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Mutualistic associations between frugivorous verte-
brates and fleshy-fruited plants result in seed disper-
sal, a vital ecological process affecting plant
populations and communities. Invasive fleshy-fruited
plants can easily integrate into existing mutualistic
networks if generalist frugivorous species start con-
suming invasive fruit. Additionally, the presence of a
copiously fruiting invasive plant in the neighbourhood
of fruiting native plants could affect the fruit removal
from such plants by either reducing (competitive inte-
raction), increasing (facilitative interaction) or not
affecting (no interaction) visits by frugivorous verte-
brates. In this study, we explore the effects of the
presence of a fruiting invasive shrub Lantana camara
L. in the neighbourhood of fruiting native species
Erythroxylum monogynum Roxb. and Flueggea leuco-
pyrus Willd. on the visit and fruit removal rate by
avian frugivores in a semi-arid bird preserve in south-
ern India. We conducted plant watches within fruiting
patches of 30 m radius and observed the identity,
numbers and fruit-handling behaviour by avian frugi-
vores on focal native plants. We found that, on aver-
age, for the same fruit crop size, E. monogynum
received more visits and more fruit removal than
F. leucopyrus irrespective of the presence of fruiting
neighbours. Focal tree fruit crop size was a better
predictor of frugivore behaviour than the fruit crop
size of neighbouring plants (both native and invasive)
and was positively associated with frugivore visit rate
and fruit removal from focal plants. We infer that
there is little evidence for facilitation or competition
by invasive neighbours for the dispersal services of
vertebrate mutualists at the spatial and temporal scale
examined in this study. Longer-term, larger-scale data
are required to assess the changing impacts of inva-
sive plants on native plant—frugivore interactions.

Keywords: Fruiting neighbourhood, invasive plant,
Lantana camara, plant-frugivore association, semi-arid
landscape.
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SEED dispersal by vertebrate dispersers serves to maintain
plant populations and communities by influencing
processes such as colonization of new habitats, regulating
gene flow, species interactions and species co-existence' .
Long-distance dispersal by vertebrates also serves to
move seeds between favourable sites, such as between
forest fragments, and thus escape consequences of anth-
ropogenic habitat modification and even climate
change*’. Avian frugivores are an important subset of
vertebrate dispersers of fleshy-fruited plants across the
world. Avian dispersers can bring about changes such as
primary and secondary succession of plants, forest rege-
neration and directed dispersal of seeds to favourable
microsites’.

Fruit removal (and consequently seed dispersal) from
plants is influenced by plant characteristics such as fruit
quantity and fruit quality, and frugivore characteristics
such as gape width and body size’ . In addition to high
fruit availability at individual fruiting plants, the spatial
clustering of fruiting plants and the presence of fruiting
neighbours has also been shown to influence fruit removal.
For example, the efficacy of fruit removal from individu-
al plants with low fruit crop size has been shown to be
higher when surrounded by more fruiting conspecifics'’,
i.e. the presence of fruiting neighbours facilitated removal
from focal plants. Conversely, competitive interaction be-
tween conspecifics, i.e. reduced removal from focal
plants in the presence of high densities of fruiting neigh-
bours has also been demonstrated''. At the patch level,
aggregation of fruiting plants may affect seed dispersal
distances. Aggregation, or the presence of multiple fruit-
ing plants close together, may result in frugivores spend-
ing more time foraging within such fruiting patches, and
this may, in turn, lead to lower average dispersal distances
if the avian frugivore also has a short average gut passage
time'>"”,

While a number of studies have looked at the effects of
conspecific neighbours on fruit removal from focal plants,
the role of heterospecific neighbours and especially inva-
sive fleshy-fruited plants is widely understudied. Native
avian frugivores are often generalist and can rapidly form
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mutualistic associations with exotic and invasive species
by including such fruits into their diets'*'®. Frugivore
switches in preference for invasive fruits may eventually
lead to lower visit rates and fruit removal from native
plants''. Thus, a fruiting patch dominated by invasive
plants may result in poorer dispersal of native seeds from
such a patch.

