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Abstract We studied avian dispersal of seeds from the
hemiparasitic mistletoe Plicosepalus acaciae (Lorantha-
ceae) to its tree hosts Acacia raddiana and A. tortilis in
the Syrian—African Rift (Arava) valley, Israel. The
Yellow-vented Bulbul (Pycnonotus xanthopygos) was the
sole avian visitor observed feeding on mistletoe fruits.
Bulbuls consumed mistletoe fruits whenever they were
available, but the fruits only constituted a significant
portion of the diet (71% of foraging attempts) when they
were most abundant. These birds are potentially good
dispersal vectors of P. acaciae because they swallowed
the fruit whole and defecated viable seeds that were
covered in a viscid pulp, which allowed the seeds to
adhere to substrates when voided. In addition, bulbuls
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spent a large proportion (66-93%) of total observation
time perched in Acacia trees, allowing for directed dis-
persal. Ephemeral river valleys (wadis) with high
mistletoe infection were adjacent to those containing no
infections, demonstrating that mistletoe dispersal is
common within, but not among wadis. This is consistent
with the flight behaviour in bulbuls, which do not typi-
cally move among wadis. We combined data on bulbul
movements between Acacia trees with transit times of
mistletoe seeds to create a hypothetical seed shadow as a
function of distance from the parent mistletoe plant.
Because they are directed dispersers, the movement pat-
terns of bulbuls may explain the current distribution of
P. acaciae in the Arava valley.

Keywords Directed dispersal - Foraging behaviour -
Frugivory - Negev desert - Seed shadow - Transit time

Introduction

Unlike the diffuse co-evolution found in most relationships
between fruiting plants and vertebrate dispersal agents
(Wheelwright and Orians 1982), bird—mistletoe interac-
tions can be characterised by a high degree of specificity
(Reid 1991; O’Donnell and Dilks 1994; Ladley and Kelly
1996). Stem-parasitic mistletoes have been cited as an
example of directed dispersal, whereby dispersal agents
non-randomly deposit seeds in sites that are suitable for
establishment and growth (Howe and Smallwood 1982).
Many mistletoe species rely on only one or a few species of
frugivorous birds to deposit their seeds onto appropriate
hosts (Reid 1989; Lépez de Buen and Ornelas 1999).
Under this scenario, a single dispersal agent can have a
disproportionate effect on plant recruitment (Wenny 2001).
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In the Syrian—African Rift (Arava) valley of Israel, the
hemiparasitic mistletoe Plicosepalus acaciae (Lorantha-
ceae) infects Acacia raddiana and A. tortilis trees. These
species are native to the Middle East and Africa. In Israel,
they co-occur in the main Arava valley and the adjoining
ephemeral river valleys (called “wadis” in Arabic) (Halevy
and Orshan 1972). As in many other mistletoe species, the
fruits of P. acaciae are eaten by birds and later defecated.
While the dispersal ecology of P. acaciae has not been
studied in any part of its range, previous studies suggest that
the Yellow-vented Bulbul (referred to by some sources as
the White-spectacled Bulbul, Pycnonotus xanthopygos) is a
frequent consumer of P. acaciae seeds in this region. This
bird species is widely distributed in the Middle East (Paz
1987). In our study area, bulbuls were historically restricted
to oases. However, an increase in agricultural settlements
since the 1950s has provided conditions that have allowed
the distribution of bulbuls to expand (Shirihai 1996).

Given the apparent low number of dispersers and the
discrete distribution of host trees within wadis, this system
is ideal for studying avian frugivory. The objective of this
study was to identify the bird species that disperse
P. acaciae and to evaluate whether the behaviour and
physiology of the birds influence the distribution patterns
of mistletoes. We first conducted observational studies,
following bird movements over extended periods (up to 90
min per observation) to determine the diet composition and
perch preferences of avian visitors to P. acaciae. These
field surveys confirmed that the Yellow-vented Bulbul is
the main dispersal vector of P. acaciae. We then used
aviary studies to determine the retention time of P. acaciae
seeds in the gut of bulbuls and ran germination trials to
assess the viability of seeds that had been defecated.
Finally, we developed a seed shadow estimate for P. aca-
ciae by combining information on the transit time of seeds
in the gut of bulbuls and data on the movement of these
birds collected in field observations. These data were then
used to evaluate the overall importance of dispersal affor-
ded by the bulbul and to offer a possible explanation for the
currently observed distribution of P. acaciae in the Arava
valley.

