation on pollinators, and discuss some mea-
sures that are being taken to conserve pollinators in the human-dominated land-
scape of subtropical South Florida in the United States. My hope is that this ex-
ample will serve to illustrate problems and possibilities for more general
maintenance of pollination systems in human-dominated landscapes.

Effects of Habitat Destruction and Fragmentation in Pine Rocklands of
South Florida

Thebasicresult of habitat destruction is that less habitat is available in which na-
tive plants can persist. I will illustrate this point by using the pine rocklands habi-
tat from the uplands of extreme southern peninsular Florida. Pine rocklands, a
fire-maintained subclimax vegetation with many endemic taxa, used to be
nearly continuous albeit divided occasionally by freshwater wetlands or “trans-
verse glades” (Snyder et al. 1990). The area covered by the rocklands ecosystems
wasnever large (fig. 15.1A) and shrankrapidly from the mid- to late 20th century
because of economic development. Rockland sites were preferred areas for clear-
ing, building, and (after the invention of the rock plow) vegetable fields. Today,
less than 2% of the original habitat outside of Everglades National Park remains,
composed of a highly fragmented patchwork throughout urban and suburban
Dade County (fig. 15.1B). Many of these anthropogenic fragments are protected
as parks, but only some are maintained with exotic-pest-plant control and peri-
odic fires. Other fragments are in private ownership; most of these have man-
agement problems similar to those of the parks, or precarious preservation
status.

Fragments of pine rocklands also dramatically illustrate the “edge effects” re-
sulting from increased perimeter-to-interior ratio: greater invasion by exotic
species (especially weedy pest plants) that crowd out natives. The edges are
greatly influenced by the surrounding inhabitants in terms of fire suppression:
without periodic fires, pine rocklands undergo succession to hardwood ham-
mock forest, losing their diverse understory of herbs and shrubs (Snyder et al.
1990; DeCoster et al. 1999). Many of these understory plants are endemic to this
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Figure 15.1 Original (Jeft) and present-day (right) extent of pine rocklands in mainland southern Florida. There are also pine rocklands in the lower Florida Keys

but they are not shown at the scale of the state map. (Left) Location and extent of Miami Rockridge is shown in black, and that same area is shown outlined at a

much larger scale in the projection to the right. (Right) Prefragmentation extent (outlined) and extent in 1992 (black areas). Most remaining intact rocklands are

protected within Everglades National Park; outside this park, less than 2% of the original rocklands remain.

habitat, and many are rare and becoming more so. Many former pine rocklands
fragments have been degraded so completely that there is no longer a central
core with native species, only a monoculture of Brazilian pepper (Schinus tere-
binthifolius) or a mixture of pest-plant species (Bradley and Gann 1999).

Exotic plantsare not the only pests; exoticinsects can compete with and elim-
inate native beneficial insect mutualists as well. Many areas in the southern
United States (as well as Central America), formerly species-rich in native ants
(and other insects), have become dominated by exotic ant species such as fire
ants (Solenopsis invicta). Fire ants can limit the numbers of herbivores and polli-
nators with their aggressive, omnivorous foraging behavior (Fleet and Young
2000). Honeybees may be kept by beekeepers in groves adjacent to, and even in,
some natural forest areas and may usurp floral resources that originally sup-
ported a diversity of native insects (Cairns 2002).

Animals kept as pets (or feral colonies maintained by kindhearted but mis-
guided humans) can, in some cases, also have a profound impact on natural
habitats. Many natural areas have networks of people who feed stray cats, cap-
ture them, neuter/spay them, and release the strays. Rather than controlling the
populations, the presence of the colony serves as an “attractive nuisance,” so
that more cats are abandoned at the parks and populations continue to grow
from the continual “immigration” of new individuals (Clarke and Pacin 2002;
Castillo and Clarke 2003). The effects of domestic cats (Churcher and Lawton
1987; Schneider 2001) and other feral animals (Woodroffe et al. 1990; Schneider
2001) on wildlife are destructive and profound. Birds, lizards, and small mam-
mals eat a variety of insects; when cats reduce their numbers, then insect popu-
lations can grow to levels that severely limit plant growth and reproduction.
Some residents of Miami keep chickens that roam freely, which may travel
through local parks in their search for food—eating seeds, seedlings, and small
plants (and sometimes themselves providing food for resident foxes!). Goats and
rabbits may similarly alter the landscape in their quest for forage and make
“natural” areaslessdiverse and more barren, just as livestock does in midwestern
U.S. forests (Dennis 1997).

Native animals may also be influenced by human interaction that in turn can
affect their habitat. Sportsmen hunted the charismatic, endangered Key deer to
near extinction as the Keys were exploited for tourism (Silvy 1975; Frank et al.
2003). Since their protection, Key deer have grown so numerous that popula-
tions have reached carrying capacity (Lopez 2001) and their grazing effects may
have a larger impact than ever in the past (Folk et al. 1991; Koptur et al. 2002).
Key deer herbivory, especially after fire, significantly reduces plant stem length
and eliminates flowers on many preferred species (S. Koptur et al., unpublished
data).

There is clearly need for management of pine rocklands fragments in the ur-
banized landscape of South Florida. County natural-areas managers prioritize
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activities in lands they manage and are fairly effective in controlling exotic
plants via manual removal and herbicides. It is more difficult to use fire to man-
age fragments, especially those in close proximity to residential areas, but on
occasion progress is made in this aspect of pine rocklands habitat conservation.
Urban and suburban areas inhabited by humans are also managed for problem
insects, especially mosquitoes, cockroaches, and ants. Pesticides that are used to
control insects in adjacent areas can certainly affect survival of nontarget insects
in natural area fragments in the urban landscape. Closer to humans, more pesti-
cides are used: more than 20,000 pest control firms and 100,000 service person-
nel treat 12 million dwellings nationally, including most of the 280,000 retail
food outlets, 480,000 commercial restaurants and kitchens, and 66,000 hotels
and motels in the United States (National Pest Management Association 2001).
In subtropical southern Florida, I estimate that more than 90% of homes use
chemical pest control inside the dwelling, and more than 60% use some sort of
chemical pest control in the yard. Termite control in dwellings is ubiquitous-but
usually has little broadcast effect. Certain pesticides (some used for fleas, ticks,
and juvenile mosquitoes) are fairly specific; but broad-spectrum insecticides
(such as those used for adult mosquito or fruit fly control) can certainly cause a
decline of beneficial insects. The aerial application of pesticides to crops and
forestry plantations has been shown to depress pollinator populations (Kevan
1975;Johansen 1977; Johansen et al. 1983; Kearns and Inouye 1997; Spira 2001).
Coincident aerial insecticide spraying and flowering of endangered ento-
mophilous plants puts those plants in peril (Bowlin et al. 1993; Sipes and Te-
pedino 199S). Even application of Bacillus thuringensis by organic gardeners can
be detrimental to butterfly pollinators if B. thurigensis spores drift to weedy and
native larval host plants adjacent to vegetable gardens.

Empirical Examples

Observations of pollinator-plant interactions in relatively pristine pine rock-
lands of the Everglades and lower Florida Keys provide a basis for comparison of
the interactions of the same plants occurring in fragments of pine rocklands in
suburban and urban Miami-Dade County and in the developed areas of Big Pine
Key. We imagined that fragmentation of habitat would be detrimental to plant-
pollinator interactions, and it seemed reasonable to hypothesize that species es-
pecially vulnerable to negative effects of fragmentation would include special-
istsand obligate outcrossers. Therefore, we selected to study native plant species
that span a range of pollination systems, from specialized to generalized. I will
choose examples from this research to illustrate that “all is not lost” for some
plant species persisting in pine rocklands fragments.
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Figure 15.2 Flowers of pine rocklands plants: (A) flowering shoots of the pineland clustervine, facque-
montia curtissii; (B) a small individual of the pineland petunia, Ruellia succulenta, in full bloom; (C) the Big
Pine partridge pea, Chamaecrista keyensis, with flowers and developing fruit; and (D) fast-moving bee
(Centris errans) collecting oil from flowers of locustberry, Byrsonima lucida.

Pollinator Fauna
There are certainly differences in the pollinator fauna between pristine habitat
and habitat fragments. For most of the plant species we have examined, pollina-
tor species richness is greater in pristine habitat and in larger fragments than in
medium-sized and small fragments. The composition of the fauna varies as well,
as illustrated by the following examples.

The pineland clustervine, Jacquemontia curtissii (Convolvulaceae), has nu-
merous white flowers with rotate, open corollas about 2-3 cm in diameter, with
nectar in the center of the flower available to a wide array of visitors (fig. 15.2A);



some flower visitors also collect its white pollen. Three pristine Pine rocklangs
sites in Everglades National Park had a total of 22 species of flower Visitors; of
which 19 were probable pollinators (determined by size and activities on flow.-
ers): three large (greater that 10 ha) fragments had 12 probable pollinator spe-
cies, medium (3-9 ha) fragments had 11 pollinator species, and small (less than
3 ha) fragments had 6 pollinator species (Koptur and Geiger 1999). We recorded
26 species of floral Sm:.oa and observed certain visitors only in fragments, indi-
cating that the pollinator fauna of J. curtissii in fragments is not simply a subset
of pollinators in the intact habitat.

The pineland petunia, Ruellia succulenta (Acanthaceae), has large, showy
flowers with a lavender funnelform corolla (fig. 15.2B), suggesting that visits are
limited to insects with long proboscises. Geiger (2002) found this was not the
case because numerous bees, as well as Lepidoptera visitors, crawl down the
corolla tube to reach the nectar and pollinate the flowers. There were highly
significant differences in the proportions of Hymenoptera (bees) and Lepidop-
tera (butterflies and skippers) visitors by habitat size class; bees make up an
increasing proportion of the total floral visitors as one moves from small to
intact/pristine size classes, and Lepidoptera are more important in the smaller
fragments (Geiger 2002).

The Big Pine partridge pea (Chamaecrista keyensis, Fabaceae: Caesalpin-
ioideae) has large, showy, yellow flowers (fig. 15.2C) that are buzz-pollinated by
carpenter bees (Xylocopamicans) and two species of Melissodes bees (Liu and Kop-
tur 2003); they are also visited by other, nonbuzzing bees who pick up the pollen
scattered on the petals by the buzzing bees but usually do not contact the stigma
in the process. Chamaecrista keyensis flowers received substantially more visits by
X. micans, but fewer visits from Melissodes spp., in urban edge versus forest sites
in the Key Deer Refuge. Unexpectedly, the buzz-pollinators made up a substan-
tially greater proportion of the bee visits in urban edge sites than in forest sites,
where nonbuzzing visitors were more common (Liu and Koptur 2003). The num-
bers of buzz-pollinating bees at partridge pea flowers declined after repeated aer-
ialmosquito spraying in Big Pine Key (Liu and Koptur 2003). This aerial spraying
has been observed to depress Lepidoptera populations in the Keys as well (Sal-
vato 2001; S. Carroll and J. Loye, unpublished data).

Byrsonima lucida, the sole member of the tropical plant family Malpighiaceae
native to South Florida (fig. 15.2D), has a specialized pollination system: oil is se-
creted as a floral reward and is collected by andrenid bees in the mm.ncm Centris, of
which only two species occur in this area (Centris errans = C. versicolor, and C.
lanosa). Our hand-pollination experiments show that flowers need visitation to
set fruit, and plants set substantially more fruit with cross- than self-pollination
(Koptur and Geiger 2000). Copious fruit production in this species is, therefore,
evidence of not only visitation, but also likely deposition of pollen from other
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individuals. Everglades plants fruit heavily, as do plants in or near some of the
larger fragments, and it is common to see C. errans bees at these sites. Plants in
smaller fragments also set fruit, though sometimes only modestly; even plantsin
gardens and planted landscapes set fruit. Centris lanosa is the more common visi-
tor to these plants, although both Centris spp. have been observed in urban areas.

pollinator Activity in Disturbed Habitats

Native plants do exist in the urban landscape, either persisting in fragmented or
semideveloped land or planted back into the landscape as garden specimens or
in landscaping projects of varying size. The native plants are visited by some
of the same insect species that visit them in natural environments, and by some
species that are more common in disturbed situations. Plants that are both gen-
eralists and specialists in their pollinator affinities have been observed to main-
tain pollinator relationships in urban situations in South Florida.

The endangered crenulate leadplant (Amorpha herbacea var. crenulata, Faba-
ceae: Papilionoideae) needs pollinator visits for fruit set, and cross-pollinations
set considerably more fruit and seed than self-pollinations (Linares 2004). Amor-
pha crenulata survives in only a few small pine rocklands fragments in Miami-
Dade County, but, wherever it grows, it receives visits from a variety of native
solitary bees (such as Dianthidium curvatum floridense) and nonnative honeybees
(Apis mellifera). Even in sporadically mowed lots, crenulate leadplant produced
abundant fruit. Planted in gardens within its native range and beyond, its strik-
ing inflorescences of tiny white flowers tipped with orange-yellow anthers are
visited by native and introduced insects (figs. 15.3A,.15.3B).

The purple flowers of pine rocklands milkpeas, Galactia spp., are visited by
nectar-collecting halictid bees which get brushed by the anthers and pollinate
them (personal observation). While conducting a study of the distribution of
rare milkpeas of southern Florida pine rocklands, O’Brien (1988) observed native
bee vo_:umﬁoa (Augochlora pura ssp. mosieri) visiting remnant milkpea individu-
als in manicured lawns of Coral Gables.

Role of the Matrix

The characteristics of the matrix—the space between habitat fragmentsin a frag-
mented landscape—are crucial to the maintenance of plant-pollinator inter-
actions in fragments. Those fragments that are small and/or isolated from larger
areas of intact habitat may depend in particular on the matrix for support of pol-
linators passing through or possibly even nesting and living in the matrix. A
thorough comparison of ecology of species across fragmented landscapes must
also consider matrix habitat (Jules and Shahani 2003). I will consider several
types of matrix habitat found between pine rocklands fragments and their po-
tential effects on plants and insects in remnant habitat.



Figure 15.3 More pine rocklands plants and insects: (A) crenulate leadplant, Amorpha herbacea var.
crenulata, plant habit; (B) inflorescence close-up of A, herbaceg; (C) caterpillar of naturalized orange-
barred sulfur (Phoebis agarithe) butterfly on native Cassia bahamensis (aka Senna mexicana var. chap-
manii); and (D) flowering stem of the butterfly pea, Centrosema virginiana.

Concrete in the Big City

One aspect of urbanization (that is definitely not pollinator friendly) is the use of
asphalt (tarmac) on roads and concrete on other horizontal surfaces to thwart
the establishment and growth of any plant life. As the population of South
Florida has grown, roads that were formerly unpaved became paved, then
widened from two-lane, then four-lane roads, then to multilane expressways.
Consequently, the area covered by asphalt has steadily increased over the past
century. As areas have been developed for human habitation and other uses,
more and more ground has been covered by concrete. Gardens have been elimi-
nated from many lots for various reasons (they require care, attract unwanted
animals, they look “too wild”). As in many parts of Latin America, a sign of suc-
cessisatidy, barren yard consisting of concrete (frequently painted) with a mini-
mum of plants.

Suburban Lawns: A Golf-course Green in Every Yard?

As inhospitable as concrete is, matrix consisting of meticulously maintained
lawns (turf grass) may be even more detrimental to the movements of pollina-
tors. Turf grass science leads to the development of grass strains that are tough
and easy to maintain; the goal is to make the lawn as uniform as possible. Exten-
sive use of chemicals (fertilizers, herbicides, and pesticides/insecticides) is
needed to maintain the ideal lawn. Pest control operators leave signs in lawns so
that humans can avoid these areas for at least one day, but few pollinators (or
pets or children) are able, or take the time, to read these signs.

Pollinator Relief in the Land of Flowers

Fortunately, a number of features of the matrix between natural habitat frag-
ments exist that are improvements over concrete. The penchant many residents
of Florida (dubbed by the Spaniards “the land of flowers”) have for lush land-
scaping and beautiful flowers has led to an extensive array of cultivated orna-
mental plants that can provide pollinators with a variety of foods and shelter.
Most pollinator foods are provided in flowers, usually in the forms of nectar and
pollen, but certain species also provide oils (e.g., Malpighiaceae), resins (e.g.,
Clusiaceae), and extrafloral nectar (many families; Koptur 1992).

There are some spectacular sights involving animals and flowers to be seen on
the streets of Miami. Brilliant yellow, black, and white spot-breasted orioles
(Icterus pectoralis) visiting flowers of the sausage tree (Kigelia pinnata, Bignoni-
aceae) are the facultative pollinators of these bat-adapted flowers, the fruit of
which resembles huge, pendant sausages. High up on the bare trunks of majes-
tic Bombacaceae, squirrels drink nectar from the flowers of Bormbax malabaricus
and Pseudobombax sp. These visits rarely lead to fruit production because con-
specific individuals of these species are few and far between. Fortunately, in big
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cities (especially in the subtropics), there are many opportunists who use floral
rewards, sometimes, though not always, pollinating in the process.

Isolated individuals of Byrsonima lucida in urban garden plantings receive vis-
its from their specialized Centris bee pollinators even though no other B. lucida
are in sight. Those bees visit alternative oil sources found in frequent plantings
of several ornamental species of Malpighiaceae: Malpighia coccigera, Stigmaphyl-
lon spp., and Thryallis glauca. And when the neighbors decide to add native B. lu-
cida to their gardens, fruit set is then possible for formerly isolated individuals.
Perhaps this fruit set is of less fitness consequence than fruit seton individualsin
native habitats, but it can serve to perpetuate this species in the matrix between
natural habitat fragments.

Nonnative species cultivated for their useful fruit are readily pollinated in
South Florida. Passion fruit (Passiflora edulis) are usually grown along fences and
are most effectively pollinated by carpenter bees, buta group of honeybees work-
ing together can also effect pollination (Hardin 1987). Flower beetles visiting the
purportedly wind-pollinated flowers of jackfruit (Artocarpus heterophyllus) grow-
ing in orchards or garden plantings may enhance fruit production and seed set
in South Florida (El-Sawa 1998).

Ornamental, exotic congeners of native species can serve to attract and feed
pollinators and can help pollinators make their way between fragments or be-
tween native species in the urban landscape. A very popular cultivated species,
Ruellia brittoniana, has purple, pink, or white flowers thatlook very similar to the
native R. succulenta. Ubiquitous plantings of this popular species ensure plenti-
ful nectar for butterflies and bees, and maybe even larval food for specialist her-
bivore butterflies (Nymphalidae) such as the white peacock (Anartia jatrophae)
and the malachite (Siproeta stelenes). Found throughout the tropics, Lantana ca-
mara volunteers readily as its seeds are dispersed by birds that eat the blue fruits;
butterflies are nourished by its nectar and may contribute to its hybridization
with native L. depressa in South Florida (Ramey 1999).

Even Weeds Serve a Purpose

Lantana camara is listed as a category I nonnative, invasive plant by the Florida
Exotic Pest Plant Council and is one of the worst weeds in all the world (Holm
1977), forming dense thickets in 47 countries and a weed in many crops as well;
yetitis frequently planted to attract butterflies in the United States and in South
Florida is a well-used nectar plant for many butterfly species. Other pervasive
weeds are nourishment mainstays for pollinators in the seminatural and dis-
turbed landscape.

Devil’s pitchfork (Bidens pilosa, Asteraceae) is a crop weed in the Old and New
World tropics and a frequent resident of any disturbed ground or unmown lawn
in South Florida. It is so favored by insects that one can obtain a good general col-
lection of floral visitors for an area simply by observing itsblossoms. A recent edi-

tion of a popular ecology textbook had a photo of a zebra butterfly (Heliconius
charitonius) sipping nectar on this flower rather than any of the native plantsin
the area!

Brazilian pepper (Schinus terebinthefolius, Anacardiaceae) is a woody species
with attractive red berries that facilitate its dispersal by birds into natural areas;
it frequently colonizes disturbed ground to form a monospecific stand (as in the
former agricultural area within Everglades National Park known as the “Hole in
the Donut”). Honeybees and other insects consume the floral nectar of this pest
tree, and honey production is greatly enhanced by its presence (Ewel 1982).

Another notorious pest plant, the paperbark tree (Melaleuca quinquenervia),
has attractive white flowers full of nectar that is collected by a variety of insects,
including butterflies, skippers, moths, wasps, bees, and flies. Honeybees are the
most abundant pollinators (Vardaman 1994), and, although the flowers can au-
tomatically self-pollinate, seed set is enhanced by insect visitors (Vardaman
1994). The beekeeper practice of placing their bees in natural areas may therefore
promote the spread of noxious pest trees (both paperbark and Brazilian pepper)
that provide nectar for honeybees and in turn receive pollinator services.

Exotic Alternatives When Natives Are Absent: Benefits to Butterflies
Lepidoptera feed in different ways as either adults or larvae, and larval food
plants are necessary to maintain butterflies, moths, and skippers in the land-
scape. Some of South Florida’s rare butterflies use not only native but also exotic
host plants. The Atala butterfly (Eumaeus atala), once thought to be extinct, lays
its eggs on coontie, a native cycad (Zamia pumila), and the extensive coontie
starch industry of the early 20th century may have led to the extirpation of this
butterfly in South Florida prior to its subsequent recolonization (Smith 2000). A
reintroduction program undertaken at Crandon Park utilized extensive cycad
host plantings and larval relocations from colonies at Fairchild Tropical Garden
(Smith 2002), where Atala larvae also feed on the cultivated cardboard palm (Z.
furfuracea) and other cycads in the garden’s extensive collection—the reason the
garden is eager to farm out the larvae of this endangered butterfly species! Atala
adults visit many flowers, including native palmettos, Lantana involucrata, and
weedy Bidens pilosa (Smith 2000, 2002).

The Miami Blue (Hemiargus thomasi bethunebakeri) utilizes balloon vine (Car-
diospermum spp.) hosts. The larvae feed on the plant and hide in the seedpods to
avoid predators. Balloon vine occurs adjacent to hammocks in the lower Florida
Keys (Loye and Carroll, in press), and these hammocks are often close to roads,
resulting in the mowing of these areas to appease safety concerns. Conse-
quently, the state’s Department of Environmental Protection has requested that
an area several feet wide be left unmown to allow the plants to fruit, to perpetu-
ate suitable host plant for the Miami Blue.

Common butterflies also utilize both native and cultivated species for their
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rval hosts: the native cloudless sulfur (Phoebis sennae) and the naturalized
range-barred sulfur (Phoebis agarithe) utilize native and cultivated Cassia spp. as
1eir larval host plants (Glassberg et al. 2000). These butterflies visit a variety of
owers for nectar, and their activity is greatest in areas with abundant host
lants, in both natural areas and urban areas (fig. 15.3C).

ieneral Conclusions

Irban and Anthropogenic Landscapes and Pollinator Conservation

Jur results do not show a marked difference in the response of specialized versus
:eneralized pollination systems to habitat fragmentation (table 15.1). Aizen et
1.(2002) surveyed the literature and concluded that the extent of specialization
loes not necessarily correlate with the likelihood of a species experiencing neg-
itive effects of habitat fragmentation. Ashworth et al. (2004) noted more re-
’ently that, although pollinators are sensitive to habitat fragmentation, plants

hat are pollination specialists do not appear to suffer more from habitat frag- '

mentation than do generalists, and they proposed that this is because of asym-
metry in the degree of specialization of the plants and their pollinators (see also
Vazquez and Aizen, chap. 9 in this volume; Petanidou and Potts, chap. 11 in this
volume).

