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Abstract Glossy privet (Ligustrum lucidum) is a
tree native to China that successfully invades forests
of central Argentina. To fully understand glossy
privet’s ecological effects on native forest, it is
necessary to accurately map the distribution of glossy
privet stands and the changes in biodiversity and
forest structure of the invaded areas. The objectives of
this paper were (1) to map the distribution of glossy
privet stands in an area representative of the Sierras
Chicas (Cérdoba, Argentina) and (2) compare com-
position, structure and regeneration between glossy
privet invaded stands and native forest stands. Using
four Landsat TM images (October 2005, March, May
and July 2006) we mapped the distribution of a glossy
privet-dominated stand using a support vector
machine, a non-parametric classifier. We recorded
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forest structure variables and tree diversity on 105
field plots. Glossy privet-dominated stands occupied
3,407 ha of the total forested land in the study area
(27,758 ha), had an average of 33 glossy privet trees
(dbh > 2.5 cm) per plot and the cover of their shrub
and herb strata was substantially reduced compared
with native forest. Forest regeneration was dominated
by glossy privet in native forest stands adjacent to
glossy privet-dominated stands. We conclude that in
the Sierras Chicas glossy privet has become a
widespread invader, changing the patterns of vertical
structure, diversity, and regeneration in native forests.
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Introduction

Invasions by exotic plants are one of the main causes of
the degradation of ecosystems and biodiversity glob-
ally (Mack and D’Antonio 1998; Mack et al. 2000;
Theoharides and Dukes 2007). Exotic plants can have
strong effects on ecosystems by altering the dominant
vegetation type (e.g., shrubland to grassland conver-
sions), soil properties, biogeochemical cycles, patterns
of herbivory and disturbance regimes (Mack et al.
2000; Brooks et al. 2004). Invading trees in particular
cause drastic ecosystem changes (Richardson et al.
1994). For example, the invasion of pine trees has
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affected large areas dominated by grasses and shrubs
in the southern hemisphere, changing the dominant
vegetation type, reducing structural diversity, and
modifying vegetation patterns and nutrient cycles
(Richardson 1998; Zalba and Villamil 2002). In an
increasingly globalized world, both frequency and
extent of exotic plant invasions are growing rapidly,
thus increasing the need to understand their ecological
effects and monitor their spread (Vitousek et al. 1997,
Meyerson and Mooney 2007).

As elsewhere, non-native trees cause major eco-
logical and economic problems in Argentina, where
they have invaded protected areas in the northwest of
the country, as well as remnants of natural Neotrop-
ical forests (Grau and Aragén 2000; Zalba and
Villamil 2002; Richardson et al. 2008). One of the
most widespread invasive trees in central Argentina is
the glossy privet (Ligustrum Ilucidum W. T. Aiton),
which was imported from China as an ornamental
(Ribichich and Protomastro 1998; Montaldo 2000).
Glossy privet is an aggressive invader in many other
countries as well, including Australia and New
Zealand (Cronk and Fuller 1995).

Glossy privet grows fast, reaches heights of up to
17 m, and can thrive under both shaded and full sun
conditions (Aragén and Groom 2003). Abundant seed
are dispersed by birds, and glossy privet also prop-
agate vegetatively (Aragon and Groom 2003; Aragdn
and Morales 2003). Because of its shade tolerance,
glossy privet can grow in relatively undisturbed
native forests. Once it reaches the canopy, glossy
privet can outcompete most of the native vegetation
by creating conditions of low luminosity that hinders
the regeneration of other species, ultimately resulting
in glossy privet dominance (Grau and Aragén 2000).

Invasive plant dominance can result in substantial
changes in the vertical structure of a stand, with
negative consequences for biodiversity. For example
in Hawaii, the invasive tree species Fraxinus uhdei
and Morella faya form stands with dense canopy
cover that reduce understory light availability, elim-
inating most species in the lower forest strata (Asner
et al. 2008). The changes in forest structure can later
result in poor habitat for many native animals
(Braithwaite et al. 1989; Schmitz et al. 1997), and
provide suitable habitat for new invaders and pests
(Boppré et al. 1992).

The ecological impact of an exotic invasive plant is
not only a function of the local changes in biodiversity

@ Springer

but also of the extent of the dominated area. Detecting
invaded areas and mapping the extent and spatial
pattern of invasive plants are first steps towards
understanding the underlying mechanisms of inva-
sions and developing effective management strategies
(Elton 1958; Mack et al. 2000; Rejmanek and Pitcairn
2002). Remote sensing is a powerful tool to map
vegetation communities. Several studies used remote
sensing images to map distributions of terrestrial
non-native invasive plants, relying either on aerial
photographs, high-resolution satellite imagery (e.g.,
Lonsdale 1993; Lass et al. 2005), or airborne hyper-
spectral imagery (e.g., Hunt et al. 2003; Noujdina and
Ustin 2008; Asner et al. 2008). However, in many
places neither high-resolution nor hyperspectral data
are available or they may be very costly, limiting their
use for monitoring plant invasions across large areas,
particularly in developing countries.

