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Abstract Dispersal abilities of invading species
emerge from the interaction between the species and
some features of the target community. Ligustrum
lucidum is a tree species invading different ecosys-
tems. Major spatial patterns of Ligustrum invasions
and their ecological consequences have been ana-
lyzed, but no study addressed the dispersal process at a
fine scale, assessing the effects of different biological
and environmental factors. Ligustrum lucidum is an
ornithochoric species. The structure of the environ-
ment determines bird movements and thus affects seed
dispersal. We used inverse modeling to analyze bird-
mediated dispersal of L. lucidum seeds in a secondary
Yungas forest and surrounding crop-fields. We
assessed the effects of egestion mode (regurgitation
and defecation) and tree density (as an environment
character) on seed dispersal. Seed dispersal presented
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different spatial patterns depending on the egestion
mode. Tree density was positively associated with the
number of regurgitated dispersed seeds and negatively
associated with the number of defecated dispersed
seeds. In both cases, dispersal distance increased in
open areas, but absence of perches inhibited seed
arrival. Thus, spread of L. lucidum is facilitated in
open areas with some trees; inside the native forest,
short distance dispersal facilitates the gradual invasion
by this exotic species. Our results suggest that
processes like crop abandonment and forest succes-
sion, which are active in subtropical montane systems,
may facilitate L. lucidum invasion. Our seed dispersal
models should be combined with actual distribution
maps of L. lucidum to identify areas vulnerable to new
invasions.

Keywords Ligustrum lucidum - Dispersal kernel -
Yungas - Bird-mediated dispersal

Introduction

Dispersal patterns of invasive species usually emerge
from the interaction between their dispersal abilities
and some features of the target community such as
distribution of seed sources, forest cover, fruit avail-
ability and the presence of dispersal agents (Carlo
et al. 2013). It has been observed that some of the most
harmful woody species need to establish mutualisms
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with vertebrates to invade new areas (Richardson and
Rejmanek 2011). Usually, seed dispersal constitutes a
bottleneck during the spread stage of the invasion
process, which involves a lag-phase (when species are
dispersed into new territories) and subsequent popu-
lation growth (Richardson and Pysek 2013). Under-
standing the seed dispersal process can be informative
to control invasion at this stage. Nevertheless, envi-
ronmental and biological effects on fine scale seed
dispersal (a few 100 m around seed sources) are
generally inferred with limited empirical support
(Aikio et al. 2010).

The glossy privet (Ligustrum lucidum, W.T. Aiton,
Oleaceae) is an aggressive tree species invading
ecosystems of different countries, including the
United States, New Zealand (Panetta 2000; Aslan
etal. 2012), Brazil (Biondi and Pedrosa-Macedo 2008)
and Argentina (Steibel et al. 2000; Aragén and
Morales 2003; Gavier-Pizarro et al. 2012). The first
steps of expansion in the invasion process generally
involve a rapid and massive colonization of degraded
habitats near introduction points, which are generally
areas with some degree of human intervention. For
example, in Sierras Chicas, central Argentina, a rapid
expansion of L. lucidum was documented. The
invaded area increased 50 times in 23 years, from 50
to 2500 ha (Gavier-Pizarro et al. 2012). The first foci
of this invasion were associated to urban and peri-
urban areas, where seed sources were concentrated,
but this constraint was gradually relaxed as seed
sources became more abundant and widespread. When
massive invasion occurs, L. lucidum may control
forest regeneration by forming mono-specific stands,
mainly in abandoned fields close to seed sources
(Hoyos et al. 2010; Pero et al. 2015). In these cases, the
invasion process has evident effects on forest ecology,
and the modification of species composition determi-
nes shifts in other environmental factors such as soil
humidity, light availability and in the disturbance
regime (Ayup et al. 2014; Zamora Nasca et al. 2014;
Ceballos et al. 2015). Although the major spatial
patterns of Ligustrum massive invasion and their
ecological consequences have been analyzed, no study
addressed the fine scale dispersal process. Such a study
would shed light on the process of gradual invasion
inside native forests, which are generally incorrectly
assumed as resistant to plant invasions (Martin et al.
2009). In contrast with massive invasion, gradual
invasion is controlled by a diffusion process from the
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edge of the range of the invasive species and it is
generally limited by the dispersal abilities of the
species and the characteristics of the new site (Wilson
et al. 2009). Gradual invasions do not form mono-
specific stands, thus they do not imply huge ecological
effects locally, but individuals distributed within the
forest constitute new seed sources that may speed up
the invasion process. The fine scale dispersal process
leading to gradual invasion emerges from the interac-
tion between L. lucidum and the preexisting
community.