Lantana camara L. (Lantana hereon, Verbenaceae) is a
thorny, scrambling woody plant and is recognized as one
amongst the worst shrub invaders of the world*. Origi-
nally from the tropical Americas, Lantana was introduced
into the Indian subcontinent in the early 1800s and has
since then become widely invasive across forests and
agricultural land****. Lantana produces large quantities of
small, sweet, purple-black berries and has thus become
associated with a number of generalist avian frugivore
groups such as bulbuls®?*° and has also become part of
native plant-frugivore networks®’*. Additionally, Lanta-
na grows in highly aggregated dense thickets of individu-
al plants, often forming contiguous fruiting patches
around native fleshy fruited plants (pers. obs.). The pres-
ence of this attractive invasive plant in the neighbour-
hood of native species is thus likely to influence
visitation and fruit removal by avian frugivores at native
plants.

In this study, we use Lantana and two co-occurring
native species — Erythroxylum monogynum Roxb. (Eryt-
hroxylaceae) and Flueggea leucopyrus Willd. (Phyllan-
tahceae) that produce fleshy fruits in order to answer the
following questions: (1) Does the presence of fruiting
neighbours affect frugivore visits to and fruit removal
from fruiting plants? (2) Does the presence of fruiting
Lantana neighbours alter rates of visits to and fruit
removal from native fruiting plants?

Methods
Study site

This study was conducted in and around the campus of
the Rishi Valley School, located in Andhra Pradesh, India
(16'63"N, 78'45"E). The valley is characterized by
dry-thorny habitat adapted to low, seasonal rainfall
conditions. The vegetation on the closest western hillock
has been preserved by fencing against grazing animals
and has been extensively re-forested. The preserve is
about 60 ha in area and has an understorey consisting of a
number of native fleshy-fruited shrubs such as Catunare-
gam spinosa (Thunb.) Tirveng. (Rubiaceae), Flacourtia
indica (Burm.f.) Merr. (Salicaceae) and E. monogynum.
Lantana is one amongst the five most abundant shrubs in
the preserve®’. The native plant species composition with-
in the preserve is comparable to that of two nearby
reserve forests — Kurabalakota and Tarigonda (area =
140.8 ha and 2699.8 ha respectively) —and thus repre-
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sentative of the larger landscape and species interactions
(unpublished data). Kurabalakota has high densities of
Lantana and F. leucopyrus while Catunaregam spinosa
and Lantana are the most abundant shrubs at Tarigonda
(densities estimated using point centre quarter method
along systematically laid 500 m transects in these reserve
forests; unpublished data).

Study species

Three native, fleshy-fruited, vertebrate-dispersed shrub
species, E.monogynum, F. leucopyrus and F. indica, were
chosen for focal observations based on their overlapping
fruiting phenology with Lantana. E. monogynum,
F. indica and F. leucopyus fruit between August and
November each year with single or multiple fruiting
peaks (based on 9-year phenology data collected in the
valley between 2008 and 2016; unpublished data). Lanta-
na also typically fruits in this duration and exhibits mul-
tiple fruiting peaks. All four species have typically bird-
dispersed fruit characteristics®. During this study, fruit-
ing individuals of E. monogynum were observed between
July and August 2016, F. leucopyrus was observed in
September 2016 and F. indica were observed in October
2016. However, the frugivore visit rate and fruit removal
from F. indica patches were extremely low and we did
not include this species in further analyses or inference.
Lantana fruiting overlapped with all the native species
observed.