Landsat satellite images provide an excellent
alternative for mapping the spread of non-native
invasive plants at broad scales and at low cost,
especially given the increasing availability of the
global Landsat archives (Woodcock et al. 2008).
With an extent of 185 x 185 km, a spatial resolution
of 30 x 30 m, and six bands in the visible, near- and
shortwave-infrared domain, plus one thermal band,
Landsat Thematic Mapper (TM) and Enhanced
Thematic Mapper Plus (ETM+) images have been
extensively used for ecosystem monitoring (Goward
and Masek 2001; Cohen and Goward 2004).
Although the spatial resolution of Landsat is often
too coarse to map single species (Hunt et al. 2003;
Foody et al. 2005), good results for single-species
mapping of invasive plants have been obtained when
the species of interest forms patches >0.5 ha and is
characterized by a spectral signature that is distinct
from the surrounding vegetation (Peterson 2005;
Bradley and Mustard 2006).

The objectives of this paper were to (1) map the
distribution of glossy privet in the study area and (2)
determine the effects of invasion on native forest
structure and biodiversity. The presence of large
glossy privet-dominated patches in the Sierras Chicas
of Cordoba represents an excellent opportunity to
study glossy privet’s impacts on native biodiversity.
Knowledge of the spread of glossy privet and the
response of the native vegetation is essential to assess
the impact of the invasion and to develop regional
monitoring and management plans.
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Methodology South —31.334°, West 64.412, East 64.129) encom-
passing an area of 27 x 41 km (1,130 km?). Altitudes
Study area range from 450 m on the eastern plain to 1,350 m on the
plateau (Sierras Chicas) in the western part (Fig. 1).
The study area is located on the eastern slope of the Climate is temperate (mean annual temperature of
Sierras Chicas of Cordoba, Argentina (North —30.943°, 18.9°C) semi-arid with monsoonal rains (average annual
Fig. 1 Location, 64°20'0"W 64°15'0"W 64°10'0"W
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rainfall is 949 mm; Capitanelli 1979; Gavier and Bucher
2004). The natural vegetation is stratified into four
vegetation zones: Llanura (plains below 750 m, domi-
nated by Aspidosperma quebracho-blanco, Prosopis
spp. and Acacia spp. forests), Serrano forest (sierras
between 1,200 and 700 m, dominated by Lithraea
molleoides and Fagara coco forest), shrubland (between
1,100 and 1,000 m) and grassland (usually above
1,000 m; Luti et al. 1979; Zak and Cabido 2002; Gavier
and Bucher 2004).

Land use, predominantly cattle grazing, open
mining and extensive logging, have substantially
altered natural vegetation communities. Current
Deforestation rates between 1970 and 1997 are high
(2.8% per year) and forest fragmentation is increasing
while the remaining forests are under pressure from
grazing, selective logging, fire, and non-native inva-
sive plants (Gavier and Bucher 2004). Urbanization
has accelerated since 1970 particularly in forested
valleys as people move closer to natural amenities
(Zak and Cabido 2002; Gavier and Bucher 2004;
Fig. 1). Glossy privet is a widespread invader in the
Sierras Chicas of this region, where it was introduced
as an ornamental tree around 1900 (Rio and Achaval
1904). It has invaded particularly forested sites
resulting in dense stands (Gavier and Bucher 2004).

Plant composition, stand structure, and tree
regeneration in glossy privet-dominated
stands and in native forest stands

We measured stand composition and structure in 105
10 x 10 m field plots (Hays et al. 1981) located in
glossy privet-dominated stands (52 plots), native
forests (14 plots) (less than 100 m from a glossy
privet stand), and native forests far from the invaded
areas (39 plots) (more than 200 m away from glossy
privet stands). We recorded the number of individuals
and diameter at breast height (dbh) for all native and
exotic woody species with >2.5 cm of dbh in each
plot. We also recorded the number of dead standing
native trees and the dbh (>2.5 cm) in each plot. Forest
regeneration was estimated by counting the number of
individuals of native and exotic woody species with a
dbh < 2.5 cm (Sutherland 1996). In the case of privet,
no distinction was made between new sapling and
vegetative stolons. The basal area of the dominant
native and exotic species was estimated following
Hays et al. (1981). Plant data were stratified into three
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vertical strata: herbaceous (<1 m height), shrubby
(1-3 m), and canopy (>3 m). The vegetation cover
(%) of each stratum was estimated along 15 m long
transects located diagonally in each plot (Hays et al.
1981). The percentages of glossy privet and native
tree cover were estimated separately in addition to
general canopy cover.

