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Abstract Majority of invasive trees colonize grass-
lands, shrublands, and temperate forests. Hovenia
dulcis is an exception, because it is one of the most
pervasive invaders in Brazilian subtropical forests
where it has changed their structure and composition.
This study has aimed to identify the clues for its
success by defining the structural and functional
characteristics of plant communities in different stages
of succession with and without H. dulcis. Following
the general assumptions of invasion ecology, we
expected that H. dulcis establishment and invasion
success would be significantly higher in early
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successional communities, with high resource avail-
ability and low species richness and diversity, as well
as low functional diversity. Contrary to this hypoth-
esis, no differences were found between plant com-
munities invaded and non-invaded by H. dulcis at
three different succession stages. No relationship was
found between species richness and diversity and
functional diversity, with respect to invasibility along
the successional gradient. Hovenia dulcis is strongly
associated with semi-open vegetation, where the
species was found in higher density. The invasion of
open vegetation is more recent, providing evidence of
the species’s ability to invade plant communities in
early successional stages. We concluded that the
colonization by H. dulcis was associated with forest
openness, but the species is also able to colonize semi-
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open vegetation, and persist in the successionally more
advanced communities.

Keywords Invasive trees - Hovenia dulcis -
Subtropical forests - Functional diversity - Biotic
resistance - Disturbance

Introduction

Ecosystem invasibility is the result of several factors,
including physical environmental characteristics, the
competitive ability of resident species, and the distur-
bance regime of the habitat (Rejmanek 1989; Lonsdale
1999; Huston 2004; Whitfield et al. 2014). The
availability of resources such as water, light and
nutrients, and the reduction in competitive interactions
following disturbance facilitate the establishment of
alien plants (Davis et al. 2000; Goldstein and Suding
2013). Indirect effects of disturbance on invasibility
may also occur due to changes in community compo-
sition that may end with species differing in their
resistance to disturbance and post-disturbance rates of
recovery (Symstad 2000).

Elton (1958) proposed that susceptibility to inva-
sion is also directly affected by community species
richness. According to this hypothesis, rich communi-
ties are more resistant to invasions because the
competition for resources is also higher than in species
poor communities. In the case of plant communities,
this mechanism may function through competition
with native species (Levine 2000) or through other
negative interactions triggered by resident species
including predation, herbivory and diseases, upon the
arrival of an introduced species (Levine et al. 2004).
From a functional perspective, higher species richness
results in higher functional diversity as long as the
species in the community present different functional
traits and therefore different strategies to acquire
resources (Byun et al. 2013). Higher functional diver-
sity would reduce susceptibility to invasion through the
preemption of available resources (Tilman et al. 1997,
Pokorny et al. 2005; Brown and Rice 2010; Ammondt
and Litton 2011). Additionally, functional trait simi-
larities between resident species and introduced spe-
cies result in superimposed resource requirements and,
as a consequence, in competition among species and
biotic resistance (Funk et al. 2008; Byun et al. 2013).
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Intact or undisturbed communities are expected to
present low susceptibility to invasion by alien species
(Elton 1958). Undisturbed forests in particular are
considered highly resistant to invasion, in large part
because of low light availability (Rejmanek 1989,
1996; Fine 2002; Von Holle et al. 2003; Whitfield et al.
2014). Forests, however, have been intensely threa-
tened by human activities, which result in habitat loss
and fragmentation (Laurance and Peres 2006). Frag-
mentation promotes rapid and predictable shifts in
patterns of biological organization across population
to ecosystem levels due to a myriad of processes
including habitat loss, sample effect, creation of forest
edges, rupture of biological connectivity, subdivision/
isolation of populations, and post-isolation prolifera-
tion of invasive species (Laurance et al. 2002, 2006;
Fahrig 2003). Forest fragmentation may facilitate
invasion in forests because resource availability is
increased, especially on the edges created between
original and transformed areas (Fine 2002; Denslow
and DeWalt 2008; Hobbs 2011). Land use changes
sometimes involve an increased use of introduced
species (Hobbs 2011), which can expose natural
habitats to propagule pressure of alien species present
in surrounding degraded or managed areas (Denslow
and DeWalt 2008). Furthermore, many opportunistic
animal dispersers can occupy fragment borders and
altered matrices, promoting the spread of plant
invaders (Buckey et al. 2006).