Field methods

Characterizing plant neighbourhoods: Focal plants
were observed within circles of 30 m radius, henceforth
referred to as ‘patches’. The size of the patch is based on
estimated median dispersal distance of seeds by small
frugivorous birds that occur in the habitat®. Patch centres
were selected in the field, at random, such that within the
30 m radius, at least three fruiting individuals of a given
species of interest were present. Around each of the three
focal plants within a patch, 5 m and 10 m annuli were
made with the focal plant as the centre. Within each an-
nulus, all vertebrate-dispersed fruiting neighbours (native
species — primarily E. monogynum, F. leucopyrus and F.
leucopyrus and invasive Lantana) were identified. Since
tens of fruiting trees could be present in a 10 m annulus
around a focal tree, it was not possible to estimate the
exact fruit crop size for all individuals and simultaneous-
ly make observations on frugivores in the short feeding
window of birds. Additionally, in a previous study, we
had reported that a tenfold increase in fruit crop size of
focal plants was required to detect a unit change in frugi-
vore visit rate and fruit removal rate”. In order to cir-
cumvent the observation problem, and keeping in mind
that a tenfold increase in crop size was required to
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observe an effect, we quantified the number of fruits on
focal plants and each neighbour as belonging to one of
the following fruit-crop size classes: 0, 1-10, 10-100,
100-1000, 1000-10,000, 10,000-100,000. Observations
on 28 focal plants across 8 patches for E. monogynum, 24
plants across 8 patches for F. leucopyrus and 16 plants
across 5 patches for F. indica were made.

Plant watches: Each focal plant was observed for
3 hours, between 0600 and 1100 am or from 1500 to
1800 pm, when bird feeding activity was expected to be
highest. A few plants were observed in two sessions on a
single day for a cumulative duration of 3 h. The observer
sat well concealed, at a distance of at least 10 m from the
focal plant and used a pair of binoculars to make observa-
tions. Scan and focal sampling were used to measure fru-
givore behaviour at focal plants. Number and species
identity of visiting birds on focal plants was noted during
scans taken once every 10 min. Focal samples involved
observing a single bird from the time it arrived on a plant
until the time it left (or for the duration that it was visible
in the shrub canopy). The fruit handling behaviour of the
frugivore was observed, i.e. the number of fruits it
swallowed, pecked, chewed or dropped were counted.
‘Swallowed’ fruits were also most likely to be dispersed
and were thus used as a measure of fruit removal from the
plant.

Analyses

To meaningfully assess the effect of fruit-crop size on
frugivore behaviour, the qualitative size bins were con-
verted to a quantitative index by taking the log(base 10)
of the mid-point of the bin. For example, a tree belonging
to the size class bin 10-100, had a fruit crop size index
of 1.7 (i.e. log 10(50)). Each fruiting plant within an an-
nulus thus had a fruiting index score ranging from 1.7
(log 10(50)) to 4.7 (=log 10(5000)) since bins ranged
from 10-100 to 10,000-100,000. The total magnitude of
native neighbour crop size was estimated as the sum of
all native plant fruit crop size indices within 10 m and
5 m annuli around a focal plant. Total fruit-crop size for
invasive neighbours was estimated as the sum of all Lan-
tana fruit crop size indices within 10 m and 5 m annuli
around a focal plant. The log(base 10) conversion was
once again justified on the basis of our previous observa-
tions wherein a tenfold increase in crop size was required
to detect unit change in frugivore behaviour.

Models reported here are based on interactions
between three species only: Lantana, E. monogynum and
F. leucopyrus. Frugivore visit rate (number of frugivore
visits per session of observation, 180 min) and fruit
removal (by all frugivores per observation session,
180 min) were modelled as a function of focal plant fruit-
crop size index, focal plant species identity and neigh-
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bourhood native plant and Lantana fruit-crop size index
in a generalized mixed effects framework with a negative
binomial error structure. To control for possible within-
group similarities in response to spatial proximity, patch
identity was specified as a random effect. A few plants
were observed for slightly more or less than 180 min,
either due to weather conditions or due to erroneous time
difference calculation from start time. To account for the
differences in observation times, a time duration offset
was added to all the models. To assess whether invasive
Lantana particularly affected visits to focal plants,
another set of models with focal plant fruit-crop size and
crop-size of all Lantana neighbours was also made. To
assess whether neighbours closer to focal plants affected
visitation, both the above sets of models were created, but
with neighbours within the 5 m annulus. Effect sizes were
considered to be discernible if bootstrapped 95% Cls did
not overlap zero. We also ran the same set of models
without species identity as a fixed effect to assess overall
effects of focal and neighbourhood fruit crop sizes on
removal from both native species. All analyses were
performed in R (version 3.3.2, 2016).

