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ABSTRACT

| studied the spatial distribution and the demographic structure of the mistletoe
Phoradendron anceps in relation to the distribution of its host (Pisonia albida), in a 5.29
ha plot in the Guanica forest. Both parasite and host species had an aggregated spatial
pattern. The mistletoe spatial pattern was mainly explained by the host size and by
dispersal. Larger Pisonia trees were generally more frequently and intensively parasitized
than smaller trees. Parasitized trees were more prevalent in low-density stands than in
high-density stands. Foraging and feeding behavior of Euphonia musica suggested that it
could be the main disperser of the mistletoe seeds. Seed dispersal appeared to be
distance-limited. The demographic structure of the mistletoe was analyzed by considering
the mistletoe population in the study plot as a metapopulation of mistletoe subpopulations
on individual trees. Subpopulation structures were not correlated with the spatial distance
between them. Six subpopulation structure patterns were identified. Apparently, larger
subpopulations with a high number of reproductive individuals may be the sources of
seeds not only for these subpopulations themselves but also for nearby subpopulations.
The overall mistletoe metapopulation structure suggests that recruitment of young
mistletoes has been relatively continuous over the past few years. The Phoradendron
anceps-Pisonia albida system in Guanica best fits the habitat-tracking metapopulation

model in which the habitat patches are dynamic.



RESUMEN

Estudié la distribucion espacial y la estructura demografica del muérdago
Phoradendron anceps en relacion con la distribucion de su hospedero (Pisonia albida),
en una parcela de 5.29 ha. en el bosque de Guanica. Ambos, parasita y hospedero
presentaron un patron de distribucion agregado. El patrén espacial del muérdago se
explicd principalmente por el tamafio del hospedero y la dispersion. Los &rboles de
Pisonia de mayor tamafo generalmente estuvieron parasitados mas frecuente e
intensivamente que los de menor tamafio. Los arboles parasitados predominaron mas en
donde habia menor densidad de arboles que en donde habia mayor densidad. El
comportamiento de forrajeo y alimentacién de Euphonia musica sugirié que éste podria
ser el dispersor principal de las semillas del muerdago. La dispersion de las semillas
estuvo limitada a cortas distancias. La estructura demogréafica del muérdago fue analizada
considerando la poblacion del muérdago en la parcela de estudio como una
metapoblacion de subpoblaciones del muérdago sobre arboles individuales. Las
estructuras de las subpoblaciones no estuvieron correlacionadas con la distancia espacial
entre ellas. Se identificaron seis patrones de la estructura demografica de las
subpoblaciones. Aparentemente, las subpoblaciones mas grandes con un gran numero de
individuos reproductivos, podrian ser fuentes de semillas no s6lo para sus propias
subpoblaciones sino también, para las subpoblaciones cercanas. La estructura general de
la metapoblacion sugiere que el reclutamiento de muérdagos jovenes ha sido
relativamente continuo durante los Gltimos afios. El sistema Phoradendron anceps-
Pisonia albida en Guénica se ajusta mejor al modelo de metapoblaciones de rastreo de

habitat (“habitat-tracking metapopulation model’”) en el cual los parches son dinamicos.
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INTRODUCTION

Most people associate mistletoes with Christmas. Some families of Europe, Canada
and United States used to put a mistletoe twig above the door frame or hang it up on the
ceiling, so that any person who stood under the mistletoe could be kissed inoffensively by
another. The supernatural and mystical powers of mistletoes date back to nearly two
thousands years ago (Kuijt 1969). These powers have been attributed to mistletoes
because they grow from branches of other plants and because many species fruit in winter
when other temperate zone plants are dormant (Aukema 2003). Beyond the magic and the
folklore that surrounds mistletoes, they are today a source of scientific interest for

taxonomists, biochemists and ecologists, among others.

Although the literature on mistletoes is large (over 5,700 articles on North American
mistletoes), it is widely scattered for some topics and rare for other topics (Geils et al.
2002) such as population ecology. Most of the studies about mistletoe ecology are from
Australia and New Zealand (e.g. Ladley and Kelly 1996; Norton and de Lange 1999;
Reid and Stafford-Smith 2000; Watson 2002). Watson (2001) argues that tropical regions
are underrepresented in the mistletoe literature. For instance, there is not yet any

publication about ecological studies of mistletoes in Puerto Rico.

Most parasites are viewed as pests because of their impacts upon human health or
animals and plants exploited by humans. Both the study and management of parasites

have historically focused on the control and even the elimination of parasite populations



2
(Marvier and Smith 1997). Recently, mistletoes have been considered as a keystone
resource for fauna in forests and woodlands worldwide (Reid et al. 1995; Watson 2001,
2002). They provide abundant nutritional and nesting resources for a diverse range of
birds, mammals and insects, which may be especially important during droughts and

other periods of scarcity (Watson 2002).

In some regions mistletoes are pests due to the parasitic habit, particularly under
disturbed conditions, while in other regions they are declining towards extinction due to
loss of habitat, pollinators and dispersers or excessive predation (Norton et al. 1995;
Norton and Reid 1997; Reid and Stafford-Smith 2000). If pest mistletoes are to be
managed and threatened species conserved, their population biology must be sufficiently

well understood to formulate management strategies (Reid and Stafford-Smith 2000).

In the Guanica forest in southwestern Puerto Rico, Phoradendron anceps (Spreng.)
M. Gomez is the most abundant mistletoe, and it seems to be exclusively parasitizing
Pisonia albida (Heimerl) Britton ex Standl. (Nyctaginaceae). Its relative abundance
makes individuals of P. anceps ideal organisms for studying the ecological interactions
between this species and its hosts, which partly determine the temporal and spatial
patterns in mistletoe populations. The aim of this study is to provide insight into the
population ecology of P. anceps to help in the understanding of its role and/or impact in
the ecosystem. It is also intended to serve as a model for studies of other host—parasite

interactions.



LITERATURE REVIEW

Parasitism

Parasitism is a common way of life in nature and includes organisms such as viruses,
bacteria, nematodes, fungi, ecto- and endoparasites of animals, some phytophagous
insects and parasitic plants, among others. All are distinguished by completing a whole
stage of their life associated with a single host individual in a relationship that is
beneficial to the parasite but not to the host (Thomson 1994, cited in Norton and de
Lange 1999). Parasitic plants account for about 1% of flowering plants, with more than
3,000 species distributed in 16 families (Kuijt 1969). Among these species, mistletoes are
widely recognized as an ecologically important functional group (Watson 2001). The
group is polyphyletic and includes members of five families of the order Santalales:
Loranthaceae, Viscaceae, Misodendraceae, Eremolepidaceae and Santalaceae. Nearly all
of them are obligate stem hemiparasites, with a few species being endophytes within their
host, such as Tristerix aphyllus (Loranthaceae), an unusual holoparasitic mistletoe
endemic to arid regions in northern Chile (Botto-Mahan et al. 2000; Medel 2000; Medel
et al. 2002). Mistletoes are considered hemiparasites because, although they are able to
photosynthesize, they are dependent on their host for water and other xylem-borne
nutrients (Overton 1994). The hemiparasites draw these compounds unidirectionally
through a physical connection, the haustorium, by maintaining transpiration rates up to an

order of magnitude higher than those of their host (Ehleringer et al. 1985).



Distribution of mistletoes

Mistletoes are distributed worldwide in forests, woodlands and shrublands on every
continent except Antarctica, with most species in the tropics. The majority of mistletoe
species (> 98 %) belong to the families Loranthaceae and Viscaceae, which together
contain approximately 1300 species (Reid et al. 1995) These families are not sister taxa
and their aerial parasitic-growth form is thought to have evolved independently (Kujit
1969; Watson 2001). Loranthaceae is considered a Gondwanan linage that subsequently
dispersed to Africa, Europe and North America, whereas Viscaceae is thought to have
originated in eastern Asia, radiating through Laurasia in the early Tertiary period, and
then secondarily dispersing to the southern continents (Barlow 1983, cited in Watson,
2001). There are several anatomical, embryological, and chromosomal differences
between the two families (Kuijt 1969), but a practical difference is that the flowers in the
Viscaceae are small and inconspicuous, whereas those in the Loranthaceae are large,
colorful, and possess a calyculus, an irregular rim of tissue below the petals that crowns
the gynoecium (Kuijt 1969). The Viscaceae occur in tropical and temperate zones of the
Northern Hemisphere; the Loranthaceae are generally tropical (Barlow 1983, cited in
Geils et al. 2002). The two families overlap in Mexico (Chazaro and Oliva 1987, cited in

Geils et al. 2002) and the Antilles.