Distribution of glossy privet-dominated stands

To map the distribution of glossy privet-dominated
stands in the study area, we obtained four Landsat
TM images recorded on October 10th 2005, and
March 12th, May 15th and July 19th 2006 from the
United States Geological Survey Earth Resources
Observation and Science data center (USGS EROS)
(http://edc.usgs.gov). The USGS corrected the ima-
ges radiometrically (processing level L1T, system
correction and conversion to absolute radiance using
standard calibration parameters), and orthorectified
them to the UTM/WGS 1984 reference system (for
details see http://landsat.usgs.gov/Landsat_Processing_
Details.php). The positional accuracy of all images
was below 0.5 pixel (15 m). We combined the six
multispectral bands of each of the four images into a
single multitemporal stack with 24 bands that was
subset to the extent of the study area. We included
bands 1-5 and 7 of each Landsat TM image, but did
not use the thermal band (band 6) due to its coarser
spatial resolution. Including four images from spring
to winter captured important differences in phenol-
ogy (Dymond et al. 2002; Kuemmerle et al. 2008),
because glossy privet is an evergreen plant while the
native trees are semi-deciduous.

Based on the satellite imagery, we mapped four
land-cover classes: (1) glossy privet-dominated stands
in 2006 (‘Privet 2006’); (2) native forest- dominated
areas (‘Native forest’); (3) urban areas (‘Urban’); and
(4) all other cover types (‘Other’, accounting mainly
for grasslands, shrubs, cropland and water). Training
areas for ‘Urban’ and ‘Other’ were digitized on the
raw Landsat TM/ETM + images. ‘Privet 2006’ and
‘Native forest” were digitized based on field trips
taken during the summers of 2003 and 2004, and
October, 2007. To guide the visual interpretation of
the Landsat images, we calculated the Normalized
Difference Vegetation Index (NDVI) for each image.
This index, a normalized quotient of infrared and red
bands of Landsat images, has been successfully used
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to detect areas invaded by exotics (Bradley and
Mustard 2006). Glossy privet-dominated stands differ
substantially in structural and physical characteristics
from native forest stands. Privet canopies are more
dense and close, resulting in higher absorption in the
visible domain and higher reflection in the near-
infrared domain and thus a higher NDVI (Hoyos
2007).

In the training data for glossy privet, we included
digitized polygons from all large invaded patches in the
image, and also samples from smaller patches scattered
across the image, that were clearly identifiable as glossy
privet in accompanying Quickbird images (available in
GoogleEarth™, http://earth.google.com). For native
forest, we included polygons of equivalent areas of
Llanura and Serrano forests. Lastly, we digitized
polygons for other covers in samples from all parts of
the image (e.g., crops from north to south or grass
patches in the sierras or the plain areas). For the urban
class, the easily recognizable center areas of the four
main towns were digitized.

Once training polygons were digitized, a random
sample of 400 locations (pixels) for each class was
selected from the polygons. These random samples
were used to train a support vector machine (SVM)
classifier. SVMs are a non-parametric approach that
separate classes by fitting a separating hyperplane
between two classes in the multidimensional feature
space (in our case the 24 bands of the four Landsat
images) based on training samples (Huang et al.
2002; Foody and Mathur 2004). The hyperplane that
best discriminates two classes maximizes the distance
between the hyperplane and the closest training
samples (i.e., the support vectors, Burges 1998; Pal
and Mather 2005). Thus, rather than describing
statistical characteristics of classes, SVMs use only
training samples that describe class boundaries
(Foody and Mathur 2004). When classes are linearly
inseparable, a kernel function transforms training
data into a higher dimensional space where a
separating linear hyperplane is fitted (Huang et al.
2002; Pal and Mather 2005). Kernel functions thus
allow SVMs to handle complex multimodal class
distributions and make SVMs well-suited for multi-
temporal classifications (Kuemmerle et al. 2008).

Support vector machines were originally designed
for binary classifications, but in land cover classifica-
tion, more than two classes are usually mapped. We
used a one-against-one strategy, in which SMVs were

trained for all possible class pairs and every classifier
assigns a pixel to one of the two classes. Final class
assignment was based on a max-wins voting strategy
(i.e., the class that has been assigned most often across
all binary classification runs, Vapnik 1995). Running
the SVM to classify satellite images requires setting
two parameters: the error penalty of misclassified
training data (C) and the width of the Gaussian kernel
function used (y). To find suitable parameter combi-
nations, we systematically tested a wide range of 7
(0.1-1,000) and C (0.1-1,000) and compared them
based on cross-validation errors (Janz et al. 2007,
Kuemmerle et al. 2008).