Results
Frugivore assemblage at focal plants

Twelve species of birds and one mammal visited the focal
plants during our observations (Table 1). Several non-
frugivorous bird species visited focal plants but did not
contribute to fruit removal in terms of swallowing fruits.
Bird species that contributed most to the removal of
fruits from focal plants (Table 1) included the pale-billed
flowerpecker (Dicaeum erythrorhynchos), white-browed
bulbul (Pycnonotus luteolus) and red-vented bulbul (Pyc-
nonotus cafer). The three-striped palm squirrel (Funam-
bulus palmarum) is a rodent and expected to be a seed
predator and not a disperser. The visiting individual
chewed on, but did not swallow any fruits from focal
plants. A number of visitors handled (pecked, chewed or
dropped) fruits, but did not contribute to fruit removal by
swallowing or carrying the fruit away from the focal
plant (Table 1).

Frugivore visit rate and fruit removal

Models predicting frugivore visits performed well
overall, with high correlation between predicted and
observed values (Table 2). Models predicting fruit
removal performed poorly overall, with low correlation
between fitted and observed values (Table 2). In all mod-
els, there appeared to be no discernible effect of neigh-
bourhood fruit crop size on frugivore visits and fruit
removal from a focal plant, as the 95% CI for this para-
meter always overlapped zero (Table 2). The same was
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Table 1. List of frugivores visiting focal plants. Handled fruits include those that were pecked, chewed or dropped, but were not swallowed or
carried away from the focal plant. Birds that are highly frugivorous are highlighted in boldface text

Median time Total Total fruits Total fruit
Frugivore Family spent(s) visits handled removed
Blue-faced Malkoha (Phaenicophaeus viridirostris) Cuculidae 71 1 0 0
Common lora (4egithina tiphia) Aegithinidae 1 0 0
Grey-breasted Prinia (Prinia hodgsonii) Cisticolidae 4 6 0 0
Indian robin (Saxicoloides fulicatus) Muscicapidae 44 4 4 0
Pale-billed flowerpecker (Dicaeum erythrorhynchos)  Dicaeidae 60 67 410 72
Purple-rumped sunbird (Leptocoma zeylonica) Nectariniidae 36 16 62 1
Red-vented bulbul (Pycnonotus cafer) Pycnonotidae 30 24 23 23
Red-whiskered bulbul (Pycnonotus jocosus) Pycnonotidae 51 2 2 3
Scaly-breasted munia (Lonchura punctulata)) Estrildidae 18 1 0 0
Tawny-bellied babbler (Dumetia hyperythra) Timaliidae 46 5 3 0
Three-striped palm squirrel (Funambulus palmarum) Sciuridae 68 1 4 0
‘White-browed bulbul (Pycnonotus luteolus) Pycnonotidae 42 21 41 29
Yellow-billed babbler (Turdoides affinis) Leiothrichidae 30 22 13 42

Table 2.

Model coefficients for models predicting dispersal and visit rates (number of fruits removed and number of avian visitors per 3 h obser-

vation session respectively) as a function of fruit abundance of focal and neighbourhood plants within 10 m and 5 m annuli. Patch identity was the
only random effect, and was included in all models. Predictors with discernible effects are highlighted in boldface text. ‘Focal plant species’ refers
to the difference in estimated mean response of the two native focal plant species, Erythroxylum monogynum and Flueggea leucopyrus

10 m annulus 5 m annulus

Response Fixed effects Estimate 2.5%CIL  97.5%CI Estimate 2.5% CI 97.5% CI

Total visits Intercept —8.08 —-10.4 —6.80 -8.12 —-10.0 —6.65
Focal fruit abundance 1.13 0.64 1.71 1.17 0.74 1.64
Focal plant species -2.64 -3.65 -1.63 -2.71 -3.78 -1.62
Native neighbour fruit abundance 0.16 -0.08 0.57 0.19 -0.03 0.47
Lantana neighbour fruit abundance 0.21 —0.06 0.51 0.24 -0.01 0.50

Random effect SD = 0.00002 correlation
Correlation (observed versus fitted values) = 0.6