Given that many invasive alien species usually
present traits associated with early successional stages
(high seed production, fast growth, short juvenile
period—Rejmanek and Richardson 1996; Pysek and
Richardson 2007; Catford et al. 2012), early succes-
sional communities often host higher numbers and
proportions of invasive alien species than those in
advanced stages (Rejmanek 1989). However, some
studies have shown evidence that an important group
of forest invasive species are neither dependent on
disturbance nor restricted to early successional stages
of plant communities (Webb et al. 2000; Martin et al.
2009), showing shade tolerance and ability to invade
closed-canopy forests (Gilbert and Lechowicz 2005;
Martin and Marks 2006; Major et al. 2013).

Neotropical seasonal forests are defined as forest
types with different degrees of deciduousness occur-
ring in tropical and subtropical regions of Central and
South America (Beard 1955). The seasonal deciduous
forest has a disjoint distribution in all Brazilian biomes
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of the tropical and subtropical regions (IBGE 2012).
Originally, this type of forest covered 8 % of the state
of Santa Catarina, southern Brazil (Klein 1978),
occurring in the Uruguay River basin at elevations
ranging from 200 to 600 m, with annual precipitation
of ca. 1,800 mm/year (Klein 1972). This forest is
characterized by a closed canopy dominated by
Lauraceae and emergent deciduous species, mostly
Fabaceae, and a subcanopy dominated by Sorocea
bonplandii, Gynnanthes concolor and Trichilia spp.
(Klein 1972). It is nowadays highly fragmented and
restricted to 16 % of its original area in Santa Catarina
state (7,670.57 kmz), with 90 % of the remnants
smaller than 50 ha (Vibrans et al. 2012). Apart from
fragmentation, other causes of environmental degra-
dation of these forests include current or historical
selective logging and invasion by alien species, such
as Hedychium coronarium and Impatiens walleriana
(Dechoum and Ziller 2013). Additionally, the natural
deciduousness, alone, may make these forests more
susceptible to invasion than tropical ombrophilous
forests because it opens a window of opportunity for
disturbance-dependent alien species to invade.

The overall objective of this study was to define the
composition, structure and functional characteristics
of woody plant communities in fragments with and
without the presence of Hovenia dulcis Thunb.
(Rhamnaceae). Our specific objectives were: (1) to
compare density, basal area, height and age of H.
dulcis trees among successional stages; (2) to assess
the influence of soil characteristics and canopy
openness on abundance and basal area of the native
plant species sampled; (3) to compare density, basal
area, richness, diversity, evenness and functional
diversity among successional stages and among plots
with and without H. dulcis; (4) to identify functional
groups that contributed more significantly to the
separation of plots with and without H. dulcis for
each successional stage; and (5) to identify possible
positive or negative associations among native species
and H. dulcis in the plots. We hypothesized that H.
dulcis is best able to establish in and invade plant
communities in early successional stages with high
resource availability and low species richness and
diversity, as well as low functional diversity, and that
its presence in successionally advanced forests could
be explained by colonization following disturbance
events in the past. Because H. dulcis is widespread in
this part of Santa Catalina state, we assumed that

propagule pressure of this species was equivalent
across the studied area.

Materials and methods
Study species

Hovenia dulcis is tree species native to east Asia. The
species’ natural distribution ranges from Japan, Korea
and east China to the Himalayas, up to altitudes of
2,000 m. It grows preferably in sunny locations on
moist sandy or loamy soils (Yun and Lee 2002; Hyun
et al. 2009). It is cultivated in plantations in China
(Hyun et al. 2009), invasive in South American forests
(Zenni and Ziller 2011) and Tanzania (Rejmanek and
Richardson 2013), and has been introduced as a rare
ornamental plant in different regions including the
USA, Australia, New Zealand, and Central Africa
(Hyun et al. 2009). Adult trees reach an average
10-15 m in height and 2040 cm in diameter,
although in southern Brazil they grow up to 25 m in
height and 50 cm or more in diameter (Carvalho
1994a). The fruits are small, dry globose capsules
carrying 2-4 seeds bound to a cinnamon-colored
fleshy peduncule which is sweet and tasty. Seeds are
more or less circular, measuring 4-8 mm in diameter,
and dispersed by animals. The main dispersers in
Brazil are mammals of medium size, such as Dasypus
and FEuphractus armadillos (Carvalho 1994a) and
Didelphis aurita (Mammalia, Marsupialia) (Caceres
and Monteiro-Filho 2001). Infructescence consump-
tion by the monkey species Sapajus nigritus was
observed in the study area (Hendges et al. 2012), and
consumption by the bat species Platyrrhinus (Vam-
pyrops) lineatus was observed in Espirito Santo state,
Brazil (Zortéa 1993).