Methods
Study area and species

The Arava valley of Israel is a northern extension of the
Syrian African Rift valley, located between the Dead Sea
in the north and the Red Sea in the south. In this region,
Acacia raddiana and A. tortilis trees are primarily restric-
ted to wadis, where they are the dominant species in these
ephemeral river valleys (Halevy and Orshan 1972). The
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Fig. 1 Map of the Negev desert and Arava valley in southern Israel
showing the study sites located in wadis. The shaded lines represent
political boundaries separating Israel from Egypt in the east and
Jordan in the west, with Elat at the bottom of the map lying on the Red
Sea. Elevations on the map are in feet. Numbers in parenthesis are
percentages of Acacia raddiana and A. tortilis trees infected by the
parasitic mistletoe Plicosepalus acaciae

mistletoe Plicosepalus acaciae parasitises at least five
halophytic and 14 non-halophytic plant species in the
Arava (Todt et al. 2000), but with the exception of
A. raddiana, A. tortilis and Ziziphus spina-christi, most are
incidental infections.

Field data were collected in seven different wadis in the
Arava valley (Tamar/Zin: 31°1'12"N, 35°22'48"E; Saif:
35°0'9"N, 30°50'2"E; Shizaf: 35°10'4"N, 30°40'4"E;
Nemiya: 35°10'1”N, 30°30'9.5”E; Katzra: 35°0'9"N,
30°30'2.5"E; Barak: 35°0'7.5”N, 30°20’'5"E; Hai Bar:
35°0'3"N, 29°50'3"E) (Fig. 1). These sites lie between 50
and 400 m a.s.l. and receive between 25 and 40 mm of
rainfall per annum. Previous surveys in the region have
found that in five of these seven wadis, the percentage of
Acacia trees infected by P. acaciae varied from 0 to 85%
(T. Rodl, unpublished data; Fig. 1).

Fruiting of P. acaciae occurs from June to April
(Vaknin et al. 1996). The berry-like drupe fruits are 5-15
mm in diameter, with seeds that are approximately 3—5 mm
in diameter. These fruits can easily be eaten by the Yellow-
vented Bulbul, a medium-sized omnivorous passerine
(mean adult body length 20 cm; adult mass 31-43 g).
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Field observations

Over 100 h of point observations in the seven wadis were
used to determine the potential dispersal vectors of
P. acaciae seeds. Based on the fact that bulbuls were the
only avian visitors observed on focal P. acaciae individual
plants, we concentrated subsequent field observations on
bulbuls. We followed focal bulbul individuals or pairs of
bulbuls using 10 x 42 binoculars and recorded observa-
tions using a Psion data logger. Birds were observed for as
long as possible (range 3 to 90 min). The duration of
behaviours associated with food searching or food pro-
cessing (flying between trees, perching in trees, hopping or
flying within a tree, foraging attempts and defecation) were
recorded, and we noted when birds were out of view. Data
were collected from November 1998 to January 2000.
Although no systematic study of P. acaciae fruiting phe-
nology was carried out, fruits were most prevalent in
October and November.