Total fruit Intercept -7.81
removal Focal fruit abundance 1.20
Focal plant species -3.36

Native neighbor fruit abundance —-0.10

Lantana neighbor fruit abundance 0.32

Random effects SD = 0.00001
Correlation (observed versus fitted values) = 0.3

Random effect SD = 0.00001
(observed versus fitted values) = 0.6

-11.6 -5.95 -8.02 -11.5 -6.21
0.47 1.95 1.29 0.61 2.17
-5.23 -2.00 -3.57 -5.34 -1.91
—-0.49 0.47 -0.06 -0.39 0.49
—0.11 0.76 0.31 —0.12 0.73

Random effects SD = 0.29 correlation
(observed versus fitted values) = 0.3

observed when only the closest neighbours (within 5 m
annuli) were considered (Table 2). However, the coeffi-
cient for focal plant fruit crop index was consistently
positive across all models with 95% CIs not overlapping
zero. The number of frugivore visits and fruits removed,
thus, increased with increasing focal-plant fruit-crop size
(Figure 1).

The coefficients for the difference in responses of E.
monogynum and F. leucopyrus were consistently discern-
ibly less than zero across all models, indicating consistent
species-level differences (Table 2). For the same focal
plant fruit crop size, E. monogynum received more visits
and greater fruit removal compared to F. leucopyrus
(Figure 1). However, we had very low sample sizes for
the smaller fruit crop size bins of F. leucopyrus and for
higher fruit crop size bins of E. monogynum. We also
note that a single outlying F. leucopyrus individual in the
10,000—-100,000 fruits category, received >40 visits from
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pale-billed flower peckers and also the removal of >40
fruits. Results did not qualitatively change when this in-
dividual was removed from analyses. Coefficients and
figures reported here are those calculated without this
outlier. The random effect component (patch identity)
showed low variation across most models, indicating that
between-patch variation in frugivore response was low.
When both species were examined together, only frugi-
vore visit rate was positively influenced by the focal plant
fruit crop size and neighbourhood fruit crop size did not
have any discernible effect (Appendix 1).

Discussion

Seed dispersal by vertebrates is an ecologically important
process maintaining plant communities. It is affected
primarily by frugivore behaviour — specifically the visit
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Appendix 1.

Model coefficients for models predicting dispersal and visit rates (number of fruits removed and number of avian visitors per 3 h

observation session respectively) as a function of fruit abundance of focal and neighbourhood plants within 10 m and 5 m annuli. Patch identity was
the only random effect assessed in all models. Predictors with discernible effects are highlighted in boldface text

10 m annulus 5 m annulus

Response Fixed effects Estimate 2.5% CI 97.5% CI Estimate 2.5% CI 97.5% CI

Total visits Intercept -7.32 -9.6 -5.66 -7.64 -10.3 -5.94
Focal fruit abundance 0.66 0.12 1.16 0.75 0.36 1.23
Native neighbour fruit abundance —-0.04 —-0.38 0.3 —0.05 —0.48 0.31
Lantana neighbor fruit abundance 0.21 —0.1 0.5 0.27 -0.07 0.52

Random effect SD = 1.16
Correlation (observed versus fitted values) = 0.7

Total fruit removalIntercept

Focal fruit abundance 0.63
Native neighbor fruit abundance —0.13
Lantana neighbor fruit abundance 0.08

Random effect SD = 1.45
Correlation (observed versus fitted values) = 0.6

Random effect SD = 1.31
Correlation (observed versus fitted

values) = 0.7
-7.13 -11.0 -3.8 —7.65 -12.2 -5.32
-0.2 1.32 0.78 0.04 1.77
—-0.63 0.44 -0.28 -0.84 0.34
-0.49 0.61 0.17 -0.39 0.79

Random effect SD = 1.69
Correlation (observed versus fitted
values) = 0.6
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Figure 1.