Thompson (1997) makes the case for conserving interaction biodiversity as
well as species diversity. Although this may be most easily done with large pre-
serves, there are “chronically fragmented” landscapes where this option does
notexistand there is much value in small preserves (Schwartz and van Mantgem
1997). If small preserves can be managed in ways that tip the balance of nature in
favor of native species (using exotic removal, fire management, and augmenta-
tion of resources in the matrix between preserves), many plant-animal inter-
actions will also be maintained. Generalized interactions are more flexible, and
it will take more care to ensure the persistence of extreme specialists; it will cer-
tainly not be possible in all cases. One way of increasing the chances of the per-
sistence of these interactions is by “gardening for pollinators.”

Gardening for Pollinators
Some naturalists have promoted butterfly gardening (e.g., Minno and Minno
1999; Glassberg et al. 2000), as have plant societies, public and private gardens,
and plant-related businesses. The most important message for nonbiologists is
that gardeners need to plant not only nectariferous plants but also larval food
plants to encourage the butterflies to linger and proliferate. The beneficial effects
on urban wildlife (specifically Lepidoptera) are noticeable. Little has yet been
done, however, to promote the numbers of other pollinators. It is essential not
only to include plants with floral rewards for the pollinators, but also to consider
the pollinators’ other needs (larval host plants and nesting sites).

The idea of gardening for pollinators was expressed in a popular article

Table 15.1 Summary of fragmentation effects (FEs) on pine rockiand plants (general conclusions from work in progress)

FEs on FEs on

species Specialist/ Principle FEs on polien pollinators FEs on

(family) generalist pollinators flowering deposition at flowers fruit set

Amorpha crenulata Generalist Bees Negative No info None None
(Fabaceae)

Byrsonima lucida Specialist Centris bees Positive None None slight negative
(Malpighiaceae)

Centrosema virginiana Specialist Large and Mixed None Medium bees None
(Fabaceae) medium-sized more common

bees

Dyschoriste angusta Generalist Bees and Mixed None None No info
(Acanthaceae) butterflies

Evolvulus sericeus Generalist Small bees Negative — None No info
(Convolvulaceae) and flies

Galactia spp. Specialist Medium and Negative — None None
(Fabaceae) small bees

Jacquemontia curtissii Generalist Bees, flies, wasps, Negative None Fewer species None
(Convolvulaceae) butterflies

Ruellia succulenta Generalist Bees and Negative None Butterflies more None
(Acanthaceae) butterflies commeon

(Tasker 1996) by a newspaper columnist influenced by the “Forgotten Pollina-
tors Campaign” (Buchman and Nabhan 1996); since that time, local interest in
making pollinators welcome has been growing. The Forgotten Pollinators Cam-
paign directed much attention to disappearing pollinators in the southwestern
United States, and worldwide, and a booklet entitled Gardening for Pollinators was
published by the Sonoran Desert Museum for guidance in the arid southwest.
The humid, subtropical climate of South Florida is vastly, different from the arid
southwest, and some parts are considerably more urbanized; nonetheless, both
areas share problems in disappearing species and declining pollinators. Al-
though bee diversity of the desert southwestern United States dwarfs that of
Florida, Florida’s bee fauna is still fairly rich compared with that of the rest of the
United States (Pascarella et al. 1999, 2001).

Solitary bees may find it difficult to nest in gardens that are too neatly main-
tained: some of these bees nest in dead twigs, which they may stuff with pieces
of leaves they cut; others nest in rocky crevices, or right in the ground in sandy
patches. Carpenter bees nest in wood, including wooden structures, and are
often more abundant in urban edge habitats (Liu and Koptur 2003). Centrosema
virginiana, the butterfly pea (fig. 15.3D), is pollinated primarily by these large
bees, and carpenter bee activity at flowers is much greater for plants near picnic
tables and park visitor facilities than those farther from wooden structures
(Cardel 2004). In the Redland agricultural area of South Florida, edible passion-
fruit (Passiflora edulis) grown on fences with wooden posts, or in areas with
wooden structures, receive more visits from carpenter bees; P. edulis on chain-
link fences with only concrete structures nearby receive more honeybee visits
(Hardin 1987). Therefore, it is important to have some habitat heterogeneity in



a garden to promote nesting by a variety of bee pollinators. Entomologists use
pollinator nest traps to study bee diversity (Pascarella et al. 1999, 2001), but nest
blocks/boxes have not been yet deployed in the South Florida landscape to at-
tract pollinators. Wasps frequently colonize nest blocks (much more than bees)
in South Florida studies (J. Pascarella, personal communication).

Importance of Education in Pollinator Restoration

Insects and Gardens (Grissell 2001) gives readers an appreciation of the diversity
of insects maintained by plants in a garden. This innovative work not only edu-
cates about insect biology and natural history; it also guides gardeners to a coex-
istence in which humans and insects can share gardens, encouraging gardeners
to tolerate many types of insects (such as bees, wasps, earwigs) that may at first
seem undesirable—those that benefit garden plants not only by visiting and pol-
linating flowers but also by eating potential pests.

The most powerful conservation education starts with children, and many
activities are aimed at young people. Butterflies are lovely, and butterfly garden-
ing is the easiest hook for most people; once hooked, they are more likely to be
open to appreciating the presence and activities of other insects in the garden,
the home landscape, and in natural areas. Schoolyard ecology (Berkowitz 2000)
brings students (and families) in touch with the natural environment, and stu-
dents who are exposed to nature activities in school are more likely to care about
nonhuman life in the future. Most organizations that have conservation of flora
and/or fauna as part of their mission, therefore, have a substantial educational
component, for example, botanical gardens, zoos, government agencies (fed-
eral, state, and county), and nongovernment organizations. Continuing to edu-
cate people after elementary school is perhaps the most important mission of
many organizations if their goals of conservation are to be realized in our com-
plex, modern world. One example is the North American Butterfly Association,
whose Miami Blue chapter conducts semiannual butterfly counts, which in-
crease public awareness of these insects. Adult education with public programs
and special events displays and activities are ways to engage members of society
who might otherwise never think about the importance of pollinators.

The Florida Native Plant Society and the Tropical Audubon Society regularly
have plant sales to promote creation of a habitat for wildlife. As more native
plants join the home landscape, the earlier planted individuals find mates, fruit
and seed are produced, and, in some cases, new populations become self-
sustaining. Admittedly, the genetic structure of remnant natural populations is
very likely changed with these native plantings in the matrix between natural
habitat fragments as pollinators move from fragment to oases of floral rewards
(some from exotic plants, some from native plants). This is a dilemma in our ir-
reversibly altered human-dominated landscapes.

356 * Suzanne Kontur

Restoration of pollinator-plant interactions by gardening for pollinators can
enhance plant and pollinator diversity and help rejuvenate landscapes in which
plants have lost their partners. There are many examples of pollinators that have
disappeared and are presumed extinct, from localized specialists to far-ranging
generalists (Buchman and Nabhan 1996). Planting projects can serve to replace
floral resources lost through development and may attract and support popula-
tions of floral visitors that would otherwise decline or disappear. These may be
the only means that can conserve both generalist and specialist pollinators in
the face of ever-growing human populations.
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Abstract

A field experiment was conducted with outplantings of the native perennial shrub Senna
mexicana var. chapmanii in a semi-natural area adjacent to native pine rockland habitat in
southern Florida. The presence of ants and the availability of extrafloral nectar were manip-
ulated in a stratified random design. Insect communities were monitored and recorded over
a period of six months with a view to addressing three main questions. Do ants provide
biotic defense against key herbivores on S. chapmanii? Is the presence of ants on S. chap-
manii mediated by EFN? Finally, are there ecological costs associated with the presence of
ants on S. chapmanii, such as a reduction in alternative predator or parasitoid numbers?
Herbivores on S. chapmanii included immature stages of three pierid butterflies, and adult
weevils. Eight species of ants were associated with the plants, and other predators included
spiders, ladybugs, wasps, and hemipterans. Parasitic, haemolymph-sucking midges (Cera-
topogonidae) and parasitoid flies were also associated with the caterpillar herbivores, and
possibly the extrafloral nectaries of the plants. The presence of ants did not appear to influ-
ence oviposition by butterflies, as numbers of lepidopterans of all developmental stages did
not differ among treatments. Significantly more late instar caterpillars, however, were
observed on plants with ants excluded, indicating that ants remove small caterpillars from
plants. Substantially more alternative predators (spiders, ladybugs, and wasps) were
observed on plants with ants excluded. Rates of parasitization did not differ among the treat-
ments, but there were substantially fewer caterpillars succumbing to virus among those col-
lected from control plants.

We provide a rare look at facultative ant-plant mutualisms in the context of the many
other interactions with which they overlap. We conclude that ants provide some biotic
defense against herbivores on S. chapmanii, and plants benefit overall from the presence of
ants, despite negative impacts on non-ant predators.
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Introduction

Extrafloral nectaries (EFNs) have been reported in 93 plant families and 332 genera [1], and
may be found on almost any vegetative or reproductive plant structure [1, 2, 3, 4]. While extra-
floral nectar (EFN) may be consumed by a broad range of arthropods, its discovery by ants is
thought to be of greatest importance to plant defense [1, 5, 6]. While defending their resource,
many ant species show territorial aggressiveness towards, or even prey on other insects that
they encounter [1].

Since Thomas Belt first hypothesized the mutualism between plants and defensive ants [7],
many studies have supported ants as biotic defenders of plants [6, 8, 9, 10]. Ant-plants may be
placed into two categories based on their defensive strategy. Myrmecophytic plants provide
nesting sites and are permanently occupied by specialized ant species, while myrmecophylic
plants provide unspecialized food rewards, most commonly extrafloral nectar (EFN) or honey-
dew (through associations with honeydew producing hemipterans), and foster only facultative
interactions with ants. While the defensive role of ants on myrmecophytic plants is well sup-
ported [8, 9, 10], the defensive benefits of EFN attracted ants have been empirically demon-
strated only relatively rarely [11, 12, 13, 14]. Indeed, several studies of EFN mediated ant-plant
interactions have observed neutral or even negative effects on plant fitness [15, 16, 17]. In some
cases the chemical composition of EFN appears to be tailored to attract defensive ants, and dis-
courage exploiters [18]. Many facultative mutualisms between ants and EFN producing plants,
however, offer low levels of species specificity and nectar is, therefore, available to be exploited
by a host of arthropods which may confer no benefits to the plant (nectar thieves), and may
even deter ants [19]. For example, 14 families of Diptera and 5 families of wasps have been
observed at the EFNs of Lima beans alone [20]. The importance of EFN on the biology of non-
ant consumers, however, has rarely been studied [21].

Ants, themselves, vary in their defensive qualities [9, 22, 23], and even the most effective ant
bodyguards may not be exclusively beneficial for plants [24]. Mutualisms between plants and
ants do not occur in isolation, but within a complex web of biotic interactions. In the cactus
Ferocactus wislizeni, for example, plants defended by the most aggressive ants, Solenopsis
xyloni, suffer reduced herbivory and produce more flowers. Those flowers, however, receive
fewer and shorter visits from pollinators, deterred by the same ferocious ants [24]. Other stud-
ies have also observed that pollinators recognize the danger posed by ants [25, 26]. Assun¢do
et al. [26] placed plastic ants on the petals of Heteropterys pteropetala. Flowers with plastic ants
produced significantly less fruit than control flowers. Aggressive ants have also been observed
to reduce the numbers of other beneficial insects, such as predators and parasitoids, on EFN
bearing plants [6, 22]. In the EFN bearing tree, Qualea multiflora, both ants and spiders reduce
herbivory rates, and an interaction effect has been observed whereby the best protected plants
are those that harbor both ants and spiders. In many cases, however, ants outcompete spiders,
with detrimental effects on plant defense [27].

Contflict between mutualistic guilds (bodyguards, pollinators, parasitoids) represents an
important and understudied ecological cost of indirect plant defenses, and may be most preva-
lent in generalized systems where there is greater variation in partner quality and the relative
importance of each mutualism. If we hope to understand the ecological role of EFN, along with
the costs and benefits of ant-plant mutualisms, we must consider the whole network of interac-
tions in which they exist. Ant-plant associations have been described as keystone interactions
with the potential to dramatically alter the structure of arthropod communities [6]. The tempo-
ral dynamics of such mutualisms, however, and the balance of costs and benefits received by
the plant, have rarely been studied in the context of the community [28, 29, 21].
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Senna is a relatively large genus (300-350 species) of Caesalpinoid legumes, and one of the
three richest genera in terms of the number of EFN bearing species, along with Passiflora and
Inga [30]. The diversification of Senna has been attributed to the evolution of EFNs, facilitating
interactions with opportunistic ants, and the exploitation of newly arising ecological niches
[30]. Although the ecology of EFNs in Senna is not well understood, there have been a number
of studies on EFN mediated interactions in Senna and closely related taxa.

In the present study we observed and recorded insect activity in Senna mexicana var. chap-
manii (hereafter referred to as Senna chapmanii) over a period of six months, and compiled a
large database of species occurring on our study plants. We examined the role of EFN in medi-
ating ant-plant interactions in S. chapmanii, as well as the effects of ants on predator and herbi-
vore numbers. Additionally, we investigated how the presence of ants affects the rate of
parasitization in S. chapmanii’s key herbivores, the Sulphur butterflies. Ant protection of cater-
pillars against parasitoids has been observed several times through the experimental exclusion
of ants [31, 32]. In one such exclusion experiment, parasitization by tachinid flies and braconid
wasps, resulted in 78% mortality in Hemiargus isola (Lepidotera: Lycaenidae) larvae, almost
twice that observed in the presence of tending ants [32].

In this study, 60 seedlings of S. chapmanii were planted in semi-natural growing conditions.
The presence of ants and the availability of EFN were manipulated to test three major hypothe-
ses. First, we predicted that ants on S. chapmanii would provide defense against herbivores
such as pierid butterflies. Secondly, we hypothesized that the presence of ants would be medi-
ated by the availability of EFN. Finally, we predicted that, despite their defensive benefits, the
presence of ants would come at some ecological cost to S. chapmanii plants, specifically, a
reduction in the numbers of other predatory insects, or the rate of herbivore parasitization.

Methods

Seeds for plants cultivated for our experiment were collected from Camp Owaissa Bauer under
Research Permit # 0021 to SK, Natural Areas Management Miami-Dade County Park and
Recreation Department. The experiment was conducted on the grounds of the University of
Florida's Tropical Research Experiment Center (UF-TREC: 25°30'27.52”N, 8°30’13.67"W; ele-
vation 2.4 m) with permission as JEP was on the faculty and SK an official Research Associate
of UF.

Study site

The experiment was carried out at UF-TREC in Homestead, Florida. The regional climate is
classified as subtropical, with average annual temperatures fluctuating between 3.2-24.8°C in
January and 22.7-32.4°C in July. The mean annual precipitation is 1496 mm. The site elevation
is close to sea level, and consists of flat calcareous limestone rocklands that have been rock-plo-
wed for agriculture. We utilized a 2 acre restoration area within the site. The restoration area
was a rockland hammock, previously overgrown with exotic pest plants, that had been mostly
cleared of all vegetation except for some large native trees in the center and on a few edges.
Within 5 m of the western edge there is a stand of pine rockland habitat, a protected natural
area.

Study species

Senna Miller (Fabaceae: Caesalpinoideae), formerly included in the genus Cassia, is a genus of
300-340 species, of which 80% occur in the New World [33]. Senna spp. are mostly woody
perennials with parapinnate leaves, some bearing foliar nectaries between the lowest pair of
opposite leaflets (varying among species) [34]. Senna mexicana (Jacq.) H.S. Irwin & Barneby
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var. chapmanii (Isely) H.S.Irwin & Barneby is a native species of southern Florida, and is state-
listed as threatened (Atlas of Florida Plants), occurring only in Miami-Dade and Monroe coun-
ties, as well as in the Bahamas and Cuba. This species grows in pine rockland habitat and rock-
land hammock edges as an upright or sprawling subshrub, up to 1.2 m in height, spreading
broader than tall. The bright, showy, yellow flowers (ca. 2 cm diameter) offer no nectar to floral
visitors, and are usually visited by bees collecting pollen by ‘buzzing’ the anthers [35, 36]. Extra-
floral nectaries, however, occur on the pedicels of flowers in the inflorescences, as well as
throughout the foliage between basal leaflets.

Experimental design

Senna chapmanii plants were grown in a greenhouse at Florida International University, from
seed collected from the pine rockland at Camp Owaissa Bauer in Homestead (under Research
Permit # 0021 to SK, Natural Areas Management Miami-Dade County Park and Recreation
Department). After 3 months, sixty plants were transplanted into the experimental site on the
grounds of the University of Florida Tropical Research Experiment Station, in an area of
approximately 8000m>. Plants were installed in an evenly spaced array, over the open areas not
occupied by dense vegetation. Each plant was at least 4m from its nearest neighbor. Treatments
were assigned systematically to ensure even distribution of treatments across the site. Plants
were mulched with wood chips, and watered for two months until they were established.

The experiment consisted of four treatments, in which the presence of ants and the avail-
ability of EFN were manipulated. The two independent variables were ants (present or
excluded) and EFN (available or unavailable). The sixty plants were randomly assigned to one
of four treatments as follows: 1) Ants removed, and a sticky resin (Tanglefoot™) applied to the
base of branches to prevent the transit of ants and other crawling insects; this treatment is des-
ignated TF. 2) Ants present: ants removed manually to control for the effects of removal, such
as shaking of branches, but no tanglefoot applied, so their return was not prevented; this is the
control designated C. 3) Nail polish (Sally Hansen “Hard as Nails”) applied to all nectaries on
the plant to reduce nectar available to all visitors; this treatment is designated NP. 4) Nail polish
dabbed on the back of each leaf, to test for its potential repellent effects; this treatment is desig-
nated NPC. Nylon nail polish effectively seals the nectaries and eliminates nectar production
[37, 14] without damaging plant tissues on this species and others with fairly sturdy leaves. The
assigned treatment was applied to three branches of each plant, and reapplied weekly through-
out the course of the experiment. The arthropod censuses and collections were made from the
selected branches. Though originally there were 15 plants in each treatment, final sample sizes
of plants monitored were TF = 12, C = 15, NP = 12, and NPC = 11.

Plants were transplanted in March 2003, the cooler dry season in south Florida, so irrigation
was needed to aid their establishment until the summer rains came in late May. Plants were all
similar in size initially, but some grew taller and others broader, depending on their genotype.
We chose branches that were held upright and did not touch the ground, and trimmed overlap-
ping branches to eliminate pathways for crawling insects to access treatment branches. Obser-
vations began in the fall rainy season, September 2003, and exclusion experiments started in
October 2003. The experiment continued through February 2004, a period of six months, span-
ning both the wet and dry season (from December onward). In nature, plants flower and fruit
year round, though flowering is greater from November through May (personal observations).

Data collection

Throughout the field season a weekly census was conducted for each plant during the morning
hours (dawn until mid-day), always with sunny or partly cloudy weather, during which insect
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numbers were counted, and their behaviors monitored, on the three target branches. Predatory
arthropods such as ants, spiders, wasps, bugs, ladybugs and flies, were noted along with
whether they visited nectaries, removed herbivores, or fed on other insects. Vouchers were col-
lected where species determination was necessary. Herbivores on the plants were also recorded
(leaf-chewing weevils, and larvae of pierid butterflies and tortricid moths), but only the larvae
of pierid butterflies were intensively sampled. Numbers of small larvae (1% and 2" instars)
were recorded, while mature (3¢, 4™ and 5" instar) caterpillars were recorded, collected, and
reared to glean information on rates of parasitization and disease. The larvae of tortricid moths
were sporadically collected and reared for information on their species identity and parasitiza-
tion. For each type of arthropod we counted the number of individuals at each census, except
for ants, flies, and weevils, where only the presence or absence of each species was noted.

Caterpillars were maintained individually in the laboratory, in 1-gallon plastic bags, and fed
on leaves until they died or pupated. Caterpillars/Pupae were kept in the bags until the emer-
gence of adult butterflies or, in the case of dead or morbid individuals, until the emergence of
parasitoids (such individuals were placed in plastic Falcon ™ tubes with loosened caps). Emerg-
ing butterflies or parasitoids could then be identified.

For each pierid caterpillar collected, we recorded whether it survived to adulthood or died.
For those caterpillars that died, it was determined if their death was a result of parasitization
(where a parasitoid was seen to emerge) or from a virus. The most common parasitoid, a tachi-
nid fly, usually emerged as a larva from the pierid butterfly chrysalis, and pupated in the con-
tainer. We later found that some of these flies pupated within the chrysalis, and died while
emerging from both pupae cases. Some fly larvae presumably died before emergence, and were
not detected. By this stage specimens were often desiccated to such an extent as to prevent reli-
able analysis and, therefore, it was not always possible to determine the exact cause of death. In
such cases we assigned the category “maybe parasitized”. Virus infected caterpillars exhibited
discoloration and turned black shortly after death; virus infected pupae neither eclosed a but-
terfly nor a parasitoid, but turned either black or a mosaic of colors. Dead specimens (larvae
and pupae, presumed to be killed by virus) collected over the study were later sent to L. Solter
(Illinois Natural History Survey) for examination, to determine if there was evidence of virus
or microsporidia. This turned out to be impossible to determine as our specimens, left in tubes
at room temperature, had acquired fungi and other decomposers that interfered with her
observations; no one common pathogenic agent could be identified from these specimens.

Data analysis

We summed the occurrences of all types of insects on each plant (actual counts for most types;
only presence/absence for ants, flies, and weevils) over the course of the experiment. We used
sums rather than averages as it was unlikely that individual insects would be on the same plant
(except for caterpillars, which were removed at the third instar and later for rearing). Where
actual numbers were recorded, counts were compared among treatments using Univariate
Analysis of Variance. Where only presence/absence was recorded, insect occurrence was com-
pared using Contingency Tables and the Kruskal-Wallis test (SPSS version 11).

Analyses were performed with both actual data of occurrences of the various arthropod
groups and square-root transformed data, which always gave the same results, so we report the
results with the actual data. Some plants died during the course of the experiment, succumbing
to fungal blight; data from all plants that lived for at least two months were included. Post-hoc
tests for between treatment comparisons were either Tukeys HSD (for equal variance) or Dun-
net’s C or Games-Howell (depending on the sample size). Caterpillar rearing data were ana-
lyzed using contingency tables.
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Results

In all the analyses we sought to detect effects of the treatments on the abundance of the various
arthropods associated with Senna mexicana var. chapmanii. We will consider each of the
groups in turn, starting with the ants, continuing with other potential predators, and then the
herbivores.

Ants

Eight species of ants were encountered on experimental plants (Table 1). Plants treated with
Tanglefoot had the lowest numbers of ants of most species (lowest mean ranks in the Kruskal
Wallis test), but only for one species of ant (Brachymyrmex obscurior; Kruskal Wallis X*5 = 9.2,
p =.026) was the difference significant (Fig 1). Fire ants (Solenopsis invicta) did not differ sig-
nificantly among treatments (X*; = 2.822, p = 0.42) (Fig 1), and carpenter ants (Camponotus)
were marginally significant when the three observed species were combined (X*; = 7.23,

p = 0.065). Overall, the desired effect of ant exclusion was obtained: all ant species combined
were substantially less frequent on the Tanglefoot treated plants than on all the other treat-
ments, which were not different from each other (Fig 1).