In a second field study focusing on the potential seed
shadow of P. acaciae dispersed by bulbuls, all trees in
three of the field sites were numbered and mapped on an
aerial photograph (247 trees in Katzra, 182 trees in Nemiya
and 110 trees in Barak). Every tree was also checked for
mistletoe infection (84.6% of Acacia trees in Katzra, 36.8%
in Nemiya and 61.0% in Barak). Using transparent graph
paper, we converted tree locations to (x, y) coordinates. In
the three wadis, observations were made on movements by
bulbuls that consumed P. acaciae fruits. Each observation
was carried out in a separate part of the wadi and, as the
bulbuls are territorial, this limits the likelihood that the
same birds were counted multiple times. Observations
began when a bulbul consumed a fruit from what we
defined as the hypothetical parent plant. Only observation
sessions >15 min were used in the data analysis, giving a
total of ten birds (two birds each in Katzra and Barak, six
birds in Nemiya) followed over 6 h of observation time.
Distance travelled was determined later using the coordi-
nates of the mapped trees.

Transit time

Ten bulbuls were captured using mist nets near Hazeva in
the Arava valley, then transported to the Mitrani Depart-
ment for Desert Ecology in Sede Boger. Birds were
individually housed in 63 x 44 x 56-cm cages under
controlled conditions [12/12-h (light/dark) photoperiod
(12L/12D); 25°C] and maintained on synthetic banana
mash (Denslow et al. 1987). To assess possible variations
in transit time associated with diet, transit time trials
included three feeding treatments: P. acaciae fruits alone,
with mealworms or with banana mash. All birds received

trials with P. acaciae fruits alone, nine of the birds had
trials involving mealworms and four of the birds were
subjected to trials that included banana mash. For the trials
that included banana mash, we fed birds both banana mash
and mistletoe fruits ad libitum. In the mealworm trials, five
mealworms were placed in the dish along with the mis-
tletoe fruits. Water was provided ad libitum throughout all
trials. Birds were observed constantly from the time when
the fruits were offered until all ingested seeds were defe-
cated (approximately 2 h after starting). Time of fruit
ingestion and time of defecation of P. acaciae seeds were
recorded to the nearest second. We assumed that seeds
were defecated in approximately the same order in which
they were ingested because when the birds ate more than
one fruit at a time, a corresponding number of seeds was
defecated together.

Germination of defecated seeds

We removed 66 defecated P. acaciae seeds from the cage
floor immediately after the transit time trials and placed
them in petri dishes. The dishes were placed indoors under
a constant photoperiod (12L/12D) and at a temperature
ranging from 15 to 22°C. While previous studies have
demonstrated that petri dishes are a poor means for esti-
mating germination of mistletoe seeds from intact fruits
(Robertson et al. 2006), these conditions were successfully
used in a similar study on germination of P. acaciae seeds
removed by hand (Rodl and Ward 2002). As the seeds used
in our study were all cleaned by passage through a bird and
a reasonable germination percentage was achieved, we
considered that the petri dishes most likely did not have a
negative effect on germination. Seeds were monitored for 6
weeks, and successful germination was indicated by
growth of the green radix.

Seed shadow

Field observations of bulbul movement (n = 10 individu-
als) were grouped into categories of time spent at different
distances from the hypothetical parent plant. Observations
for the three wadis were pooled to incorporate natural
variation associated with different wadi widths and infec-
tion percentages. To develop a probability distribution for
seed deposition, we organised movement data and transit
time data into successive 5-min intervals. The distributions
of movements during 5-min intervals were multiplied by
the corresponding probability of defecating a mistletoe
seed determined by the transit time distribution (Murray
1988). The results were summed over all time intervals to
yield a probability distribution of seed deposition versus
distance from the parent plant.
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Fig. 2 Amount of time spent by 103 Yellow-vented Bulbuls
(Pycnonotus xanthopygos) perching on A. raddiana and A. tortilis,
sitting on the ground, perching in various shrub species or in transit
between perching sites. Data are based on number of seconds bulbuls
spent on each of the behaviours during 2-day periods at each of three
study sites during three seasons (16 h of observation in total)

Results
Field observations

In more than 100 h of observation at Tamar/Zin, Saif,
Shizaf, Nemiya, Katzra, Barak and Hai Bar, we never saw
any birds other than bulbuls ingesting whole P. acaciae
fruits and defecating intact seeds. Bulbuls appear to be
opportunistic omnivores, as they had a varied diet that
included P. acaciae nectar and fruits, Acacia flowers,
insects and other fruits and plant parts. Bulbuls consumed
P. acaciae fruits whenever they were available, but the
fruits only constituted a major portion of the diet (71% of
foraging attempts, n = 132 birds observed) during peak
fruit availability in October and November.