In the second half of the twentieth century, human
occupation of the western part of Santa Catarina state
led to the introduction of H. dulcis (Vibrans et al.
2012). The species has been extensively planted in
rural properties for wood since its introduction (Selle
2009), as well as for shade over cultivation areas and
pasture, wind-breaks, sawmills, and energy production
(Carvalho 1994a). Hovenia dulcis can change the
structure and composition of plant communities in
seasonal, dense, and mixed ombrophilous forests
(Bardall et al. 2004; Schaff et al. 2006; Boeni 2011).
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Description of study area

This study took place at the Fritz Plaumann State Park,
a 740 ha protected area established in 1998 in
Concordia (Santa Catarina state, Brazil) (27°16'18"
and 27°18'57"S; 52°04’15” and 52°1020"W) along
the Uruguay River, a region of Cfa (subtropical)
climate in the Koppen—Geiger classification. The park
is located in the Atlantic forest domain, in a transition
area between seasonal and mixed ombrophilous forest
(IBGE 2012) containing the threatened species Ocotea
odorifera (Vell.) Rohwer (Lauraceae) (Brasil 2008).
All the data for this study were collected in seasonal
deciduous forest fragments.

As all data were collected in the field between July
2010 and January 2011, it was assumed that the
vegetation in the area has been under regeneration for
at least 13 years. Three vegetation types were defined
in the sampling areas: open, semi-open and closed
forest, according to current physiognomy, time of
abandonment, and history of use (aerial photographs
from 1978, 2005, 2008 and 2011, and Siminski et al.
2011). Open and semi-open areas were formerly used
for agriculture and/or grazing. Open areas had a
herbaceous or herb—shrub cover and few isolated
small-size trees of pioneer species, while semi-open
areas were characterized by open forest with a low
layer of trees (average height around 7 m) dominated
by native pioneer tree species. Closed areas were
under selective logging, which enabled the tree layer
not to be totally suppressed and the physiognomy of a
closed forest with a higher tree layer to be preserved
(average height about 10 m), with a greater vertical
stratification compared to the other vegetation types.
These vegetation types were considered successional
stages, following a sequence from open to semi-open
and closed vegetation types.

Data collection

Twenty 10 m x 20 m plots per vegetation type were
setup, 10 with and 10 without H. dulcis, making a total
of 60 plots. A minimum distance of 100 m was kept
between plots. All trees with diameters above 5 cm at
breast height (DBH), living or dead, were identified,
and had their height visually estimated. For the trees
whose identification was not possible in the field,
herbarium specimens were collected and sent to
experts.
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The native species sampled were classified into
functional groups (FG) according to dispersal syn-
drome, regeneration strategy, vertical stratification,
and foliar phenology. Species dispersal syndromes
were animal, wind or self-dispersed (Van der Pijl
1982). Regeneration strategies refer to non-pioneer
species as those that regenerate in the undergrowth of
mature forests, and pioneer species as those that
require light to regenerate (Hartshorn 1978; Whitmore
1989). Vertical stratification was divided into under-
growth species, represented by small trees and shrubs
which flower and bear fruit in the lower forest stratum
(<10 m); canopy species, which occur in the canopy
or sub-canopy); and emergent species, which stand out
above the forest canopy. Foliar phenology refers to
deciduous species as those that totally or partially lose
their leaves during the cold season, or evergreen
species as those that do not drop their leaves every
year.

The species were classified according to field
observations and/or literature (Klein 1972; Reitz
1974; Reitz et al. 1978, 1988; Carvalho 1994b;
Ivanauskas and Rodrigues 2000; Mikich and Silva
2001; Budke et al. 2005; Sobral et al. 2006; Giehl et al.
2007; Ruschel et al. 2007; Yamamoto et al. 2007;
Franco 2008; Costa et al. 2011; Kilka and Longhi
2011; Loregian et al. 2012). Although the combination
of four parameters and ten classes within these
parameters results in 36 possible functional groups,
the existing species fell into only 19 groups, as some of
the combinations did not match the characteristics of
the species sampled (Appendix I).