Of the 60 plants in the study, 18 were colonized by fire ant nests at their base during the
course of the experiment: 9 of the NPC plants; 5 of the NP plants; and 2 each of the TF and C
plants. During the course of the experiment, some of the plants died, succumbing to a type of
blight, wilting one week, dead the next week. One or two of each group was lost in this way,
reducing the sample size by the end of the study. Only one of the plants with a nest at its base
died.

Other Predators

Predators of several orders (Hymenoptera, Hemiptera, Coleoptera) and many families were
recorded on the Senna chapmanii plants in this experiment (Table 1; Fig 2). Several non-ant
predators were substantially more abundant on plants with ants excluded: ladybugs (Cocinelli-
dae) (F3 47 = 3.4, p = 0.025), spiders (Thomisidae) (F; 47 = 2.998, p = 0.040), and wasps (Vespi-
dae) showed statistically significant differences (F; 47 = 2.82, p = 0.049) among treatments and
were most abundant on Tanglefoot treated plants (Fig 2). Hemiptera predators (F; 4, = 1.56,

p = 0.212) and sucking flies (Ceratopogonidae) (F; 47 = 1.999, p = 0.127) did not differ signifi-
cantly among treatments.

Herbivores

Three pierid butterfly species occurred on Senna mexicana var. chapmanii: Abaeis nicippe
(Cramer) (the sleepy orange), Phoebis philea (L.) (the orange-barred sulfur), and Phoebis sen-
nae (L.) (the cloudless sulfur). Abaeis nicippe were the most numerous, followed by P. sennae,
while P. philea were relatively rare (Fig 3). Abaeis nicippe larvae consumed only foliage,
whereas the larvae of both Phoebis species consumed either leaves or flowers. Phoebis larvae
had coloration reflecting the color of the plant organ consumed. Comparing the number of cat-
erpillars collected at 3 instar and larger for rearing, we can see that for both Phoebis species,
more were found on plants with ants excluded (P. philea X*; = 141.24; p < 0.005; P. sennae X5
=78.25; p < 0.005), and this difference was significant also for comparing only ant exclusion
(TF treatment) with the control for both Phoebis species as well (P. philea X* = 17.82;

p < 0.005; P. sennae X5 = 16.6; p < 0.005. This difference between ant-excluded and control
was not evident, however, for Abaeis nicippe (X> = 0.08; p > 0.5), though overall there was a
significant effect of treatment (X5 = 107.22; p < 0.005). When caterpillars of all species
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Table 1. Arthropods associated with experimental Senna plants.

Order, Family

Hymenoptera, Formicidae

Hymenoptera, Halictidae

Hymenoptera, Apidae
Hymenoptera, Vespidae

Hemiptera, Alydidae
Hemiptera, Reduviidae

Hemiptera, Pentatominae

Hemiptera, Pyrrhocoridae
Coleoptera, Cucurlionidae

Coleoptera, Coccinelidae

Arachnida, Thomisidae

Genus, Species, author

Brachymyrmex obscurior* Wilson & Taylor
Camponotus floridanus Buckley

Camponotus rasilis* Wheeler

Camponotus sexguttatus* Fabricius
Odontomachus brunneus Deyrup et al.
Paratrechina longicornis Latreille

Pseudomyrmex elongatus Mayr

Pseudomyrmex gracilis* Fabricius

Solenopsis invicta* Buren

Augochlorella spp.

Augochloropsis anonyma Cockerell

Melissodes communis Cresson

Polistes major (Beauvois) det. Deyrup 2003
Pachodynerus nasidens Latreille det Wiley 2005
Hyalymenus longispinus Stal, 1870; det. D. Zisk 2005
Zelus longipes L.—D. Zisk 2005

Euschistus sp. det. D. Zisk 2005

Loxa virescens Amyot & Serville

Dysdercus mimulus Hussey; det. J. Brambilia 2005
Diaprepes abbreviatus Hussey; det. M.C. Thomas
Pachnaeus litus Germar

Brachiacantha decora Casey; det. MC Thomas
Cycloneda sanguinea Hussey

Coelophora inaequalis Fabricius det M.C. Thomas
Diomus roseicollis Mulsant

Hippodamia convergens Guérin-Méneville
Misumenoides formosipes Walckenaer 1837

Nest location, ecological info, etc

Ground (Tschinkel & Hess 1999)
Decaying wood

Decaying wood

twigs

subterranean

Tree bark, rotten wood, stones, debris
Dead twigs

Twigs, branches

ground

Flower visitor

Flower visitor

Flower visitor

Predator, make caterpillar meatballs
Predator

ant-mimic nymphs—plant/seed feeders
predator, Assassin bug

predator

predator

Plant feeder

Leaf feeder

Leaf feeder

predator

predator

predator

predator

predator

predator

Table 1—Arthropods on Senna mexicana var. chapmanii plants in experimental plantation, Homestead, FL. Taxonomic information includes order, family,

genus, species, and authority. Ant (Formicidae) species considered exotic are indicated with *. Brief ecological information is also provided for each

documented association.

doi:10.1371/journal.pone.0138157.t001

collected for rearing were combined, there was an even more dramatic difference among treat-
ments (X’ = 195.6, p < 0.005) with many more caterpillars discovered, collected, and reared
from plants with ants excluded versus control plants (X> = 14.0; p < 0.005).

Although all caterpillars were somewhat more numerous on plants with ants excluded
(especially Phoebis sennae), the overall number of Pieridae encountered in weekly censuses (all
species combined, and all stages from early through late instars), did not differ significantly

among plants in different treatments (F; 4, = 1.288, p = 0.29) (Fig 3). Numbers of caterpillars
collected and reared in the lab (3" instar and greater), however, differed significantly among
treatments (Pearson X3 = 34.997, p < .0001), with greater numbers found on plants from

which ants were excluded (the TF treatment; Fig 4).

Several species of tortricid caterpillars (subfamily Phyticinae) were recorded, collected, and

reared, and their numbers did not differ significantly among treatments (F; 4, = 0.591;

p = 0.624; results not shown). Leaf-chewing weevils were also encountered on experimental
plants, including Diaprepes abbreviatus and Pachnaeus litus (Coleoptera: Curculionidae).
Their numbers did not differ significantly among treatments.
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Fig 1. Ants on Senna mexicana var. chapmanii (experimental plantation) plants in Homestead, FL. Mean and standard error of numbers summed over
the field season, over all plants, by treatment. Differences among treatments shown by Kruskal-Wallis for presence/absence data. Treatments abbreviated
as C = control, TF = (tanglefoot) ant exclusion, NP = nail polish, NPC = nail polish control. Sample sizes of plants monitored were TF =12, C =15, NP =12,
and NPC =11).

doi:10.1371/journal.pone.0138157.g001
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Fig 2. Other potential predators on Senna mexicana var. chapmanii (experimental plantation) plants in Homestead, FL. Mean and standard error of
numbers summed over the field season, over all plants, by treatment. Differences among treatments shown by ANOVA for count data. Treatments and
sample sizes the same as in Fig 1.

doi:10.1371/journal.pone.0138157.9002
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Fig 3. Herbivores on Senna mexicana var. chapmanii (experimental plantation) plants in Homestead, FL. Mean and standard error of numbers
summed over the field season, over all plants, by treatment. Differences among treatments shown by ANOVA for count data. Treatments and sample sizes
the same as in Figs 1 and 2.

doi:10.1371/journal.pone.0138157.9003
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Fig 4. Pieridae (3" instar or higher) collected from field-grown Senna mexicana var. chapmanii, and brought to lab for rearing. Individuals, summed
over the field season over all plants, are separated by species and treatment. n = number of plants monitored. Treatments and sample sizes of plants
monitored the same as in Figs 1, 2 and 3. Pearson X2;=25.5,p<0.0001.

doi:10.1371/journal.pone.0138157.g004

Parasitoids

Two species of tachinid flies were reared as parasitoids from the two most common sulfur but-
terfly caterpillars, A. nicippe and P. sennae. One species was positively identified as Lespesia
parviteres (Aldrich & Webber), while the other, a species of Hyphantrophaga (possibly H. sell-
ersi (Sabrosky), could not be identified beyond the genus due to confusion in this taxon.
Though the same flies reared as parasitoids were also observed several times in the field on
plants and on researchers, their numbers were not great enough to warrant analysis. Small flies
observed sucking the haemolymph of sulfur caterpillars were collected and determined by Wil-
liam Grogan to be Forcipomyia (Microhelea) eriophora (Williston) (Ceratopogonideae), a spe-
cies recently observed in the Florida Keys feeding on the Florida leafwing butterfly [38]. Most
of the caterpillars found with the sucking flies died before pupation [14], perhaps from a virus
transmitted by the flies.

Only one wasp (Ichneumonidae) parasitoid individual was reared from the sulfur caterpil-
lars, but this species was never observed in the field, though several other small wasps that
might be parasitoids were observed on plants and at nectaries.

Parasitization and caterpillar success

Parasitization rate determined from caterpillars collected was 13% over all treatments. The rate
did not differ significantly among treatments (Pearson X*; = 4.35, p = 0.226; Fig 5).

Viruses were implicated in the death of many caterpillars, despite hygienic rearing protocol.
Over all treatments, 13% of the individuals reared apparently succumbed to virus; this differed
significantly among treatments, with caterpillars from Control plants faring substantially better
than those from all the other treatments (Pearson X?; = 8.75, p = 0.033; Fig 5).
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Fig 5. Rates of parasitization, virus death, and adulthood reached by caterpillars by treatment. Sample size is the number of caterpillars collected from
plants (3" instar and beyond) and reared from plants in each treatment group. Parasitized counts include both definitely and “maybe parasitized” individuals.

doi:10.1371/journal.pone.0138157.g005

Caterpillar success rate in becoming an adult butterfly was 61% over all treatments, and
though not significant (Pearson X3 = 7.38, p = 0.06; Fig 5), the best survival was seen in the
caterpillars from Control plants (69% vs. 57-58% in all other groups).

Discussion

Extrafloral nectaries are a way of plants attracting “pugnacious bodyguards” [3] as they subsi-
dize the diet of carnivorous insects [39], forming the basis for protective mutualisms. The out-
come of food-for-protection mutualisms between ants and plants are difficult to predict,
however, as they don’t occur in isolation, but within a complex web of biotic interactions. By
manipulating the presence of ants, and the availability of EEN, we cast some light on the many
interactions mediated by EFN, and the role of ants as a biotic defense in S. chapmanii.
Although the presence of ants has been shown to deter oviposition by lepidopteran herbi-
vores in several studies [4, 11, 40], our results suggest this is not the case in S. chapmanii, as
overall numbers of pierid caterpillars were similar among treatments. Late instar pierid cater-
pillars were significantly less abundant in the presence of ants, however, indicating that ants
defend S. chapmanii plants by removing these key herbivores (Fig 6). A very similar relation-
ship between ants and pierid herbivores has been observed in a closely related species, Senna
occidentalis. Fleet and Young [41] observed that oviposition by two Sulphur butterflies was not
deterred by defensive ants, but that the survival rates of eggs and larvae were reduced. Several
other studies have reported reduced levels of caterpillar infestation in the presence of ants [42,
43]. Sendoya and Oliveira [43] studied these effects at the habitat level (the Brazilian cerrado),
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Fig 6. Predators on Senna chapmannii plants—upper left, Polistes major wasp with Phoebis philea caterpillar; upper right, Polistes wasp damage
to Phoebis sennae chrysalis; lower right, coccinelid Brachiacantha decora adult at extrafloral nectary; lower left, thomisid spider Misumenoides

formosipes ready for prey.

doi:10.1371/journal.pone.0138157.g006

and found that rates of caterpillar infestation were influenced by local variations in ant num-
bers and species, as well as the preference of those ant species for plants producing EFN.

We observed no differences in the incidence of tortricid caterpillars among treatments, and
this was to be expected, as these are concealed feeders and are less likely to be affected by sur-
face patrolling ants. Indeed, the presence of ants may even benefit some concealed feeders by
deterring their enemies [44, 45]. Unfortunately, too few Tortricidae were reared in this study to
determine if that is the case in this system.

The role of ants as plant defenders is well supported, but mainly in myrmecophytic plants
that provide both food and shelter to their ant partners, and engage in specialized obligate
mutualisms (for example, [8]). Senna and relatives, however, represent a large group in which
the ecology of EFN has been relatively well studied, and several species have been observed to
benefit from facultative relationships with ants. Senna occidentalis in Texas receives protection
from fire ants against two of the same sulfur butterflies as in this study, resulting in greater
plant height, number of leaves, and reproductive fitness [41]. In the Brazilian cerrado,
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Chamaecrista debilis nectaries are visited by ants that decrease herbivory and increase fruit set
[46]. The nectaries of Cassia fasiculata have also been shown to support protective ants that
reduce herbivore damage [47], and increase plant fecundity [48]. Boecklen [49], however,
excluded ants from the same species using two methods (tanglefoot and excising nectaries,
alone and in combination), concluding that the presence of ants was of no benefit to plants as
treatment plants produced as many fruits as did control plants. It remains to be seen in our sys-
tem if ants visiting nectaries enhance plant reproduction.

The application of Tanglefoot™ was effective in excluding ants from treatment branches
over the course of the study. Reducing the availability of EFN using nail polish, however, did
not significantly affect ant activity on the study branches. This was a surprising result, as many
studies have linked ant activity with the availability of EFN [50, 20, 51]. Indeed, Baker-Meio
and Marquis [52] studied several varieties of Chamaecrista desvauxii and found that those vari-
eties with larger nectaries produced more nectar and attracted more ants. During our study,
EFNs in the inflorescences of flowering individuals may have augmented ant activity on nail
polish treated branches, as they were not always covered with nail polish. Additionally, on
large study plants, only the experimental branches were treated, so the availability of EFN on
non-test branches likely accounts for many of the ants attracted to these plants.

Our results demonstrate that when ants are excluded from nectaries in this study system, the
numbers of other predators are significantly increased (Fig 7). The deterrence of other predators
represents an important ecological cost of ant-plant interactions. Torres-Hernandez et al. [22]
also found that predator numbers on Turnera ulmifolia were increased when ants were
excluded, and that these predators provided better defense against herbivores than some ant
species. Spiders have been shown to enhance seed set of Chamaecrista nictitans host plants with
extrafloral nectaries [53], even when ants are ineffective at repelling some herbivores [45]. Ves-
pid wasps visit extrafloral nectaries and are voracious predators (and we observed several mak-
ing “caterpillar meatballs” during the course of the study). Wasps attracted to the extrafloral
nectaries of Turnera ulmifolia have been shown to positively affect plant reproductive output
[54]. Coccinellidae larvae and adults have been observed to visit extrafloral nectaries ([55], and
the present study) and consume a variety of arthropods. Feeding on nectar and honeydew has
even been shown to enhance development and survival these omnivorous “predators” [56].

In this study, neither the presence of ants, nor the availability of EEN, affected the rates of
parasitization in pierid caterpillars. Although several studies have observed ants defending cat-
erpillars from parasitoids [31, 32], these studies involved ant-tended lepidopteran species that
are known to provide ants with sugary resources in return for defense. It has been observed
[James Spencer, personal communication] that sulphur caterpillars at times produce tiny drop-
lets on the tips of setae covering their bodies, but the potential role of this liquid as an ant
reward, or ant-deterrent, has not yet been investigated. We have never observed caterpillar-
tending behavior by ants, but the droplets may play a role in caterpillar protection (presently
under investigation).

A surprising observation was that on control plants, where ant activity was high, fewer cat-
erpillars died from viruses. We also observed that caterpillars collected from these plants had a
higher rate of successful emergence as adults, although the result was not quite significant in
this case. A variety of predators and parasitoids (Coccinellid larvae, tachinid flies, and parasitic
wasps) have been shown to carry viable nuclear polyhedrosis virus [57]. It is possible; therefore,
that the deterrence of predators by ants may explain the low rates of viral infection seen in cat-
erpillars collected from control plants. An alternative explanation is that ants may dispropor-
tionally predate upon virus infected caterpillars, leading to lower rates of virus infection in
reared caterpillars. While we view this explanation as unlikely, future work could determine if
virus infected caterpillars are more or less vulnerable to predation.
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Fig 7. Some players in the tritrophic system—upper left, caterpillar of the orange-barred sulfur butterfly, Phoebis philea, on Senna chapmanii;
upper right, pupa (chrysalis) of P. sennae; lower left, adult P. sennae; lower right: caterpillar studded with sucking flies (virus transmitters?). When
viruses are involved, the pupae do not hatch, but instead turn various colors.

doi:10.1371/journal.pone.0138157.g007

An unanticipated dimension of the study was the discovery of caterpillar-sucking midges
that might have a role in spreading virus and thereby controlling caterpillars. Ceratopogonidae
midges (Forcipomyia (Microhelea) eriophora) were first observed feeding on P. sennae during
this study, and the phenomenon was later observed several times in natural settings. The para-
sitized larvae were collected, and died at higher rates in captivity than is expected in rearings of
this species [14]. It might be that these Ceratopogonidae midges are not as likely to suck cater-
pillars in the presence of ants, but more work is needed to test this, as well as the virus trans-
mission hypothesis [14].

Like many EFN producing plants, S. chapmanii appears to engage in non-specialist faculta-
tive interactions with ants. In this study alone, the EFNs of S. chapmanii were regularly visited
by eight species of ants. In addition to attracting small numbers of workers to defend against
herbivores, some EFN producing plants may also attract ants to nest beneath the plants,
increasing the reliability of defense and potentially providing additional nutrients in the soil
[58, 59]. In this experiment, of the thirty plants with available EFNs, eleven had fire ant nests at
their base. Study plants were mulched to prevent the growth of weeds that might function as
‘ant-bridges’, and this mulch may have contributed to the attraction of nesting ants, however,
this unexpectedly high occurrence of nests surely warrants further investigation. Indeed, the
outcomes of ant-plant mutualisms must ultimately depend more on the dynamics of colonies,
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than the behavior of individual workers, and we are not the first to suggest that future work
might use colonies, rather than workers, as the unit of study [60].

We have previously shown that S. chapmanii plants produce more EFN in response to leaf
damage, and that the same leaf damage elicits increased ant activity on the plants [51].
Although not comprehensive, the present study provides a record of many insects found on S.
chapmanii, and represents a rare effort to describe EFN mediated ant-plant interactions in the
context of the many other interactions around which they occur. We provide strong evidence
that ants remove key herbivores from S. chapmanii, and future work should focus on how ants
affect plant reproductive fitness in this system.
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ABSTRACT: The federally endangered crenulate leadplant, Amorpha herbacea Walter var. crenulata
(Rydb.) Isely, is an endemic shrub of the globally imperiled pine rocklands of southern Florida. Crenu-
late leadplant is near extinction in the wild due to heavy habitat loss, fire suppression, altered hydrol-
ogy, and invasion by non-native species. This study examined the floral biology and breeding system
of the leadplant and factors that may help explain its decline and provide direction for conservation.
Protogynous flowers and a high pollen/ovule ratio suggest a reproductive strategy of outcrossing,
while a binucleate pollen grain indicates possible gametophytic self-incompatibility. Hand pollinations
show that while the leadplant is capable of some self-fertilization, it is significantly more successful in
setting fruit when cross-pollinated, and produces a greater percentage of seed when outcrossed. This
predominantly self-incompatible species may, therefore, suffer decreased reproductive fitness in its few

remnant localities.

Index terms: Amorpha herbacea var. crenulata, bees, breeding system, endangered plant, Fabaceae, pine

rockland, protogyny, self-incompatibility

INTRODUCTION

Amorpha herbacea Walter var. crenulata
(Rydb.) Isely, the crenulate leadplant, is
a federally endangered shrub endemic to
the globally imperiled pine rocklands of
extreme southern Florida (USFWS 2006).
The crenulate leadplant (Fabaceae: Papil-
ionoideae) has dwindled to near extinction
in the wild, where it exists solely as remnant
adult populations in highly altered sites.
Its primary threats are habitat destruction
and fragmentation, fire suppression, drain-
age, and invasion by non-native species
(FDACS 2000).

The pine rockland habitat of the crenu-
late leadplant has been largely destroyed
throughout urban and suburban Miami-
Dade County (USFWS 2006). With a tree
canopy composed solely of slash pine
(Pinus elliottii), the pinelands support
a number of endemic shrubs and herbs
now listed as threatened or endangered.
Pine rocklands outside of Everglades
National Park once covered nearly 65,000
hectares, but now have been reduced to
small fragments. In Miami-Dade County,
the pine rocklands occur along the Miami
Rock Ridge, an exposed portion of the
Pleistocene Miami Limestone formation
approximately 80 kilometers long and 6 to
14 kilometers wide (DERM 1993).

Crenulate leadplant had a restricted range
even before habitat destruction took its
toll. The shrub was constrained to an area
approximately 19 km long and 8 km wide
in Miami-Dade County (DERM 1993).
This range is within the northern Biscayne

region of the Miami Rock Ridge, much
of which historically was close to the
transverse glades and eastern edge of the
Everglades (Snyder et al. 1990). Crenulate
leadplant is associated with the seasonally
hydrated, pineland-marl prairie ecotone,
which essentially no longer exists in Mi-
ami-Dade County (FDACS 2000).

The study of plant breeding systems is
vital to species and habitat conservation
(Richards 1997). If a plant is self-incompat-
ible, it must have access to the pollen of a
different genetic individual for successful
reproduction. If pollinators are necessary,
conservation requires habitat to support the
pollinators and to sustain plant populations
large enough to enable cross-pollination.
Thus, knowledge of breeding systems is
important in formulating integrated man-
agement strategies (Koptur 2006). It also
has important practical applications in
managing endangered plants to conserve
their genetic variability (Kearns and In-
ouye 1993), since breeding systems play a
crucial role in shaping population genetic
structure (Hamrick 1989).

This study examined the floral and repro-
ductive biology of crenulate leadplant, fac-
tors that may help explain its decline in the
wild and assist in achieving the immediate
federal objectives of preventing extinc-
tion and increasing populations. Modern
conservation is strongly oriented toward
habitat protection, but this does not remove
the need to understand the autecology and
requirements of individual species (Noss et
al. 1997), especially those that have become
so rare that they require individual listing
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and recovery planning to avert extinction
(Atwood and Noss 1994).

METHODS

Study Plants and Sites

Crenulate leadplant is a multi-stemmed
shrub, readily resprouting from its base
after periods of dry weather, mowing, or
fire (Figure 1a). Its white inflorescences
are tinged with red and its small flowers
have bright orange pollen, making an at-
tractive display for flower visitors (Figure
1h,c). We studied the crenulate leadplant
in the wild and in a greenhouse. Study
sites included two Miami-Dade County
parks with naturally occurring leadplant
populations. A third, privately owned site
was monitored initially, but later abandoned
as a study area after it was cleared.

Greenhouse study plants were obtained as
seedlings from Fairchild Tropical Botanic
Garden in Coral Gables, Florida. Seeds
from two different sources produced the
seedlings from which our study plants were
grown. We potted seedlings individually in
4-inch containers in an alkaline potting mix
consisting of equal parts fine-grain pum-
ice, silica sand, peat moss, and pine bark
soil conditioner. The plants were placed
on two tables in the Florida International
University greenhouse where they received
regular watering and occasional treatment
for ants (baits made of sugar, boric acid, and
water) and scale insects (insecticidal soap
spray). A half-strength mixture of liquid
Miracle-Gro fertilizer (15-30-15, N-P-K)
was applied every few months equally to
all plants. The plants were stepped up to
1-gallon containers, and some to 3-gallon
pots, over the course of several years. They
were cut back when stems grew too long
and in order to induce flowering.