Pollination and fruit dispersal

Whereas most species of Loranthaceae are pollinated by birds, members of the
Viscaceae are pollinated primarily by wind and insects (Kuijt 1969). Whether
anemophily or entomophily is the main means of pollination remains controversial, with
many species displaying pollination syndromes that favor the two agents, and most

species-specific studies have implicated both (Hawksworth and Wiens 1996).

Birds that eat mainly mistletoe fruit are responsible for most of the mistletoe
dispersal in many parts of the world (Reid et al. 1995). The relationship between some
species of mistletoe and avian frugivores has been described as a mutualism; while birds
obtain nutritional value from the berries, mistletoes benefit by having their seeds
dispersed (Reid et al. 1995; Ladley and Kelly 1996). The mesocarp of the berries contains
nutrients attractive to the birds and the seed is covered by a sticky viscin that allows the
seed to adhere to host branches once deposited there by defecation, regurgitation or bill

wiping (Kuijt 1969; Reid et al. 1995; Aukema 2003).

Aging mistletoes

Ecological studies at a population level are one of the most accurate ways to
understand the causes and mechanisms of selection and evolution of organisms (Pifiero et

al. 1977). Demography is the key to understanding spatial and temporal variation in the
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abundance of plants and has been considered to be the main goal of plant population
studies. The classic theory of demography is based on the premise that the life history of

an individual is determined by its age (Sarukhan et al. 1985).

In host species with identifiable growth rings, the age of a mistletoe can be
determined destructively by counting the maximum number of annual host rings that bury
the mistletoe haustorium in the host wood (Dawson et al. 1990b). However, many host
species do not exhibit annual growth rings. Plant size is therefore sometimes used as a
substitute for age in plant population studies (Reid et al. 1995). Frequently it has been
found that the ecological effects of size have a stronger impact on birth and mortality
rates than age does. The variability in growth rate is large enough that age poorly predicts
the size of an individual, as well as its fecundity and life expectancy (Kirkpatrick 1984).
Considerations in this respect have led many plant ecologists to reject the “age” criterion
in favor of “age stages” as a useful criterion to describe individuals (Uranov 1975, cited
in Begon and Mortimer 1986). Kirkpatrick (1984), for instance, argues that demographic
studies based on size are preferable to those based on age, since the first can provide
additional information and a better interpretation of the ecological processes. Thus
individuals can be classified into categories of development that could include: seeds,
seedlings, juveniles, immature, reproductive and subsenile and senile states. This
classification recognizes that there are morphological changes that occur during the
growth and development of a species, but the length of each state differs considerably

(Begon and Mortimer 1986).
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It has been suggested that many aspects of mistletoe biology are age-dependent
(Dawson et al. 1990b; Powell and Norton 1994). Since counting the number of annual
rings in host species as an estimation of age is not always possible or desirable for
conservation reasons, new aging technigques have been developed. Work by Dawson et al.
(1990b) with the mistletoe Phoradendron juniperum in western North America has
shown that the number of bifurcating branching events on the longest stem of the
mistletoe was strongly correlated with mistletoe age based on anatomical work. Working
with Australian loranthaceous mistletoes, Reid and Lange (1988) argued that the
maximum diameter of the host branch proximal to the haustorium was proportional to
mistletoe age because seedlings of most mistletoes established on young host branches.
Norton et al. (1997) investigated a variety of non-destructive measures as potential
predictors of mistletoe age as determined anatomically for three mistletoe species. They
found that the diameter of the host stem immediately below the haustorial attachment was
consistently the best predictor of mistletoe age. They also suggested that host branch
diameter can be used in future studies of mistletoe population dynamics and other age-
dependent aspects, although they advise caution when applying them at other sites or to

other mistletoe species and hosts.

Spatial patterns

Spatial patterns reflect the net effect of various physical and biological factors

affecting the birth, death of individuals in single species populations (Hutchinson 1953).
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Because spatial patterns reflect underlying causal processes, ecologists often infer
process from pattern (Grieg-Smith 1983). In studying spatial patterns, plant ecologists
have generally recognized three distinct spatial distributions: random, aggregated (also

called contagious, clumped, clustered or patchy) and uniform (regular).

A population is said to be distributed at random if the relative location of an
individual is independent of the location of any other individual in the population. An
aggregated population is one in which the individuals occur in clumps of varying
densities and sizes. Cole (1946) defines a contagious distribution as one in which the
presence of one or more organisms within a sample unit increases the probability of other
organisms occurring in the same sample. On the other hand, a regular or uniform, spatial

distribution is one in which the individuals are evenly distributed over a given area.

Kareiva (1994) argued that it is important to recognize spatial patterns and processes
to understand the factors that shape distribution, dynamics, and interaction of organisms.
Models of disease dynamics suggest that patterns of disease spread depend on many
factors including vector preference, prevalence of disease, and spatial structure of host
and disease (McElhany et al. 1995). Although host population size can directly influence
parasite population size, the spatial distribution of the host as well as the age or size
structure of the host population could be even more important to the parasite than the

total host population size (Donohue 1995).



OBJECTIVES

General objective

e To analyze the spatial distribution and the demographic structure of the
mistletoe population in relation to host tree distribution in the Guanica Forest

Reserve

Specific objectives

To generate a map of the locations of host trees and hemiparasites

e To determine whether there is a correlation between the size of the host and

the density of mistletoes they carry

e To estimate population structure based on size classes of the mistletoes

o To identify the main species involved in fruit dispersal of Phoradendron

anceps
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METHODS

Study area

| studied aspects of the population biology of Phoradendron anceps (Spreng.) M.
GOmez during June-December 2004 and January 2005 in the Guénica Forest Reserve
(Fig. 1), located on the southwestern coast of Puerto Rico (ca. 66°51’W, 17°57°N). The
forest became a Commonwealth Forest in 1917 and has been protected since the 1930’s;
its extent (ca. 4000 ha) encompasses a variety of edaphically correlated associations,

resulting in part from the complex disturbance history (Murphy and Lugo 1990).

Ewel and Whitmore (1973) classified the Guanica forest in the Subtropical Dry
Forest Life Zone, exhibiting an annual rainfall of 860 mm with a major period of drought
from December to April and a minor one between June and August. Annual mean
temperature is about 25.1°C (Murphy and Lugo 1990), with a mean monthly maximum
of 28°C between August and October and a mean monthly minimum of 24°C between

January and February (Medina and Cuevas 1990).

The Guanica forest overlies limestone. Soils are shallow, alkaline and high in
organic content with a low water holding capacity (Murphy and Lugo 1986), which
would compound the effect of low, seasonal rainfall. The topography is undulating;

elevation ranges from sea level to about 185 m (Cintrén and Lugo 1990). The vegetation
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is composed of various floristically and structurally distinguishable plant associations:
scrub forest, deciduous forest, transition between deciduous and semi-evergreen forest
and mahogany plantations. This variety of vegetation can be attributed to the variation in
the soil depth, slope angle and orientation, as well as effects of these factors on soil
moisture availability (Lugo et al. 1978).

The present study was conducted in the Municipality of Guanica, Barrio Carenero, at
an elevation ranging from about 25 to just over 55 m, in the cactus scrub association,
which is characterized by having few scattered large-diameter trees with a mean tree
height of about 6.5 m, generally belonging to deciduous species [e.g. Bursera simaruba
(L.) Sarg, Bucida buceras L.], interspersed with low spiny shrubs, grasses, abundant cacti
and leguminous herbs and open areas with exposed limestone (Lugo et al. 1978; Cintrén

and Lugo 1990).

Study species

The genus Phoradendron is considered by Kuijt (2003) as the largest genus of
mistletoes in the world. The genus includes 234 species and is restricted to the New
World, occurring in the West Indies, the U.S.A., and all countries in South America
except Chile (Kuijt 2003). Hosts include several genera of conifers, many broadleaf trees
and shrubs, and other mistletoes. Their large, fleshy berries that are attractive to birds
clearly identify them as Phoradendron, “the tree thief” (Geils et al. 2002). Phoradendron

anceps (Spreng.) M. Gémez has three inconspicuous yellow tepals and yellowish fruits. It
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is native to lowlands of Puerto Rico, the Virgin Islands and the Lesser Antilles (Kuijt
2003). The representative specimens of P. anceps cited by Kuijt (2003) were found on
Cissus verticillata (L.) D.H. Nicolson & C. Jarvis, Cordia alliodora (Ruiz & Pav.) Cham.,
Cordia nitida Willd., Bourreria succulenta Stahl, Bursera simaruba (L.) Sarg, Ficus sp.,
Gouania lupuloides Urb., Guarea sp., Tabebuia heterophylla Britton, and Sideroxylon sp.,
but most of the specimens were found on Pisonia albida (Heimerl) Britton ex Standl.

throughout its range of distribution.