An assessment of the percentage of canopy open-
ness was carried out based on photographs taken with
a digital camera (Nikon Coolpix L20) set on a tripod,
positioned one meter above the ground at the center of
each plot. These photographs were evaluated through
the CPCe software (Kohler and Gill 2006), providing
canopy openness percentage results based on a matrix
of points distributed at random over each of the
images. Two categories, “covered” and “uncovered”,
were visually identified under each of the random
points. Two photographs were taken in each plot, the
first one in July 2012, the second one in January 2013,
in order to make measurements at the maximum and
minimum foliar presence, respectively.

Five sub-samples of approximately 100 g of sur-
face soil (to 10 cm depth) were collected, one in each
vertex and one in the center of each plot, then pooled to
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be used as a single sample per plot. The samples were
analyzed in the Physical, Chemical and Biological
Laboratory of the Integrated Company for Agricul-
tural Development of Santa Catarina State for texture,
pH, phosphorous, available potassium, organic matter,
exchangeable aluminum, exchangeable calcium,
exchangeable magnesium, sodium, H + Al, cation
exchange capacity (CEC) and base saturation (V). Soil
samples were analyzed from 51 of the 60 plots.

Data analysis

Differences in values of canopy openness among
vegetation types and among areas with and without H.
dulcis were tested by permutation tests for two-way
analysis of variance test (ANOVA) with Tukey’s
multiple comparison tests (Wheeler 2010). A histo-
gram of the tree diameters of the populations of H.
dulcis was completed, and density (number of trees/
ha) and basal area (m2/ha) were calculated. Differ-
ences in values of density (number of trees/plot), basal
area (cm2/ha) and height (m) of H. dulcis trees were
compared among vegetation types using permutation
tests for one-way ANOVA with Tukey’s multiple
comparison tests (Wheeler 2010). All the variance
analysis tests with permutation followed by Tukey’s
tests were performed using the package ‘lmPerm’
(5,000 iterations) of the R software (R Core Team
2014). Box-and-whisker plots were constructed for
canopy openness and H. dulcis trees data using R
software (R Core Team 2014).

The age estimates of sampled H. dulcis trees were
based on regression equations generated from data on
495 trees cut down in October 2012, in a parallel study
(Dechoum et al. unpublished data) in which 35 trees
originated from open areas, 318 in semi-open areas
and 142 in closed areas. We measured the radius of
each tree after cutting it and estimated the age by
counting annual growth rings of each stump. The
radius of each tree was measured from just inside the
bark to the center of the trunk. Each year in age is
represented by one annual growth ring. An annual ring
is comprised of one layer of small vessels and one
layer of large vessels, the former corresponding to the
winter season and the latter to the summer season. The
basal area of each tree was calculated by using the
following equation: basal area =  (radius)’. Regres-
sion models for the relationship between age and basal
area were conducted using the Biostat 5.0 software

(Ayres et al. 2007). The equations that describe those
regressions are: Y = 0.240 + 2.364 x InX for the
open vegetation type (R*= 0.63), Y = 3.906 x
X70.258 for semi-open (R*=0.60), and Y =
5.213 x X"0.238 for closed (R2 = 0.54), where
Y = age and X = basal area. The age of the sampled
trees was estimated through these equations, and
histograms were plotted for each vegetation type.

The influence of soil characteristics and canopy
openness on abundance and basal area of the native
plant species sampled was assessed using canonical
correspondence analysis (CCA) using CANOCO 4.5
software (ter Braak and Smilauer 2002; Leps and
Smilauer 2003). In order to test the significance of the
influence of environmental variables on species com-
position based on density and basal area, Monte Carlo
permutation tests were carried out with 449 iterations.
Ordination diagrams of the plots with isoclines of the
“basal area” and “diversity” (Simpson Diversity
Index) were produced in CANOCO 4.5, based on
abundance and basal area (diversity isoclines only) of
the sampled species to visualize the variation of these
factors in relation to the plots.