(a) Frugivore visit rates and (b) fruit removal measured as the number of fruits swallowed as a func-

tion of focal plant fruit crop size of two native plants, Erythroxylum monogynum and Flueggea leucpyrus in the
presence of fruiting neighbours, including invasive Lantana. Note that the y-axes correspond to the total number
of visits and fruits removed by all frugivores observed in a session of 180 min. The x-axes correspond to the
log (base 10) value of the midpoint of focal plant fruit crop size bin.

rate and the number of fruits they remove across space
and time — which in turn is positively affected by fruit
quantity of shrubs®?*. In this study, we explored how
frugivore behaviour (and therefore fruit removal) might
be affected by the crop size of focal plants as well as
that of neighbouring heterospecifics. Additionally, we
focused specifically on the crop size of neighbouring
Lantana, to study whether this invasive plant has a dis-
proportionate effect on frugivore behaviour. We report
that frugivore visitation to and fruit removal from focal
plants was positively correlated with fruit crop size. We
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have reported similar results at the level of the fleshy-
fruited shrub community as a whole in this landscape in
an earlier study as well*’.

Our main objective was to assess the effects of inva-
sive Lantana in the neighbourhood on fruit removal from
native plants. To this end, two native species, E. monogy-
num and F. leucopyrus, similar in fruiting duration and
fruit characteristics to Lantana®® were chosen. Overall
visit rate to E. monogynum was low and similar to that
reported in its congener E. ambiguum, although, much
higher seed dispersal efficiency has been reported for the
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latter species’®. We also found a clear difference in visits
to and removal from the two target native species F. leu-
copyrus and E. monogynum. E. monogynum consistently
received more visits by frugivores and experienced higher
fruit removal than F. leucopyrus (Figure 1a and b). Be-
tween-species differences reflected in the statistical mod-
els could be because of no removal from F. leucopyrus in
the lower fruit crop size classes but highly variable visits
to and removal from higher fruit crop size classes (Figure
la and b). In a previous study conducted during June—
December 2015, however, we had found fruit removal
from F. leucopyrus to be much higher than that of £. mo-
nogynum®. We speculate that these inconsistent differ-
ences are a consequence of inter-annual variability in
fruit availability and frugivore visitation®. We infer that
more temporal replicates of observations on these species
are required to assess true preference for either plant spe-
cies by avian frugivores.

When the fruit crop size of invasive neighbours was
considered, we found that the quantity of fruits on fruit-
ing Lantana neighbours did not have a discernible effect
on fruit removal from focal plants. Similar responses
have been observed for Eugenia uniflora, wherein the
focal plant fruit crop size had a higher positive effect on
frugivore behaviour compared to the fruit crop size of
conspecific and heterospecific neighbours'®. Studies
from elsewhere report preferential frugivore visitation to
co-fruiting invasive species over native fruiting shrubs,
and that invasive species receive up to half of all
observed visits by frugivores®***°. Preference for inva-
sive species has been attributed to greater variability
among fruit traits, or higher nutritional content compared
with native plants'®?’. However, the quality of Lantana
fruits (in terms of fruit size, pulp weight and crude sugar
content) in our study area is similar to the two native spe-
cies examined here”, and may thus not be a more attrac-
tive food source than the fruits of native plants. However,
understanding the interactions between native and inva-
sive plants and acknowledging that native frugivores
have become dependent on invasive plants for food
resources, could eventually inform management deci-
sions. For instance, species most similar to Lantana in
terms of fruit characteristics could be used to restore sites
from where the invasive plant has been removed'”>®,

We infer that, for our study landscape, higher densities
of invasive fruits in the neighbourhood did not result in
higher (facilitative) or lower (competitive) fruit removal
from focal plants. Plant-frugivore interactions are bound
to change with changing plant and frugivore densities and
clustering in space and time'>*. Furthermore, the larger
landscape and habitat context in which common frugi-
vores select fruiting patches may affect frugivore visita-
tion to fruiting plants. One may thus observe a
consequent difference in the nature of interactions bet-
ween native and invasive species as well. We conclude
that more temporal (across different fruiting seasons) and
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spatial replicates (across different spatial scales and
habitats) of fruiting patches are required to assess if the
interactions between Lantana and co-fruiting native
species are indeed neutral across space and time.
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