Pisonia albida (Nyctaginaceae) is a tree 6-12 m tall with a light grey bark, dioecious
flowers and coriaceous fruits. It often has multiple “basal branches” emerging from
ground level. Pisonia albida grows on limestone hills and in coastal thickets at lower
elevations in dry districts of Hispaniola and Puerto Rico and adjacent islands (Liogier
1985). The species flowers and fruits from the end of January to May. In the Guéanica

forest some individuals have been seen parasitized by Phoradendron anceps.

Sampling methods

For the host species, the basal diameter, maximum canopy diameter, canopy height
and tree height were measured, and the number of live and dead mistletoes was counted
for infected individuals. To examine the spatial distribution of mistletoes and their hosts,
their location was mapped within a 5.29-hectare plot. The plot was located in an area that

was judged to be representative of the cactus scrub association community as well as for
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its accessibility. Individual host trees were tagged with a unique number and the location
of each tree was also determined by using a Garmin 76 GPS (Global Positioning System)
receiver. Coordinate accuracy was improved by differential GPS with WAAS (Wide
Area Augmentation System) capability (cf. http:/gps.aa.gov); RMS (root mean square)
values obtained this way are usually accurate within 3 m. For those trees whose canopies
overlapped or were less than 6 m apart, distance and position (azimuth) were measured

using a metric tape and a compass.

The following variables were recorded for each mistletoe: (1) height on the tree
above the ground; (2) the compass aspect of each mistletoe on the host, assigned to one
of four sectors NE to SE (45-135°), SE to SW (136-225°), (3) SW to NW (226-315°), and
NW to NE (316-45°), these compass aspects being referred to as east, south, west and
north respectively (Dawson 1990a); (3) length of the mistletoe; (4) maximum mistletoe
canopy width; (5) diameter of the host branch proximal to the haustorium; (6) diameter of
the mistletoe stem immediately above the haustorium; (7) whether the branch distal to the
mistletoe was alive; (8) exposure of the mistletoe to light (in sun or shade) and (9) its
reproductive status (vegetative, buds, flowers, fruits). While looking for mistletoes, | also

noted any seeds that | observed on the branches of infected trees.

In conjunction with the other studies, binoculars were used to identify the birds
handling the mistletoes” fruits and seeds. | observed birds twice a week between the

hours of 0630-0900, in July 2004.
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Data analysis

A digital map of mistletoe and host distributions was produced in ArcView 8 based
on the GPS data. | investigated the spatial distribution of parasitism among the hosts and
in the plot. A chi-squared goodness of fit test was performed to test the null hypothesis of
a negative binomial distribution of individuals of P. anceps among the host trees. Host
trees with at least one mistletoe (alive or dead) were categorized as infected. To describe
the spatial pattern of P. albida and P. anceps in the study site, the plot was divided into
529, 10 x 10 m quadrats. The degree of patchiness for infected and non-infected P. albida
individuals as well as the patchiness of mistletoes within the plot were measured by

means of the Morisita index of dispersion:

on| ZXTE
(Z9-2x

Where
Is = Morisita’s index of dispersion
n = Sample size
x = Counts of non-infected trees, infected trees or mistletoes in each quadrat
2.x = Sum of the quadrat counts

>x? = Sum of the quadrat counts squared
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This coefficient is essentially equivalent to the Lloyd (1967) Index of Patchiness and

to the one employed by Hill (1973) and Yoshioka (1997), and represents the inverse of
the exponent k in the negative binomial distribution. Among all the indices for pattern
detection currently available, the Morisita Index (1959) is the most often used and
preferred because is less affected by the sampling unit size (Malhado and Petrere 2004).
All the formulas, calculations and statistical tests of goodness of fit were based on Krebs

(1999).

I also investigated how the density of Pisonia albida influences the distribution of P.
anceps individuals among hosts. Density was calculated as the number of P. albida trees
within each 10 x 10 m quadrat of the plot. The effect of P. albida density on the
proportion of trees infected within each quadrat was estimated using simple regression.
The effect of the host tree density on the number of mistletoes within each quadrat was

also tested with simple regression.

To determine whether host tree size (basal area, canopy diameter, canopy height and
tree height) influenced the probability of infection, each tree size variable was compared
between all infected and non-infected trees using the nonparametric Wilcoxon (U Mann-
Whitney) test for independent samples. Nonparametric statistics were used since none of
the tree size variables except height was normally distributed (Appendix 1). To determine
whether each tree size variable influenced the number of mistletoes per tree on infected

trees only, nonparametric Spearman rank correlation was performed.
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The ages (diameter of the host branch) and sizes (canopy width, length and diameter
above haustorium) of the mistletoes on each host were grouped into classes to estimate
the demographic or population structure of P. anceps. Chi-square analyses of
contingency tables (Zar 1999) were used to test if there is a correspondence between the
age and/or size of the mistletoe and its reproductive condition. The same analyses were
also used to test the significance of differences between the distribution of living and
dead mistletoes on the tree with respect to compass aspect, exposure to light and vertical
position of mistletoes on host canopies. Vertical position or height of the mistletoe in the
canopy was categorized in three classes corresponding to the lower, middle and upper

thirds of the host canopy.

To analyze the population structure of P. anceps, | first define some concepts in
the context of this study. A subpopulation is defined as the population of mistletoes
living on a single host tree, the metapopulation as the group of subpopulations in the

entire study plot, and a patch as a synonym of host tree.

I used Mantel's test, which determines the relationship between two distance
matrices (Fortin et al. 2002), to test the hypothesis that frequency distributions of canopy
size classes (demographic structure) of P. anceps between adjacent host trees were more
similar than between distant trees. The Mantel statistic, Z, sums the products between

corresponding elements of the distance matrices:
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n n

Z=Y > Xy

i=1 j=1
where x is the variable distance matrix and y comprises the actual Euclidean (spatial)
distances among the n sampling units (host trees). The Mantel statistic, Z, can be

normalized into a product-moment correlation coefficient, r, which varies from -1 to 1

(Fortin et al. 2002).

For the mistletoe subpopulations, the first matrix contained the Euclidean distances
between each pair of host trees, and the second matrix contained the Euclidean distances
of the demographic structure between the same pairs of mistletoe subpopulations. The
analysis described above was performed for both absolute and relative frequencies of the
canopy size classes using standardized and non-standardized Euclidean distances,

respectively.

High values of the Mantel test statistic indicate that the two distance measures are
positively correlated. Statistical significance of the correlation is tested by a permutation
of the elements in one of the two distance matrices (Fortin et al. 2002). To estimate the
significance of the correlation coefficients, | used the NTSYSpc package (Rohlf 1998)
with 10,000 random permutations using the Mantel test. Other statistical analyses were

done in InfoStat (2004).
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RESULTS

Mistletoe—host infection patterns

One hundred and thirty-three individuals of Pisonia albida occurred across the study
plot as scattered individuals or denser stands (Fig. 2). Forty-three (32%) of the host trees
were parasitized by Phoradendron anceps (Fig. 3). The distribution of parasitic infection
among hosts approximated a negative binomial, with a few hosts having a very large
number of infections and most hosts having very few infections (Fig. 4), indicating an
aggregated distribution. Single infections occurred on six trees, while the greatest number
of mistletoes on any single tree was 270. Morisita’s indices of dispersion for mistletoes
and infected and non-infected hosts indicated an aggregated spatial pattern for all cases
(Table 1). Confidence intervals indicate that there is not a significant difference between
the Morisita Index of the infected and non-infected hosts. The Morisita Index for
mistletoes is much higher, indicating that they have a patchier pattern compared with that

of P. albida.

Out of the total of 529 quadrats, 71 were occupied by Pisonia albida, 31 of them
with 1-4 infected individual(s). A lower proportion of infected trees was positively
correlated with a higher P. albida density per quadrat (Fig. 5). This result is highlighted

by the fact that a large number (42%) of the infected trees were found alone in a quadrat.
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On the other hand, density of host individuals was not linearly correlated with the number

of parasites per quadrat (Appendix II).