Density, basal area, richness, Simpson Diversity
Index (D), Shannon-Wiener diversity index (H'),
Pielou evenness index (J), functional diversity index
(FD) and functional diversity index weighted by
abundance (WFD) (Casanoves et al. 2010; Pla et al.
2012) were compared between vegetation types and in
plots with and without H. dulcis. The comparisons
were made by applying permutation tests for two-way
ANOVA with Tukey’s multiple comparison tests
(Wheeler 2010), with vegetation type and presence/
absence of H. dulcis included as factors. The tests were
performed using the package ‘lmPerm’ (5,000 itera-
tions) of the R software (R Core Team 2014).
Rarefaction curves were produced using 100 random-
ized orders and the Sobs Mau Tao estimators were
calculated using EstimateS Software Version 8.2.0
(Colwell 2006). The mean values and confidence
intervals (£95 %) obtained were graphically com-
pared among vegetation types in areas with and
without H. dulcis.

Functional diversity indices were calculated (FD
and wFD) from a matrix composed by the absolute
abundance of each species and presence/absence of
the categories established for the selected parameters
(dispersal syndrome, regeneration strategy, vertical
stratification, and foliar phenology) per plot. The
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index value in each plot was estimated using the
FDiversity Software (Casanoves et al. 2010). Corre-
lations between FD, wFD and Shannon—-Wiener
Diversity Index values and the density of H. dulcis
in each plot were evaluated using the STATISTICA
7.0 software package (Statsoft 2004).

Discriminant analyses were conducted for each
vegetation type using the stepwise method of addition
and removal of functional groups as discriminant
variables in order to identify the functional groups that
contributed more significantly and to detect differ-
ences in plots with and without the invasive species. A
canonical correlation analysis was then performed to
determine which functional groups were more rele-
vant in forming the groups of the plots defined a priori.
These analyses were carried out using the IBM SPSS
Statistics 19.0 software (IBM Corp 2010). The Chi
Square test of association was performed using
StatView 5.0.1 (SAS Institute Inc. 1998), in order to
identify possible positive or negative associations
among native species and H. dulcis in the plots.

Results

A total of 1976 trees belonging to 125 species and
morphospecies and 40 families were recorded in the
sampling plots. Nine of the species were not native.
Among native species, 94 were identified at the
species level and 22 as morphospecies at the genus or
family levels. The list of all species, along with their
native range, functional groups and number of trees
recorded in each vegetation type is presented in
Appendix 1. The families with the largest numbers of
species were Fabaceae, with 20 species (about 17 %);
Lauraceae, with 11 species (about 9 %); Solanaceae,
with eight species (about 7 %); and Euphorbiaceae,
with seven species (about 6 %). There were native and
alien species in Rutaceae, Moraceae, Myrtaceae, and
Lauraceae, while Oleaceae, Cupressaceae, and
Rhamnaceae were represented by alien species only.

Comparison of canopy openness among vegetation
types and in plots with and without H. dulcis

“Vegetation type” was the only significant factor that

allowed the differentiation of sampling plots with regard
to canopy openness (Fss4y = 15.41; p < 0.001). As
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Fig. 1 Box-and-whisker plot for canopy openness (%) com-
pared among seasonal deciduous forest vegetation types in the
Fritz Plaumann State Park (Concordia, SC, Brazil). Vegetation
types: O—open without H. dulcis; OH—open with H. dulcis;
S—semi-open without H. dulcis; SH—semi-open with H.
dulcis; C—closed without H. dulcis; CH—closed with H.
dulcis. Circles are outliers

expected, canopy openness was greater in open than in
semi-open and closed vegetation types (Fig. 1).

Comparison of density, basal area, height and age
of H. dulcis trees among vegetation types

Of the 113 H. dulcis trees recorded, the largest number
of individuals was present in the semi-open vegetation
type (68; 60 % of the total), with lower numbers in the
closed (27; 24 %) and open vegetation types (18;
16 %) (F227) = 4.3; p = 0.02) (Fig. 2). The numbers
of trees did not differ between closed and open
vegetation types (Fig.2). Average height differed
among vegetation types (Fi.7) = 3.7; p = 0.04),
with taller trees in closed vegetation (Fig. 2). The
mean basal area was larger in closed vegetation than in
open or semi-open types (F27) = 8.9; p = 0.001),
not differing between semi-open and open types
(Fig. 2).