In observations of 103 individuals, bulbuls perched in
Acacia trees for 76% of the total observation time in the
summer when mistletoe nectar is abundant, 93% in autumn
when mistletoe fruits are most abundant and 66% in winter
when neither fruits nor nectar are abundant (Fig. 2). Sea-
sonal differences in perch use in three wadis over ten
separate days were statistically significant (one-way
ANOVA with arcsine-square root transformation of the
proportion of observation time: F, o = 19.23, P = 0.001).
These data indicate that P. acaciae seeds have a high
probability of being defecated in a host Acacia tree during
the times when the fruit is most abundant and that P. aca-
ciae fruit represents the main component of the bulbul diet.

Seeds were often defecated while birds were perched in
Acacia trees or P. acaciae plants (36 of 40). Although
bulbuls defecated seeds surrounded by a sticky viscin layer,
the birds were not observed to wipe the seeds from their
cloacas onto a branch. Rather, they waited until the seed
fell from the cloaca, occasionally bobbing the rump
repeatedly to shake off the seeds. Observations of defe-
cated seeds in the field indicate that a high percentage
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germinated within several days of being defecated. Not all
seeds defecated when bulbuls were perched in Acacia trees
necessarily landed on a safe site. Of 36 defecated seeds for
which we knew the location of deposit, 58% landed on a
small Acacia branch, 17% landed on the ground and 25%
landed on a mistletoe plant. Only the Acacia branches can
be considered reliable hosts for this species of mistletoe,
although hyperparasitism has been recorded in a number of
Loranthaceae.

Only movements between Acacia trees (considered to be
safe sites for the dispersed seeds) were included in the
movement distribution. Movement patterns of bulbuls were
generally limited to within a small area, with a maximum
distance of 267 m from the location at the start of the
observation. Movements on a larger scale probably occur
but were not observed and are presumed to be rare.

Transit time

Of 148 P. acaciae fruits ingested by bulbuls in the transit
time trials, 97.3% were defecated and 2.7% were regurgi-
tated. All regurgitated seeds were brought up within a few
seconds of ingestion, and these retention times were
included in subsequent calculations of transit times. The
overall mean transit time (& 1 SD) of P. acaciae seeds in
the bulbul was 19.3 + 4.1 min (Fig. 3). There were no
significant differences among transit times when birds were
fed diets of mistletoe seeds alone, mistletoe seeds with
banana mash and mistletoe seeds with meal worms (one-
way ANOVA: F,,y = 0.64, P = 0.538). Further analysis
using only those birds that were fed all three diet types also
resulted in no significant difference (repeated measures
ANOVA: F,¢ = 0.02, P = 0.980). The transit time when
bulbuls consumed only one seed (20.0 £ 12.8 min; n = 8
bulbuls) was not significantly different from that for bul-
buls that consumed more than one seed at a time (19.1 £+
3.3 min; n = 9 bulbuls) (one-way ANOVA: F, ;5 = 0.04,
P = 0.830).
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Fig. 3 Transit time of mistletoe (Plicosepalus acaciae) seeds in the
guts of captive Yellow-vented Bulbuls (P. xanthopygos)
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Germination of defecated seeds

Of the seeds defecated by bulbuls during the transit time
studies (n = 66 seeds from ten birds), 51.5% germinated.
A study by Rodl and Ward (2002) found that hand-cleaned
fruits of P. acaciae only had a 35% germination rate in
petri dishes. We therefore conclude that passage through
the bulbul gut increases the germination rate in P. acaciae.