Once optimal parameters were found, we used the
resulting SVM to classify the image stack resulting in
a map of glossy privet in 2006 for the study area. For
the final map of glossy privet, all patches of any class
smaller than 4 pixels (using a 4-neighbor rule) were
eliminated by merging them into the largest neigh-
boring patch. We used 153 field plots randomly
located and independent from the training data, to
validate the classification result for glossy privet
stands (110) and native forests (43).

The results for the urban and other classes were
validated with 45 and 132 random points respectively
using Quickbird images (available in GoogleEarth™,
http://earth.google.com). To quantify the classifica-
tion accuracy, we calculated a confusion matrix, and
user’s and producer’s accuracy (Congalton 1991;
Foody 2002).

Statistical analyses

In the first part of our analysis, we compared glossy
dominated stands with adjacent native forests. We
tested for differences in mean sapling and adult
densities, mean dbh, and mean basal area of the
species for the privet stands and the adjacent native
forest dominated stands with a Mann—Whitney test
(Sokal and Rohlf 1979). Significance of the differ-
ences in vegetation cover of the three vertical strata
between the glossy privet invaded stands and the
adjacent native forest dominated stands was tested
with a Kruskal-Wallis test (Sokal and Rohlf 1979).

Second, we used a detrended correspondence
analysis (DCA; Hill and Gauch 1980) to relate forest
structure and composition variables described in
Table 1, to different levels of glossy privet invasion.
Spearman’s correlation tests were used to assess
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Table 1 Variables included in the DCA ordination analysis

Variables Definition

Specie richness

Index of Shannon

Glossy privet individuals
Molle individuals

Other exotic species
Other native species

Dead native species

Dbh of glossy privet

Dbh of molle

Dbh of dead native species
Glossy privet regeneration
Molle regeneration

Number of adult individuals of exotic species (except privet) per 100 m

Number of different species per 100 m?

Shannon diversity index per 100 m*

Number of adult glossy privets (Ligustrum lucidum) per 100 m>
Number of adult molles (Lithraea molleoides) per 100 m?

2

Number of adult native arborous individuals (except molle) per 100 m?

Number of dead native arborous individuals per 100 m?

Mean dbh (cm) of adult glossy privet (L. lucidum) per 100 m*

Mean dbh (cm) of adult molle (L. molleoides) per 100 m?

Mean dbh (cm) of adult dead native arborous individuals per 100 m?

Number of glossy privet individuals (L. lucidum) smaller than 2.5 cm dbh per 100 m>
Number of molle individuals (L. molleoides) smaller than 2.5 cm dbh per 100 m?

which of the variables were most strongly related to
the first two ordination axes. We included the
105 plots sampled in glossy privet-dominated stands,
adjacent native forest dominated stands, and native
forest stands far from invaded areas to represent the
full gradient in the level of invasion.

In order to understand the importance of forest
regeneration in the invasion process, two additional
DCAs were carried out including the 52 plots located
in the glossy privet-dominated stands and the 14 plots
located in adjacent native forest dominated stands.
We compared the ordination of plots in multivariate
space in two DCA analyses, the first one did not
include the variable number of individuals of glossy
privet and Lithraea molleoides (molle) smaller than
2.5 cm dbh, and a second DCA that included indi-
viduals smaller than 2.5 cm dbh (Table 1).

Results

Plant composition, stand structure and tree
regeneration in glossy privet-dominated

and adjacent native forest stands

Stand composition

We counted 2,201 woody species individuals
>2.5 cm dbh, 16,632 individuals <2.5 cm dbh, and

460 snags of native trees, most of them (70%) in the
glossy privet stands. A total of 29 woody species (i.e.,
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10 exotic species and 19 native species) were
identified in the field plots (Table 2). The number
of individuals was highly variable among species and
forest types (Table 2).

Glossy privet represented almost 77% of the
woody plants >2.5 cm dbh recorded in the study
area. As expected, glossy privet was the most
abundant species and represented the largest basal
area in the glossy privet-dominated stands, whereas
the native species Lithraea molleoides (molle), Celtis
chichape (tala), and Acacia praecox (garabato) were
the most abundant species and represented the largest
basal area in the adjacent native forests (Mann—
Whitney P < 0.05; Table 2).