The dispersal of the glossy privet is mediated by
fruit-eating birds (Montaldo 2000; Panetta 2000;
Wilcox 2000; Aragén and Groom 2003; Montaldo
2005). In Yungas forests, fruit consumption of L.
lucidum is favored because its fructification occurs
during winter, when few native fruits are available
(Pacheco and Héctor Ricardo Grau 1997; Rouges and
Blake 2001; Blendinger et al. 2012). Bird-mediated
seed dispersal depends on the movements of the
vectors, which are influenced by the environment
(Morales and Carlo 2006). Different biotic character-
istics (e.g. plant aggregation, structure and phenology)
and abiotic features (e.g. climate, soil and light)
influence the behavior of birds and the spatial pattern
of the seed rain (Cortes and Uriarte 2013). Among
fruit-eating birds, only those that do not damage seeds
while eating fruits are considered legitimate dispersers
(Jordano 2000). Seed size influences post-ingestion
seed fate: generally, small seeds are eaten and
defecated, while bigger seeds are regurgitated (Levey
1987). Both fates involve different time lapses from
fruit consumption to seed deposition, which may
affect the spatial patterns of seed rain, i.e. regurgitated
seeds may fall closer to source trees (Traveset et al.
2007). Other mechanisms of seed consumption (e.g.
seed predation) imply seed damage and do not
contribute to the invasion process (Heleno et al. 2011).

Most invasibility theories focus on the probability
that a propagule of an invading species establishes in a
given site. These theories take into account certain
features of the invading species and of the pre-existing
community but, generally, they do not consider the
probability of arrival of each propagule (Lamarque
et al. 2011; but see Lonsdale 1999). On the other hand,
most studies dealing with biological invasions analyze
the spatial pattern of invaders (Lonsdale 1999), which
is the result of at least two processes, namely, seed
dispersal and plant establishment. It is known that
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vegetation structure can influence the spatial patterns
of propagule dispersal but no general rules of this
interaction have been proposed (Schurr et al. 2008;
Morales et al. 2012; Carlo et al. 2013). Therefore, it is
necessary to use empirical data to analyze the invasion
process mediated by birds under different landscape
structures to understand how the environment may
shape the invasion process. This kind of studies should
include abandoned crop-fields and native communi-
ties, which may favor massive or gradual invasions,
respectively.

In this study, we quantify the contribution of seed
dispersal by birds to the fine-scale spread of L. lucidum
in a secondary forest of southern Yungas and
surrounding crop-fields. We use an inverse modeling
technique to make inferences about the dispersal
process based on analysis of the spatial pattern of seed
rain, and the distribution of seed sources. The study
was designed to assess the effect of tree density (an
environmental variable) on tree fecundity (i.e. the
capacity to produce seeds), and on the dispersal
process (dispersal kernel and bird movement). We also
evaluated the effect of different egestion modes
(regurgitation and defecation) on L. lucidum dispersal.
We then investigated i) the influence of tree density (as
an environmental variable) on L. lucidum dispersal,
and ii) the ecological implications of ornithochoric
dispersal of L. lucidum in the invasion process in
secondary forests and early successional communities.
We evaluated defecated and regurgitated seeds sepa-
rately because different ecological processes are
involved (e.g. different time lapses between fruit
consumption and seed deposition) (Levey 1987). Tree
density is an environmental variable that affects seed
production, dispersal and deposition in different ways.
High tree density around a focal tree may have a
negative effect on seed production, caused by compe-
tition for light, water and nutrients. On the other hand,
birds may choose dense areas to forage because they
may be less exposed to predators, they may have more
fruits available, and thus will need fewer movements
to feed. Consequently, it is likely that seeds are
dispersed at shorter distances than in open forests.
Finally, trees function as perches for birds and their
absence may prevent the arrival of ornithochoric
seeds. The combination of egestion modes and tree
density could affect the invasion process in different
ways; as defecation implies longer digestive times
than regurgitation, defecated seeds could reach longer

distances facilitating L. lucidum spread, whereas
regurgitation could contribute to population growth
with small advance on new territories. The analysis of
the individual contribution of different sources to the
spatial pattern of seed rain through inverse modeling
can shed some light on the importance of the different
ecological mechanisms involved in L.lucidum spread
process.