Overall, H. dulcis trees in semi-open and open
vegetation types had smaller diameters than those in
the closed vegetation type (Fig. 3a). In semi-open
vegetation, 96 % (65 of 68) of H. dulcis tree diameters
were below 20 cm, while all the trees in open
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populations in open (slashed bars), semi-open (black bars)
and closed (grey bars) seasonal deciduous forest vegetation
types in the Fritz Plaumann State Park (Concordia, SC, Brazil)

vegetation were below 20 cm in diameter (Fig. 3a). A
larger variation in diameter was found in the closed
vegetation type, with trees in the largest diameter class
(>40 cm) found only in this type (Fig. 3a). A similar
pattern was observed in the age histogram of H. dulcis,
with the majority of trees in the open and semi-open
vegetation types belonging to the younger age classes,
and greater age variation in the closed vegetation type
(Fig. 3b). The average age in the open vegetation type
was 12 years (£3.3), varying from 7 to 19 years
(95 % CI 10.55 < p < 12.37). In semi-open vegeta-
tion, the average age was 16.3 (£6.3), varying
between 9 and 23 years (95 % CI 12.28 < pu <
13.72). In the closed vegetation type, the average
age was 21.4 (£6.5), varying from 9 to around
30 years (95 % CI 18.35 < p < 24.44).
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<4Fig. 4 Canonical correspondence analysis (CCA) ordination
biplot with plots and environmental variables (vectors) (a),
isoclines of Simpson Diversity Index (b) and isoclines of basal
area (c¢) based on density of the native tree species sampled in
different seasonal deciduous forest vegetation types in the Fritz
Plaumann State Park (Concordia, SC, Brazil). Environmental
variables: Light—% canopy openness; TEXT—soil texture; pH;
P—phosphorus; K—potassium; OM—% organic matter; Al—
aluminum; Ca—calcium; Mg—magnesium; Na—sodium;
CTC—cation exchange capacity; e V—base saturation. Vege-
tation types—empty squares: open without H. dulcis; full
squares: open with H. dulcis; empty triangles: semi-open
without H. dulcis, full triangles: semi-open with H. dulcis;
empty circles: closed without H. dulcis; full circles: closed with
H. dulcis

Assessment of the influence of soil and canopy
openness on native plant species

The cumulative variance of the CCA based on tree
species density explained only 7.5 % of the total
variance when based on density (F = 1.2; p = 0.04).
Ca, Mg and canopy openness were the variables that
best explained the distribution of plots in the ordina-
tion space (Fig. 4a). The Simpson Diversity Index
(Fig. 4b) and basal area isoclines (Fig. 4c) showed
lower diversity and smaller basal area in open
vegetation plots. On the otherhand, there was a
gradual increase in both measures in semi-open and
closed vegetation types. The accumulated variance of
the CCA based on tree species basal areas explained
33 % of the total variance (F = 1.4; p = 0.004). Ca,
Mg and K best explained the distribution of plots in the
ordination (Fig. 5a). The Simpson Diversity Index
isoclines (Fig. 5b) showed lower diversity in the open
vegetation plots, and a gradual increase in semi-open
and closed vegetation.

Comparison of density, basal area, richness,
diversity, evenness and functional diversity
among vegetation types and in plots

with and without H. dulcis

Structural parameters of the plant communities, den-
sity, basal area, richness, diversity by Shannon-
Wiener diversity index, FD, and wFD varied signif-
icantly among habitat categories, while diversity by
Simpson Diversity Index and evenness by Pielou
Index did not vary significantly among plots (Table 1).
Only the “vegetation type” factor was significant
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Fig. 5 CCA ordination biplot with plots and environmental
variables (vectors) (a) and isoclines of Simpson Diversity Index
(b) based on the basal area of the native species sampled in
different seasonal deciduous forest vegetation types in the Fritz
Plaumann State Park (Concordia, SC, Brazil). (B) Environmen-
tal variables: Light—% canopy openness; TEXT—soil texture;
pH; P—phosphorus; K—potassium; OM—% organic matter;
Al—aluminum; Ca—calcium; Mg—magnesium; Na—sodium;
CTC—cation exchange capacity; e V—base saturation. Vege-
tation types—empty squares: open without H. dulcis; full
squares: open with H. dulcis; empty triangles: semi-open
without H. dulcis, full triangles: semi-open with H. dulcis;
empty circles: closed without H. dulcis; full circles: closed with
H. dulcis