Infected trees did not show significantly higher basal area, canopy height or tree
height in comparison with uninfected trees; however, they proved to be significantly

different with respect to canopy diameter (Table 2).

The frequency distributions of Pisonia albida size are given in Fig. 6. The host
population was skewed toward smaller basal area classes (Fig. 6a). The distributions of
canopy diameter, canopy height and tree height were hump-shaped but skewed towards
smaller trees (Fig. 6b, c, d). Although more trees had a canopy diameter ranging from
1.61 to 3.20 m (Fig. 6b) compared with other size classes, many of the infected trees
(30%) had a canopy diameter that ranged from 4.95 to 6.0 m. Only one tree was less than
1 m high; it was not infected. The smallest and the largest infected tree measured ca. 1.3
and 6.1 m high respectively. The majority of trees presented intermediate canopy height
classes (Fig. 6c¢). Fifty-seven percent of all sampled trees were 3 to 3.9 m high and most
of the infected trees (51%) belonged to the same height size class (Fig. 6d). When host
individuals were grouped into canopy diameter, canopy height and tree height classes, the
percentage of the size class infected with one or more mistletoes was positively and
significantly correlated with all three size class variables (Fig. 6b, c, d). The Spearman
rank correlation coefficients for Fig. 6 are given in Table 3. The rs values for all size

variables were high except for basal area (Table 3). In general, the proportion of infected
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trees and the percentage of trees infected by mistletoes tended to increase with tree size;
therefore, measures of canopy diameter, canopy height and height of a host are good

predictors of the probability that the host will be infected.

Among infected trees, the number of mistletoes per tree was significantly correlated
with both canopy height and tree height (Table 4) such that small trees bore few
mistletoes, and taller trees bore more. Neither canopy diameter nor basal area was
significantly correlated with the number of mistletoes on the host. Of the four tree traits

only basal area was not significantly related to presence or intensity of parasitism.

Mistletoe mortality

Of the 1370 mistletoes found, 743 (54%) were dead (Fig. 7). Overton (1994)
suggested a cross-sectional index of mistletoe mortality rate. If the rate at which dead
mistletoes disappear from trees is constant, then the mistletoe death rate can be estimated
by the ratio d, = D/ (D+A), where D = number of dead mistletoes per tree and A =
number of live mistletoes per tree. The index dn is calculated for all infected trees in the

plot, and then averaged to obtain a mean d, for the plot (Overton 1994).

The mean (+SE) dn, at the plot was 0.40 + 0.05 for the infected trees. Eleven (25%)

of infected trees bore only live mistletoes, three (7%) bore only dead mistletoes and 29



21

(68%) trees bore both live and dead mistletoes. The number of dead mistletoes surpassed

the number of living mistletoes on eight of the infected trees.

Effect on host

All individuals of Pisonia albida were alive. However, on some trees | observed
many dead branches (Fig. 8) and/or scars of these branches. At least two of the host trees
with very few branches alive were observed. For 492 (35 %) of the mistletoes, the host

branch distal to the haustorium was dead; of these mistletoes, 449 (91%) were dead.

Distribution of mistletoes within a tree

A comparison of the frequency distribution of the number of live and dead mistletoes
classified by their compass orientation within a tree, their exposure to light and their
height on the tree is given in Fig. 9. There is a significant association between the live or
dead condition of the mistletoe with respect to its compass orientation (x> = 9.20, df = 3,
P < 0.05), exposition to light (x* = 48.88, df = 1, P < 0.05), and its vertical position (3=

35.97, df =2, P <0.05).

The most marked difference in the number of mistletoes among cardinal positions
was between east and south (Fig. 9a). Seventy-six mistletoes more than expected were

oriented toward the east with respect to the main trunk of the host tree, while 100 fewer
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than expected were oriented toward the south. In all positions except the south, the
number of dead mistletoes surpassed the number of live mistletoes. On the other hand,
distribution of living and dead mistletoes facing north does not appear to be different

from those individuals facing either west or east (Fig. 9a).

Phoradendron anceps typically occurs on branches exposed to sun and is less
common in shade (Fig. 9b). Sixty-eight percent of living plants and 84% of the dead
plants were exposed to the sun. Of the mistletoes in shade, the majority (Fig. 9b) were
alive. On the other hand, although P. anceps is present throughout the canopy, it is more
abundant in the lower and middle thirds of the canopy (Fig 9c). This is true for seeds too:
61%, 31% and 9% of a total of 304 were distributed in the lower, middle and upper
canopy respectively. Living mistletoes tended to occur more in the middle canopy while

dead mistletoes predominated in the lower and upper thirds.

Mistletoe variables such length, canopy width, above-haustorium diameter (AHD)
and proximal host branch diameter (HBD) were all positively and significantly
intercorrelated (Table 5). However, the rsvalues of HBD vs. any other variable were low,
ranging from 0.2 to 0.29. Thus, the proximal host branch diameter of P. albida is a

significant but poor predictor of the mistletoe size.
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Mistletoe size distribution

The overall size class distributions for pooled Phoradendron anceps subpopulations
are given in Fig. 10. The maximum canopy width of a mistletoe was ca. 165 cm. A high
number of the individuals belonged to the first class (<10 cm) of canopy width and to a
lesser extent to the third and fourth classes (Fig. 10a). Although in the first class
individuals of all reproductive status were found, the vegetative ones were predominant.
In other classes individuals in fruit were predominant, except in the sixth class with
individuals 51-60 cm in canopy width, in which the flowering status prevailed. The
distribution of the number of mistletoes in length classes had a pattern similar to that of
the maximum canopy width, but individuals more than 10 cm long followed a hump-
shaped distribution, with more mistletoes in intermediate classes (Fig. 10b). In all length
classes except the first and second ones, fruiting mistletoes prevailed. In the second class
(11-20 cm length) individuals of all reproductive status were almost equally distributed.
Considering the diameter above the haustorium, the distribution of mistletoes was
consistently skewed towards the smallest diameters, again with vegetative individuals

dominating in the first class (Fig. 10c).

Size of infected host branches

Most live mistletoes sampled on the infected individuals of P. albida grew on host

branches 11-20 mm diameter (Fig. 11a). The largest infected branch was 300 mm in

diameter and bore one vegetative mistletoe. All branch classes were infected with both
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vegetative and reproductive mistletoes. Fruiting mistletoes were preponderant in all
branch size classes except class 10 (91-100 mm diameter) where the vegetative state
predominated. On the other hand, the majority of the vegetative individuals (61%) were
found growing on branches < 20 mm in diameter. The results suggest that an association

does exist between both variables (%= 103.95, df = 30, P < 0.05).

The largest infected branch on which a dead mistletoe was found measured 220 mm
in diameter. The frequency distribution of proximal host diameter for dead mistletoes was
very similar to that for live mistletoes, with most individuals belonging to the second
class (Fig. 11b). On the contrary, most seeds were found on either the smallest branch
size class (<11 mm) or the largest one (> 101), showing a bimodal size distribution, with

a particular scarcity of seeds in the 11-20 mm diameter class (Fig. 11c).

Demographic structure of mistletoes

For the analysis that follows, | will analyze the demographic structure of each
subpopulation of the mistletoe, assuming the metapopulation approach of Overton (1994).
He assumed that the mistletoes inhabiting a host plant constituted a subpopulation by
habitable patches (host trees), and uninhabitable patches (non-host trees). Here | only
consider canopy width as a size measure of the mistletoe, since it was correlated with the
other size variables (Table 5). Therefore, the population structure of each subpopulation

supported by a host tree was represented by means of the canopy size class distributions
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(Fig. 10a). Because this variable was unavailable for dead mistletoes, only living
mistletoes were included in this analysis. The number of canopy size classes of each
subpopulation (mistletoes in a tree) was logarithmically related to the number of living

mistletoes per host tree (Fig. 12).

To describe and compare the structure of the subpopulations of mistletoes in the
study plot, the subpopulations (i.e. infected trees) were grouped in 11 groups (A-K, Fig.
13). The subjective criterion for choosing these groups was that any host tree of the group
had to be within a distance of 20 m or less from any other member of that group.
Therefore, host trees isolated by more than 20 m from any other individual in the plot
were alone in a group (i.e. groups I-K). Although all infected trees (43) appear in Fig. 13,
three host trees were excluded from the population structure analysis since they bore only
dead mistletoes. Each host tree appears in Fig. 13 labeled with a number that was used for
tagging the individuals in the field; the same number will also be used hereafter to name
the subpopulation of mistletoes harbored by the corresponding host tree. The explanation

of the mistletoe subpopulation structures within each group is as follows:

Group A (Fig. 14). Two subpopulations of mistletoes (850 and 835) exhibited a
slightly bimodal (U-shaped) structure with more individuals belonging to the smallest
and the largest size classes than in other intermediate stages. The other two
subpopulations (836 and 838) were similar to one another in being small, with 1 and 2

individuals respectively.