Methodology
Study area and study species

We conducted this study in the Sierra de San Javier
(26°47'S 65°20'W), a mid-elevation mountain in
Tucuman (Argentina), covered by a subtropical humid
montane forest, which belong to the Yungas phyto-
geographic region (Cabrera 1976). Mean annual
temperature is 19 °C, and average annual rainfall is
between 1300 and 1500 mm, with 80% of rainfall
concentrated between October and April (Minetti et al.
2005a, b). Although most birds migrate altitudinally
and latitudinally during the winter, some resident
species remain in the forest during the driest and
coldest period (Malizia 2001) when available native-
species fruits decrease to a minimum (Pacheco and
Héctor Ricardo Grau 1997; Rouges and Blake 2001;
Blendinger et al. 2012). During the first half of the
twentieth century, a significant portion of the forest at
lower altitude was replaced by annual crops and fruit
orchards, mostly citrus (Grau and Aragén 2000). In the
second half of the twentieth century, cultivated lands
were abandoned, due to soil fertility loss and other
socio-economic processes, and they were progres-
sively and spontaneously re-vegetated (Grau et al.
1997). Some stands of the secondary-growth forests
are now dominated by the invasive species under
study, L. lucidum (Aragdn and Morales 2003; Lich-
stein et al. 2004).

Ligustrum lucidum is an evergreen tree native of
Asia (China, Japan and Korea), which has been
introduced for gardening and has subsequently
invaded native environments in many regions of the
world. It is a fast growing species, which reaches
8—14 m height, and develops a dense canopy (IUCN-
SSC 2006). After insect pollination, small and cream
colored flowers produce fleshy drupes of about 6 mm
in diameter. Each fruit contains one or two seeds of
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3.8 &+ 0.4 mm in diameter (Montaldo 2005; Aguirre-
Acosta et al. 2014). In the study area, fruits ripen
during winter and spring (July to October approxi-
mately). The main bird species that consume these
fruits in southern Yungas is Turdus rufiventris, a
resident thrush (Rougeés and Blake 2001) that is
considered a legitimate seed disperser (Montaldo
1993), and is one of the most important fruit-eating
birds of southern Yungas (Malizia 2001; Blendinger
et al. 2012). After fruit ingestion, birds digest the
exocarp increasing germination probability (Montaldo
1993).

We established a 310 x 110 m rectangular plot
(3.41 hectares) in the lower areas of Parque Sierra de
San Javier, a protected area owned by Universidad
Nacional de Tucuman. The study area is located at
700 m.a.s.]. and it includes an area of secondary forest
bounded by a lemon tree plantation and an abandoned
orchard with no woody vegetation (Fig. 1). The
diversity, density and species composition of trees
varied within the forest patch, with certain places
exhibiting high densities of L. lucidum, and others
dominated by native species (e.g. Cinnamomum
porphyrium, Myrcine laetevirens and Parapiptadenia
excelsa). During June 2013, we analyzed tree compo-
sition of the forest patch. On a pre-established grid, we
mapped every tree with at least 10 cm diameter at
breast height (dbh), and recorded the species and dbh.
For this study, we only distinguished between L.
lucidum, (which functioned as seed sources) and the
rest of the tree species. To estimate tree density, we
considered all the trees measured and mapped in the
forest plot. Tree density was estimated as the density
of trees (independently of species identity), observed
in a moving window represented by a 5-by-5-meter
quadrat. The moving window was centered in the
intersection of every meter (integer) of the study area.

Seed sampling

We analyzed the spatial pattern of seed rain from July
to November 2013, when L. lucidum fruit production
occurs. To collect data on seed rain we placed 396 seed
traps, distributed in the forest plot and in the two
adjacent areas, the abandoned orchard (an area with no
woody vegetation) and the lemon tree plantation
(Fig. 1). In the forest plot, we regularly placed
seventy-five traps, forming a grid of 15 rows and 5
columns, separated by 20 m in all directions. In the
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adjacent abandoned orchard, we placed 56 traps
forming a grid of 8 rows and 7 columns, separated
by 20 m in all directions. The maximum distance
between the forest and the abandoned orchard traps
was 180 m, and the minimum distance was 20 m due
to the presence of a trail, which also separates lemon
tree plantations from the forest. The abandoned
orchard had a total surface of 1.26 hectares. In the
lemon tree plantation (5.50 hectares) we could not
keep the same grid design of traps due to the potential
interference with agricultural practices, so we had to
follow the spatial arrangement of lemon trees and
place the traps under their canopy. We placed 265
traps separated every 15 m within rows, and 20 m
between rows. The farthest distance between a trap of
lemon trees and the forest was 360 m (Fig. 1).