Floral Biology and Phenology

Crenulate leadplant has unusual flowers for
its legume subfamily, the Papilionoideae,
comprised of species known for their five-
petaled, zygomorphic flowers. Crenulate
leadplant flower corollas are reduced to
a single standard petal; hence the generic

name Amorpha, meaning “without shape,”
or “deformed” (Linnaeus 1753; Rydberg
1919; Isely 1990; McMahon 2002).

We observed leadplant inflorescences and
flowers on plants in the field for growth
patterns and for timing of male and female
reproductive functions. To determine the
growth of the leadplant’s spike-like termi-
nal racemes, we measured 24 racemes on
six plants daily until first flower opening.
Inflorescence expansion ceased once flow-
ers started to open.

Three racemes on two plants were moni-
tored hourly for 30 hours following first
flowering activity to determine the number
of the protogynous flowers in female-phase
and male-phase. We looked at six maturing
racemes on four plants, and counted the
number of female-phase and male-phase
flowers at mid-inflorescence. To record
the time an inflorescence lasted, from
first flower opening to pollen dispersal,
we monitored 11 racemes on four plants
daily. To determine the average number of
flowers per centimeter of inflorescence, we
measured five racemes with a millimeter
ruler and counted the number of flowers
on each raceme.

Individual reproductive components were
measured with a millimeter ruler using 30
flowers from at least six leadplants for each
component. We measured calyx length,
petal length, style protrusion beyond the
standard petal, longest stamen exsertion
beyond the standard, flower length from
base of the calyx to the tip of the longest
exserted stamen, fruit length, and seed
length.

Stigma Receptivity

We tested for stigmatic esterase activity, an
enzymatic indicator of receptivity which
also identifies the location of the recep-
tive stigmatic surface (Kearns and Inouye
1993). Five styles were removed from
leadplant flowers in each of three stages:
just before flower opening, immediately
following flower opening, and after anther
dehiscence. The test solution was 2.5 mg
of the substrate alpha-naphthyl acetate
dissolved in three drops of acetone in a

test tube. Five ml of phosphate buffer (0.1
M, pH 7.0) were added to the dissolved
alpha-naphthyl acetate and shaken well.
Then, 12.5 mg of tetrazotized o-dianisi-
dine blue dye were added to the solution
and shaken again. A control solution was
prepared that contained everything but
the alpha-naphthyl acetate (Kearns and
Inouye 1993). Styles were immersed in
small quantities of the test and control
solutions, and observed 10 minutes later for
a strong reddish coloration that indicates
enzymatic activity.

Pollen Nuclei

Pollen grains of crenulate leadplant were
observed using two different DNA probes:
(1) DAPI (4’, 6-diamidino-2-phenylin-
dole), a double-stranded DNA-specific
dye that fluoresces blue in proportion to
the amount of DNA in a nucleus after
excitation with UV light; and (2) Hoechst
33258 (bishenzimidazole derivative). We
used fresh pollen from one greenhouse
plant. Preserved pollen from three other
individuals was fixed in a 1:3 acetic acid:
ethanol solution for several hours, followed
by 30 minutes in 50% ethanol, then stored
in 70% ethanol (Kearns and Inouye 1993).
We placed the fresh pollen in a drop of
DAPI solution on a microscope slide under
a Leitz dialux 20 microscope. We placed
preserved pollen from three plants inadrop
or two of Hoechst 33258 on three micro-
scope slides and added cover slips. The
slides were then rinsed with a phosphate
buffer, observed under the microscope, and
photographed.

Pollen Count

We estimated the number of pollen
grains per leadplant flower by placing 10
dehiscing anthers from one flower in a
micro-centrifuge tube and adding 0.1 ml
of lactophenol-aniline blue (Kearns and
Inouye 1993). We placed the tube in a
vortex mixer for approximately 30 seconds
to evenly suspend grains in the solution,
and piped the solution into the wells of a
hemacytometer. We observed the hema-
cytometer under a compound microscope
and counted pollen grains within its grid.
Pollen production per flower was estimated
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Habit (a)

Branch (b)

Inflorescence (c)

Figure 1. Crenulate leadplant habit (a), branch (b), and inflorescence (c).
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using the following formula:

0.1 ml X mean # pollen per sample X 1
0.0009 ml # flowers

We used a total of three flowers from
each of three plants, and had six replicate
samples per flower.

Hand Pollinations

To determine the relative success of self
versus outcross pollen, we conducted hand-
pollination treatments over two flowering
seasons on leadplants in the greenhouse.
The greenhouse environment provided con-
sistent light, temperature, and humidity for
all plants, and prevented pollinators from
visiting flowers. The success of different
pollen sources in fertilizing ovules was
measured by fruit and seed set (Kearns
and Inouye 1993) (see below).

We performed hand pollinations using
pollen from different inflorescences on the
same plant to test for selfing (geitonogamy)
and using pollen from flowers on differ-
ent genetic individuals (genets) to test for
outcrossing (xenogamy). Same-flower self-
pollinations were not performed due to the
separation in time of stigma receptivity and
anther dehiscence. Many self-compatible
species undergo no within-flower, or even
within-ramet, self-pollination as a result
of dichogamy (Richards 1997). Controls
(no manipulation) were conducted to see
if automatic self-pollination occurred.
No pollination bags were used initially,
since even the finest mesh bags can alter
the environment of the flowers inside,
and temperatures and humidity inside the
greenhouse often were high. We bagged
developing fruit to insure none of the
fruit came off the plants before it was
collected and counted. We did not test for
seed production without sexual reproduc-
tion (agamospermy), as this test involves
emasculating flowers by removing anthers
before they dehisce (Kearns and Inouye
1993). It was not possible to remove the
leadplant flower’s 10 stamens without
mutilating its tiny gynoecium.

Greenhouse plants that produced at least
three inflorescences were used as experi-

mental plants. All treatments (self-pollina-
tion, cross-pollination, and no-pollination
control) were done on each individual, and
replicated if there were enough racemes
available. Inflorescences were pollinated
only once. All male-phase (earlier-opened)
flowers were removed prior to hand pol-
linations. Removing flowers with exserted
stamens prevented their pollen from com-
ing into contact with hand-pollinated
flowers. All receptive flowers on a single
raceme received the same hand-pollina-
tion treatment. We used an OptiVISOR to
magnify the flowers for precision pollen
application.

Pollen for hand pollinations was obtained
from field and greenhouse plants. It was
taken in the form of whole or partial in-
florescences broken off the paternal plants
by forceps, placed in glassine envelopes,
and used within several hours of harvest-
ing the flowers. The pollen-donor raceme
was held at its base by forceps and rubbed,
brush-like, over all protruding styles on
the maternal inflorescence until pollen
was generously distributed and visible on
the stigmatic surfaces. The bright, yellow-
orange leadplant pollen is easily seen on
stigmas. We used ample pollen supply
since, in some plants, more than one pollen
grain per ovule is required to initiate seed
production (Kearns and Inouye 1993).

Racemes were marked with jewelers’ tags
to indicate self- or hand-pollination treat-
ments, or control. Fruits were collected
when brown (mature) or when they easily
came off inflorescences. Fruits were stored
in paper envelopes and air-dried. Fruits and
seeds were later weighed to 0.1 mg on an
American Scientific Products electronic
analytical balance.

Pollination and Insect Visitors

Formal insect pollination studies of crenu-
late leadplant were not conducted; however,
some observations of insect visitors were
made in the field. We photographed and /
or collected specimens whenever possible
for identification. We reared one caterpil-
lar successfully to eclosion on a diet of
crenulate leadplant. The adult butterfly
was determined by an entomological tax-
onomist, and then released.

Statistical Analysis

Data are presented as means + 1 S.D. As
the data were not normally distributed, we
applied square root transformations for
2001 and 2002 fruit count data. We used
a one-way repeated measures analysis of
variance (ANOVA) on the number of fruit
produced by hand pollinations and con-
trols, and a Bonferroni test at a 5% level
for post hoc comparisons. Between-year
differences were tested using a two-way,
repeated-measures ANOVA. For 2002
percent fruit set data, we used a one-way
ANOVA with arcsine square root transfor-
mations and Fisher’s LSD at a 5% level for
post hoc comparisons. Two-way, repeated
measures ANOVA of treatment and year
was carried out on raw percent seed set.
We used a paired-sample t-test to compare
fruit and seed weights for cross- and self-
pollination treatments.

RESULTS

Floral Biology and Phenology

The flower of crenulate leadplant is di-
chogamous, with a difference in timing
between stigma and pollen presentation.
The protogynous flower presents a single
receptive style before 10 monadelphous
stamens are exserted and dehisce. Stamens
eventually extend past the style, but are
adjacent to it at one point during their ex-
sertion (Figure 2). The anthers we observed
did not dehisce until after stamens were
exserted beyond still-receptive stigmas.
The inflorescence is a spike-like raceme
that ranges from only a few centimeters
in length to more than 30 cm (Figure 3).
Flowers mature from the bottom of the
raceme toward the apex in an orderly suc-
cession, although some buds open out of
sequence. Flowers are arranged in a spiral
around the inflorescence axis, becoming
more crowded toward the tip.

We observed plants to bloom in the field
as early as March and as late as mid-
November. Individual plants may flower
off and on throughout the season, with
flowering usually accompanying flushes
of new growth.
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Inflorescence Characteristics

Inflorescences grew an average of 1.2 £0.8
cm per day while expanding (n = 57 daily
measurements) with a range of 0.0 to 3.3
cm per day. Growth stopped just before
or when the first flower(s) opened. By the
middle of the second day after flowers be-
gan to open, inflorescences had an average
of 16 + 4.6 flowers in either female or male
phase. The number of flowers becoming
active within that initial period ranged
from 11 to 20 (n = 3 racemes), with the

females outnumbering the males. By the
time inflorescences were midway through
their bloom, male-phase flowers predomi-
nated. Leadplant racemes expanded over
an average of one week (n = 11 racemes,
mean = 7.0 £ 3.0 days), from time of first
flower opening until pollen dispersal. The
shortest inflorescence (3.1 cm) expanded
over three days, and the longest inflores-
cence (22.5 cm) opened flowers over 11
days. There were approximately 10 flowers
per centimeter of leadplant inflorescence
(n=77.5 cm, mean = 9.8 = 1.2 flowers).

Figure 2 . Line drawing of flowers of crenulate leadplant. Female phase (left) — style exserted and re-
ceptive; anthers beginning to show. Male phase (right) — all ten stamens exserted, full display with all

anthers dehisced.

Total flower counts ranged from 107 on the
shortest raceme (10.5 cm) to 208 on the
longest (20.5 cm) (n = 5 racemes, mean
=150.6 + 37.2 total flowers).

Flower Opening and Floral
Characters

Leadplant flowers opened during day and
nighttime hours. The flower style first
uncurls from a tightly closed bud. As the
style straightens, the bud widens to reveal
a portion of the single white banner petal
enclosing bright yellow-orange anthers.
Within hours of style emergence, the sta-
mens begin to exsert. They are of varying
lengths during this process, in which the
banner petal either extends and fans open
slightly or extends and remains slightly
folded around the style. Stamens do not
exsert simultaneously; nor do anthers de-
hisce simultaneously. The style begins to
wilt or retract as stamens reach full length,
and the style eventually is entirely enclosed
by the banner petal. The male flower phase
generally last two to three times as long as
the female phase. In nature, flowers usu-
ally are spent, with all pollen dispersed,
within 48 hours.

The leadplant’s five-lobed, persistent
flower calyx averaged 3.2 £ 0.3 mm in
length, and the obcordate standard petal
(banner) averaged 5.6 = 0.9 mm in length
from base to tip. The base of the ban-
ner begins within the calyx. On average,
leadplant styles protruded 1.7 + 0.3 mm
beyond the standard. There was much
greater variability in the longest stamen’s
exsertion beyond the banner, with an
average length of 5.1 + 1.5 mm. Overall,
the leadplant flower, including the longest
exserted stamen, averaged 9.7 = 1.6 mm
in length. Like all legumes, the ovary of
the leadplant is superior and unicarpellate,
and placentation is marginal. The ovary is
approximately 1 mm long, compressed,
and contains two ovules.

Fruit and Seed Characteristics

The leadplant fruit is a glandular-dotted,
indehiscent legume, maturing from green to
brown. Fruit measured approximately 5.6 +
0.4 mm in length. Seeds were compressed,
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varying in color from olive green to milk
chocolate brown, curved at one end, and
pitted. The average seed length was 3.1 +
0.3 mm. Generally only one of two seeds
matures per fruit (Long and Lakela 1971),
with single healthy seeds filling the entire
seed compartment. Two-seeded fruit have
been found on some robust, ex situ field and
container specimens (Fellows 2002).

Stigma Receptivity

The leadplant stigma, a tiny area at the tip
of the style, first becomes receptive while
in the bud. Flowers in two early stages had
stigmas staining dark purple-brown when
tested for esterase, indicating enzymatic
activity. Stigmas lose receptivity some
time after stamens exsert. We observed
stigmas that still appeared receptive after
stamens began to extend. When the style
wilted or retracted within the banner petal,
it was impossible to observe the stigma
for receptivity, and further pollination ap-
peared unlikely.

Pollen Characteristics and Pollen
/Ovule Ratio

The leadplant has a binucleate pollen grain
(Figure 4). Pollen from four leadplant
individuals clearly showed the binucleate
nature of the grain, meaning it is shed while
containing two cells: a vegetative cell and
a generative cell.

The leadplant flower’s 10 stamens together
produced an estimated mean pollen produc-
tion of 4654 + 2350 grains. Dividing pollen
number by uniform ovule number of two
gave a ratio of 2327 + 1175:1. Individual
plants varied in their pollen / ovule ratio:
of three leadplant flowers sampled, the
lowest estimated ratio was 1370:1, and
the highest was 3639:1.

Hand Pollinations

Cross-pollinations of crenulate leadplant
in 2001 and 2002 produced significantly
more fruit than self-pollinations and con-
trols (F = 76.67, df = 2,18, P < 0.0001,
combined years). In 2001, greenhouse
cross-pollinations of five individuals (six

Figure 3. Line drawing of crenulate leadplant inflorescence with oldest flowers at the bottom, buds at

the top.

racemes, including one replicate) produced
239 fruit, a mean fruit set of 41.6 + 16.3
per raceme. Self-pollinations of the same
five plants (five racemes) produced 50 fruit,
a mean fruit set of 10 £ 8.5 per raceme
(Figure 5). Controls produced a mean
fruit set of 5.2 + 5.5 per raceme. One-way
repeated measures ANOVA and post-hoc
comparisons showed a significant differ-
ence between cross-pollinated fruit set and
that of self-pollinated racemes and controls
(F=4133,df = 2, 8, P <0.001).

In 2002, greenhouse cross-pollinations of
five individuals (six racemes, including one
replicate) produced 165 fruit, a mean fruit
set of 27.0 + 16.2 per raceme (Figure 5).
Self-pollinations of the same five plants
(six racemes, including one replicate)
produced 22 fruit, a mean fruit set of 2.8 +
3.8 per raceme. Controls produced a mean
fruit set of 1.1 = 1.2 per raceme. Again,
the difference between cross-pollinations
and the other two treatments was highly

significant (F =31.04,df=2,8, P <0.001).
There was no significant difference in
treatments between years (F = 4.53, df =
1,8, P <0.66) and no interaction between
year and treatment (F = 0.40, df = 2, 16,
P <0.614).

Figure 4. Pollen grain of Amorpha crenulata show-
ing its two-nucleate status upon release.
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Figure 5. Fruit set from Amorpha crenulata hand-pollination treatments for 2001 (above) and 2002 (below).
The number of fruit set with cross-pollination was greater than all other treatments on all plants.

In 2002, we also estimated the number of
receptive female flowers for hand pollina-
tions and controls to obtain the percent
of fruit by each treatment. There was a
significant difference among the three
treatments (F = 14.36, df = 2, 8, P < 0.11),
and post-hoc tests showed cross-pollina-
tions yielded a significantly higher mean
percent fruit set than did self-pollinations
and controls. Fruit weights in 2002 were
not significantly different for cross- and
self-pollination treatments (t = 0.62, P
< 0.29).

The leadplant ovary contains two ovules,

but usually only one seed matures (Long
and Lakela 1971). No fruit with two seeds
was produced during greenhouse pollina-
tions in 2001 and 2002, and a number of
fruit in both self- and cross-pollinations
produced no seeds. Undeveloped seeds
appeared black and dust-like. Cross-pol-
linated fruit produced a significantly higher
percentage of seed per mature fruit than
self-pollinated fruit (F = 12.67, df = 1, 8,
P < 0.007, based on one seed per fruit), as
well as a higher overall mean number of
seed. There was no significant difference
in treatments between years (F = 3.91, df
=1,8,P<0.083) or in interaction between

year and treatment (F = 1.57, df = 1, 8,
P < 0.245).

In 2001, 87 percent of the cross-pollinated
fruit produced seed (n = 215 fruits). The
mean number of seed was 37.4 £ 9.4 per
outcross treatment inflorescence. Fifty-
eight percent of the self-pollinated fruit
produced seed (n = 50 fruits). The mean
number of seed was 5.8 + 6.1 per self-pol-
linated inflorescence.

In 2002, 88.5 percent of the cross-polli-
nated fruit produced seed (n = 165 fruits).
The mean number of seed was 24.3 +
21.8 per outcross treatment inflorescence.
Fifty-four percent of the self-pollinated
fruit produced seed (n = 34 fruits). The
mean number of seed was 2 + 2.4 per
self-pollinated inflorescence. Though the
numbers of fruit with seed clearly differed,
there was no significant difference in the
weights of seed produced by cross-pol-
lination compared to seeds produced by
self-pollination (t =1.61, P < 0.103).

Pollination and Insect Visitors

The crenulate leadplant is a larval food
source for the Cassius Blue butterfly,
Leptotes cassius (Cramer) (Lepidoptera:
Lycaenidae). The Cassius Blue lays its
eggs singly on host plant buds, and cater-
pillars eat flowers and seedpods (Opler et
al. 2006). We found several of the green,
slug-like larvae on leadplant flower ra-
cemes feeding at nighttime. We observed
potential pollinators on the leadplant
including Apis mellifera L., a non-native
honeybee from the Mediterranean (Api-
dae); Agapostemon splendens Lepeletier,
a conspicuous, metallic green sweat bee
(Halictidae); and Dianthidium floridiense
Schwarz, a native, leaf-cutting solitary bee
(Megachilidae).

Several species of ants were observed on
crenulate leadplants, including the non-
native crazy ant, Paratrechina longicornis
(Latreille) (Hymenoptera: Formicidae).
Other insect visitors included two weevils,
Artipus floridanus Horn and Pachnaeus
litus (Germar) (Coleoptera; Curculionidae)
that were probable herbivores. An unidenti-
fied hairstreak butterfly (Lepidoptera: Ly-
caenidae) was observed with its proboscis
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inserted into a crenulate leadplant calyx,
perhaps looking for nectar, and probably
pollinating the flowers.

DISCUSSION

The crenulate leadplant has several charac-
teristics suggesting a system of facultative
outbreeding and gametophytic self-incom-
patibility. Dichogamy in the leadplant is
recognized as an outcrossing mechanism,
and is intrafloral and incomplete. A lead-
plant flower presents its receptive stigma
before stamens are exserted, but there is a
point when one or more of its 10 stamens
are adjacent to the stigma, and self-mating
conceivably could occur. The flowers we
observed resolved this positional inter-
ference by delaying pollen release until
stamen were exserted past still-receptive
stigmas.

Incomplete protogyny provides an op-
portunity for cross-pollination before
self-fertilization is possible (Lloyd and
Webb 1986). If the selective force for a
plant’s dichogamy is avoidance of self-mat-
ing, incomplete protogyny is expected to
evolve (Lloyd and Webb 1986). However,
if a plant is strongly self-incompatible and
dichogamous, it is unlikely that dichogamy
was selected to reduce selfing (Lloyd and
Webb 1986).

In addition to possible within-flower pol-
lination (autogamy), the leadplant has
an opportunity to self-mate via different
flowers on the same plant (geitonogamy).
A leadplant raceme can bear female- and
male-phase flower blossoms at the same
time (asynchronous), and usually there is
more than one same-phase flower on the
raceme (synchronous). Because not all
female flower phase are completed before
males release their pollen, there is a chance
for a pollinator to carry pollen from one
flower to another flower with a receptive
stigma on the same raceme. In addition,
there may be two or more inflorescences
on a plant bearing flowers in and out of
synchrony with other flowers, enabling
geitonogamy.

Our observations suggest that dichogamy
in the crenulate leadplant serves as more
than a backup for outcrossing. It allows

prolonged pollen presentation: the male-
phase leadplant flower can last three times
longer than the female phase. The stamens
fan out and anthers disperse pollen over an
extended period, while the banner petal
folds over the wilting style, protecting it
from further exposure to its own pollen.
Dichogamy is associated with longer-lived
flowers relative to homogamy (Schoen and
Ashman 1995). In addition, in accordance
with Lloyd and Webb’s predictions (1986),
leadplant stamens and anthers offer signals
and rewards to floral visitors. While a
single crenulate leadplant flower is tiny and
unremarkable, a number of synchronous
male-phase flowers on a raceme are eye-
catching, with bright yellow-orange pollen
and white banner petals contrasting with
dark purple flower calyxes and raceme
rachis. The stamens present a generous
reward of pollen.

The results of controlled greenhouse pol-
linations strongly indicate that the crenulate
leadplant is mostly self-incompatible. Data
for cross-pollinations, self-pollinations,
and controls for individual plants showed
a highly significant difference in fruit set.
All greenhouse cross-pollinations resulted
in fruit set, while only a fraction of self-pol-
linations set fruit. The difference in seed set
percentages of mature fruit for cross- and
self-pollinations also was substantial.

Historically, partial self-incompatibility
and consequent outcrossing may have
facilitated the greatest possible levels of
genetic diversity in crenulate leadplant
populations, given the species’ limited
range. Outcrossing also could have miti-
gated problems of limited seed dispersal.
Seed dispersal affects the overall distribu-
tion of genes within a population (Proctor
et al. 1996). We observed naturally occur-
ring leadplant seedlings that appeared to
germinate directly under maternal plants,
placing relatives in close proximity. In
the past, water most likely played a role
as a seed dispersal agent, since the lead-
plant historically occurred in transverse
glades and seasonally inundated habitats
(G. Gann, Director, Institute for Regional
Conservation, pers. comm.). Water no
longer appears to be a factor in seed dis-
persal due to habitat drainage, and seed

dispersal is likely to be more restricted in
the last century.