We found consistent differences in species com-
position and the abundance of individuals <2.5 cm
dbh between glossy privet-dominated stands and
adjacent native forest stands (Fig. 2). However, the
number of glossy privet individuals <2.5 cm dbh did
not differ between the glossy privet-dominated stands
(58.5%) and the adjacent native forest stands
(41.4%). The numbers of native individuals both
larger and smaller than 2.5 cm dbh such as Lithraea
molleoides, Celtis chichape and Acacia praecox were
higher in the adjacent native forest stands than in the
glossy privet-dominated stands (Mann—Whitney
P < 0.05). The mean dbh of the Celtis chichape
and of dead standing native trees was higher in the
glossy privet-dominated stands (11.8 and 8.25 cm,
respectively) than in the adjacent native forest (8.43
and 6.37 cm; Mann—Whitney P < 0.05; Table 2).
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Table 2 List of woody species sampled in the glossy privet-dominated stands and the native forest dominated stands in the Sierras

Chicas of Cordoba

Regeneration P Adults P
Glossy privet- Adjacent native Glossy privet- Adjacent native
dominated stands forests dominated stands forests
Exotic species
Acer negundo - - - 0 () 0 (0) 0.6038
Gleditsia triacanthos 4 (215) 8 (107) 0.011 0 () 04 0.587
Laurus nobilis 0@3) 0 (0) 0.604 0 (1) 0 (0) 0.6038
Ligustrum lucidum 170 (8,835) 447 (6,253) 0.500 33 (1,711) 10 (143) <0.0001
Manihot flabellifolia 5 (274) 8 (106) 0.040 0 (23) 0@3) 0.8464
Melia azedarach 3 (140) 0 (6) 0.056 0 (19) 0(2) 0.7771
Morus sp. - - - 0 (14) 0 (0) 0.0622
Porlieria chilensis 0(Q2) 3 (41) 0.000
Robinia pseudo-acacia - - - 0 0(@2) 0.0539
Ulmus pumilla - - - 04) 0 (0) 0.6038
Total no. of exotic 9,469 6,513 1,780 154
individuals
Native species
Acacia aromo - - - 0 (1) 0(Q) 0.303
Acacia caven 0(5) 0(Q) 0.835 0 (0) 0(5) 0.0007
Acacia praecox 0 (16) 31 (436) <0.0001 0 (5) 2 (33) <0.0001
Bauhinia forficata® 1 (26) 0 (0) 0.604 0 (23) 0 (0) 0.6038
Bouganvillea stipitata 0(Q2) 1 (10) 0.046 0 (3) 1(11) 0.0002
Caesalpinia gilliesii 0 (0) 0(5) 0.054 0 (0) 0(2) 0.0539
Celtis chichape 0 (1) 1 (16) 0.001 0 (14) 2 (22) 0.0003
Cereus forbesii - - - 0(0) 0 (D) 0.0539
Condalia montana 009 2 (30) <0.0001 0 (4) 1(19) 0.0003
Fagara coco 0 (D) 1(11) 0.001 0() 0(@2) 0.1493
Geoffroea decorticans - - - 0 (0) 0(1) 0.0539
Jodina rhombifolia 0 (0) 0 0.054 - - -
Kageneckia lanceolata - - - 0 (1) 1(11) 0.303
Lithraea molleoides 0@3) 2 (2D <0.0001 1 (30) 2 (27) 0.0008
Prosopis nigra 0 (0) 1(11) 0.054 0 (0) 0@3) 0.006
Ruprechtia apetala 0 (0) 3 (36) <0.0001 0 (2) 2 (30) <0.0001
Salix alba - - - 09 0 (0) 0.6038
Schinus areira® - - - 0 (0) 0 (1) 0.0539
Sebastiania commersoniana 0 (8) 0 (0) 0.604 0 (2) 0 (1) 0.6019
Total no. of native 71 579 96 171
individuals
Total no. of native and 9,540 7,092 1,876 325
exotic individuals
Dead native trees 0 (0) 0 (1) 0.054 7 (338) 9 (122) 0.4086

Mean and absolute number (between parentheses) of adults (dbh > 2.5 cm) and regeneration (dbh < 2.5 cm) are provided for each
species. Mann—Whitney, P < 0.05

* South of Brazil, Uruguay and North of Argentina
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Fig. 2 Percentage of different tree species <2.5 cm dbh in
glossy privet-dominated stands and adjacent native forests. (/)
Ligustrum lucidum, (2) Manihot flabellifolia, (3) Other exotic
tree species, (4) Lithraea molleoides, (5) Celtis chichape, (6)
Acacia praecox and (7) Other native tree species. The numbers
on the top represent the abundance of each species