Each trap consisted in a 0.5 m x 0.5 m square
mosquito net. The net was held 0.3 m above the
ground with PVC pipes to avoid seed removal or post
dispersal seed predation. We censed traps for regur-
gitated seeds and bird faeces every week from July to
November 2013. Seeds found in bird faeces were
considered defecated seeds, while undamaged seeds
with no exocarp were defined as regurgitated seeds.
We removed all the seeds and we cleared all traps after
sampling. At each sampling, we recorded the number
of regurgitated and defecated Ligustrum seeds.

Data handling

To model both dispersal processes (defecation and
regurgitation) we used the cumulative number of seeds
within each trap throughout the fruiting period of
Ligustrum, because seed counts were too low to
analyze each week separately. To model the defeca-
tion-mediated dispersal process we excluded 20 traps
from the inner forest edge, to reduce the effects of
source trees outside the study area.

To model the dispersal of regurgitated seed, we
used the same subset of forest traps used for defecated
models, but in the other land covers (lemon tree
plantation and abandoned orchard), we included only
the traps located at a distance up to 60 m from forest
edge.

This was due to the absence of regurgitated seeds on
those areas, which hindered the convergence and
fitting of the models. For the lemon tree plantation and
the abandoned orchard we excluded 303 traps, all with
zero seed counts.
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Lemon tree plantation

Forest
area

Abandoned orchard

Fig. 1 Study area. A Stripped area indicates Yungas extension abandoned orchard and lemon tree plantation. Study area
in Argentina. Little black area within, corresponds to Sierra de corresponds to the light grey rectangle, where mapped L.
Javier location (in Tucuman province, North-west Argentina). lucidum are shown with dots and seed traps on the three
Small inset shows the location of Argentina (in grey) within different covers are represented with squares

South America. B Google earth image indicating forest area,
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Seed shadow modeling

We used an inverse modeling (IM) technique to infer
ecological processes involved in seed dispersal from
the observed spatial pattern of seed sources and seed
counts of every trap (Nathan and Muller-Landau
2000). This technique is useful to infer dispersal
processes when multiple sources supply seeds to each
trap, and it is not possible to identify the origin of each
seed. In this sense, we evaluate the likelihood of the
emergent spatial pattern of dispersed seeds, rather than
the contribution of each source (Nathan and Muller-
Landau 2000). Inverse modeling allows evaluation of
the dispersal kernel and different environmental
effects on the dispersal mechanisms (Schurr et al.
2008). In this study, we used inverse modeling to
simultaneously assess the effect of tree density and
tree size on seed yield of individual sources, the effects
of tree density on the dispersal kernel and the effects of
the environment on the seed path from the source to
the deposition point.

We assumed that the number of seeds arriving to a
site is the sum of the contribution of every individual
seed source. We modeled the seed shadow of individ-
ual sources as the product of source fecundity Q and a
dispersal kernel f (Ribbens et al. 1994; Clark et al.
1998). Thus, seed contribution of every source to
every trap can be estimated as a function of the
distance between them. The expected number of seeds
(Spinatrap t of area A, is the sum of the seeds of all the
sources:

St (G; rt,Af;ﬁ> = Z Qs (Gs§ ﬂfec)f(rsf; ﬂdisp)At (1)

where G is a vector of tree sizes of every source, r;is a
vector of the distances between every source and trap
t and B is a vector of model parameters (B, for
fecundity —parameters and Py, for dispersal
parameters).

Following Clark et al. (1999), we used the circum-
ference of L. lucidum trees (Gy) as a proxy to estimate
their fecundity Q. It is known that seed production can
be affected by tree density (D) due to competition for
different resources, but that the total yield (the number
of dispersed seeds from a source) can increase due to
mass effect. We estimated fecundity as:

QS(Gs) = Gy * eeBotBi+D;) (2)
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This expression determines that source size always
has a positive effect on fecundity. Tree density may
have a positive (e.g. by mass effect) or negative effect
(e.g. through competition) on seed yield and when B;
is zero it has no environmental effect on seed
production.