Characteristics suggesting a system of
outbreeding include a high pollen/ovule
ratio (Cruden 1977). Our data show a ratio
for crenulate leadplant within Cruden’s
described range for xenogamy. A high
pollen/ovule ratio is associated with plants
bearing highly localized stigmatic areas,
such as the tiny receptive “wet” stigma
at the tip of the crenulate leadplant style
(Cruden and Miller-Ward 1981). The wet
stigma and crenulate leadplant’s binucleate
pollen grain are strongly correlated with
gametophytic self-incompatibility (GSI)
(Richards 1997). GSl is a chemical form of
self-recognition, differing from dichogamy
in that it occurs after pollen is deposited
on a stigma. The incompatibility reaction
is mediated by the binucleate pollen grain,
and involves inhibition of the pollen tube
within the style. The reaction is expressed
after the second pollen grain mitosis in
the pollen tube (Richards 1997), although
Lewis (1949) and Pandey (1959, 1970)
report other times of inhibition.

Reproductive Strategy

Results of hand pollinations of crenulate
leadplant indicate a system in which self-
fertilization is possible, but outcrossing
is probably the common mode of fruit
and seed production. Such a combined
reproductive strategy is not unusual in
plants (Richards 1997), since self-mating
as well as cross-mating can confer fitness
benefits onto offspring (Holsinger 1992).
Self-fertilization may serve as a backup in
case outcrossing fails (Proctor et al. 1996).
The balance between the two systems var-
ies widely, depending on the life history
and ecology of the species (Proctor et al.
1996). Even if selfing is possible, most
plants favor cross-fertilization (Proctor et
al. 1996) because outcrossing confers more
genetic diversity (Richards 1997). Genetic
diversity refers to the amount of genetic
variability among individuals of the same
species, and is directly related to a species’
ability to survive environmental change
(Mazzotti 1990). Reduced genetic variation
may increase a species’ risk in the face of
long-term biotic or abiotic environmental
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change (Frankel and Soulé 1980; Soulé
1980). In the case of crenulate leadplant,
such a decrease may have made it difficult
for populations to adjust to habitat changes
in hydrology and light.

CONCLUSIONS

Not only is crenulate leadplant extremely
rare due to the limited number of individu-
als in the wild, its pine rockland habitat
is classified as globally imperiled (FNAI
2004). This leaves the crenulate leadplant
vulnerable to problems inherent in small
populations, such as inbreeding depression
and genetic drift, as well as those correlated
with habitat fragmentation. The leadplant’s
need for outcrossing further compounds the
dangers of small populations by reducing
the availability of suitable mates (Kearns et
al. 1998). Additional drawbacks are inva-
sion by non-native species, suppression of
natural fire regimes, and altered hydrology
(Koptur 2006).

Optimum management and species restora-
tion plans include consideration of breeding
systems and a familiarity with the plant’s
natural history. Given the right combina-
tion of soil, light, water, and open habitat
for pollinators to find the plant, crenulate
leadplant thrives and sets fruit, and its
seeds germinate easily, although seedling
survival appears spotty (L. Linares, pers.
observation; Koptur 2006).

Fairchild Tropical Garden biologists intro-
duced leadplants at a Restored Transloca-
tion Site (RTS), an endemic pine rockland
community owned by Florida Department
of Transportation about 42 km south of
Miami (Miami-Dade County, Florida)
(Maschinski et al. 2006; Wendelberger et
al. 2008). Four types of propagules were
used in the introduction: seedlings, rescued
whole plants, cuttings, and one to seven-
year-old nursery plants. Larger plants had
the best survival regardless of their origin.
Biologists concluded that with more than
100 native species establishing at the RTS,
it was likely that the leadplant would also,
forming a self-sustaining population (Wen-
delberger et al. 2008). The array of threat-
ened plants endemic to pine rocklands, and
the increasing knowledge and restoration

work associated with this habitat, hold
promise for further protection and benefits
(Koptur 2006). As described above, suc-
cessful reintroductions and outplantings
also may assist the crenulate leadplant and
its imperiled pineland cohorts.
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ABSTRACT: Fire intensity is one of the important components of a fire regime. However, relatively
few studies have linked fire intensity with post-fire population vital rates. In this study, we explored the
effects of fire intensity on population vital rates of Chamaecrista keyensis Pennell (Fabaceae) up to two
years post-fire. C. keyensis is an endemic understory plant of pine rockland, a fire-dependent ecosystem
of the Lower Florida Keys. We measured one fire intensity indicator, fire temperature reached by steel
plates on the ground, during three prescribed fires at different sites. We followed marked individuals
up to two years post-fire to derive annual survival, annual growth rate, percentage of fruiting plants,
mean number of fruits per reproductive plant, and number of seedlings per census plot (1 m2) of C.
keyensis. We found fire intensity had significant effects on reproduction in the first year post-fire only.
More specifically, mean number of fruits and percentage of fruiting plants increased as fire intensity
increased. Results from this study suggest that extremely low fire intensity caused by very short fire
return intervals (e.g., less than three years) may not provide sufficient stimulation to reproduction to
achieve the best post-fire recovery for C. keyensis.

Index terms: Chamaecrista keyensis, fire intensity, fire temperature, pine rockland, rare plant demog-

raphy

INTRODUCTION

Fire intensity, defined as the heat release
per unit time (Rothermel 1972, Pyne et
al. 1996), differs not only among fires of
different ecosystems, but within the same
ecosystem, and is also heterogeneous
within a single fire. Several studies have
shown that fire intensity is an important
factor shaping fire-dependent community
composition and structure, and population
dynamics (Moreno and Oechel 1991, Tyler
1995, Ansley et al. 1998, Odion and Davis
2000, Menges and Deyrup 2001, Brooks
2002). Most fire intensity studies have
focused on only one or two demographic
parameters (e.g., mortality or seedling
recruitment) immediately after fire. Stud-
ies of effects of fire intensity on multiple
population vital rates over a longer time
period are truly rare.

The Florida pine rockland is a globally en-
dangered fire dependent ecosystem (Snyder
et al. 1990). Fire return interval is a major
factor influencing pine rockland commu-
nity structure and composition (Snyder et
al. 1990, Slocum et al. 2003). The seasonal
timing of fire is also thought to be important
in this ecosystem, and has been shown to
influence demography of pine rockland
plant populations (Spier and Snyder 1998,
Negrén-Ortiz and Gorchov 2000). The role
of fire intensity in determining post-fire
population dynamics, however, is largely
unknown in pine rockland.

Fire intensity, in the strict sense, is difficult

to measure in the field. As a result, it is
commonly estimated via several surrogate
variables that are relatively easy to obtain in
the field, including maximum surface tem-
perature (e.g., Negron-Ortiz and Gorchov
2000), minimum diameter of remaining
branches (e.g., Moreno and Oechel 1991),
water evaporative loss (e.g., Moreno and
Oechel 1991), char height (Menges and
Deyrup 2001), and fuel consumption
(Pyne et al. 1996). In this study, we used
fire temperature reached by steel plates on
the ground as the fire intensity indicator.
We studied the effects of fire intensity on
mortality, growth, reproduction, and seed-
ling recruitment of Chamaecrista keyensis
Pennell (Fabaceae), a narrowly endemic
understory herb of pine rockland of the
Lower Florida Keys.

MATERIAL AND METHODS

Study species

Chamaecrista keyensis, commonly known
as Big Pine partridge pea, was formerly
found on several of the Lower Keys (No
Name, Big Pine, and Ramrod Keys [Irwin
and Barneby 1982]). More recently, Ross
and Ruiz (1996) found it only on Big Pine
Key, indicating its probable extirpation
from parts of its former range. The most
prominent threats to this species include
habitat loss and degradation, especially
long-term fire exclusion (Snyder et al.
1990). C. keyensis has been recommended
for federal listing and is currently listed
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as an endangered species by the State
of Florida (Florida Natural Areas Inven-
tory, 2002). C. keyensis individuals suffer
relatively high mortality rates during fires.
Post-fire recovery relies on vegetative re-
sprouting from surviving individuals and
seedling recruitment from the seed bank
and seeds produced post-fire (Liu et al.,
in press).

Study site

Pine rockland on Big Pine Key, the only
island currently supporting C. keyensis, is
also an important habitat for the federally
endangered key deer (Odocoilcus virgin-
ianus clavium Barbour and Allen). The
canopy of pine rocklands is monotypic,
composed of South Florida slash pine
(Pinus elliottii var. densa). The relatively
open canopy allows the growth of a diverse
shrub and herb layer with many rare and
endemic species (Snyder et al. 1990).

Pinelands on Big Pine Key are a mosaic
of open and shrubby pinelands, created
by a sporadic regime of prescribed burns
(Bergh and Wisby 1996). Fire history and
site factors both contribute to the distinction
between these cover types; in the absence
of fire for extended periods, open forests
on Big Pine Key become shrub-dominated.
The open pinelands have a relatively sparse
shrub layer and a well-developed herb
layer. In contrast, shrubby pinelands have
a dense shrub layer and poorly developed
herb layer.

Chamaecrista keyensis census and
fire intensity measurements

This study was part of a larger effort in-
vestigating effects of different fire regimes,
including fire season, on pine rockland
vegetation. We generated seven prescribed
burns during the summer or winter seasons
on experimental blocks of open or shrubby
pinelands (Liu 2003). Here we used data
from three experimental burns that had
good fire intensity measurements (Table
1). Among the three burned sites, two (IS
and IW) were on open pineland, while
one (DW) was on shrubby pineland. One
macro-plot (1 ha) was embedded in each
experimental burn site of 2-10 ha. Within

each macro-plot, 20 shrub plots (4 m in
diameter) were located stratified-randomly,
with four herb plots (1 m?) nested within
each shrub plot. C. keyensis censuses were
carried out in the herb plots. Additional
non-random census plots were established
to include more individuals of C. keyensis
for sampling (Table 1). We mapped all C.
keyensis in each census plot, and measured
the stem length and the number of stems,
flowers, and fruits of each individual once
before and annually for up to two years
after each fire.

Fire temperatures were recorded during the
three fires using 10 temperature-sensitive
paints, each of which melted at a particular
temperature from 93°C to 343°C at 28°C
intervals. Steel plates (75 mm x 75 mm x 3
mm, 128 g) painted with small dots of the
temperature-sensitive paints were placed
vertically just aboveground at the center
of each census plot before each fire. The
plates were recovered immediately after
the fire, and maximum fire temperature
at each census plot was assigned to the
highest temperature reached as indicated
by melting. Plates where no melting was
observed were arbitrarily assigned a value
of 38°C.

Chamaecrista keyensis demographic vital
rates derived from individual plants were
averaged for each census plot to match
the scale of maximum fire temperature
measurements. Variables included annual
percent survival, mean annual growth (cur-
rent total stem length / previous year total
stem length), percent reproductive plants,
mean number of fruits per reproductive
plant, and presence/absence and number

of seedlings. Annual survival and growth
included the period from the summer
before to the summer after fire (one year
post-burn), as well as annual survival and
growth for the subsequent year (two-year
post-burn). Percentage of reproductive
plants, mean fruit production, and seedling
recruitment were summarized for the first
and second year post-fire. Only one year
post-burn data were available for macro-
plot IW (Table 1).

Statistical analyses

Differences in maximum fire temperatures
among sites was analyzed with one-way
ANOVA followed by Tukey post hoc tests.
Effects of maximum fire temperature on
vital rates were performed separately for
each vital rate and each year. Analysis of
Covariance (ANCOVA) was used to test
the effects of site and fire temperature
(covariate) on all vital rates of C. keyensis
except for presence/absence of seedlings.
Presence/absence of seedlings was ana-
lyzed with binary logistic regression using
maximum fire temperature as a covariate
and site and previous fruit production as
factors. Some variables were transformed
to satisfy the parametric assumptions of
normality and equal variance.

In addition, the ANCOVA assumption of
parallel slopes of the covariate among
sites was satisfied, as indicated by the
non-significant interactions between fire
temperature and site or previous year fruit
production (for seedling-related variables
only). Since there were census plots with
no melted paint, an indication that those
plots were lightly burned or not burned, we

Table 1. Summary of Chamaecrista keyensis census regime for fire intensity research. Chamaecrista
keyensis density is based on stratified random plots only.

Site Density /m’

# of census plotsl

Census period Burn Date

IS 1.03 95
Iw 0.27 105
DS 0.47 105

1999-2001 July 14, 1999
2000-2001 December 12, 2000
1999-2001 June 22, 1999

plots.

'80 of these plots were stratified random plots, others were non-random census
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also repeated our analysis excluding these
census plots to see if the results changed
qualitatively. Differences in vital rates in
burned vs. unburned plots were analyzed
elsewhere.

RESULTS

The highest and lowest fire temperatures
reached by all three burns were 343°C
and 38°C, respectively. The mean fire
temperature was different significantly
among the three sites (Fz, 202 = 20.09, P
< 0.001; Figure 1) and between each pair
of sites (Figure 1).

Survival differed significantly among sites,
but was not affected by fire temperature
during the first or second year post-fire
(Table 2). Similarly, fire temperature had no
significant effects on growth during those
years (Table 2). Site had a significant effect
on growth one-year post-fire, but not the
second year post-fire (Table 2).

In contrast, fire temperature had a sig-
nificant effect on percentage of fruiting

Figure 1. Mean and standard deviation of maximum fire temperature at three sites. Different letters
indicate significant differences among sites (Tukey post hoc) at P < 0.05.

individuals during the first year post-fire
(Figure 2), but not the second year post-
fire (Table 2). Site effects were significant
both one- and two-years post-burn (Table
2). Similarly, fire temperature had signifi-
cant effects on the mean number of fruits
one-year post-fire (Table 2, Figure 3), but
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Figure 2. Scatterplot of percentage of fruiting plants (non-seedlings only) of Chamaecrista keyensis on
Big Pine Key the first year post-fire vs. maximum fire intensity.

not during the subsequent year (Table 2).
Site effects were significant both one- and
two-years post-fire (Table 2).

Fire temperature, site, and/or the interac-
tion between site and fruit production the
previous year had no significant effects on
presence or absence of seedlings (Table 3).
Previous year’s fruit production, however,
had a marginally positive effect on seedling
presence (Table 3).

Fire temperature had no significant effect
on the number of seedlings either one or
two years post-fire (Table 2). In addition,
previous fruit production, as well as the
interaction of site and fruit production the
previous year, was not significant in either
year (Tables 2). In contrast, site effects were
significant the first year post-fire but not
the second year post-fire (Table 2).

DISCUSSION

Effects of fire intensity

Effects of fire intensity were found only
on the reproduction of Chamaecrista key-
ensis the first year post-fire, but not on its
survival, growth, or seedling recruitment.
While numerous studies have documented
increased flowering in response to fire
(e.g., Spier and Snyder 1998, Carrington
1999), few, if any, have linked increased
reproduction to fire intensity. However,
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previous year fruit production.

Table 2. Effects of maximum fire temperature on Chamaecrista keyensis vital rates: summary of ANCOVA including all plots including those with no
melted paint. Bold indicates P < 0.05 level. Italic indicates P < 0.1 level. Shaded area indicates non- applicable tests. Fire temp = fire temperature; Pyf =

Year post fire Factor Vital rate
Annual survival Annual growth Percent of fruiting plant
MS F 401 .am P MS F ar1.am P MS F ar1ap P
Year 1 Fire temp 1450 13849 0.243 0.06 012,54 0725 4047 584,54, 0.018
site 17040  8.12, 105  0.001 17.8 359,51 0 31953 46.1, ¢ 0
Pyf
Site* Pyf
Year 2 Fire temp 017 075,54 0.388 132 214,  0.148 052 217,45 0.145
site 251 11.17 54 0.001 0.03 0.04,4  0.84 2.99 12517  0.001
Pyf
Site* Pyf

Spier and Snyder (1998) did observe
that the number of flowers and fruits of
Jacquemontia curtisii were significantly
greater after cooler fires. They attributed
such differences in reproduction to the
difference in season of burning, rather

than fire intensity effects. The significant
effects of fire intensity on C. keyensis
reproduction (both percentage of fruiting
plants and mean number of fruits) were in
part due to inclusion of census plots that
were either lightly burned or not burned,

110 9

100 o o o o

90 o

Percentage of fruiting plants

B Linear regression
Rsq =0.2172

0 100 200

Fire temperature (°C)

300 400

Figure 3. Scatterplot of mean number of fruits per reproductive plant of Chamaecrista keyensis the first

year post-fire vs. maximum fire intensity.

as such effects became non-significant or
marginally significant when these plots
were excluded (Liu 2003). Plants in census
plots lightly burned or unburned (but in the
burned area) did not reproduce as much
as plants in census plots more thoroughly
burned. Nevertheless, the trends of posi-
tive effects of fire intensity on C. keyensis
reproduction were similar with or without
these plots. Perhaps nutrient availability
was greater or aboveground competitions
were less in more intensely burned sites,
thereby stimulating reproduction. The
mechanism of fire intensity’s effect on
reproduction is unclear and needs further
investigation.

Several studies have shown decreased
seedling density with increased fire inten-
sity due to higher seed mortality (Moreno
and Oechel 1991, Odion and Davis 2000,
Brooks 2002). Others have found the op-
posite trend, i.e., increased seedling density
with increased fire intensity (Moreno and
Oechel 1991, Spier and Snyder 1998).
For example, Jacquemontia curtissii, an-
other endemic herb of pine rockland, had
greater seedling recruitment with higher
fire intensity due to heat-stimulated seed
germination (Spier and Snyder 1998).
High fire intensity may also create safe
sites for seed germination (e.g., with less
duff and litter and better soil contact).
Neither of these patterns was observed in
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Table 2. Continued.

Factor Vital rate
Mean number of fruits Number of seedlings
MS  F 41am P MS  F 41ap P
Fire temp 5.04 6.20, 4 0.017 0.07 0335 0566
site 379 4.66,4 0.015 1.17 537,55  0.008
pyr [ T 009 043,5 0514
Site* Pyf i 0.26 1.21,5  0.307
Fire temp 2.28 2.16 | 39 0.15 0.08 0.85,,; 0.364
site 6.12 581,35  0.021 0.1 1.10  ,;  0.303
pyf [l T 015 165, 021
Slte* ny """ e o
C. keyensis. ments integrated the heat released over

Similarly, C. keyensis mortality was not
significantly affected by fire intensity, but
was simply related to the presence/absence
of fire. Mortality of C. keyensis was much
higher in the presence of fire (Liu 2003).
Yet for other species (e.g. Jacquemon-
tia curtisii, Pinus elliottii var. elliottii),
mortality was positively correlated with
fire intensity (Tyler 1995, Ansley et al.
1998, Spier and Snyder 1998, Menges
and Deyrup 2001). Vegetative growth of
C. keyensis was also not significantly af-
fected by fire intensity. In contrast, leaf
production in Zamia pumila in Everglades
National Park was greater after intense fires
than after less intense ones (Negrén-Ortiz
and Gorchov 2000).

It is difficult to compare fire intensity re-
corded in this study to others in the same
ecosystem (e.g., Spier and Snyder 1998,
Negrén-Ortiz and Gorchov 2000) due
to differences in temperature recording
methodology. The temperatures recorded
here were those reached by the steel plates
with substantial mass (128 g). Temperature-
sensitive pellets on the ground as used in
Spier and Snyder (1998) or in aluminum
envelopes as used by Negrén-Ortiz and
Gorchov (2000) will not necessarily record
the same fire temperature as measured by
our methodology. Since the temperature
plates have substantial mass, our measure-

time, whereas thermocouples measure
more or less instantaneous temperature.
Temperature plates may provide a better
indication of how surface soils or the bases
of plants heat up than thermocouples.

Implications for Chamaecrista
keyensis fire management

In this study we showed that fire intensity
had positive effects on fruit production.
While high fire intensity is usually associ-

ated with heavy vegetation (Snyder et al.
unpubl. data) resulting from long-term fire
exclusion, these data do not suggest that
long fire return intervals would benefit the
long-term health of C. keyensis population
for two important reasons: (1) C. keyensis
density declines in long unburned patches,
and (2) the response of increased fruit
production to fire intensity is short term
(only one-year post-fire). Short-term ef-
fects on one or two components among
C. keyensis’s vital rates are not enough to
compensate for the density decline that
results from long fire return intervals.
In addition, fire intensity is difficult to
control, as it varies not only with weather
and ignition patterns, but also within the
burn unit. Therefore, considerations of fire
management for C. keyensis should not
rely solely on its response to fire intensity.
Nonetheless, results from this study suggest
that extremely low fire intensity, which
may result from low fuel loads caused by
very short fire return intervals (such as < 3
years), may not provide sufficient stimula-
tion to reproduction for the best post-fire
recovery of C. keyensis.
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Creating self-sustaining populations resilient to stochastic events is the goal of conservation reintroduc-
tions. Concern about disrupting locally co-adapted gene complexes, outbreeding depression, and hybrid-
ization has led to a “local is best paradigm” for source selection, yet this policy constrains rare plant
reintroduction efforts and may not always best conserve rare species. Using progeny from controlled
crosses (control, selfed, near neighbor, far neighbor and between sites) with maternal plants from two
sites, we tested survival and population trajectories of US endangered Jacquemontia reclinata reintro-
duced in 2004 and 2005 to three sites. By 2011, survival and recruitment was greatest for mixed-popu-
lation progeny, was consistent across years, and became most apparent after extreme climate events
(hurricanes, drought, and exceptional cold). Populations founded from mixed sources exhibited greater
resilience to stochastic disturbances than those from a single source and had positive projected popula-
tion growth at two of three sites. Recipient sites most proximal to maternal origin were not those with
best survival. Maximizing reintroduced population persistence calls for re-examining paradigms, using
decision trees and reintroduction guidelines to guide source selection choices. The local is best paradigm

may be dooming many reintroductions to failure.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Concern about maintaining genetic integrity of wild popula-
tions has led many in the conservation community to recommend
using local seed sources for restoration purposes so that local gene
pools and adaptations to local conditions will be preserved and
hybridization can be prevented (Vallee et al., 2004; McKay et al.,
2005). Selection of appropriate source material for restorations is
essential to achieve the goal of creating a sustainable population
capable of evolving in the wild (Neale, 2012). Many rare species
have small fragmented populations; individuals within may devel-
op inbreeding depression, a condition that leads to reduced fitness
(Frankham, 1995) and high risk of population extinction (Keller
and Waller, 2002; Angeloni et al., 2011). Inbreeding depression is
common across many populations (Angeloni et al., 2011) and spa-
tial scales (Linhart and Grant, 1996). While mixing populations to
increase gene flow would reverse the problem of inbreeding
depression, concern that mixing may lead to disruption of locally
co-adapted gene complexes and outbreeding depression has pre-

* Corresponding author. Tel.: +1 305 669 4069; fax: +1 305 665 8032.
E-mail address: jmaschinski@fairchildgarden.org (J. Maschinski).

0006-3207/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.biocon.2012.10.022

vented broad use of this practice (Hufford and Mazer, 2003; Frank-
ham et al., 2011).

Determining whether it would be safe to mix populations for a
restoration requires knowledge of population genetic structure and
diversity (Hamrick et al., 1991; Keller and Waller, 2002). Using a
decision tree can help predict the probability of outbreeding
depression if similarities or differences in population taxonomy,
chromosome ecology, and the length of time populations have
been separated are known (Frankham et al., 2011). Estimates sug-
gest the probability of outbreeding depression in populations sep-
arated in the last 500 years growing in similar environments would
be small, but with few reintroduction projects examining genetic
diversity directly, empirical evidence supporting or refuting theory
regarding the impacts of mixing populations in restoration is
sparse (Broadhurst et al.,, 2008; Frankham et al., 2011; Neale,
2012).