Seed shadow

The transit time data combined with movement patterns in
Katzra, Nemiya and Barak indicate that 73.3% of P. aca-
ciae seeds will be deposited within 100 m of a parent plant
(Fig. 4). At the same time, the probability that a P. acaciae
seed is defecated while a bulbul perches on a host Acacia
tree infected by the parent mistletoe plant is low (3.7%).
Although there is a high likelihood that a P. acaciae seed is
dispersed away from the parent plant, bulbuls perch in
infected trees a substantial amount of the time (45-96% of
observed perches).

Discussion

The results of our study implicates the Yellow-vented Bul-
bul as the primary dispersal vector of P. acaciae in the Arava
valley of Israel. Bulbuls appear to provide directed dispersal
(Howe and Smallwood 1982) of P. acaciae, based on the
fact that they swallow fruits whole, defecate the seeds in
germinable condition and non-randomly deposit the seeds
onto appropriate Acacia tree hosts. Consequently, bulbuls
are likely to have a disproportionate effect on P. acaciae
recruitment in Israel. This could, in turn, have an impact on

native tree populations. While Acacia species infected with
P. acaciae do not show negative effects (Bowie and Ward
2004), Z. spina-christi suffers high mortality when infected
by these mistletoes (Ward et al. 2006).

Our study also shows that bulbuls disperse P. acaciae
seeds away from parent plants. However, these birds fre-
quently forage and perch in Acacia trees infected with
P. acaciae, making it likely that these hosts will receive
more seeds. This finding is consistent with other studies
demonstrating that re-infection of host trees by mistletoes
is common. Bird dispersers are often attracted to fruiting
mistletoe plants in trees that are already infected, and they
preferentially visit the tallest trees in an area (Martinez del
Rio et al. 1996; Aukema and Martinez del Rio 2002). In
addition, it has been demonstrated that some host trees are
intrinsically more susceptible to infection (Reid and
Stafford-Smith 2000), although that finding has been con-
tradicted by other studies (Overton 1994). In the case of
this study system, foraging bulbuls may be attracted to
Acacia trees for reasons other than mistletoe plants.
Bulbuls also consume Acacia flowers and insects found in
Acacia canopies, and this mixed diet could facilitate the
infection of uninfected Acacia host trees.

We never observed bulbuls to leave the wadi and fly
over the open, unvegetated desert that characterises the
areas between wadis, an observation supported by Paz
(1987). While wadis are only 1-2 km apart in most places
and bulbuls do occasionally fly from one wadi to another
via the main Arava valley, we suggest that the majority of
movements by bulbuls are within the same wadi, with
movements between wadis occurring only rarely. Because
P. acaciae dispersal is closely linked to the flight behaviour
of bulbuls, this could lead to local adaptation of P. acaciae
populations restricted to individual wadis, as has been
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demonstrated in A. raddiana populations that are dispersed
by large mammals and winter floods within but not
between wadis (Shrestha et al. 2002).

Even when the dispersal of P. acaciae between wadis
does occur, it is possible that P. acaciae seedlings will not
survive on Acacias in these new sites. Rédl and Ward (2002)
cross-infected A. raddiana trees in two different wadis with
seeds from the same P. acaciae plant and found the foreign
seeds to have significantly a lower germination and holdfast
formation than local seeds. This strong genotype-by-envi-
ronment interaction for P. acaciae suggests strong selection
against dispersal between wadis. These results combined
with the propensity of bulbuls to move primarily within
wadis, perch on Acacia trees and defecate P. acaciae seeds
within a short time of ingestion indicate that the dispersal of
P. acaciae to a new wadi and subsequent germination are
likely to be limited. Such a mechanism may explain how
wadis with high P. acaciae infection can exist directly
adjacent to those with no infection.