26

Group B (Fig. 15). Only the subpopulation belonging to the host tree labeled as 802
had a relatively high number of individuals respect to the other populations within the
group. Moreover, it had a wider range of canopy size classes than the rest of
subpopulations.

Group C (Fig. 16). In this group composed of two subpopulations, one (871) had a
slightly bimodal structure whereas the other (874) had only one individual belonging to
an intermediate size stage.

Group D (Fig 17). The subpopulation labeled as 805 was located furthest from the
rest of the individuals in the group and corresponded to the largest subpopulation (highest
number of mistletoes) not only within its group but in the whole study plot. This
subpopulation had a skewed size distribution with a higher number of individuals in the
first class than in the other stages (reverse J-shape). Subpopulation 810 was located far
from subpopulation 805 (Fig. 13), and was the second largest one. This subpopulation
exhibited a hump-shaped structure, slightly skewed to smaller size classes but with a
higher proportion of individuals in intermediate size classes. A similar structure but with
fewer individuals was exhibited by subpopulation 806. The remaining four
subpopulations of this group had only one individual, except 809, which contained two
individuals.

Group E (Fig. 18). All three subpopulations in this group were characterized by
having few individuals distributed in four or five size classes, with a maximum of two

individuals per size class.
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Group F (Fig. 19). The individuals in the subpopulation belonging to the host tree
labeled as 912 were distributed almost evenly (1-3 individuals per class) in nine of the
eleven size classes. The other subpopulation (914) only had one individual belonging to
an intermediate class.

Group G (Fig. 20). Subpopulation 862 showed a positively skewed population
structure with seedlings and small plants dominating while larger sized individuals were
few (reverse J-shape). Subpopulation 870 had a more or less hump-shaped pattern with
individuals belonging to small and intermediate size classes. Subpopulation 866 had few
individuals with more individuals in the first class than the rest of stages. The remaining
four subpopulations in this group had few individuals (3-7) distributed in either one or
three size classes.

Group H (Fig. 21). Subpopulation 833 had the highest number of individuals in
class 1 (mostly seedlings and juveniles) with respect to other subpopulations in the study
plot. The structure of this subpopulation was bimodal with more individuals in class 1
and 4 than in other classes. A less evident bimodal distribution was exhibited by
subpopulation 824. On the other hand, subpopulation 821 had more individuals belonging
to an intermediate size class that in other size stages. Subpopulation 822 exhibited a
rather uniform structure, with similar numbers of individuals in most size classes. The
other four subpopulations within this group had few individuals (five or fewer)
distributed in a maximum of three classes.

Groups I- K (Fig. 22). These groups had in common the fact that they are relatively

isolated and are each constituted by only one subpopulation. The subpopulations in
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groups I and J both had few individuals distributed in only two size classes. On the other
hand, the subpopulation in group K had many individuals, with a higher number of

individuals in intermediate classes than in other size stages.

The demographic structure of each mistletoe subpopulation was not correlated with
the spatial distance between them, as shown by the results of Mantel’s test (r = -0.05, P >

0.3and r=0.13, P > 0.9, for absolute and relative frequencies, respectively).

Mistletoe phenology

Phenological observations were conducted during the peak of the mistletoe’s fruiting,
and during peak hours of bird activity. | observed that Phoradendron anceps has a long
span of the fruiting season, and that its peak was between July and August, although |
found fruiting individuals even at the end of January. Although the numbers of fruits
were not quantified, | did observe that in June most of the reproductive plants had flowers
and few fruits while from July to November fruits prevailed. In January most of the fruits
had been consumed and the remaining had been lost (dried out and still attached to the
plant or dropped to the ground) and most of the plants were in a vegetative state or with
buds or flowers. From the herbarium specimens of MAPR, | found no reproductive

individual collected in the interval from February to April.
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Bird disperser and seeds

I observed different birds such as Coereba flaveola (bananaquit), Icterus icterus
(troupial), Loxigilla portoricensis, Spindalis zena, and other unidentified birds perching
on Pisonia albida. However, only Euphonia musica (Antillean euphonia) was observed
feeding on the fruits of Phoradendron anceps. | just observed once, about 0730 hours, a
female Euphonia perching on the naked branches of a deciduous tree, higher than the
closest Pisonia tree. The bird flew to the upper branches of the Pisonia tree, descended to
the lower branches, consumed some fruits of Phoradendron (Fig. 23) and then rubbed the
seed off on the branch of the host. It went back to the deciduous tree and again went to
the host tree and ate more fruits. After that, the bird defecated the seeds on a low branch
located on the east-facing side of the Pisonia tree and subsequently left the tree. The
foraging and feeding behavior described above took a maximum of five minutes. The
seeds defecated by Euphonia formed a long chain of ca. 25 seeds (Fig. 24) united by
means of a viscid thread. The Pisonia tree that was seen visited harbored the second
largest number of mistletoes in the study area. On another occasion | heard and observed
three euphonias in the tree with the most mistletoes but | could not observe their behavior

since they flew away quickly.

While it was not an objective of this study to quantify the number of seeds deposited
by birds on host branches, they were counted while looking for mistletoe plants. It is

clear that the number of seeds found represent only a fraction of the total number of seeds
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deposited by birds during the fruiting season 2004, since seeds on each host tree were
counted just once and host trees were not examined in different seasons throughout the
duration of the study. A total of 304 seeds distributed on nine hosts were counted; seed
deposition ranged up to 164 seeds per tree and was aggregated within trees (variance:
mean ratio = 104.9). Overton (1994) considers that a way to estimate between-tree
dispersal is to calculate the proportion of seeds dispersed to uninfected hosts and
nonhosts; in this study, nonhosts were not checked for seeds. No seeds were found on
uninfected trees, so the between-tree dispersal efficiency is null. On the other hand, of the
304 seeds found on infected hosts, 150 were found in safe locations sensu Overton (1994),
i.e. live host branches less than 3 cm in diameter, for a within-tree dispersal efficiency of
0.493. In P. albida, the number of seeds deposited on a tree was significantly correlated

with the number of live mistletoes found on the tree ( rs= 0.61, n =40, P <0.001).

During this study | made several casual observations that are relevant to the
research objectives. | noticed vegetative reproduction by means of root suckers (cf. tree #
823 in Fig. 13). | observed, on different occasions, ants with eggs inhabiting the largest
stems of dead mistletoes. | also observed small bromeliads (Tillandsia sp.) growing on

robust dead mistletoes.
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DISCUSSION

Pisonia albida was the only host of Phoradendron anceps in the study plot.
Although | observed a vine (Cissus sp.), growing on P. albida, with live and dead
mistletoe seeds, no seedlings were observed. The lack of seedlings, coupled with the fact
that most of the germinated seeds were dead, indicates that the haustorium of the
mistletoe never penetrated the vine tissue. Norton and Carpenter (1998) pointed out that
mistletoes may exhibit local adaptation to their host and specialize on a subset of
potential host species. Mistletoe host specialization has been attributed to the behavior of
birds, regional host abundance, and the influence of host compatibility on seedling
establishment (Norton and Reid 1997; Norton and de Lange 1999). Interestingly, Kuijt
(2003) cited specimens of P. anceps from Haiti, Dominican Republic and Guadaloupe
found on Bursera simaruba, a species abundant in the Guanica forest. The fact that B.
simaruba is not a host of P. anceps in the Guanica forest cannot be explained by bird
behavior. Although I never observed the disperser of P. anceps perching on B. simaruba,
I did find a few infected trees of Pisonia growing very close to Bursera individuals, even
with overlapping branches of the two species. This indicates that it is very likely that
seeds of P. anceps fall upon branches of B. simaruba but that those seeds may be unable
to penetrate the bark because of host resistance and/or parasite infectivity, assuming that
B. simaruba and P. albida from Guanica are different genetic races with respect to the
others from the West Indies. Previous studies have found distinct genetic races of a

species of dwarf mistletoe (Arceuthobium americanum) for different species of hosts, as
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well as biochemical differences in the vascular tissues within the same host species
infected by A. vaginatum (Aukema 2003). Future genetic and/or biochemical studies and
experiments on germination and compatibility would be necessary to elucidate the nature

and mechanism of P. anceps specificity.