Vertical structure

The vertical structure of the vegetation in glossy privet-
dominated stands and adjacent native forest dominated
stands was also different (Fig. 3). Cover of the herba-
ceous and shrubby strata was substantially lower in the
glossy privet-dominated stands than in the adjacent
native forests (Mann—Whitney, P = 0.005 and
P = 0.014, respectively; Fig. 3). The percentage of
glossy privet canopy cover was higher (83%) than the
canopy cover of native species (10%) in the glossy
privet-dominated stands (Kruskal-Wallis, P < 0.0001).
Interestingly, the percentage of glossy privet tree canopy
cover was also higher in the adjacent native forests
(59%) than the canopy cover by native species (41%)
(Kruskal-Wallis, P < 0.0001).

Variation in forest structure and composition
along a gradient of glossy privet invasion

Forest stand characteristics separated the field plots in
three groups representing different glossy privet inva-
sion conditions. The first axis of the DCA analysis
explained 48% of the total variability, and represented
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Fig. 3  Vertical structure of the glossy privet-dominated
stands and adjacent native forests. The bars represent the
percentages of cover of the herbaceous, shrubby, and canopy
strata for both types of forest. In the case of the canopy, bars of
native and exotic cover are provided separately. Percentage of
cover is indicated at the bar extremes

a gradient from plots with a large number of adult
glossy privet individuals and dead native trees, to plots
with a large diversity and large numbers of native trees,
particularly of molle (Fig. 4).

Most plots of glossy privet-dominated stands were
part of a cluster in the DCA ordination that
represented homogeneous forest structure character-
istics, with large numbers of glossy privet adult
individuals and dead standing native trees. A few
glossy privet-dominated plots represented stands with
a lower density of glossy privet adults. The native
forest dominated stands formed two different groups.
The plots located in native forests adjacent to glossy
privet-dominated stands were in an intermediate
condition between glossy privet-dominated stands
and native forests afar from glossy privet stands, with
a variable number of individual glossy privet growing
intermixed with native trees. The plots located in
native forests afar from glossy privet-dominated
stands occupied the extreme of the gradient with
large numbers and high diversity of native trees, and
with an especially large number of molle (Fig. 4).

Tree regeneration and glossy privet
invasion conditions

When forest regeneration was not considered as an
ordination variable, plots located in glossy privet-
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Fig. 5 Differences in forest structure and composition of
glossy privet-dominated stands (filled circle) and adjacent
native forests stands (filled triangle); a without considering

dominated stands were clearly separated from plots
located in adjacent native forest dominated areas in
the DCA ordination. Plots in glossy privet-domi-
nated stands formed a cluster associated with large
numbers of glossy privet individuals in axes 1 and 2

regeneration of glossy privet and molle, and b including
regeneration of glossy privet and molle

of the ordination. The plots located in adjacent
native forests were more widely distributed along
both axes, but always positively associated with the
number and diversity of native trees (Fig. Sa;
Table 3).
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Table 3 The variables most strongly correlated to ordination axes with their respective correlation coefficient (Spearman rank

correlation, * P < 0.05)

Variables Without considering regeneration Including regeneration

of glossy privet and molle of glossy privet and molle

DCA 1 DCA 2 DCA 1 DCA 2
Species richness 0.63* 0.35% 0.19 0.62*
Index of Shannon 0.73* 0.66* 0.33% 0.63*
Glossy privet individuals —0.73* —0.73* —0.34* —0.57*
Molle individuals 0.67* —0.06 0.20 0.61*
Native species 0.75* 0.55* 0.24* 0.72%
Dead native species 0.12 —0.04 0.29% —0.05
Dbh glossy privet 0.27 0.29% 0.35% —0.02
Dbh molle 0.53* —0.44* —0.11 0.42*
Dbh of dead native species —-0.25 0.08 —0.07 —0.30%*
Saplings of privet - - —-0.97* 0.28%*
Saplings of molle - - 0.39% 0.54*

However, when the number of trees <2.5 cm dbh
was included as an ordination variable, the ordination
of plots located in native forests adjacent to glossy
privet became more similar to plots located in glossy
privet-dominated areas (Fig. 5b; Table 3). Along DCA
axis 1, most of the plots located in adjacent native
forest dominated stands tended to be associated with a
large number of glossy privetindividuals <2.5 cm dbh,
representing forest regeneration similar to the plots
located in the glossy privet-dominated stands.

Distribution of glossy privet-dominated stands

Glossy privet was widespread in the study area
constituting one of the main land cover types, with an
area of 3,407 ha (i.e., 12% of the total forested area
of 27,758 ha). The spatial distribution of glossy
privet-dominated stands was not homogeneous, with
most stands located either close to urban areas or to
native forests (Fig. 6).