Different dispersal kernels have been proposed to
describe seed rain (Ribbens et al. 1994; Clark et al.
1998, 1999). We chose the 2Dt dispersal kernel (Clark
etal. 1999) because it presents the flexibility to fit local
and long distance seed densities, which is appropriate
for animal-mediated seed dispersal (Herrera et al.
2011). In this kernel, the probability density of seeds is
a function of the dispersal distance (r), with scale
parameter (¢) and the shape parameter (p). Parameters
u and p represent the dispersal parameters (Bgisp) of
Eq. 1.

fio =t ()

) T ( 1 + %) p+1

The model distinguishes two types of environmen-
tal effects on the dispersal process (Schurr et al. 2008).
Source effects describe the influence of the environ-
ment surrounding each tree on seed production and
dispersal kernel, while path effects describe the
influence of environmental heterogeneity on seed
movement along a straight path. The path effect can be
estimated through an additional parameter (w) which
affects the dispersal distance (r). Conceptually, this
parameter, which is an indicator of seed permeability
through the forest, transforms the spatial distance
between traps and seed sources into ‘movement
space’. Under this concept, the distances in environ-
ments with low seed permeability are increased with
respect to distances in more permeable areas.
Although this approach only takes into account the
straight path between seed sources and traps, it allows
considering potential effects of the environment on
bird tracks, which may affect the spatial pattern of
seed rain. To include the path effect in the modeling
process, it is necessary to map a variable that informs
about the permeability (or resistance) of the environ-
ment to bird and seed movement (Schurr et al. 2008).
We considered that tree density is a good indicator of
environmental permeability, because birds use trees as
perches, canopy cover protects them from predation,
and denser areas tend to have more food resources
(Carlo et al. 2013). In the models, we assumed that the
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effect of tree density and the dispersal kernel were
isotropic, i.e. they presented no directional bias in the
dispersal of seeds.

We defined a series of progressively more complex
models. Simplest models considered only the effect of
tree size on seed yield (evaluated through fecundity
parameter By) and single # and p parameters with no
effects of seed sources on them. We considered all
possible combinations of environmental effects on
seed sources (on Py, and B, parameters) and path
(w). We fitted eight models for each post-ingestion
seed fate (Table 2) through maximum likelihood
using the simulated annealing method (Bélisle 1992).

We used the Akaike information Criterion (AIC,
Akaike 1987) to estimate the performance of each
model. Sometimes data support more than one model
to different degrees. In these cases, it is a good practice
to take into account the relative support of each model
to get significant average predictions (Burnham et al.
2011). We used the AIC of the models to estimate their
relative weights, which indicate how much data
support them. When differences in AIC were small
(i.e. below two units of AIC) we used the relative
weights of the models to estimate a weighted average
model (Burnham et al. 2011). In this case, we only
considered the best models that accounted for at least
70% of the total weight, and we calculated the average
of the values of the parameters involved. We per-
formed all the quantitative analyses with R software
(R Core Team 2015).

Results

Tree density was highly variable within the plot. Mean
density was 0.12 trees per m” but values ranged from 0
to 1.25 trees per m” and zero was the most frequent
value. Circumference (in m) of L. lucidum trees ranged
from 0.12 to 3.05, with a mean of 0.69 m.

Most seeds were found in forest traps, where we
recorded 100% of the regurgitated seeds and 96% of
the defecated seeds. Records of defecated seeds were
scarce and isolated in lemon tree areas (single faeces
with one or two seeds, only in four sampling dates). No
regurgitated seeds were found in this area (Table 1). In
the abandoned orchard, only faeces without seeds
were found and no regurgitated seed were recorded
there.

Table 1 Total counts of regurgitated and defecated Ligustrum
lucidum seeds through all the sampling season in traps from
different environments: Forest (secondary forest), citrus (lemon
tree plantation area) and abandoned orchard (with no woody
vegetation)

Environment Regurgitated seeds  Defecated seeds

Forest 855 140
Citrus 0 6
Abandoned orchard 0 0

Inverse modelling

As none of the proposed models clearly outperformed
the others neither for regurgitated nor for defecated
seeds, we averaged the models that accounted for at
least 70% of the support from data. Averages took into
account the relative data support of the models
assessed through their weight (Table 2). The resulting
models for regurgitated and defecated seeds were
different (Table 2; Fig. 2). In the defecated seeds
model, tree density had effects on seed source
fecundity (B;) and on path effect W. In contrast, in
the regurgitated seeds model, tree density affected
both fecundity (B;) and scale parameter of the
dispersal kernel (), but path effect was not included
in the best models. Parameter values were also
different between models (Table 2).