Both species of mistletoe and host had an aggregated pattern at the study site.
According to many ecologists (e.g. Pielou 1960; Krebs 1999), the aggregated type is the
most commonly observed dispersion pattern in nature. | observed that many P. albida
individuals were the result of vegetative reproduction, explaining in part its aggregated
pattern in the plot. The aggregated pattern of both infected and non-infected host trees
suggest than an infected tree is more likely to have an infected neighbor than an
uninfected one and vice versa. It could be possible that the probability of uninfected
potential hosts becoming infected could be affected by the proportion of infected
individuals. Nevertheless, evidence for this hypothesis only can be collected by studying
other populations with different mistletoe prevalence (the percentage of infected hosts in

a given population) in the Guéanica forest.

Clumped or aggregated distribution for mistletoes has also been reported in other
species (Donohue 1995; Bannister and Strong 2001; Aukema and Martinez del Rio 2002).
The fact that individuals of P. anceps were spatially patchier than those of P. albida
according to the Morisita index (Table 1) was expected since the number of mistletoes

per host followed a negative binomial distribution. Thus, its per se aggregate pattern is
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added to the aggregate spatial pattern of its hosts. In any case, the high degree of
patchiness of Phoradendron anceps is an indication that the processes that are
responsible for its aggregation are more intense than the ones that shape the distribution
of the host. The characterization of those dynamic processes is very complex not only
because several processes may be involved, but also because different factors may lead to
the same contagious pattern (Pacala and Dobson 1988). Some mechanisms have been
proposed to explain this aggregation. Dobson (1985) suggested that aggregated
distributions reduce the level of interspecific competition among parasites (competitive
host exclusion), and this appears to be true for P. anceps in the study site, since no other
mistletoe species were found. Other mistletoe species reported for the whole Guéanica
forest are Dendropemon caribaeus Krug & Urb., D. purpureus (L.) Krug & Urb. and

Phoradendron trinervium (Lam.) Griseb. (Quevedo et al. 1990).

If the basal area of Pisonia albida is indeed proven to be related to age, then the
hypothesis that older individuals continually accumulate more individuals through time
could be discarded. Nevertheless, on some occasions | observed old scars on the main
stem of the tree. Hence, it is possible that older P. albida individuals that have supported
many infections have lost basal branches through time, and for that reason their basal

area could have been underestimated.

In general, larger trees showed greater predisposition to being infected than smaller

ones. Canopy diameter, canopy height and height of a size class of trees were good
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predictors of the occupancy (proportion of infected trees) of that size class, explaining
70-80% of the variance in the proportions of the size class infected (Table 3). On the
other hand, the number of mistletoes seems to depend only upon canopy height and
height (Table 4). A common explanation is that larger trees could be more attractive to
frugivorous birds for perching, which would therefore deposit more mistletoe seeds onto
perches (Reid and Lange 1988; Overton 1994; Donohue 1995). However, Reid and
Stafford-Smith (2000) suggest that a high number of mistletoes per tree results more from
the attraction of dispersers to the presence of established mistletoes on trees than to host

size per se.

Low host tree density was correlated with the presence of parasitism on a tree (Fig. 3)
but it was not associated with the number of parasites on a tree. This might be explained
in two ways: (1) dispersers may be more attracted to sparsely located trees or,
alternatively, (2) smaller or younger trees tend to be more clustered than larger ones on
average, and it is because of their size and not due to their aggregation that birds are not
attracted to those trees. In any case, behavior of the birds could be contributing to a slow

spread of mistletoes.

As mentioned before, other causal mechanisms of the mistletoe aggregation could be
attributed to the feeding and foraging behavior of its avian disperser agents. Based on the
observations made on the foraging and feeding behavior of Euphonia musica, it seems to

be an effective disperser of the mistletoe seeds within a tree. Carlo et al. (2002)
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documented a mean of 2.06 + 0.16 minutes per visit for Euphonia in other ecosystems in
Puerto Rico. They argue that such short times confirm that indeed ingested fruits were
removed from the parent plants. Moreover, they found the highest seed-removal index
scores for Phoradendron in all site-periods where the species coincided, when compared
with other bird and plant species. Euphonia musica has been considered a mistletoe
specialist, although Pérez-Rivera (1991) observed changes in E. musica and its foraging
behavior after Hurricane Hugo, in 1989, when its usual food (Phoradendron spp.) was
depleted. Carlo et al. (2003) reported a strong preference of Euphonia musica for
Phoradendron spp., which only switched to consume the epiphytic Anthurium scandens
at the exhaustion of the former. From all this might be inferred a strong mutualistic
relationship between Euphonia musica and Phoradendron anceps. This mutualistic
interaction highlights the importance of E. musica as a disperser of the mistletoe. The
preference of disease vectors for infected hosts is often associated with a mutualistic
parasite-vector interaction (Aukema 2003). From the host perspective, E. musica
individuals act as disease vectors that transmit the infection. Therefore they are both seed

dispersers and disease vectors (Martinez del Rio et al. 1996).

Coereba flaveola and Loxigilla portoricensis have been reported to consume
mistletoe fruits in other areas (Watson 2001; Carlo et al. 2003), and it is probable that
they do the same in the Guéanica forest. It is likely that other birds consume the fruits of
the mistletoe species in the study site. Many of them could be seed predators but others,

although not specialized dispersers, still could disperse the seed by bill wiping. Several
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authors (e.g. Terborgh 1986, cited in Carlo et al. 2003) have documented the importance
of a small group of neotropical plant species in sustaining the frugivore community in
times of scarcity due to having an extended (or asynchronous) fruiting season. From this
point of view, P. anceps might be considered as a keystone species in the Guanica forest.
Mistletoes not only play an important role in providing food for bird populations but also
can provide habitat for ants and bromeliads. On the other hand, mistletoes also play a
double role in an ecosystem, since they are mutualists of their bird dispersers and

parasites of their hosts (Reid et al. 1995; Aukema 2003).

Kuijt (2003) argued that the behavior of the birds handling fruits and excreting their
seeds has a biological significance for the mistletoe. He points out that the only detailed
field study in this respect is the one performed by Restrepo (1997), who describes three
different manners in which mistletoe fruits may be manipulated. One strategy results in
seeds attached individually to host branches, the second is when seeds are attached in
masses after regurgitation or defecation, and the third is the one in which seeds are
deposited in long linear series that Restrepo called “rosarios” (Kuijt 2003). The last
strategy described above is the one that Euphonia musica uses to defecate the seeds of
Phoradendron anceps (Fig. 24). Interestingly, Restrepo (1997) reported that dispersers of
Phoradendron dipterum and P. inaequidentatum move along the branches until all seeds
have been eliminated. Kujit (2003) consider that “rosaries” have two evolutionary
advantages. First, the fact that seeds are not defecated in masses avoids intraspecific

competition. Second, portions of a long rosary can gyrate and attach to other twigs below.
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It is likely that the number of seeds in the upper canopy was underestimated because

of difficulties in detecting seeds high in the host tree canopies of the tallest trees.
However, the fact that most of the seeds were distributed in the lower and middle canopy
can be explained by the manner (long linear series) that seeds are defecated by its
probable main disperser bird (Euphonia musica). Even if the birds perch on upper
branches, there is going to be more probability for the droppings to land on lower

branches because of gravity.

There is no evidence to explain the lower number of mistletoe individuals toward the
south of the main trunk of the tree. Perhaps it could be only an artifact of a lower number
of host branches located in that position and not a consequence of bird preferences for

perching.