Most of the glossy privet-dominated stands were
located in the southern half of the study area,
especially near the towns of Salsipuedes and Rio
Ceballos, and west of the road connecting the towns
of Rio Ceballos and Unquillo, on slopes dominated
by native forest stands. The distribution of glossy
privet stand sizes was highly variable, but glossy
privet formed large stands. The largest glossy privet
stand was located between Rio Ceballos and Sals-
ipuedes (262 ha). Two other large stands (173 and
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177 ha) were located east and south of the town of
Rio Ceballos. Two more glossy privet stands around
100 ha were located south of Salsipuedes. The five
stands larger than 100 ha contained 24% of the total
glossy privet-dominated area. In the northern part of
the study area, there were only a few stands larger
than 50 ha; all of them located close to urban areas
(Fig. 6).

The classification of the Landsat TM images
stacked with SVM, differentiated glossy privet areas
very well from other natural and human land cover
types. The 2006 classification was highly accurate,
particularly for glossy privet-dominated stands
(user’s accuracy of 91.7%, producer’s accuracy of
81.7%). The overall accuracy for the 2006 map was
89% (Table 4).

Discussion

In the study area, the invasion of glossy privet
(Ligustrum lucidum) has reached a critical level.
Glossy privet forms large, almost single-species
stands that have become one of the main vegetation
cover types, similar to other areas in Australia and
northern Argentina (Swarbrick et al. 1999; Grau et al.
2008). The glossy privet-dominated stands are very
different in terms of their vertical structure and
composition from native forests. The cover loss in
both the herbaceous and the shrubby strata
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Fig. 6 Distribution of
glossy privet-dominated
stands, native forest, urban
areas, and other landcover
in the study area in 2006
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represented a substantial simplification of the vertical
structure of glossy privet-dominated stands compared
to native forest. The glossy privet invasion is a
dynamic process. Native forest dominated stands
adjacent to glossy privet-dominated stands showed a

substantial invasion of glossy privet, with occasional
adult glossy privet trees reaching the canopy, and tree
regeneration being dominated by glossy privet.

In the study area, glossy privet seems to follow
two modes of invasion. The first is the invasion of
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Table 4 Accuracy

. Reference data
assessment (confusion

Classification data

matrix and accuracy Glossy privet ~ Native forest ~ Other ~ Urban  Total ~ Producers

percent) for the accuracy

classification of Landsat

images for the study area Glossy privet 89 13 3 4 109 81.7

in four classes Native forest 3 34 5 2 44 77.3
Other 131 1 133 98.5
Urban 0 0 0 46 46 100.0
Total 92 48 139 53 332

Overall classification User’s accuracy  96.7 70.8 942  86.8

accuracy = 89%

native forest, where glossy privet can spread due to
its shade-tolerance. We often found glossy privet in
native forests adjacent to invaded stands (both as
scattered adult trees and glossy privet regeneration)
and we found many dead standing native trees in
glossy privet dominated stands.

Field data indicated the suppression of native forest
regeneration in glossy privet stands. The regeneration
of native tree species in the glossy privet invaded areas
was very scarce. Optimal conditions for molle seed
germination (i.e., complete sun exposure and moderate
humidity, Bianco 1989; Marco and Paez 2000) are not
found under the dense evergreen canopy of glossy
privet stands, which cast strong shade all year long. On
the other hand, glossy privet regeneration was very
high both under its own canopy and in adjacent native
forests, because glossy privet can germinate and
survive in a broad range of ecological conditions
(Aragén and Groom 2003; Tecco et al. 2007).

Most of the native trees under the glossy privet
canopy were dead. Only large individuals of molle
(taller than the glossy privet canopy) were able to
survive, similar to what was observed in Australia
where only tall individuals of Eucalyptus spp.
remained in glossy privet-dominated stands (Montaldo
1993; Swarbrick et al. 1999; Primack and Ros 2002).

The second invasion mode is the rapid spread of
glossy privet in cleared areas where it outcompetes
native early-successional species. Many of the glossy
privet-dominated stands were located in areas that
were cleared or selectively logged between 1940 and
1960 to support urbanization plans that were later
abandoned (Gavier 2002). The relatively even-aged
population structure of some glossy privet-dominated
stands may thus be the result of fast colonization of
cleared native forest stands. Soil disturbances favor
the establishment of glossy privet, limit competition

@ Springer

from other tree species and increase nutrient avail-
ability (Buchanan 1989).