Although both models included the fecundity
parameter, B;, their signs were different. For regurgi-
tated seeds, B; was positive and, consequently, the
number of dispersed seeds (seed yield) from each
source increased with tree density. Instead, less
defecated seeds were dispersed from sources sur-
rounded by dense forest. The estimates of the remain-
ing parameters (though not their sign) were different
between models, (Table 2), which was reflected in the
emergent pattern of seed dispersal (Fig. 2). Although
defecated seeds were much scarcer than regurgitated
seeds, they were dispersed farther (Fig. 2). In both
cases, the number of seeds decreased with distance
from seed sources, but the decrease was steeper for
regurgitated seeds, and the expected number of seeds
was close to 0 at 40 m from seed sources, while
defecated seeds could be found up to 80 m from seed
sources, even if in small numbers.

Seed dispersal was affected by tree density in both
models, but the parameters involved in each case were

@ Springer



P. A. Powell, E. Araoz

Table 2 Parameter estimates, negative log-likelihood AIC values and weight (We) for a subset of analyzed models

Environmental effect on  df  BFec Bdisp w —InL  AIC We
By B, Scale of kernel Shape of kernel
U, U, p

Models for defecated seeds
- 3 671 - 7.59 - 0.27 - 132.0 270.0  0.38
Path 4 671 - 7.38 - 0.25 —-0.56 1317 271.3  0.20
Fecundity 4 723 -1.57 7.52 - 0.22 - 132.0 2719  0.14
Fecundity scale path 6 6.48 0.52 8.74 —-2.97 0.67 —-0.97 130.6 273.1 0.08
Fecundity path 5 6.18 1.36 6.97 - 0.05 -0.72 1317 2733 0.07
Scale 4 6.72 - 6.58 1.07  —-0.03 - 132.7 2734  0.07
Scale path 5 6.70 - 6.48 085  —0.06 —1.09 132.3 2745  0.04
Fecundity scale 5 6.87 —034 7.03 4.30 0.89 - 1332 276.4  0.02
Averaged parameters 5 6.81 —0.31 7.52 - 0.25 —-0.16 - - 0.72

Models for regurgitated seeds
Scale 4 858 - 10.89 —-1.37 5.03 - 7825 1573 0.39
- 3 858 - 12.62 - 7.00 - 7842 15744  0.19
Fecundity 4 8.45 055  10.76 - 5.14 - 783.6 15753  0.12
Fecundity scale 5 875 —093 12.04 —2.25 6.04 - 782.8 1575.6  0.10
Scale path 5 858 - 9.592  —1.60 3.60 0.10 7833 1576.6  0.06
Fecundity scale path 6 8.56 0.03 11.58 —1.66 5.63 —-0.03 7824 15767  0.06
Fecundity path 5 8.47 0.50 1228 - 6.73 —0.13  783.7 15775  0.04
Path 4 856 - 10.5 - 4.87 0.17 7848 15775  0.04
Averaged parameters 5 8.56 0.09 11.34 —0.76 5.58 - 0.70

Models are ordered according to their AIC values (first models are the best fitted for each case). Weighted average parameters (We)
come from most supported models (that represents at least 70% of total weight). Weighted average model for each post-ingestion

seed fate is highlighted in bold letters

w
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2 — regurgitated
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s o defecated
o © &9
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< 3|
2 3 ° \
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LS gL, = - : =
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distance from seed sources (m)

Fig. 2 Expected number of Ligustrum lucidum regurgitated
seeds (line) and defecated seeds (dotted line) at different
distances from a hypothetical source. The expected number of
seeds is the product of individual tree fecundity, the seed
dispersal kernel and the path effect. The hypothetical tree is
medium-sized (basal area = 0.69 m?) located in a homoge-
neous density area (0.12 trees m™"). Inser figure represents a
detail of the curves at long distances (between 30 and 80 m)
from seed sources
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different. In the model of defecated seeds, there was no
effect of tree density around the source on the scale
parameter of the dispersal kernel, but we found habitat
resistance to seed movement (w) (Table 2). This
indicates that defecated seeds can be dispersed farther
in low-density forests (Fig. 3). In the case of regur-
gitated seeds, the scale parameter (1) was negative,
indicating that seeds from sources in denser areas
attain shorter distances (Fig. 4), but no path effect was
detected (Table 2). The dispersal of regurgitated seeds
was very sensitive to tree density around sources.
When seed sources were in dense forests, there was an
abrupt decrease in the expected number of seeds at
short distances, a pattern that was not observed for
seed sources in less dense forests (Fig. 4).
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Fig. 3 Environmental effect of tree density on the expected
number of defecated L. lucidum seeds. Graph shows the
expected number of seeds at different distances from seed
sources, obtained from weighted average model for defecated
seeds. We took as source a medium size tree (basal
area = 0.69 m?), in a homogeneous density area: solid line
represents an environment with median tree density (0.12 trees
per m?), hatched lines show the curve for high tree density (1.25
tre;es per m?), and dotted line for low tree density (0.01 trees per
m°)
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Fig. 4 Environmental effect of tree density on the expected
number of L. lucidum regurgitated seeds. Graph shows the
expected number of seeds at different distances from seed
sources obtained from weighted average model for regurgitated
seeds. We took as source a medium size tree (basal
area = 0.69 m%), in a homogeneous density area: solid line
represents an environment with median tree density (0.12 trees
per m?), hatched line shows the curve for high tree density (1.25
trezes per m?), and dotted line for low tree density (0.01 trees per
m°)