Increasing uncertainty of climate change is heightening the ur-
gency of restoring rare species populations in a manner that will
ensure the greatest success (Maschinski and Haskins, 2012). Com-
mon garden or reciprocal transplant experiments allow for in situ
performance comparisons of populations (Hufford and Mazer,
2003) and these will become increasingly important tests of adap-
tation to changing climate (e.g., Marsico and Hellmann, 2009). As
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part of a landscape scale recovery effort for the US endangered Jac-
quemontia reclinata (Maschinski and Wright, 2006), we examined
the influence of single-source versus mixed-population breeding
history on plant survival and fitness in three locations along the
southeastern coast of Florida, USA. We also tested whether dis-
tance of reintroduction site from maternal source influenced trans-
plant survival. Further, we compared population growth during
transition periods with and without extreme climate events and
determined population viability of reintroduced populations with
single-source versus mixed-population breeding histories.

2. Materials and methods
2.1. Background

J. reclinata (beach clustervine) is a perennial vine endemic to the
South Florida coastal dune ecosystem. Mature plants produce mul-
tiple trailing stems from a central root. Plants may live 15 years or
more in the wild and can achieve reproductive maturity within
1 year (S. Wright, personal observation). Its white flowers are visited
by a wide array of generalist insects gathering nectar and pollen,
including flies, wasps, bees, and butterflies, with greatest pollinator
diversity in the largest plant populations (Pinto-Torres and Koptur,
2009). The capsular fruits produce one to four seeds; most seeds
are dropped below the plants when the capsules open. Although
many populations fruit prolifically, few seedlings establish in the
wild (Maschinski et al., 2003). Large-scale natural disturbances
(e.g., hurricanes), habitat fragmentation and alteration have re-
stricted the species’ range and contributed to its listing as federally
endangered (USFWS, 1996; Lane et al., 2008). In 2011, approxi-
mately 730 wild individuals grew in ten sites in coastal strand
and open maritime hammock, habitats that were once contiguous
along the eastern coast of Florida USA (USFWS, 1996).

Prior to any reintroduction or augmentation, guidelines advise
testing genetic structure of species with populations that have
fewer than 50 individuals flowering and setting fruit, are highly
fragmented and isolated, where no pollinators are present, or no
viable seed is being set (Maschinski et al., 2012a). As J. reclinata
has six of ten populations with fewer than 50 individuals and
low recruitment growing in fragmented, isolated patches (Mas-
chinski et al., 2003, 2011), we conducted genetic analysis on eight
of the known wild populations to test population structure prior to
initiating any reintroductions (Thornton et al.,, 2008). Random
amplified polymorphic DNA markers indicated that the two largest
populations used for maternal sources for this study, Crandon Park
(2001 n =144 plants in 700 m?) and South Beach (2001 n =245
plants in 340 m?), were genetically similar (Nei’s genetic dis-
tance = 0.05), and had greater genetic diversity (I=0.282 and
0.360, respectively) than the small populations with <50 individu-
als (I =0.136-0.243). Because Crandon Park and South Beach were
not significantly genetically differentiated, mixing sources was al-
lowed by current guidelines (Maschinski et al., 2012a).

The source propagules for our reintroduction experiments were
the F1 progeny of a controlled hand pollination experiment con-
ducted by Pinto-Torres and Koptur (2009). Briefly, they collected
seed from wild J. reclinata plants with known spatial location at
Crandon Park (CR) and South Beach (SB) and germinated seeds at
the Fairchild Tropical Botanic Garden nursery producing 65 repro-
ductive maternal plants for crosses. Following protocols of Kearns
and Inouye (1993), for each maternal source they produced six pol-
lination treatments: control (bagged and unmanipulated), selfed,
sibling (crossed with offspring from same parent), near neighbor
(crossed with offspring of a wild parent from a patch <20 m away),
far neighbor (crossed with offspring of a wild parent from a patch
>20 m away), and between-site crosses with two maternal plant

origins (CR and SB separated by 71.4 km; Fig. 1). Measurements
on seeds and seedlings resulting from the hand pollination trials
determined that J. reclinata has a mixed mating system: flowers
are able to set fruit with viable seeds with self pollen, but outcross
pollen produces significantly greater fruit and seed set than self
pollen (Pinto-Torres and Koptur, 2009). We maintained seedlings
that resulted from the crosses in our nursery for 1 and 2 years until
transplanting them to reintroduction sites. Not all hand pollination
treatments from each maternal source lived to maturity, thus our
experiments included eight maternal source X hand pollination
treatments: CR-control, CR-self, CR-sibling, CR-far neighbor, SB-
sibling, SB-far neighbor, and two between site crosses, CR x SB
and SB x CR. We report results of pollination attempts, seeds set
in 2002, and seedling survival in our nursery in 2003-2006 (Ta-
ble 1). Full replication of treatments across the three reintroduc-
tions was limited by plant availability and space at recipient sites.

2.2. Experimental reintroductions

To increase the number of populations and to test how breeding
history affected plant survival and recruitment, we reintroduced J.
reclinata to three sites within its historical range along the eastern
coast of south Florida (Fig. 1). We selected the reintroduction sites
based upon a recipient site assessment and ranking system
(Wright and Thornton, 2003; Maschinski et al., 2012b). Generally,
the recipient sites featured good quality habitat with high native
plant diversity similar to home sites, low invasive species cover,
good land manager support, and ample spatial extent for popula-
tion expansion. We use the term reintroduction to describe these
experimental populations, which assumes that the species oc-
curred historically at the sites, however at the time of reintroduc-
tion J. reclinata had been absent from all sites for at least 20 years.
The timing of installation of plants into reintroduction sites varied
due to logistics of site preparation by land managers. All plants
were reproductive adults at the time of outplanting.

On July 24, 2004, at Haulover Beach, we planted 143 J. reclinata
plants. Into twenty-four east to west oriented transects (15 m in
length) we randomly placed at 3 m spacing one plant representing
each of six hand pollination treatments (Table 2). Note one transect
had only five plants. Spacing allowed for adequate plant growth
and minimized intraspecific competition. The reintroduction area
featured expansive restored dunes replenished with offshore sub-
strate and planted with native coastal strand species.

Prior to the outplanting at Virginia Key, land managers removed
invasive exotics Casuarina equisetifolia (Australian pine) and Schi-
nus terebinthifolius (Brazilian pepper) to restore the open coastal
strand area. Located 2.7 km from CR, Virginia Key is one of the last
South Florida barrier islands remaining in a near natural state. It
contains high plant diversity within beach dune, coastal strand,
maritime hammock, and mangrove tidal swamp habitats. On April
7, 2005, we randomly planted 171 J. reclinata of four hand pollina-
tion treatments (Table 2) throughout suitable planting area. Plant-
ing areas were small patches that did not allow the transect design
used at Haulover Beach.

Substrate re-nourished from offshore dredged sand character-
izes the most northern reintroduction site, Delray Beach, a site re-
stored from domination by the invasive exotic Scaevola sericea
(beach naupaka) to a diverse planted native coastal strand commu-
nity. Human-constructed dunes and walking paths shape the
topography of the site and buffer the reintroduction from direct
salty sea breeze. On February 16, 2005, along with native coastal
dune plants, we randomly distributed 132 J. reclinata from six hand
pollination treatments (Table 2) throughout suitable planting area.
This reintroduction was integrated into a formal landscape that
precluded use of transects.


https://www.researchgate.net/publication/267865920_Optimal_Locations_for_Plant_Reintroductions_in_a_Changing_World?el=1_x_8&enrichId=rgreq-d0b86d0b62328e59e54780d50b9a6a5c-XXX&enrichSource=Y292ZXJQYWdlOzI1NjY2OTIzNDtBUzoxMjE4NTU2NDYxMTM3OTJAMTQwNjA2NDA1ODAzNA==
https://www.researchgate.net/publication/256404844_Center_for_Plant_Conservation_Best_Reintroduction_Practice_Guidelines?el=1_x_8&enrichId=rgreq-d0b86d0b62328e59e54780d50b9a6a5c-XXX&enrichSource=Y292ZXJQYWdlOzI1NjY2OTIzNDtBUzoxMjE4NTU2NDYxMTM3OTJAMTQwNjA2NDA1ODAzNA==
https://www.researchgate.net/publication/256404844_Center_for_Plant_Conservation_Best_Reintroduction_Practice_Guidelines?el=1_x_8&enrichId=rgreq-d0b86d0b62328e59e54780d50b9a6a5c-XXX&enrichSource=Y292ZXJQYWdlOzI1NjY2OTIzNDtBUzoxMjE4NTU2NDYxMTM3OTJAMTQwNjA2NDA1ODAzNA==
https://www.researchgate.net/publication/249644225_Characterizing_Environmental_Gradients_and_Their_Influence_on_Vegetation_Zonation_in_a_Subtropical_Coastal_Sand_Dune_System?el=1_x_8&enrichId=rgreq-d0b86d0b62328e59e54780d50b9a6a5c-XXX&enrichSource=Y292ZXJQYWdlOzI1NjY2OTIzNDtBUzoxMjE4NTU2NDYxMTM3OTJAMTQwNjA2NDA1ODAzNA==
https://www.researchgate.net/publication/223676866_Using_ecological_theory_to_plan_restorations_of_the_endangered_Beach_jacquemontia_Convolvulaceae_in_fragmented_habitats?el=1_x_8&enrichId=rgreq-d0b86d0b62328e59e54780d50b9a6a5c-XXX&enrichSource=Y292ZXJQYWdlOzI1NjY2OTIzNDtBUzoxMjE4NTU2NDYxMTM3OTJAMTQwNjA2NDA1ODAzNA==
https://www.researchgate.net/publication/207223473_In_Techniques_for_Pollination_Biologists?el=1_x_8&enrichId=rgreq-d0b86d0b62328e59e54780d50b9a6a5c-XXX&enrichSource=Y292ZXJQYWdlOzI1NjY2OTIzNDtBUzoxMjE4NTU2NDYxMTM3OTJAMTQwNjA2NDA1ODAzNA==
https://www.researchgate.net/publication/207223473_In_Techniques_for_Pollination_Biologists?el=1_x_8&enrichId=rgreq-d0b86d0b62328e59e54780d50b9a6a5c-XXX&enrichSource=Y292ZXJQYWdlOzI1NjY2OTIzNDtBUzoxMjE4NTU2NDYxMTM3OTJAMTQwNjA2NDA1ODAzNA==
https://www.researchgate.net/publication/26863812_Hanging_by_a_coastal_strand_Breeding_system_of_a_federally_endangered_morning-glory_of_the_south-eastern_Florida_coast_Jacquemontia_reclinata?el=1_x_8&enrichId=rgreq-d0b86d0b62328e59e54780d50b9a6a5c-XXX&enrichSource=Y292ZXJQYWdlOzI1NjY2OTIzNDtBUzoxMjE4NTU2NDYxMTM3OTJAMTQwNjA2NDA1ODAzNA==
https://www.researchgate.net/publication/26863812_Hanging_by_a_coastal_strand_Breeding_system_of_a_federally_endangered_morning-glory_of_the_south-eastern_Florida_coast_Jacquemontia_reclinata?el=1_x_8&enrichId=rgreq-d0b86d0b62328e59e54780d50b9a6a5c-XXX&enrichSource=Y292ZXJQYWdlOzI1NjY2OTIzNDtBUzoxMjE4NTU2NDYxMTM3OTJAMTQwNjA2NDA1ODAzNA==
https://www.researchgate.net/publication/26863812_Hanging_by_a_coastal_strand_Breeding_system_of_a_federally_endangered_morning-glory_of_the_south-eastern_Florida_coast_Jacquemontia_reclinata?el=1_x_8&enrichId=rgreq-d0b86d0b62328e59e54780d50b9a6a5c-XXX&enrichSource=Y292ZXJQYWdlOzI1NjY2OTIzNDtBUzoxMjE4NTU2NDYxMTM3OTJAMTQwNjA2NDA1ODAzNA==
https://www.researchgate.net/publication/26863812_Hanging_by_a_coastal_strand_Breeding_system_of_a_federally_endangered_morning-glory_of_the_south-eastern_Florida_coast_Jacquemontia_reclinata?el=1_x_8&enrichId=rgreq-d0b86d0b62328e59e54780d50b9a6a5c-XXX&enrichSource=Y292ZXJQYWdlOzI1NjY2OTIzNDtBUzoxMjE4NTU2NDYxMTM3OTJAMTQwNjA2NDA1ODAzNA==

J. Maschinski et al. / Biological Conservation 159 (2013) 277-284 279

Fig. 1. Map of Jacquemontia reclinata populations indicating maternal source populations (Crandon and South Beach) for the experiment and the three reintroduction sites
(Delray Beach, Haulover Beach, and Virginia Key). Map shows distances (km) between the sites.

At all sites we recorded GPS locations and watered each plant
with 1 quart of water at the time of the planting. The timing of
the introduction at Haulover Beach during the rainy season re-
duced the need for supplemental watering, however at Virginia
Key and Delray Beach land managers watered plants when needed
until the rainy season started. We monitored plant survival and
noted seedling establishment. We assumed the maternal parent
of any seedling was its closest outplanted neighbor.

2.3. Analysis

We analyzed differences in survival (days alive since installa-
tion) using a general linear model, where hand pollination treat-
ment (control, self, sibling, far neighbor or between site crosses)
and maternal origin (CR or SB) were the fixed main effects and site
was a random effect (SYSTAT, 2007). To determine whether there
was an advantage to plants installed at sites closest to maternal
origin, we analyzed maternal source and the distance from mater-
nal source to recipient reintroduction sites and their interactions
using general linear model (SYSTAT, 2007).

To help explain significant demographic trends, we gathered re-
gional temperature and precipitation data from online sources. We
report mean minimum soil temperature measured at a depth of
—10 cm for January through April in 2005-2011 at Homestead,
Florida using data from University of Florida Automated Weather
Network (http://fawn.ifas.ufl.edu/data/reports/). In addition we re-
port quarterly precipitation in Miami from 2004-2010 using data
from Florida Climate Center, Florida State University, Center for
Ocean-Atmospheric  Prediction Studies (http://coaps.fsu.edu/
climate_center/data/precip_miami.shtml).

We examined whether breeding history influenced survival in
years with extreme climate events using a Kruskal-Wallis test on

population change during transitions with extreme events versus
transitions where no extreme event occurred for mixed vs. single
source crosses in all sites combined.

2.4. Population viability analysis

To understand the effect of breeding history on J. reclinata pop-
ulation viability, we developed three-stage composite models for
each hand pollination treatment planted at the three sites based
upon greenhouse and field measurements of experimental plants.
Stages were seeds, non-reproductive seedlings, and reproductive
adults. Using mean seed survival of Crandon sourced seeds col-
lected from the wild population and buried to 5 cm in controlled
experiments measured in 2003, 2006 and 2007 at Crandon Park
(Pascarella et al., 2011), we estimated seed survival in the seed
bank as 0.404. For each maternal origin X hand pollination treat-
ment, we used mean percent germination and mean percentage
seedlings surviving to adult stage measured in the greenhouse.
To account for decreased germination rates in the field in compar-
ison to the greenhouse, we multiplied each greenhouse seed ger-
mination value by 0.114, the field germination rate Pascarella
et al. (2011) measured from seed bank trials at Crandon Park. Field
measurements of average percent adult survival over the monitor-
ing period at each site supplied the adult-adult vital rate. We
determined reproductive value as number of seedlings observed
at the reintroduction site in 2011 (where maternal plant was as-
sumed to be the closest adult) per live adult observed in the previ-
ous monitoring period. For those treatments that had no
recruitment, we used a conservative 0.001 estimate for the repro-
ductive value.

For each breeding treatment we calculated population growth
trajectories, extinction risk, and elasticities using the stochastic
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Table 1

Comparison of total attempts, total seeds produced, and survival of seedlings in nursery 1, 3, and 4 years post-germination for six hand pollination treatments conducted on maternal plants from the two largest Jacquemontia reclinata

populations. For further details see Pinto-Torres and Koptur (2009).

% Mortality

Total mortality

Live seedlings in

Total

Live seedlings
May 2003

Total seeds
2002

Failed % Fruit

Attempts

Hand

Maternal
origin

nursery July 2006

reintroduced
by April 2005

24
24
70

set/attempt

attempts

pollination
treatment

14

28
26
93

32

13
31

84
52
43

Control 97

Self
Sib

CR

53

75

CR
CR
CR
CR

22

109
14
205

47

81

100

40

15

NN
FN

45

98

145

44 62

25

117
79

39

111
327

154
455

174

587

68

CR x SB

CR

20

108

257
30

464
32
21

Total
SB
SB
SB
SB
SB
SB

100
100
25

Control
Self
Sib
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10
50
41

19

15

20

11

29
20

42

18
17
16
66

100
15

11

10

NN
EN

22

26

69

180 135 82 48
197

281

82

12
85

SB x CR

30

48

119

170

Total

simulation program RAMAS GIS (Akgakaya and Root, 2005). We
generated models with 1000 simulations over 50 years assuming
exponential-type density dependence that would affect all vital
rates. We generated standard deviation matrices assuming 4% of
vital rates. Initial vectors had zero values for seed and seedling
stages, but had the number of transplanted adults for the adult
stage.

3. Results

Total seed set and seedling survival generally increased with
crossing distance (Table 1). No SB-control, SB-self, SB- or CR-near
neighbor progeny survived to be included in the reintroductions.

Mean plant survival was significantly lower at Virginia Key
(789 £ 144 days alive) than at Delray Beach (1448 + 322 days) or
Haulover Beach (1639 + 103 days; Fj430=10.7, p=0.001). How-
ever, by 2011, the greatest recruitment occurred at Virginia Key,
while the least occurred at Delray Beach (Table 2). Seedlings estab-
lished at all reintroduction sites, but not adjacent to all hand polli-
nation X maternal source treatment plants (Table 2).

Mean survival significantly depended upon distance between
maternal and recipient sites (F3430=17.41, p=0.0001), but there
was not a significant local advantage (Fig. 2). There were no signif-
icant interactions between hand pollination treatment and dis-
tance (F;430=0.827, p=0.44) nor treatment and maternal origin
(F3'430 =1.292, p= 0277)

Plant survival (mean days alive since installation) was signifi-
cantly greater with increased crossing distance. The between site
crosses had significantly greater longevity than treatment groups
of crosses between more proximate neighbors (F;430=7.96,
p =0.001; Fig. 3) and no interactions were significant. This pattern
of greatest longevity with greater outcrossing distance was consis-
tent across maternal origins in all years of the study and became
most apparent after extreme climate events (Table 2).

Significant mortality periods occurred between 2005-2006 and
2008-2011. Events occurring before 2006 that contributed to mor-
tality were desiccation, competition, maintenance personnel exca-
vating plants at Haulover Beach, burial by animals, and hurricane-
related events. Four category two hurricanes created storm surge,
heavy rains, and winds that impacted reintroduction sites. For
example, in October 2005, Hurricane Wilma severely impacted
Delray Beach burying 44 J. reclinata plants. We considered buried
plants as dead in 2006 and 2007, but two of these resurfaced by
2011 (Table 2). Between 2008 and 2011 exceptional cold and
drought occurred (Table 3).

Considering all sites combined, extreme climate events in-
creased mortality. The mean proportion of adult transplants sur-
viving was significantly greater during transition years in which
there were no extreme climate events than in transition years with
extreme events (Table 2). Mixed source populations had signifi-
cantly less mortality than plants from single sources in transition
years with extreme climate events, but did not significantly vary
in transition years without an extreme event (Median percent
mortality Single No Event = 0%, 95%CI = 0, 19; Mixed No Event = 4%,
95%Cl=1, 7; Single Yes Event =33%, 95%Cl =25, 48; Mixed Yes
Event = 27%, 95%Cl = 17, 33; Kruskal-Wallis = 27.62, p < 0.0001).

Population trajectories greatly varied according to breeding his-
tory, maternal plant origin, and reintroduction site. Models pre-
dicted that populations founded with mixed-population
transplants had positive population growth at two sites. At Haulov-
er Beach, PVA models predicted population growth only for the
CR x SB population (4=1.030; Table 4), while at Virginia Key,
PVA models predicted positive population growth only for the
SB x CR population (4=1.036). All other hand pollination treat-
ment models predicted population declines within 50 years or less
at any of the sites (Table 4).
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Table 2

Planting date, hand pollination treatment and maternal source and number of plants installed for experimental reintroductions of Jacquemontia reclinata at three sites. Number of
surviving plants from 2005 to 2011 is indicated. Years when monitoring was not conducted are indicated by - The number of seedling recruits observed in 2011 is specified.
“Indicates that plants previously believed dead at Delray Beach were found alive in 2011. These plants had been buried in deep sand by storm surge deposition. Downward arrows
indicate years of extreme climatic events. Note that we could not verify extreme cold temperatures at Delray Beach in 2010 from online sources.

Year monitored

Site Date planted Treatment # Planted 2004 éOOS 2006 2007 2008 éOOQ éO]] Total recruits 2011
Haulover Beach 23-July-04 Control 24 24 24 16 16 16 - 6 7
CR-Self 24 24 24 11 11 11 - 8 7
CR-Sib 24 24 24 17 17 17 - 9 8
CR-FN 24 24 22 16 16 15 - 12 5
CR x SB 24 24 23 22 22 20 - 14 20
SB x CR 23 23 22 18 18 17 - 13 8
Virginia Key 7-April-05 CR-Sib 22 - 22 11 9 1 0 0 0
CR-FN 52 - 52 25 21 17 15 10 31
CR x SB 63 - 63 44 43 38 27 21 35
SB x CR 34 - 34 21 21 19 18 16 30
Delray Beach 16-February-05 CR-Sib 24 - 24 10 10 - - 11" 0
CR-FN 22 - 22 11 11 - - 11 1
CR x SB-BS 24 - 24 16 14 - - 13 0
SB-Sib 15 - 15 10 7 - - 5 0
SB-EN 22 - 22 16 16 - - 15 1
SB x CR-BS 25 - 25 16 16 - - 17* 1
Elasticity values indicated that the most important vital rate 2500
influencing the models was adult stasis followed with equal impor-
tance by reproductive value, seed-seedling, and seedling-adult vi- - < -CR
tal rates. Treatment groups with the greatest recruitment coupled
with high values in all these cells had highest population growth. s 20007
At Delray Beach, the low recruitment observed in 2011 resulted S
in negative population growth models for all treatments despite E
the relatively high survival rates of adults in recent years (Tables 2 1500
2 and 4). o
£
7
4. Discussion 2 1000
<
As rare species populations become increasingly fragmented, 2
habitat restoration and reintroduction will become more impor- 8 500 1
tant components of biodiversity preservation. Building new popu-
lations that are functional, self-sustaining, and resilient to
stochastic events will require knowing whether to reinstate gene
0

flow between fragmented populations or preserve local adaptation.
And this is especially critical with more extreme and variable cli-
matic events. The ability to persist through extreme climatic
events will be critical to a species ability to shift range in response
to a changing climate (Early and Sax, 2011). In our study, mixed-
population J. reclinata progeny proved to have higher survival than
control, selfed or far neighbor progeny, despite site-specific cir-
cumstances such as hurricane impacts. It is noteworthy that the
mixed population advantage became more apparent after periods
of extreme environmental stress from hurricanes, drought, and
cold temperatures. Mixed-population founders had greatest num-
bers of next generation recruits, they showed greater resilience
to climatic events, and had greater recovery by 2011 than the sin-
gle source founders. Extreme drought and temperatures have been
documented to be correlated with decreased production, survival,
and germination of seeds (Torang et al., 2010), changes in commu-
nity composition, diversity, and ecotone boundaries (Jimenez et al.,
2011), but to our knowledge ours is the first study documenting
that mixing rare populations aids persistence in the face of ex-
treme climatic events. Thus mixing populations is warranted to re-
store J. reclinata, while using single population sources or “local is
best paradigm” for reintroductions will decrease the likelihood of
population persistence.