There was no evidence of new infections, since seed deposition was not found on
any of the uninfected trees. It is probable that colonization of new patches does exist, but
at such a low rate that it was overlooked. The fact that only infected trees had seeds,
coupled with the fact that the number of seeds was correlated with the number of living
mistletoes, suggests a very limited dispersal distance of mistletoe seeds in relation to
dispersal sources, as reported by Overton (1996) for other mistletoe species. A high
within-dispersal efficiency and such limited between-dispersal is producing a high rate of
autoinfection. Overton (1994) attributes the aggregated distribution of the mistletoes as a

consequence of these reiterative infections.
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Calder (1983 cited in Ldopez-de Buen and Ornelas 1999) suggested that among-tree
movement of the seed dispersers will not be influenced by the abundance of mistletoe
fruit because recognition of infections will not be possible from a distance. However, he
studied cryptic mistletoes. This study and previous ones (Martinez del Rio et. al 1996;
Lopez-de Buen and Ornelas 1999; Aukema 2003) suggest the contrary for larger
mistletoe species. Not only can birds be attracted by the fruits of P. anceps but also they
could recognize the mistletoes from a distance because, at least for the human eye, they
can be easily distinguished from afar, since many of those are exposed directly to light
have yellowish foliage and dark stems that contrast with the foliage and whitish stems of

P. albida (Fig. 3).

Phoradendron anceps did not lead to host mortality at least in the study plot,
although it is possible that hosts with many shed branches may die within a few years.
This might suggest that the mistletoe does not draw too heavily on the host’s resources,
as found for two species of loranthaceous mistletoes from Australia (Reid & Lange 1988),

or that Pisonia albida is highly resistant to their presence.

Most of the mistletoes were dead, suggesting a relatively high rate of mortality and a
slow mistletoe turnover. In general, most of the mistletoes were exposed to the sun (Fig.
9b). The results indicate a higher likelihood of encountering dead mistletoes in the upper
and lower canopy (Fig. 9c). | observed that the individuals more exposed to sun were

located in the upper canopy and on the outermost lower canopy branches. Therefore, it is
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possible that mistletoes more exposed to sun have higher transpiration rates, being more

detrimental to the host branches that finally die together with the mistletoes.

Mistletoe mortality seems not to be dependent upon the host branch size, since the
frequency distribution of living and dead mistletoes were very similar (Fig. 11a, b). Many
remaining stems of dead mistletoes were robust or thick, indicating that they belonged to
old mistletoes, which may have died after killing the branch. Some mistletoes were
herbivorized and herbivory could also be a cause of their death. The presence of
mistletoes in a tree may also contribute to individual-tree susceptibility to harmful insects
or plant pathogens. Termite nests were observed on infected and non-infected trees (Fig.
25). Termites could also cause host branch mortality and hence, indirectly, could cause
mistletoe death. In any case, it is not uncommon to see dead branches of P. albida even in

the absence of mistletoes.

Many dead mistletoes were found aggregated, so they may also die due to density-
dependence since they are competing for the same resource. Thus, all together,

demographic, stochastic, and exogenous processes could be causing mistletoe mortality.

The results showed that P. anceps establishment mainly occurred on branches
smaller than 30 mm in diameter (Fig. 11) although it occurred on branches up to 300 mm
in diameter. Most of the dead and live mistletoes were found in the second smaller host

branch diameter class (Fig. 11a, b). The distribution of proximal host branch diameter for
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seeds was U-shaped: strongly skewed towards the smallest stems (modal class, 0-4 mm)
and to the largest stems (modal class > 100 mm). The fact that seeds were scarce
specifically in the second class could be due to the fact that those branches were already
occupied by older live and dead mistletoes. It could be inferred that those seeds that
landed or were deposited on the branches in the largest class are not going to succeed
since seedling mistletoes generally only establish on branches that are small relative to
the diameter range occupied by older mistletoes (Reid and Stafford-Smith 2000). | used
proximal host branch diameter classes as a surrogate for age distribution (Fig. 11; Norton
et al. 1997). However, mistletoe canopy width, length and diameter above the haustorium
classes (Fig. 10) showed a stronger relationship with the life stage since most of the
smaller individuals (first size class) coincided with the ones that were in vegetative
condition. Most of the sterile individuals corresponded to seedlings and juvenile
individuals (Fig. 26). Those vegetative individuals in the second class were almost all
juveniles and those in higher classes were mature but sterile when they were counted.
Although individuals with buds, flowers and/or fruits were found in the first class, they
corresponded to mature individuals that had been herbivorized and were resprouting.
Data from this study (Fig. 10) suggest that recruitment of young mistletoe plants has been

relatively continuous, at least over the past few years.

When analyzing mistletoe subpopulations it can be observed that the higher the
number of individuals, the more complex is the population structure (Fig. 12). Complex

structures indicate a periodic recruitment of seedlings resulting in subpopulations
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constituted of plants from different cohorts. Hence, it might be inferred that, on average,
larger trees (which support more mistletoes), host the full range or at least a wider range

of mistletoe canopy widths than smaller trees do.

From the subpopulation structures given in Figs. 14-22, at least six different patterns
of size structures were distinguished. The first pattern showed a positively skewed
population structure with seedlings and small plants dominating while larger-sized
individuals were few (reverse J-shape). The second pattern had higher proportions of
individuals in intermediate size classes and smaller numbers in the first and last classes
(hump-shape). In the third pattern, the relative frequencies were highest for the first and
the last class (U-shape). The fourth pattern had a bimodal structure, similar to the U-
shaped pattern but with other classes different from the first and the last being the modes.
The fifth pattern was somewhat flattened with individuals distributed almost evenly
among the range of size classes. The last pattern, common in all the groups, had very few
individuals distributed in few size classes. As a trend, all groups with two or more
subpopulations had at least one that presented a wide range of size classes and a
relatively high number of individuals while the remaining usually had few individuals
(almost always two or one). These differences in population structures among
subpopulations within a group were corroborated with the results of Mantel’s test. The
results in this respect might suggest that larger subpopulations with a high number of
reproductive individuals may be the sources of seeds not only for their own patch (host

trees) but for nearby patches, but since the between-dispersal is not as efficient and birds
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may bias their foraging and feeding behavior towards infected trees, neighboring patches

have few or no individuals.

Subpopulations with most individuals in the first size classes, and no dead
individuals, may reflect recent colonizations. Subpopulations with a high number of
individuals, most of them seedlings and juveniles, indicate a dynamic population with a
high turnover rate. Conversely, an absence or a scarcity of the first classes, and most
individuals belonging to the last classes (with many senescent individuals) could indicate
declining subpopulations. On the other hand, subpopulations with a wide range of stages
might be catalogued as stable. Although subpopulations in the plot exhibit different
patterns, on average the mistletoe metapopulation in the study plot could be considered as

dynamic.

Snéll et al. (2003) summarized four conceptual metapopulation models proposed
from different authors that have been formulated to generalize species dynamics in a
landscape: (1) The classical metapopulation model assumes species colonizations of
patches and extinctions from patches. In this model colonizations are connectivity-
dependent and the population risk increases with decreasing population size, mainly
because of demographic or environmental stochasticity. (2) The source-sink model
focuses on local population demography and suggests that source patches are required for
long-term species persistence. (3) The remnant species model stresses that some plant

species disperse over time rather than space through periods of poor patch quality. (4)
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The habitat-tracking metapopulation model is one in which the habitat patches are
dynamic. Additional to short-term stochasticity, a local extinction can be a consequence
of a gradual long-term patch quality deterioration, which deterministically decreases the
population size to extinction. Snall et al. (2003) also proposed their own model that they
called the patch-tracking metapopulation model based on the study of epiphytic
bryophytes. This model is similar to the classical habitat-tracking metapopulation model
but in this case, local extinction rate is caused mainly by patch destruction rather than by

stochastic population processes.

Among the above models, the habitat-tracking metapopulation model best
explains what is happening with the Phoradendron anceps-Pisonia albida system in the
study plot. The empirical studies with other parasite-host species systems have also
supported this model (i.e. Overton 1996). Inferring from these results and the literature |
present the following qualitative explanation for this parasite-host system: First, Pisonia
albida trees establish in the landscape. Birds (mainly Euphonia musica) initially deposit
the seeds of Phoradendron anceps on Pisonia trees by means of long-distance dispersal
that is rare in this system, and the trees become colonized by the mistletoe. Phoradendron
anceps becomes fertile, flowers and fruits. Birds are attracted to the fruits, and deposit the
seeds on the same tree or on the nearest neighbor trees that are large enough to be
attractive to birds for perching. Since the trees that became more intensively infected
offer more fruits, they are more prone to be revisited by birds and to be more infected and

so on. Those mistletoe subpopulations that are small might be susceptible to be
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extinguished. Local population extinction risk increases with decreasing population size
(Gotelli 2001). On the other hand, large mistletoe subpopulations may also become
extinguished because of host tree death that could be influenced by mistletoe density.
Hence, mistletoe extinction from a host tree not only might be due to environmental and
demographic stochasticity, but also to patch destruction that seems to be a relatively slow
process in this system. Because of dispersal limitation, it could take some years for the

mistletoe to colonize new patches.
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CONCLUSIONS