(p < 0.0001) among habitat categories for density,
basal area, FD, and wFD (Table 1). Density was lower
in the open vegetation type than in semi-open and
closed vegetation (Table 1). Basal area, richness,
Shannon—-Wiener diversity index, FD, and wFD
showed significantly higher values in the closed
vegetation type when compared to semi-open and
open vegetation (Table 1). There were no significant
correlations between the density of H. dulcis and
Shannon—Wiener diversity index (y = 1.9849—
0.0063x; R? = 0.004; p = 0.75); the density of H.
dulcis and FD (y = 5.2155—0.0416x; R* = 0.019;
p = 0.47); and the density of H. dulcis and wFD
(y = 4.0678—0.0196x; R* = 0.07; p = 0.65). Plots

with and without H. dulcis are not significantly
different in estimated richness by rarefaction for the
three vegetation types (open without H. dul-
cis =19 £ 8; open with H. dulcis = 36 £+ 10.3;
semi-open without H. dulcis = 42 + 10.7; semi-open
with H. dulcis = 40 £ 10.4; closed without H. dul-
cis = 63 £ 12; closed with H. dulcis = 63 + 11.9).

Identification of functional groups that contributed
more significantly to the separation of plots
with and without H. dulcis for each vegetation type

The functional groups containing zoochorous species
showed higher abundance in all successional stages,
with the group represented by zoochorous, pioneer,
understory, evergreen species (FG11) containing the
largest number of individuals (331). The group of
zoochorous, non-pioneer, understory, and evergreen
species (FG15) had the most species (16). A higher
number of functional groups was present in the closed
vegetation type (17) in comparison to the semi-open
(16) and open (15) vegetation types (Appendix 1).
Hovenia dulcis was the only alien species classified in
the functional group composed by zoochorous, pio-
neer, canopy, deciduous species (FG14) (Carvalho
1994a). FG14 was represented by only four native
species and 21 individuals.

The best discriminant analysis for open and semi-
open vegetation types selected three of the 19 functional
groups: 6, 13, and 17 for the open vegetation type, and 1,
13, and 17 for semi-open vegetation (Tables 2, 3,
respectively). The function DS = 0.436 x FG17 +
0.345 x FG6 + 0.168 x FG13 discriminated the two
open vegetation type groups (with and without H. dulcis,
p < 0.001), while the function DS = 0.517 x FG17 +
0.343 x FG1-0.22 x FG13 discriminated the two
semi-open vegetation groups (p < 0.01). The percent-
age of correctly allocated plots using the function
obtained for the open vegetation type was 80 % for plots
with H. dulcis and 100 % for plots without the species;
the percentages were 70 and 100 %, respectively, for
semi-open vegetation with and without H. dulcis. The
discriminant analysis showed the group composed by
zoochorous, non-pioneer, canopy, evergreen species
(FG17) was more important in separating plots with and
without H. dulcis both in open and in semi-open
vegetation types (Tables 2, 3). The open vegetation type
with H. dulcis contained 52 individuals from FG17 and
the open vegetation type without H. dulcis had 13
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Table 1 Values (means == 1 S.D.) for density (n of trees/
hectare—Dens), basal area (m*’ha—Basal), richness (number
of species—Rich), Simpson diversity index (D), Shannon—
Wiener diversity index (H’), Pielou evenness index (J),
Functional diversity index (FD) and Functional diversity index
weighted by abundance (WFD) compared between each single

vegetation type in areas with and without H. dulcis, in seasonal
deciduous forest in the Fritz Plaumann State Park (Concordia,
SC, Brazil). Vegetation types—O: open without H. dulcis; OH:
open with H. dulcis; S: semi-open without H. dulcis; SH: semi-
open with H. dulcis; C: closed without H. dulcis; CH: closed
with H. dulcis

0 OH S SH C CH Fssey P
Dens  825% & 6102 1100* £ 467.2 1720° £519.2 1720° £ 500.6 1580° + 415.8 1850° £3223 7.2  <0.0001
Basal 10.9% + 7.6 18.8° £ 5.9 330+ 8 40.2* £ 9.1 70° + 163 612" +219 326  <0.0001
Rich  4.5%+2 724+ 32 10* + 3.8 10.8 £ 3.2 13.6° £ 3.1 14.9° + 2.4 172 <0.0001
D 44* + 2.8 54432 3.7 £ 24 6.1 + 2.4 6.8 £ 3.5 75+ 37 2.3 0.06