27 13.8 21.6 49.8 68.4 94.6
Distance from Maternal Origin (km)

Fig. 2. Influence of distance from maternal origin to recipient site on survival of
Jacquemontia reclinata. Patterns for offspring from Crandon Park (CR) and South
Beach (SB) maternal plants are indicated.

Evidence that only mixed source populations showed positive
population growth at two sites suggests that hybrid vigor over-
came negative effects of inbreeding depression. While there is no
evidence of outbreeding depression detected within the study per-
iod, some data are consistent with inbreeding depression in the
two source populations: no SB-self, SB-control, or CR or SB near
neighbor individuals reached adult stage in the nursery and no
CR-sib individuals survived more than 3 years at VK. There is stron-
ger evidence of inbreeding depression in the SB source population,
which is larger and occupies less than half the area of CR.

Others have reported that mixing populations, particularly if
they are closely related and have inbreeding depression, resulted
in heterosis (Rogers and Montalvo, 2004). Short-term studies have
provided evidence that rare plant reintroductions have had greater
success from mixed sources than from single sources (Vergeer


https://www.researchgate.net/publication/228494807_Genetically_appropriate_choices_for_plant_materials_to_maintain_biological_diversity?el=1_x_8&enrichId=rgreq-d0b86d0b62328e59e54780d50b9a6a5c-XXX&enrichSource=Y292ZXJQYWdlOzI1NjY2OTIzNDtBUzoxMjE4NTU2NDYxMTM3OTJAMTQwNjA2NDA1ODAzNA==
https://www.researchgate.net/publication/51678348_Analysis_of_climate_paths_reveals_potential_limitations_on_species_range_shifts?el=1_x_8&enrichId=rgreq-d0b86d0b62328e59e54780d50b9a6a5c-XXX&enrichSource=Y292ZXJQYWdlOzI1NjY2OTIzNDtBUzoxMjE4NTU2NDYxMTM3OTJAMTQwNjA2NDA1ODAzNA==
https://www.researchgate.net/publication/41014061_Linking_environmental_and_demographic_data_to_predict_future_population_viability_of_a_perennial_herb?el=1_x_8&enrichId=rgreq-d0b86d0b62328e59e54780d50b9a6a5c-XXX&enrichSource=Y292ZXJQYWdlOzI1NjY2OTIzNDtBUzoxMjE4NTU2NDYxMTM3OTJAMTQwNjA2NDA1ODAzNA==

282 J. Maschinski et al./ Biological Conservation 159 (2013) 277-284

2000

- <= -CR
—&—SB

1600

1200 4

800

400

Days Alive Since Installation

0 T T T T
Control Self Sibling Far Between

Neighbor Sites

Fig. 3. Mean survival of offspring from Crandon Park (CR) and South Beach (SB)
maternal plants generated from five hand pollination treatments and reintroduced
to three sites. Mean days alive since installation +1 SE are indicated.

Table 3

(A) Mean minimum soil temperature (°C) measured at a depth of 10 cm below the soil
surface from 2004 through 2011. Freezing temperatures occurred in January through
April at Homestead, Florida indicating that 2010 was an exceptionally cold winter
(University of Florida Automated Weather Network: http://fawn.ifas.ufl.edu/data/
reports/). (B) Monthly precipitation in Miami during from 2004 to 2010, the years the
reintroduced plants have been in the wild, indicate that the winter of 2008-2009 was
an exceptionally dry winter (Florida Climate Center, Florida State University, Center
for Ocean-Atmospheric Prediction Studies: http://coaps.fsu.edu/climate_center/data/
precip_miami.shtml). na=indicates data were unavailable. Bold values indicate
extreme climate events.

2004 2005 2006 2007 2008 2009 2010 2011

A. Minimum Temperature of Soil at —10 cm

January 12.7 12.7 10.3 124 10.2 8.2 0.0 11.8
February 15.7 133 938 8.0 115 7.7 0.0 14.4
March 18.6 146 138 16.2 13.1 11.6 0.0 15.2
April 17.9 na 18.7 14.5 14.7 153 0.0 21.6

B. Total Precipitation (cm)
January 2.52 192 032 0.54 125 034 0.89 6.48
February 3.08 062 347 213 411 012 469 0.58

March 1.5 397 11 2.7 524 1.78 2.81 2.87
April 4 327 023 533 3.78 117 8.95 6.73
May 245 747 8.62 5.28 1.71 753 3.42 0.13
June 6.79 176 7.05 1522 963 11.64 7.2 16.94
July 6.74 5 7.32 9.03 893 6.17 7.36 14.50
August 10.09 927 1295 444 999 7091 8.75 28.14

September 10.88 991 16.73 8.22 787 6.83 1589 11.40
October 5.54 548 1.64 9.63 6.51 2.62 1.58 39.45
November 0.34 2.7 1.63 0.66 097 297 2.35 3.96
December  0.51 1 3.11 0.79 0.28 3.01 1.21 na

et al., 2005; Godefroid et al., 2011). Heterosis may improve fitness
and provide an opportunity for range expansion (Rogers and Mont-
alvo, 2004). In contrast, inbred individuals often show reduced fit-
ness and less resilience to stress than outcrossed individuals
(Keller and Waller, 2002).

Local germplasm did not always yield the greatest reintroduc-
tion survival. Broadhurst et al. (2008) admonish that the “local is
best paradigm” may lead to significant restoration failure in many
taxa precisely because of inbreeding depression and these failures
may erode confidence in restoration programs in general. Our find-
ings support this argument especially because our two mixed pop-
ulations were not genetically differentiated and showed signs of
inbreeding depression. Maintaining small inbred populations of
endangered species in isolation is not only ill-advised, it may doom

restoration efforts to failure. Using single source material will in-
crease the probability of inbreeding in small introduced popula-
tions (Vergeer et al., 2004). However, genetics are not the only
consideration. In our study, proximity to maternal origin was less
important than site identity. Optimal recipient site distance from
maternal source may be geographic, but it is also likely to be re-
lated to ecologic similarity (Maschinski et al., 2012b). This finding
has implications for managed relocation or assisted colonization
practice. We suggest that when selecting recipient sites for reintro-
ductions, whether they be within current range or outside of range,
pollination syndrome, maternal distance from recipient site, and
similarity to maternal site ecology should be considered.

Reintroductions are opportunities to improve the evolutionary
potential of degraded wild populations that may suffer from
inbreeding or outbreeding depression (Neale, 2012). Any decision
to mix populations for restoration will require first knowing some
ecological, demographic and genetic information, as all interact to
ensure the persistence of a species (Keller and Waller, 2002). It is
noteworthy that gathering uncontestable information takes time
and resources that are not always available to conservationists.
Our ecological and genetic studies of J. reclinata began in 2000
(Thornton et al., 2008; Pinto-Torres and Koptur, 2009) and the
reintroduced populations only reached the demographic bench-
mark of next generation recruitment 5 years after installation. In-
deed decades may be required before a population viability
analysis would be possible to demonstrate that the populations
were sustainable if conditions remained constant (Maschinski,
2006). The consequences of mixing populations may influence dif-
ferent life stages and generations differently (Fenster and Gallo-
way, 2000), therefore long-term monitoring is essential to test
theory.

Few reintroduction studies have been established long enough
to satisfy the data requirements needed to build PVA models (Albr-
echt et al., 2011; Knight, 2012; Monks et al., 2012) and few may
have had the benefit of agency support for the foundational re-
search we enjoyed. This is not a shortcoming of reintroduction
practice; it is a reality of the time required to research fundamental
biology and establish populations with next generation recruit-
ment. Time lags for population establishment will vary across sites.
We have observed good recruitment at two sites, but not at the
third. Our PVA models predicted negative population growth for
the Delray Beach population, the site with low recruitment, regard-
less of transplant breeding history. Because this site has vigorous,
healthy, fecund plants, we expect the population will likely recruit
next generation offspring if and when conditions become optimal
for seed germination and establishment (e.g., Venable, 2007) how-
ever, sufficient recruitment has not yet occurred to provide data for
the models. The population growth metric (1) allowed us to com-
pare growth rates across breeding treatments during the time-
frame included in the models (Crone et al., 2011), however more
time will be needed to assess whether future generations of these
mixed populations are as sustainable as the PVA models predict.
Future population sizes will greatly depend upon environmental
stochasticity and whether hybrid advantage breaks down.

With climate change models predicting more variable and more
extreme events (Allan and Soden, 2008; Bender et al., 2010; Durack
et al., 2012), initiating reintroductions with the highest probability
of survival will best ensure conservation of biodiversity. We call for
a re-examination of the “local is best paradigm” as the default pol-
icy for reintroductions. In the absence of the luxury of ample time
and finances to decide which source material is appropriate for a
reintroduction we advise using decision trees (Frankham et al.,
2011) and reintroduction guidelines (Maschinski et al., 2012a)
and paying close attention to ecology, life history, habitat special-
ization, and dispersal mechanisms of target species. For example,
selfing, gravity-dispersed, herbaceous annuals with habitat spe-
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Table 4

Matrices generated for each hand pollination X maternal origin treatment at three reintroduction sites. Lambda values for each are indicated. NA indicates hand pollination X

maternal origin treatment was not installed at the reintroduction site.

Haulover Beach Virginia Key Delray Beach
Seeds  Seedlings Adults Lambda Seeds  Seedlings Adults Lambda Seeds  Seedlings Adults Lambda
Control 0.896 Control NA Control NA
Seeds 0404 O 0.437 Seeds NA NA Seeds NA NA
Seedlings 0.103 0 0 Seedlings  NA Seedlings NA
Adults 0 0.857 0.808 Adults NA NA Adults NA NA
CR-Self 0.941 CR-Self NA CR-Self NA
Seeds 0404 O 0.637 Seeds NA NA Seeds NA NA
Seedlings 0.086 O 0 Seedlings NA Seedlings NA
Adults 0 0.96 0.837 Adults NA NA Adults NA NA
CR-Sib 0.926 CR-Sib 0.453 CR-Sib 0.806
Seeds 0404 O 0.471 Seeds 0404 0 0.001 Seeds 0404 0 0.001
Seedlings  0.098 0 0 Seedlings  0.098 0 0 Seedlings  0.098 0
Adults 0 0.813 0.848 Adults 0 0.813 0.286 Adults 0 0.813 0.806
CR-FN 0.924 CR-FN 0.961 CR-FN 0.850
Seeds 0404 O 0.333 Seeds 0404 O 1.824 Seeds 0404 O 0.091
Seedlings  0.08 0 0 Seedlings  0.08 0 0 Seedlings  0.08 0
Adults 0 0.86 0.876 Adults 1] 0.860 0.727 Adults 0 0.860 0.833
CR x SB 1.030 CR x SB 0.991 CR x SB 0.823
Seeds 0404 O 1.0004 Seeds 0404 O 0.921 Seeds 0404 O 0.001
Seedlings  0.09 0 0 Seedlings  0.09 0 0 Seedlings  0.09 0
Adults 0 0.895 0.905 Adults 0 0.895 0.863 Adults 0 0.895 0.823
SB x CR 0.923 SB x CR 1.036 SB x CR 0.889
Seeds 0404 O 0.471 Seeds 0404 O 1.578 Seeds 0404 O 0.063
Seedlings  0.08 0 0 Seedlings  0.08 0 0 Seedlings  0.08 0
Adults 0 0.795 0.86 Adults 0 0.795 0.882 Adults 0 0.795 0.880
SB-Sib NA SB-Sib NA SB-Sib 0.694
Seeds NA NA Seeds NA NA Seeds 0404 O 0.001
Seedlings NA Seedlings NA Seedlings 0.086 O
Adults NA NA Adults NA NA Adults 0 0.85 0.694
SB-FN NA SB-FN NA SB-FN 0.897
Seeds NA NA Seeds NA NA Seeds 0404 O 0.063
Seedlings NA Seedlings NA Seedlings 0.084 0
Adults NA NA Adults NA NA Adults 0 0.731 0.888

cialization have been shown to be more prone to maladaptation
when populations are mixed, whereas wind-pollinated and seed-
dispersed species would be more suitable for population mixing
(Broadhurst et al., 2008). For rare species with few remaining indi-
viduals, great care is warranted and our ultimate goal is creating
populations with the greatest genetic potential possible, but we
concur with Frankham et al. (2011) that conservationists are being
overly concerned about outbreeding depression, assuming local
adaptation, when the central focus should be maximizing genetic
diversity and trusting in natural selection.
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ABSTRACT: Maintaining native plant diversity through fire management is challenging in the wild-
land-urban interface. In subtropical South Florida, fragments of fire-dependent, globally imperiled pine
rockland forest are scatiered throughout urban areas. To determine the effects of recent fire frequency,
major soil type, and fragment size on species composition, we measured understory vascular plant
presence and cover in 162 plots distributed among 16 publicly-owned pine rockland preserves in 1995
and 2003. Fragments received either 0, 1, or > 1 burn(s) between sampling periods. Native plant rich-
ness was very high overall. Major soil type, which varies regionally and is associated with latitude and
elevation, strongly influenced the assemblage of species present at a given site. Native species cover was
significantly different across different burn categories. Fragment size was positively associated with plant
species richness, but small fragments had high variance in the total number of native plant species they
supported, with some having nearly as many plant species as the largest fragment. Examining trends
over time for rare native and invasive non-native plant species revealed the spread of the invasive grass
Rhynchelytrum repens (Willd.) C.E. Hubb. and showed no major decreases in rare plant species. In
general, this study provided encouraging results for managers of small urban forest fragments, showing

Fire Frequency, and

that they can maintain high levels of native plant diversity, even when fire occurs infrequently.

Index terms: fire, forest fragments, pine rockland, species richness, wildland-urban interface

INTRODUCTION

As the world’s forests continue to disappear,
natural area managers must increasingly
become experts in the “art and science” of
maintaining urban forest fragments (Janzen
1988). Although the composition of such
remnants differs from that of intact forests
(Laurence and Bierregaard 1997), many of
these scattered pieces play a vital role in
conserving regional native plant richness.
In fact, small fragments (< 40 ha) have
been shown to contain species richness
rivaling or even exceeding that of large
preserves (Simberloff and Gotelli 1984,
Shafer 1995; Gann et al. 2002; Pither and
Kellman 2002).

Managing for native species richness in
urban fragments is difficult, with a suite
of unique issues spanning from social to
ecological. Aside from direct destruction,
societal impacts on urban forest fragments
include increased influx of non-native
plants (Noss and Csuti 1997) and animals
(Castillo and Clarke 2003; Meshaka et al.
2004), as well as dumping of household
trash (Chavez and Tynon 2000) and con-
struction debris. Ecological issues include
isolation and edge effects, which lead to
an over-abundance of disturbance-adapted
species and lower rates of pollination
and propagule dispersal (Noss and Csuti
1997).

In pyrogenic forests, an additional effect
of fragmentation is loss of the natural fire
regime that is vital to maintain the system

{Noss and Csuti 1997). As fire suppression
becomes the norm, re-introducing fire to
urban fragments poses a whole new suite
of social issues (Davis 1990), while the
major ecological issue becomes succession
to a non-pyric community, threatening
biodiversity in that system (Leach and
Givnish 1996; Heuberger and Putz 2003;
Varner et al. 2005). In fire-suppressed
urban forest fragments, populations of
rare species become extremely difficult
to maintain. The “art and science” of
management enters when managers must
combine both species-based and process-
based management (Hobbs 2007). Land
managers face the conflicting goals of
re-introducing fire to the landscape for the
good of overall biodiversity while trying
not to extirpate rare species that may be
vulnerable to fire. Further complicating
the issue, land management budgets are
usually so woefully inadequate that money
must be carefully allocated to only the
most effective techniques (Laurence and
Bierregaard 1997). It is, therefore, crucial
that land managers adapt their restoration
techniques to be as effective as possible.
To this end, we present a management
case study in remnants of fire-suppressed,
globally critically imperiled pine rockland
forest in Miami-Dade County (Florida).

It is the primary goal of Miami-Dade
County land mangers to “maximize native
biotic diversity” (Miami-Dade County Nat-
ural Areas Management Working Group
2004). Restoration strategies employed
in the County’s pine rockland preserves
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include controlling invasive plant species
infestations and conducting regular burns.
But given that prescribed fires are often
unfeasible, the County’s Natural Areas
Management Division conducts manual
hardwood reduction treatments as a sur-
rogate for capturing some of the ecological
benefits of frequent fires. This process also
prepares a fragment for possible future
prescribed fires by removing vegetation
that is less likely to burn. Whether it is
achieved through fire or through manual
treatment, the target structure for pine
rockland forests managed by Miami-Dade
County is one in which hardwoods are
reduced in stature and cover, palms occupy
approximately 25% of the midstory cover,
and shrub gaps contain a diverse mosaic
of understory grasses and forbs (Maguire
1995). Reasons for this target vegetation
structure include promoting diverse under-
story flora, increasing fine fuels (thereby
reducing smoke output), and preventing
hot burning fires that kill young pine trees
(Maguire 1995).

In order to provide feedback to local land
managers on the effectiveness of their
restoration practices, we examined patterns
in pine rockland plant diversity over an
eight-year period. We looked at the ef-
fects of three environmental factors that
we believed would influence plant species
composition, and we examined changes in
abundance and cover of both rare native
plant species and non-native invasive plant
species between sampling periods. Our
goals in this endeavor were to: (1) elucidate
some of the underlying factors that affect
plant species composition, (2) determine
whether fire management affects plant
species richness and floristic composition
within this time period, and (3) reveal
any possible rare plant species losses or
invasive plant species increases.

Environmental criteria we examined in-
cluded major geographic region (based
on edaphic factors), recent fire frequency,
and fragment size. For major geographic
region, we referred to the work of O'Brien
(1998). In that study, he spatially defined
three distinct geographic regions of Mi-
ami-Dade pine rockland forest that were
previously suggested by Robertson (1955)
and Snyder et al. (1990). For classification,

he used major soil type, though he noted
a north to south environmental gradient
whereby elevation and soil characteristics
were correlated with latitude. O’Brien
(1998), as well as Robertson (1955) and
Snyder et al. (1990) all suggested that plant
community composition changes along this
gradient (although this has never, to our
knowledge, been quantified). We, therefore,
predicted that floristic composition in this
study would differ by geographic region,
sensu O’Brien (1998). Second, because
pine rocklands have been well-documented
as a fire-dependent ecosystem (Robertson
1953; Wade et al. 1980; Snyder et al. 1990),
we hypothesized that fragments receiving
multiple fires from 1995 to 2003 would
have greater native plant species richness
and significantly different floristic com-
position than unburned or less frequently
burned fragments. Third, we predicted that
fragment size would be positively associ-
ated with plant species richness, per the
theory of island biogeography (MacArthur
and Wilson 1967). Though fragment size
has been shown to be a reliable predictor
of plant species richness in many different
systems (e.g., Honnay etal. 1999; Gillespie
2005), it has not been supported in other
studies (Robinson et al. 1992; Holt et al.
1995), and its over-use has been criticized
as irrelevant for planning and managing
preserves (Saunders et al. 1991).

In addition to the predictions described
above, we also wanted to utilize this dataset
to examine the changes in abundance and
cover of both rare native plant species and
non-native invasive plant species between
sampling periods 1995 and 2003—some-
thing of great interest to local land man-
agers. It has been shown that richness of
native pineland understory plant species
can be increased through fire management
(Brockway and Lewis 1997; Sparks et al.
1998) and thinning of overstory vegetation
(Maschinski et al. 2005). Additionally, it
is generally accepted that biological inva-
sions can reduce native biodiversity (Elton
2000; Simberloff 2005). Thus, if manag-
ing to maximize native biotic diversity on
Miami-Dade County preserves has been
successful, we expected to see decreased
abundance and cover of non-native plant
species, coupled with unchanged or in-
creased abundance and cover of rare native

plant species.

STUDY AREA

Pine rocklands were historically shaped
by fires every two to 10 years that culled
fire-intolerant trees and shrubs (Robertson
1953; Wade et al. 1980; Snyder et al. 1990).
In the United States, pine rocklands are
primarily located in subtropical southeast
Florida, where they are distributed atop the
Miami Rock Ridge. This limestone forma-
tion extends southwest from downtown
Miami for approximately 60 km and then
bends due West, extending 20 km into the
Long Pine Key area of Everglades National
Park (Figure 1). The ridge rarely exceeds
7 m in elevation. While most Florida pine
rocklands are in Miami-Dade County,
smaller parcels exist on geologically dis-
tinct limestone outcroppings in adjacent
Collier and Monroe counties (Snyder et
al. 1990). Pinelands sharing many of the
same species, but dominated by Pinus
caribaea Morelet, are found on the four
northernmost istands of the Bahamas (Cor-
rell and Correll 1982; TNC 2003) and the
Turks and Caicos Islands (TNC 2003). All
Florida pine rocklands are characterized
by an overstory of Pinus elliottii Engelm.
var. densa Little & Dorman, a midstory
dominated by palms and shrubs, and a
diverse understory comprised of perennial
grasses and herbs. The substrate is lime-
stone with occasional shallow sand. Mean
annual rainfall is 1400-1530 mm (Snyder
et al. 1990). Outside Everglades National
Park, Miami-Dade County pine rocklands
occupy only about 920 ha, which is less
than 2% of the original range (Bradley
2005). This substantial habitat loss has
contributed to pine rocklands being listed
as a globally critically imperiled natural
community (FNAI 2006). Remaining pine
rockland fragments of Miami-Dade County
are extremely important for conserving the
unique plant richness in South Florida.
Florida pine rocklands contain 98 state
listed and 16 federal listed vascular plant
species (Gann et al. 2006). Furthermore,
this plant community has a high degree
of endemism, with 41 vascular plant taxa
endemic to Florida and 25 species found
only in pine rocklands of Florida (Gann
et al. 2006). Most of these endemic plant
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Figure 1. Location of 18 study plots in 16 of Miami-Dade County’s managed pine rockland preserves. Geographic regions are labeled in white,

species require a fire return interval of less
than five years to maintain their habitat
(Robertson 1954).

Miami-Dade County is a matrix of roads,
buildings, and agricultural fields with a
human population of more than 2.4 mil-
lion (U.S. Census Bureau 2004). Since
its 1991 inception, the County’s Natural
Areas Management Division has main-
tained a prescribed fire program in its
pine rocklands, yet weak public support
has been a persistent barrier to its success.
Residents of the Greater Miami area are
the least educated in the state about the
need for and benefits of prescribed fire

{Anonymous 2004). Further management
challenges are presented by the small size
of pine rockland fragments, which poses
acquisition, protection, and management
issues. Of the 51 Miami-Dade pine rock-
land preserves, 45 are < 40 ha in size and
32 of those are < 10 ha.