Based on the present work, the following conclusions can be drawn from the study plot in

the Guanica Forest Reserve:

e Phoradendron anceps is virtually host-specific to Pisonia albida.

e Both parasite and host species have an aggregated spatial pattern.

e Larger Pisonia trees have a higher frequency of parasite attack and more intense

infection than smaller trees.

e Infected Pisonia trees are more prevalent in low-density stands than in high

density stands.

e P. anceps is more abundant on host branches 11-20 mm in diameter.

e P. anceps is a relatively benign parasite insofar as it did not provoke host

mortality in this system, at least at a short-temporal scale.

e P. anceps has a extended fruiting season.

e Euphonia musica is probably the main disperser of P. albida.

e Mistletoe seed dispersal is limited: the seed shadow of individual mistletoes may

often be restricted to the canopy of the host tree.
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e The mistletoe subpopulations exhibit different size structures: some stable, others
increasing and other declining that in sum produce a net dynamic metapopulation

structure with a high turnover rate.

e The habitat-tracking metapopulation model best explains the Phoradendron
anceps-Pisonia albida system in the study plot.
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RECOMMENDATIONS

To understand better the role that Euphonia musica and other birds play in the
Phoradendron anceps-Pisonia albida system in the Guanica forest, a more detailed study

of their foraging and feeding behavior would be necessary.

To study accurately the dynamics of the subpopulations and the overall
metapopulation in the study plot, a study of more years would be necessary to estimate
different parameters, such as the rate of births and deaths, fecundity, survival, growth,
etc., that are needed to construct matrices and simulation models to model the dynamics

of plant species.

It would be interesting to study this system at a larger scale, to see if the patterns

persist and to investigate what happens when other mistletoe species are present.

It is hoped that future studies will be performed to compare mistletoe population
structures and distributions among mistletoe species and sites as a basis for a better

understanding of the ecology of these interesting plants.
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Table 1. Morisita’s indices of dispersion for host and mistletoes in the study plot.

.. 95% CL

Individuals 5 i tervals n 7
Non-infected trees 8.982 8.057 —9.906 90 5181.376***
Infected trees 9.373 7.996 — 10.750 43 5435.050%**
Mistletoes 47.872 44 .862 —50.883 1370 24435.624***

gl =528, *** =P <0.001
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Table 2. Wilcoxon (U Mann-Whitney) test for tree traits of infected and non-infected

trees.
Infected Non-infected
n =43 n=90
Tree trait Mean SD Mean SD W P (2 -tailed)
Basal area 608.77  612.32 61232 44128  3162.0 0.1765
Canopy 5.25 2.21 4.12 2.01 3492.0 0.0033  **
diameter
Canopy 2.64 1.04 2.34 0.85 3186.0 0.1421
height
Tree height 3.41 1.06 3.20 0.94 3094.5 0.3043

**=pP<0.01



Table 3. Spearman rank correlation of infected trees of a size class against the
different tree trait class.

Tree trait Coefficient rs
Basal area (cm?) 0.68
Canopy diameter (m) 0.86*
Canopy height (m) 0.89*
Tree height (m) 0.90*

*=P<0.05
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Table 4. Spearman rank correlation coefficients of tree traits against number of

mistletoes per tree.

Tree Trait

Coefficient rs

Basal area (cm?)
Canopy diameter (m)
Canopy height (m)

Tree height (m)

0.03

0.17

0.35*

0.31*

(rs)o.os (2, 43= 0.301, * = P < 0.05
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Table 5. Spearman rank correlation coefficients of mistletoe size/age variables.

Compared mistletoe size variables rs

Canopy diam. vs. length 0.90***

Canopy diam. vs. above-haustorium diameter (AHD)  0.82***

Canopy diam. vs. host branch diameter (HBD) 0.29***
Length vs. AHD 0.82***
Length vs. HBD 0.28***
AHD vs. HBD 0.20%**

*** =P <0.001
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Figure 1. Map showing the location of the Guanica Forest Reserve in southwestern

Puerto Rico. The black rectangle on the lower map indicates the location of study plot

(Fig. 2).
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Figure 2. Location of the study plot in the Guéanica forest. Infected and non-infected
individuals are represented by solid and open stars, respectively. Coordinates given along
the bottom and left hand edges of the map are in the UTM Puerto Rico datum reference

system.
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Figure 3. Individual of Pisonia albida infected by Phoradendron anceps (center).
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Figure 4. Frequency distribution of parasitic attack among infected hosts. Thirty-two
percent of the trees within the plot had at least one mistletoe infection. The frequency
distribution is negative binomial, with < = 10.301 (SD = 2.940) and k = 0.093 (SD =

0.039); x? for goodness of fit = 17.56, df = 9, P = 0.04. Parameter estimates and expected

values were calculated after Bliss and Fisher (1953).
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Figure 5. Simple regression testing for effects of host (Pisonia albida) density per
quadrat (100 m?) on proportion of trees infected (r*= 0.641 F = 54.5, P< 0.001, n=31, for

number of quadrats with infected trees).



Figure 6. Frequency distribution of the tree traits of Pisonia albida in the plot, and
the percentage of trees in each size class infected by Phoradendron anceps; (a) basal

area, (b) canopy diameter, (c) canopy height, and (d) tree height.
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Figure 7. Dead individual of Phoradendron anceps (center) surrounded by living
mistletoes.



Figure 8. Dead branches of Pisonia albida with dead mistletoes (arrows).
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Figure 9. Distribution of living and dead mistletoes on the infected host with respect

to (a) compass orientation, (b) exposure to light and (c) height on the host tree.
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Figure 10. Frequency distribution of size classes of P. anceps by: (a) maximum

canopy width; (b) length, and (c) diameter above haustorium.
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Figure 11. Frequency distribution of proximal host branch diameter for P. anceps of
(a) live mistletoes classified by their reproductive state (n = 627); (b) dead mistletoes (n =

743), and (c) mistletoe seeds (n = 304).
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Figure 12. Logarithmic regression for the number of mistletoes per tree against the

number of canopy diameter classes in which mistletoes are distributed.



Figure 13. Distribution of the infected trees in the study plot. The asterisk next to #
823 signifies the presence of two additional trees (# 823b and # 823c) immediately
adjacent to tree # 823. Parentheses indicate three infected trees that bore only dead

mistletoes.
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Figure 14. Demographic structure of mistletoes in group A based on mistletoe size

class (maximum canopy width).
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Figure 15. Demographic structure of mistletoes in group B based on mistletoe size

class (maximum canopy width).
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Figure 16. Demographic structure of mistletoes in group C based on mistletoe size

class (maximum canopy width).
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Figure 17. Demographic structure of mistletoes in group D based on mistletoe size

class (maximum canopy width).
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Figure 18. Demographic structure of mistletoes in group E based on mistletoe size

class (maximum canopy width).
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Figure 19. Demographic structure of mistletoes in group F based on mistletoe size

class (maximum canopy width).
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Figure 20. Demographic structure of mistletoes in group G based on mistletoe size

class (maximum canopy width).
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Figure 21. Demographic structure of mistletoes in group H based on mistletoe size

class (maximum canopy width).
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Figure 22. Demographic structure of mistletoes in groups I-K (isolated trees based
on mistletoe size class (maximum canopy width). a) Group | (subpopulation 924), b)

group J (subpopulation 844), c) group K (subpopulation 834).
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Figure 23. Reproductive plant of Phoradendron anceps (above). Detail of the
fruits (below).
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Figure 24. Seeds of Phoradendron anceps defecated by Euphonia musica.
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Figure 25. Termite nest on Pisonia albida . Notice that some dead mistletoes are
covered by the nest.
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Figure 26. Juvenile individuals of Phoradendron anceps.
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APPENDIX |

Appendix. Shapiro-Wilks test for normality of the Pisonia albida tree traits.

n=133
Tree trait Mean SD W* P (2 -tailed)
Basal area 488.94 507.45 3162.0 <0.0001 foleie

Canopy diameter ~ 4.49 2.13 3492.0 <0.0001 falekel
Canopy height 2.44 0.92 3186.0 0.0048 **

Height 3.27 0.98 3094.5 0.4449

**=P<0.01, *** =P <0.001
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APPENDIX 11

Appendix. Simple regression testing for effects of host (Pisonia albida) density per
quadrat (100 m?) on number of mistletoe (r> = 0.0014, F = 0.04, P > 0.05, n=31, for

number of quadrats with infected trees).
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