Discussion
Two processes

Both processes involved in seed dispersal of Ligus-
trum lucidum by fruit-eating birds (regurgitation and
defecation) had different and complementary ecolog-
ical implications on the spread of glossy privet.
Regurgitation is more frequent than defecation but
regurgitated seeds are concentrated at short distances
from seed sources, while defecated seeds may attain

longer distances, though seed densities are low. Thus,
legitimate dispersers contribute to the spread of
invasive species into new areas, mainly through
defecation; defecated seeds can reach more than one
hundred meters from seed sources, a trend that was
also found by Morales et al. (2012) for other dispersal
systems. The differences in dispersal distance between
regurgitated and defecated seeds are probably because
regurgitation is faster than defecation (Levey 1987).

The passage of seeds through the birds’ gut
increases seed viability for many plant species
(Traveset and Verdd 2002). Thus, although few
defecated seeds achieve long distances, they may be
sufficient to colonize new areas. The simple removal
of the exocarp from fruits by birds also facilitates
germination (Aragén and Groom 2003), so undam-
aged regurgitated and defecated seeds may have
increased germination rate with respect to seeds in
whole fruits (Montaldo 1993).

Dispersed seeds constitute new nuclei of invasion
because established trees become themselves sources
of seeds and regurgitation favors rapid growth of local
populations of L. lucidum. This combination of
colonization of new areas mediated by defecation
and population growth mediated by regurgitation
generates positive feedbacks that speed up the inva-
sion process. Bird-mediated seed dispersal of L.
lucidum, combined with their high growth rate,
resprouting capacity and tolerance to wide environ-
mental ranges (Guilhermetti et al. 2013), contributes
to the spread, population growth and persistence in
new environments.

Tree density and seed arrival

We recorded few seeds arriving to lemon tree plan-
tations, and L. lucidum invasions generally occur in
open areas or in early succession areas (Pero et al.
2015). This suggests that even with low quantities of
seeds this invasion process is limited by the availabil-
ity of resources rather than by the arrival of propag-
ules, which supports the invasibility model based on
fluctuating resources (Davis et al. 2000). This model
proposes that invasibility is enhanced whenever
resources are available (e.g. when resource supply
increases or the capacity of resource uptake by the
community decreases due to a disturbance). In the
study area, space seems to be the resource limiting
establishment of the glossy privet. Cropland
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abandonment opens a time window in which L.
lucidum increases the probability of colonizing new
areas. Thus, glossy privet can colonize these environ-
ments given seed sources are close (Aragén and
Morales 2003; Montti et al. 2017), which is relatively
frequent in the Yungas, since it is a common species in
gardens, both in semi-urban and rural areas. Inter-
specific competition is reduced in early succession
when L. lucidum usually forms monodominant stands,
due to its higher survival and growth rates in
comparison to the most abundant native species
(Aragén and Groom 2003; Malizia et al. 2017). Then
L. lucidum can alter composition and functioning of
secondary forests (Aragén et al. 2014; Malizia et al.
2017). We found that L. lucidum seeds are dispersed
low distances inside the forest, because tree density
reduces dispersal distances by birds, suggesting that
the invasion that occurs within the forest (Malizia et al.
2017) can be delayed in dense forests. In this way,
even undisturbed forests can be invaded, because birds
that consume L. lucidum fruits are regular residents of
Yungas forests. Similar results were found in tropical
forests (Martin et al. 2009).