However, our results show that under both invasion
modes glossy privet stands limit native plant biodi-
versity and prevent native forest regeneration. The
elimination of the majority of the native plant cover,
and particularly of arboreal species, in glossy privet-
dominated stands, is likely due to the strong shade cast
by glossy privet, which constrains the regeneration
and growth of other species (Grau and Aragdn 2000;
Merriam and Fiel 2002). Furthermore, glossy privet
grows taller than native trees outcompeting them in
the competition for light (Swarbrick et al. 1999).

The widespread distribution of glossy privet in the
study area can be related to its bird distributed seed.
Glossy privet is a prolific fleshy fruit producer, and its
seeds are widely dispersed by common native birds,
such as Turdus spp. (Montaldo 1993, 2000; Aragén
2000). Glossy privet produces fruit during the cold
season while most natives plants fructify in the warm
season, which increases the likelihood that glossy
privet seeds are consumed and dispersed by birds
(Grau and Aragdn 2000; Gurvich et al. 2005; Tecco
et al. 2006). Thus, bird dispersion of seeds can result
in a high rate of propagule spread into native forests
throughout the study area.

A combination of bird dispersion and ecological
conditions may explain the higher rate of glossy privet
invasion into forests compared to grasslands and
shrublands. Glossy privet can germinate and survive
in a broad range of environmental conditions (Aragon
and Groom 2003) and its consumption by birds and
ability to germinate from intact fruit gives glossy
privet a capacity of recruitment in both new and
invaded patches. However, the establishment of
glossy privet in open fields is constrained by low
germination success and high seedling mortality, but
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the invasibility of open sites may change after a few
shrubs and trees are established and can attract
dispersers and provide protection (Aragén and Groom
2003). Another factor may be that in our study area,
grasslands and shrublands are located at higher
altitude. Dry conditions and more frequent wind at
higher altitudes cause more fires, which may limit
glossy privet. Grazing may also prevent glossy privet
establishment and growth.

In terms of our approach, the classification of
Landsat TM images with a SVM successfully
mapped glossy privet dominated stands. The 96%
detection accuracy for glossy privet-dominated stands
was comparable to the 97% accuracy obtained for
mapping invasive grasses with a hyperspectral sensor
(Lass et al. 2005) and superior to the 65-74%
accuracy obtained for mapping invading gramineae
with Landsat TM images (Bradley and Mustard
2006). However, we also noted some limitations of
Landsat TM imagery for glossy privet mapping.

The spatial and spectral resolution of the Landsat TM
sensor did not allow us to detect mixed stands of glossy
privet and native trees. The areas of adjacent native
forest where glossy privet individuals are mixed with
native trees were classified as native forests, even when
the cover of glossy privet in the canopy was larger than
that of native trees. Based on our field plots, glossy
privet canopy cover had to be larger than 60% for an
area to be classified as glossy privet. In other words, our
classification mapped the areas that were fully domi-
nated by glossy privet well, but underestimated the total
amount of glossy privet distributed in the area.

Our results have important conservation and
management implications. Our field data highlighted
that glossy privet is spreading very fast in the study
area. The preference of glossy privet for more shaded
and humid conditions (Swarbrick et al. 1999) over-
laps with the areas where the native forests in the
sierras achieve the largest canopy cover (Zak and
Cabido 2002), thus increasing the likelihood of
negative impacts on native forest of special conser-
vation value. In many native forests, tree regeneration
is completely dominated by glossy privet, and these
seedlings and saplings will potentially reach the
canopy and kill native vegetation with strong shade.
The process will accelerate if native forests are also
stressed by selective logging, clearcuts, overgrazing,
or urban development (Gavier and Bucher 2004).
And bird dispersal of seeds fosters the invasion of

glossy privet even into those native forests that are
protected from human disturbances by either topog-
raphy, or land use regulations.

The negative ecological consequences of conver-
sion of native forest stands into glossy privet-
dominated stands are likely substantial. Our data
show that the biodiversity of native trees declines and
that vertical structure is much less complex in glossy
privet-dominated stands. Birds that feed heavily on
glossy privet seed will potentially be favored over
other species. Other potential consequences may
include changes in nutrient cycling, soil properties,
and disturbance regimes, but examining these effects
was beyond the scope of our study.

In summary, glossy privet was already widespread,
and will likely become an even larger threat to the
forest ecosystem of the Sierras Chicas de Cordoba of
Central Argentina. Limiting the spread of glossy privet
and reducing its current extent should be a manage-
ment priority for municipalities, government agencies,
and conservation groups. Maps of glossy privet-
dominated stands obtained by Landsat TM images,
like the ones presented in our study can help to
prioritize areas for management, and are necessary for
the entire current range of glossy privet in Argentina.
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