METHODS

Sampling methods

We revisited historic plots and examined
vegetation data held at Fairchild Tropical
Botanic Garden to determine how major

pine rockland region (sensu O’Brien 1998),
recent fire frequency, and fragment size
influence understory plant diversity. In
1994-1995, Fairchild staff installed 20-m
x 40-m macroplots in each of the major
pine rockland fragments of Miami-Dade
County (Kernan 1994). Within each mac-
roplot, they randomly selected three 5-m
x 5-m subplots, and within each of these
plots, they randomly selected three 1-m x
1-m subplots (Figure 2). They permanently
marked all plots with subterranean rebars
and mapped each rebar with a submeter
accurate Trimble ProXR GPS unit. From
March through October of 1995, Fair-
child staff recorded all vascular vegetation
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< 0.5 m tall in each 1-m x 1-m subplot,
including trees, shrubs, vines, grasses, and
herbs. They listed each species, estimating
percent cover for each using an eight-class
system: 0%, < 1%, 1-5%, 5-15%, 15-30%,
30-50%, 50-80%, and > 80%. They did not
measure cover of non-photosynthetic veg-
etation, such as trunks of Serenoa repens
(W.Bartram) Small.

From May through September 2003, we

re-sampled 162 of the 1-m x 1-m subplots
nested within 18 macroplots installed by
Keman (1994). While this sampling period
was slightly truncated from that of 1995, it
encompassed the growing season, ensuring
that we were capturing all species present.
Plots were distributed throughout 16 pine
reckland fragments in a 42 km x 12 km
area of the Miami Rock Ridge. All frag-
ments are preserves owned and managed
by Miami-Dade County. During the study
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Figure 2. Schematic of original sampling design by Kernan (1994). Study plots (1 x 1 m) were nested
within 5 x 5 meter plots, which were in turn nested within 20 x 40 m macroplots. This study only con-

sidered data from the 1 x 1 meter subplots.

period, the county thinned hardwoods and
removed invasive plants from fragments
regardless of plot placement.

To examine how environmental factors
influenced assembly of native plant spe-
cies in the pine rockland plant community,
we subjected all presence/absence data
for native species in 2003 to Principal
Components Analysis (PCA) in PC-ORD
{McCune and Mefford 2006). We assigned
each study site to either the Biscayne or
Redland pine rockland region, as cir-
cumscribed in O’Brien (1998). We did
not collect data from the Long Pine Key
region, which is located inside Everglades
National Park (Figure 1). Using fire fre-
quency data from Miami-Dade County
records, we assigned macroplots to one of
three categories depending on whether they
received no fires, a single fire, or multiple
fires between 1995 and 2003. Because all
unburned plots occurred in the Biscayne
region, we examined fire frequency in
each region separately. In the Biscayne
region, we assigned macroplots to three
categories: five sites had no fires, three
sites had a single fire, and five sites had
multiple fires. In the Redland region, we
compared three macroplots that received
one fire to two macroplots that had mul-
tiple fires (Table 1). We sampled from two
macroplots at Pineshore Pineland and Larry
& Penny Thompson Park (in both cases,
one unburned plot and one single-burn
plot), because each represented a recent
fire history that was underrepresented in
the total dataset (Table 1). Burns included
both controlled burns and wildfires.

We defined species richness as the number
of species per sampling unit (McCune and
Grace 2002). Taxonomy generally followed
Wunderlin (1998). We conducted analyses
of variance (ANOVA; SYSTAT Software
2002) to determine whether species rich-
ness was significantly different between
sampling periods and whether major pine
rockland region and recent fire history
influenced species richness.

To determine whether community assem-
blage within the two regions predictably
changed with fire frequency, we used both
presence/absence and coverage data. First,
we performed a factor analysis to reduce
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Table 1. Eighteen sampling plots in Miami-Dade County preserves. Means are followed by standard errors,
Fragment # burns Months since Mean native plant  Mean native plant

Site Name size (ha) 1995-2003 last burn richness 1995 richness 2003
Biscayne Region

Larry & Penny ThompsonA 93 1 53 13.1£0.7 189+1.0
Larry & Penny ThompsonB 93 0 >96 149 + 0.8 19.7+0.8
Nixon Smiley 48.5 > 52 8.8+0.6 13.9+1.1
Deering Estatc South Addition 13.5 1 21 6709 92+09
Tamiami Complex Addition 10.5 0 >96 140+ 0.9 188+ 1.7
Bill Sadowski 85 0 >96 13.2% 1.2 16.6 = 1.1
Ludiam 4 >1 8 13.3+0.6 19.2+£09
Ned Glenn 4 >1 40 156 0.9 220£0.7
Ron Ehman 3 0 > 96 123+ 2.1 15315
Pineshore PinelandA 2.5 0 >96 126 £0.9 10714
Pineshore PinelandB 25 1 27 158+1.9 15.7+0.8
Coral Reef 2 > 64 158+ 0.8 17.8+09
Tropical 2 >1 70 5.0+04 98+0.7
Redland Region

Navy Wells 143 i 27 18.1 £2.0 269+19
Camp Owaissa Bauer 40 1 26 123+£0.7 148+ 0.5
Sunny Palms 16.5 >1 13 58+0.3 13.4+£0.6
Seminole Wayside >1 1.5 16.6 £ 0.7 179+ 1.1
Ingram 1 90 (est.) 8.8+ 1.2 142+ 1.3

the number of species present in the study  Toexamine trends over time inthe presence ~ RESULTS

plots and improve precision of classifica-
tion analyses. Using species’ coverages
represented by medians calculaled from
percent cover class of each species pres-
ent in a study plot, we selected variables
within each region with component load-
ings > 0.3 in the first two axes to enter
into the Stepwise Discriminant Analysis
(SDA). We report the final reduced model
that best defined the classification of plots
by fire frequency for each region.

We used linear regression to examine the
relationship between fragment size and na-
tive understory richness in 2003 (SYSTAT
Software 2002). As suggested by Cook et
al. (2002), we omitted non-native species
from this analysis in favor of species na-
tive to South Florida pine rockland, so that
species from the matrix would not obscure
patterns in native species richness.

of rare plant species and non-native,
invasive plant species, we first needed to
define the terms “rare™ and “non-native
invasive.” In cases where we discuss rare
species, we define these as native plant
species listed as endangered by the state
of Florida (Coile and Garland 2003). For
non-native invasive plant species, we used
those classified as “Category I” by the
Florida Exotic Pest Plant Council. This
classification indicates that the species
is altering native plant communities
(FLEPPC 2007). Significance tests for
changes in most important non-native
invasive plant species and rare plant species
were generated using the paired t-test
function in SYSTAT. All means we report
include notation of standard error.

Native plant species

Study plots had a total of 182 native vas-
cular plant species in 1995, with average
species richness per 1-m x 1-m plot ranging
from 5.0 + 0.4 to 18.1 + 2.0. In 2003, we
recorded 187 native species, with average
species richness ranging from 9.2 + 0.1
10 26.9 +_1.9 (Table 1). Comparing plant
species lists from 1995 and 2003, there
was a 68% overlap. as indicated in the
Appendix. Per plot native plant richness
changed significantly between sampling
years, increasing by an average of 4.5
species in each plot (ANOVA, F, |4, =
100.10, p < 0.001).

Major pine rockland region, which was
primarily differentiated by soil type, had
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a strong influence on the assemblage of
native plant species present in study plots
(PCA., Figure 3). The seven species that
most distinguished major region along
the first axis were all found primarily or
exclusively in the Redland region: Koano-
phyllon villosum (Sw.) King & H.Rob,,
Guentarda scabra (L.) Vent., Galium
hispidulum Michx., Pteridium aquilinum
(L.) Kuhn var. caudarum (L.) Sadebeck,
Ardisia escallonioides Schiede & Deppe
ex Schiltdl. & Cham., Toxicodendron radi-
cans (L.) Kuntze, and Forestiera segregata
(Jacq.) Krug & Urb. In the Biscayne region,
Euphorbia polyphylla Engelm. ex Chapm.
and Dyschoriste angusta (A. Gray) Small
were most important for distinguishing
region, but they were less important than

the seven Redland species. Although region
affected native plant species assemblage,
it did not significantly influence overall
native plant species richness (ANOVA,
F1. 160 = 2.56, p = 0.111).

Recent fire frequency had less influence
than region on the assemblage of native
plant species present in study plots. Plots
receiving zero, one, or multiple burn(s) did
not form distinct clusters in plant species
space when only presencefabsence was
considered (PCA, data not shown). In the
Redland region, native plant species rich-
ness was not significantly different among
recent fire frequencies (ANOVA, F| 43, =
1.273, p = 0.266). However, recent fire
frequency significantly influenced native

plant species richness in Biscayne plots
(ANOVA,F, | )4,=7.444,p=0.001). Con-
trary to expectations, a post-hoc analysis
using Tukey’s HSD multiple comparison
test showed that plots experiencing a single
burn over the study period had significantly
lower native plant species richness than
unburned (p = 0.001) and multi-burn (p
= 0.006) plots.

While presence/absence data showed little
effect of recent burn history, Stepwise
Discriminant Analysis using coverage data
revealed that native plant species cover
was significantly different in study plots
across different burn categories. For plots
in the Biscayne region, native plant spe-
cies presence and coverage in single burn

Cs2

= BISCAYNE
o REDLAND

CS1

Figure 3. Principal Components Analysis of study plots in plant species space. Study plots (1 x 1 m) are separated by major pine rockland region as described

in O’Brien (1998).
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plots overlapped with that of the other two
burn categories. Yet, differences were much
more apparent when comparing unburned
plots with those receiving multiple burns
(SDA, F(36, 194) = 3.80, P < 0.001, Figure
4). A total of 72% of Biscayne region
plots were correctly grouped by the jack-
knife classification. Breaking this down by
burn class, 60% of unburned plots were
classified correctly, as were 78% of single
burn plots and 80% of multiple burn plots.
Plots in the Redland region also showed

significantly different floristic composition
between burn categories (SDA, F(zo, W=
7.15, P < 0.001). We could not generate
a scatter plot of canonical scores for these
plots because discriminant analysis yielded
a single discriminant function axis. Over-
all, 82% of Redland plots were correctly
grouped by the jackknife classification,
with 78% of single burn plots and 89% of
multiple burn plots correctly classified. In
total, SDA used 36 species to classify plots
by recent fire frequency, with 18 species

used in the Biscayne region (of 30 total) and
20in the Redland region (of 47 total) (Table
2). All species considered for inclusion in
the models are indicated in the Appendix
at the end of this manuscript.

Fragment size had a positive influence on
native plant species richness in understory
plots, explaining 32% of the variation (r?=
0.32, p = 0.014, Figure 5). However, there
was a wide range in native plant species
richness among the smallest preserves.

CS2

1

EMULTI
O NONE
— SINGLE

CS1

Figure 4. Canonical scores from Stepwise Discriminant Analysis of plant species’ coverage in the Biscayne region, classified by recent fire frequency (zero,
single or multiple burn(s) within the past eight years). Ellipses are centroids plus confidence intervals.
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Table 2. Species used in model to classify study plots into one of three categories for recent fire fre-
quency: no burns, one burn, er multiple burns. Species are sorted according to the burn category in
which they were most prevalent. In the Biscayne region, there were no species with greatest mean
coverage in single burn plots, Asterisks indicate non-native taxa.

Biscayne Region

Redland Region

Greatest mean coverage in
unburned plots

Aeschynomene viscidula
Angadenia berteroi
Croton glandulosus
Paspalum monostachyum
Polygala grandiflora
Spermacoce verticillata*

Greatest mean coverage in
muitiple burn plots

Chiococca parvifolia
Cynanchum blodgettii
Desmodium incanum
Dvschoriste angusta
Elionurus tripsacoides
Evolvulus sericeus
Nephrolepis biserrata
Parthenocissus quinquenervia
Pirigueta caroliniana
Ruellia succulenta
Schizachyrium rhizomatum

Equal coverage in both plot types
Acalypha chamaedrifolia

Greatest mean coverage in
single burn plots

Ardisia escallanioides
Aster adnatus

Aster concolor

Ayenia euphrasiifolia
Chamaecrisia deeringiana
Chiococca parvifolia
Chridoscolus stimulosus
Galactia volubilis
Guettarda scabra

Schizachyrium sanguineum

Greatest mean coverage in
multiple burn plots

Abildgaardia ovata

Angadenia berteroi

Galactia smallii

Galium hispidulum

Koanophylion villosum
Macroptilium lathyroides*
Pityopsis graminifolia

Poinsettia pinetorum

Pteridium aquilinum var. caudatum

Pteris bahamensis

Presence and cover of rare native plant
species in managed plots increased over
the sampling period in many cases, but this
change was significant for only one species,
federally endangered Galactia smallii H.J.
Rogers ex Herndon (Table 3). Study plots
contained 14 Florida endangered plant
species. From 1995 to 2003, only three of
these 14 rare species decreased in number
of plot occurrences. No plant species were
lost from the study plots over this period;
in fact, four previously undocumented rare
species were recorded. Unfortunately, the
dataset was not large enough to support
analyses on the effects of fire frequency

or fragment size on rare plant species
abundance or cover.

Non-native invasive plant species

Non-native plant species were not a major
component of vegetative cover in this study.
Plots at Navy Wells had the highest mean
non-native plant species cover at 3.1%.
The majority of non-native cover at Navy
Wells was comprised of Schinus terebin-
thifolius Raddi. For both sampling pericds
combined, all study plots contained a total
of just 24 non-native plant species, many

of which were not widely distributed. In
fact, 70% (in 2003) to 72% (in 1995) of
all plots did not contain any non-native
plant species. In examining only those plots
containing non-native plant species, aver-
age cover fell from 4.7% in 1995 to 1.8%
in 2003, but this trend was not statistically
significant (ANOVA, Fos) = 376, p =
0.06). Of all non-native plant species, the
most prevalent were Schinus terebinthifo-
lius, Neyraudia reynaudiana (Kunth) Keng
ex A.S. Hitchc., and Rhynchelytrum repens
(Willd.) C.E. Hubb. (Table 4).

In comparing occurrences of most invasive
non-native plant species between sampling
periods, we found a general trend in which
Ardisia elliptica Thunb., Neyraudia reyn-
audiana, and Schinus terebinthifolius were
less abundant over time. This effect was
not statistically significant for any of these
species using paired t-tests (Table 4). The
opposite was the case for Rhynchelytrum
repens. This species was absent from all
plots in 1995, but was present in 23 plots
in 2003, with a significant increase in mean
cover in those plots by 1.2% (p = 0.01).
All but one of the 23 plots containing R.
repens had at least one burn during the
study period.

DISCUSSION

Native plant species

Native plant species richness is very high
in Miami-Dade County’s fragmented pine
rockland preserves. The documentation of
182 and 187 native taxa in our 162 study
plots (totaling 0.016 ha) is high compared
to one study in Everglades pine rocklands,
where DeCoster et al. (1999) found a
maximum of 128 species in a 0.1-ha plot.
While overall native plant richness in
our plots did not change greatly between
sampling periods, native plant richness on
a per-plot basis significantly increased.
Several factors may account for this.
Natural Areas Management practices that
commenced in 1991, such as removal of
non-native invasive plant species and native
hardwoods as well as prescribed burning,
were likely to have favored the biologically
rich pine rockland understory. In addition,
observer influence could explain part or
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Figure S. Regression of fragment size compared to native plant richness within 1 x 1 m study plots (r? = 0.32, P = 0.014). Mean native plant richness for each
fragment (N = 18) is presented here. Solid diamonds represent sites in the Biscayne region and hollow circles represent sites in the Redland region.

all of the increase in native plant species
richness. Assistant data collectors changed
over time, and while the lead observer
(Woodmansee) remained the same in both
1995 and 2003, he continued to build on
his knowledge of plant taxonomy in the
eight-year interim.

This work lends quantitative support to
previous suggestions (Robertson 1955;
Snyder et al. 1990; O’Brien 1998) that
species composition is distinctly different
between the Biscayne and Redland regions
of the Miami Rock Ridge. In showing
these differences, we underscore both the
importance of considering edaphic factors
in regional studies of species composition
as well as the need to preserve fragments
of different edaphic types in order to
maximize native biodiversity.

Although our results suggest that a single
burn will reduce native pine rockland plant
richness on Biscayne soils, we assert that
these results are most likely an artifact

of the unusually low number of species
at the Deering South Addition (Table 1),
the limited time span of our study, and
the low number of single burn plots we
were able to sample from the Biscayne
region (just 27, compared to 45 for both
unburned and multi-burn plots). Deering
South Addition plots are depauperate of
both native and non-native plant species,
with a mean of 10.1+0.9 total species (com-
pared to 17.4+0.4 species in all other plots
combined). In addition, when we removed
Deering South Addition plots from the
analysis, recent fire frequency no longer
significantly affected native plant species
richness (ANOVA, F(2.105) = 1.720, p =
0.184). Most likely, the low diversity at
Deering South Addition is because the area
was unmanaged for years and had begun
to succeed to a closed-canopy hammock
with few understory species. Repeated
manual reduction of hardwoods by Mi-
ami-Dade County (in 1995, 1997, 1999,
2002, and most intensively in 2003) as
well as a prescribed burn in 2001 has not

yet promoted recovery of the diverse pine
rockland understory. Overall, we believe
that significant change in pine rockland
plant species richness occurs over a longer
time span than the length of this study,
but we are not able 1o prove this with our
existing dataset.

In contrast to the slow response time of
plant species richness, it is interesting
to note that even in the relatively short
eight-year span of this study, the number
of fires received by study plots affected
floristic composition. Certain plant species
appeared to be much more affected by re-
cent fire frequency than others (Table 2). In
both the Biscayne and the Redland regions,
the majority of plant species used in the
discriminant analysis function are found in
pine rockland forests that have very sparse
canopy and shrub layers permitting high
herbaceous diversity. Those plant species
that had the greatest mean coverage in
unburned plots are mostly limited to small
native herbs and grasses. Exceptions to this
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Table 3. Presence and cover of fourteen Florida endangered plant species found in study plots. Asterisks indicate species that are also listed as endangered
by the U.S. Endangered Species Act. Columns headed by “# plots™ show the number of plots that contained each species.
1995 2003 Difference
Avg. Avg. Avg. p-value in
# plots % cover # plots % cover #plots % cover paired t-test
Alvaradoa amorphoides 0 0 0.5 | 0.5 N/A
Argythamnia blodgettii 3 1.33 5 1.25 2 -0.08 0.827
Bourreria cassinifolia 1 0.5 1 0.5 0 0 N/A
Chamaesyce deliwidea ssp.
adhaerens * 0 0 1 3 1 3 N/A

Chamaesyce deltoidea * 7 1.57 11 1.41 4 -0.16 0.87
Chamaesyce deltoidea ssp.

pinetorum 3 0.5 5 0.5 2 0 0.516
Chamaesyce porteriana 0 0 0.5 1 0.5 N/A
Galactia smallii * 5 0.5 7 0.5 2 0 0.001
Ipomoea tenuissima 6 0.92 0.5 -4 -0.42 0.185
Koanophylion villosum 12 3.58 21 1.33 9 -2.25 0.615
Lantana depressa 4 4.13 1 3 -3 -1.13 0.239
Poinsettia pinetorum 3 0.5 10 0.75 7 0.25 0.067
Scutellaria havanensis 3 0.5 2 0.5 -1 0 0.638
Trema lamarckianum 0 0 3 1 3 N/A

included the sometimes aggressive native
ferns Nephrolepis biserrata (Sw.) Schott
and Preridium aquilinum var. caudatum,
native vine Parthenocissus quinquefolia
(L.) Planch., native shrub Koanophyl-
lon villosum, and non-native sub-shrub
Macroptilium lathyroides (L.) Urb. With
the exception of K. villosum, the authors
have noted that each of these species can
be quick to colonize disturbed areas.

Although there was a positive correlation
between fragment size and native plant spe-
cies richness, this relationship might have
been stronger if we had data on mid-sized
fragments. We lack these data because there
are virtually no mid-sized pine rockland
preserves in Miami-Dade County. Close to
95% of pine rockland preserves are < 40
ha in size. All remaining preserves are >

80 ha, except for one newly acquired 54-ha
unit that contains some pine rockland. As
a whole, small fragments had wide vari-
ance in the total number of plant species
they supported. It was striking that many
of the smallest preserves in our study (<
15 ha) had levels of plant species richness
that approached or exceeded those of plots
in larger preserves. This highlights the
importance of conserving even small frag-

Table 4. Presence and cover of the four non-native plant species found in study plots that are classified as “Category I’ by the Florida Exotic Pest Plant
Council (2007). Columns headed by “# plots” show the number of plots that contained that species in 1995 or 2003. Paired t-tests were conducted to test

for significant differences in percent coverage of each (axon in 1995 versus 2003.

1995 2003 Difference
Avg, Avg. Avg. p-value in
#plots % cover #plots % cover #plots % cover paired t-test
Ardisia elliptica 3 14.2 1 3 -2 -11.2 0.053
Neyraudia reynaudiana 7 39 5 l -2 -2.9 0.143
Rhynchelytrum repens 0 0 23 1.2 23 1.2 0.01
Schinus terebinthifolius 24 6.1 5 5.4 -19 -0.7 0.111
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ments and indicates that preserve size is
one of the factors influencing plant specics
richness, along with soil type, hydrology,
firc history, and disturbance.

Over the study period, the significant
increase in cover of federally endangered
Galactia smallii as well as the increased
occurrences of |1 other rare plant specics
suggests pine rockland preserves in Mi-
ami-Dade County are being managed in a
positive way supporting floristic diversity.
This study was not designed to detect rare
plant species or track them over time;
thus, we have insufficient data to explain
directly why rare plant species presence
and cover changed or did not change over
time. Monitoring and research efforts that
include focusing on specific taxa, tagging
individual plants, and mapping with GPS
and GIS technology would be more effec-
tive for detecting the response of rare plant
species to land management activities,
Nevertheless, data gathered during this
larger study suggest many rare plant species
are thriving in Miami-Dade County pine
rockland preserves, and active management
can prevent rare species losses.

Non-native invasive plant species

Ongoing invasive plant species programs in
Miami-Dade County preserves most likely
contributed to the fact that overall non-na-
tive plant species were not a significant
component of plant cover in study plots.
The decline in abundance of the invasive
non-native species Schinus terebinthifo-
lius, Nevraudia reynaudiana, and Ardisia
elliptica Thunb. from 1995 to 2003 can
be attributed to active invasive species
management. These three species are all
removed regularly when funds permit. An
exception to the trend of non-native plant
cover decreasing from 1995 to 2003 was
the observed increase of the short-lived
perennial non-native grass Rhynchelvtrum
repens. The sharp increase in R. repens
occurrences since 1995 is a major manage-
ment concern, especially considering that
R. repens responds positively to fire. It is
difficult 1o treat because it often grows
interspersed with native grasses and herbs,
and it has recently been shown to displace
native grass species in pine rocklands (Pos-

sley and Maschinski 2006).

Conclusions

At the local scale, this study elucidates
some of the factors influencing species
assemblage and suggests directional trends
for cover of both rare native species and
non-native invasive species in managed
preserves. Region and corresponding
edaphic factors strongly influenced the
assemblage of native species present in
study plots. To a lesser degree, recent
fire history also influenced native species
assemblage. We showed that significant
loss of native plant diversity did not occur
during the eight-year time scale of this
study. However, increase in occurrences
of the invasive grass Riivnchelytrum repens
should cause alarm for South Florida land
managers. At the broader scale, this work
demonstrates the ecological value that
exists in urban fragments, even when they
are small and fire-suppressed, emphasizing
the importance of acquisition, preservation,
and restoration of these parcels.
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