Environmental effects

Areas with no trees (e.g. abandoned orchard) do not
receive L. lucidum seeds due to the lack of fruit-eating
birds perching and defecating there (Aragén and
Groom 2003; Aragén and Morales 2003). Thus, tree
species composition in early successional forests is
controlled to some extent by land use history and by
differences in the dispersal syndromes of the plant
species (Grau et al. 1997; Aragén and Morales 2003).
In Yungas forest, during early stages of succession of
bare fields pioneer wind-dispersed species arrive first
(e.g. the native species Tecoma stans, Heliocarpus
papayanensis and Jacaranda mimosifolia) and colo-
nize open areas (Grau et al. 1997). When grown, these
pioneers serve as perches for fruit-eating birds. Since
L. lucidum is a bird dispersed species, its arrival to
open areas is delayed, and hence native pioneers have
better opportunities of establishing. By contrast, in
lemon plantations Ligustrum invasion may begin
immediately after abandonment due to the presence
of perches. We did not find seeds in the abandoned
orchard area, supporting the idea that woody vegeta-
tion serving as perches for birds are necessary to
activate the colonization of abandoned fields (Guidetti
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et al. 2016). This may have important implications for
forest management. Lemon plantations are among the
most frequent croplands surrounding Yungas forests.
When these plantations are abandoned they can be
rapidly colonized by L. lucidum because lemon plants
serve as perches. Indeed, most areas invaded by L.
lucidum in Argentinean Yungas are abandoned lemon
plantations (Montti et al. 2017).

As we mentioned before, L. lucidum can spread
slowly within dense forest because seeds are trans-
ported shorter distances in dense forest than in less
dense areas. This pattern could be explained by
different mechanisms. Dense tree areas tend to have
more food resources, thus birds can forage with little
movement between close trees (Carlo et al. 2013),
which would maximize their energy budget. Besides,
dense tree areas offer protection from some predators,
and therefore birds might avoid long-distance flights
in open areas during foraging. On the other hand, this
pattern of seed dispersal has ecological implications
not only for abandoned fields but also for native
forests. Mature Yungas forests present low tree
density with respect to early successional stages
within the same ecoregion (Grau et al. 1997), but they
are usually far from L. lucidum seed sources, which are
spatially associated with human activity. The distance
between invasion foci and mature forests may delay
colonization. When glossy privet arrives to native
forests and grows to maturity, a change in the species
composition of these forests may occur, mainly when
L. lucidum increases its canopy cover (Hoyos et al.
2010). However, no generalizations about bird-medi-
ated seed dispersal in response to spatial heterogeneity
should be done from single studies. Morales et al.
(2013) compared seed dispersal by various species of
thrushes and found different behaviors in response to
landscape heterogeneity.

Many environmental policies aim at reducing or
limiting biological invasions. Most of the times
economic resources are scarce, so accurate spatial
predictions of the invasion process can be the basis for
successful planning and management. Our results
suggest that it is difficult to manage L. lucidum once it
colonizes the forest. Managing efforts should be
concentrated in the massive invasion process, which
rapidly expands the range of the species and which
locally has huge ecological effects. The combination
of the present and potential distribution of glossy
privet (Montti et al. 2017) based on our dispersal
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models are needed in order to identify vulnerable
areas. Moreover, land cover maps are useful to
identify lemon plantations, where massive invasions
occur after abandonment. The elimination of lemon
trees in abandoned orchards would favor the arrival of
native wind-dispersed species. To further favor the
colonization by native species it would be necessary to
remove L. lucidum seedlings germinated from the seed
bank after lemon tree elimination. This practice would
be limited to the first year after crop abandonment
because L. lucidum seeds have limited viability
(Panetta 2000).

Conclusions

Fruit-eating birds facilitate L. [ucidum invasion,
through both egestion modes, which contribute dif-
ferentially to the spread and population growth of the
species. Defecation is more relevant in the spread
process and regurgitation is more important to popu-
lation growth. The presence of seed sources and other
trees serving as perches determines the arrival of L.
lucidum seeds; in low-tree density areas (e.g. mature
forests), seeds disperse farther than in high-tree
density areas (e.g. secondary forests). Our results are
useful to predict which areas near L. lucidum individ-
uals are more vulnerable to be colonized by this
invader, and hence, to implement early detection
actions. Our results should be combined with present-
day distribution maps of L. lucidum and with land
cover maps to identify areas that are more vulnerable
to massive invasion.
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