Foraging observations indicate that P. acaciae accounts
for a substantial percentage of the bulbul diet. In fact,
mistletoes are considered to be keystone species in many
systems because their flowers and fruits are such an
important food source for birds (Watson 2001). Beyond
providing food, large mistletoe plants may also protect
bulbuls and their nests from environmental factors and
predation. If a dispersal vector of a plant species relies on
that same plant species for food and microhabitat, then the
mutually beneficial association can result in a positive
feedback loop. Martinez del Rio et al. (1996) found that
increased abundance of the Chilean mockingbird (Mimus
thenca) increased seed transmission of a mistletoe (Tris-
terix aphyllus) among columnar cacti hosts (Eulychnia
acida and Echinopsis skottsbergii). A similar positive
feedback loop is possible between the bulbul and P. aca-
ciae in Israel. In this case, an increasing population of
bulbuls resulting from the expansion of agriculture in the
Arava valley (Shirihai 1996) may lead to increases in the
abundance and range of P. acaciae. This, in turn, could
allow bulbul populations to be established in the desert,
independent of oases and agricultural settlements.

Regardless of whether such a positive feedback loop
exists, there is a high degree of specificity between P. aca-
ciae and the Yellow-vented Bulbul in the Arava valley of
Israel. The fruits of P. acaciae are an important food source
for the bulbul in this region and, in turn, the bulbuls disperse
viable seeds to host Acacia trees. This suggests that the
system is one of directed dispersal. The dispersal behaviour
of bulbuls is consistent with the observed variability in
P. acaciae infection percentage among wadis, but further
research is necessary to establish the details of this system.
The simplicity of the bulbul-mistletoe—Acacia interaction
makes this system ideal for future study.
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Zusammenfassung

Gerichtete Verbreitung von Misteln Plicosepalus
acaciae durch GelbsteiB3biilbiils Pycnonotus
xanthopygos

Wir haben die Vogelverbreitung von Samen der halb-
parasitischen Mistel Plicosepalus acaciae (Loranthaceae)
auf ihre Wirtsbdume Acacia raddiana und A. tortilis im
Syrisch-Afrikanischen Rift-Valley (Arava-Tal), Israel un-
tersucht. Der Gelbstei3biilbiil Pycnonotus xanthopygos war
die einzige Vogelart, die beim Fressen von Mistelbeeren
beobachtet wurde. Biilbiils fraen Mistelbeeren, wann
immer sie verfiigbar waren, aber die Beeren machten nur
dann einen maf3geblichen Anteil an der Nahrung aus (71%
der Futtersuch-Ereignisse), wenn sie am hadufigsten waren.
Die Vogel sind potentiell gute Verbreitungsvektoren von
P. acaciae, weil sie die Friichte komplett schlucken und die
keimfihigen Samen mit einer zdhfliissigen Masse umgeben
ausscheiden, die es den Samen ermoglicht, am Substrat
haften zu bleiben, wenn sie abgegeben werden. Auflerdem
hielten sich Biilbiils eine groflen Teil (66-93%) der
gesamten Beobachtungszeit in den Akazien auf, was eine
direkte Verbreitung gestattete. Tiler temporirer Fliisse
(Wadis) mit einer hohen Mistelinfektionsrate lagen ben-
achbart zu solchen ohne Infektionen, was zeigt, dass die
Mistelverbreitung innerhalb der Wadis hdufig ist, aber
nicht zwischen den Wadis. Das deckt sich mit dem Flug-
verhalten der Biilbiils, die normalerweise nicht zwischen
den Wadis umherwechseln. Um eine hypothetische
Samenverbreitungsfliche als eine Funktion der Distanz zur
Mistel-Mutterpflanze zu erzeugen, verschnitten wir Daten
der Biilbiil-Bewegungen zwischen Akazienbdumen mit der
Verweildauer der Mistelsamen im Magen-Darm-Trakt.
Weil die Biilbiils direkte Samenverbreiter sind, konnten
ihre Bewegungsmuster die gegenwirtige Verteilung von
P. acaciae im Arava-Tal erkldren.
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