H 17+ 05 1.6% + 0.4 1.8% + 0.6 1.9° + 04 22°+03 24°+02 146 <0.0001
J 0.6 + 0.3 0.7* £ 0.1 0.6 £ 0.2 0.7* £ 0.1 0.7* £ 0.1 0.8* + 0.1 22 0.07

FD 282+ 13 408 + 121 483 +122 503 +129 58°+124 6.08° £ 1.05 9.74  <0.0001
wFD  2.13*+ 1 3.29°+0.73 357+ 117 390°+1.04 490°+1.17 4.80°+089 1007 <0.0001

3> Different letters in each row indicate significant differences (Tukey test, p < 0.05) for a single vegetation type in areas with and

without H. dulcis and among vegetation types

Table 2 Discriminant analysis results for functional groups
compared between open vegetation plots with and without H.
dulcis, in a seasonal deciduous forest in the Fritz Plaumann
State Park (Concordia, SC, Brazil)

Table 3 Discriminant analysis results for functional groups
compared between semi-open vegetation plots with and with-
out H. dulcis, in a seasonal deciduous forest at the Fritz
Plaumann State Park (Concordia, SC, Brazil)

Variables Standardized Variables Standardized
coefficients coefficients

FG6 (anemochorous, non-pioneer, 0.999 FGl1 (zoochorous, pioneer, 0.844
canopy, evergreen) understory, evergreen)

FG13 (zoochorous, pioneer, 0.888 FG13 (zoochorous, pioneer, —0.696
canopy, evergreen) canopy, evergreen)

FG17 (zoochorous, non-pioneer, 1.16 FG17 (zoochorous, non-pioneer, 1.101
canopy, evergreen) canopy, evergreen)

Wilk’s A 0.329% Wilk’s A 0.484%

Canonical correlation coefficient 0.819 Canonical correlation coefficient 0.718

* p<0.001 * p<0.001

individuals, while the semi-open type with H. dulcis
contained 85 individuals from FG17 and the semi-open
type without H. dulcis had 39 individuals.

The best model for the closed vegetation type used
seven of the 19 functional groups: FG3, FG4, FG6,
FG9, FG11, FG15, and FG18 (Table 4). The function
DS = 0.584 x FG3 + 0.75 x FG4 + 0.946 x FG6
+ 9.606 x FG9 + 0.755 x FG11 + 0.542 x FG15
—2.084 x FG18 discriminated between the two
groups, leading to the correct allocation of 100 % of
the plots with and without H. dulcis (p < 0.001). The
discriminant analysis showed that the group composed
by zoochorous, non-pioneer, canopy, deciduous
species (FG18) was more important in separating the
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plots with and without H. dulcis (Table 4). The closed
vegetation type with H. dulcis contained six individ-
vals from FG18, while the closed vegetation type
without H. dulcis had 17 individuals.

Identification of associations among native species
and H. dulcis in plots

Hovenia dulcis is positively associated with Casearia
sylvestris (y* = 6.67; df = 1; p = 0.01), Muellera
campestris (x* = 5.93; df = 1; p = 0.05), Nectandra
lanceolata ()(2 = 9.6; df = 1; p = 0.01) and Randia
armata (x2 = 5.45;df = 1;p = 0.05), and negatively
associated with Actinostemon concolor (x2 = —5.45;
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Table 4 Discriminant analysis results for functional groups
compared between closed vegetation plots with and without H.
dulcis, in a seasonal deciduous forest at the Fritz Plaumann
State Park (Concordia, SC, Brazil)

Variables Standardized
coefficients

FG3 (anemochorous, pioneer, 2.292
canopy, deciduous)

FG4 (anemochorous, pioneer, 0.989
emergent, deciduous)

FG6 (anemochorous, non-pioneer, 2.443
canopy, evergreen)

FG9 (anemochorous, non-pioneer, 2.148
understory, evergreen)

FG11 (zoochorous, pioneer, 1.806
understory, evergreen)

FG15 (zoochorous, non-pioneer, 1.143
understory, evergreen)

FG18 (zoochorous, non-pioneer, —3.126
canopy, deciduous)

Wilk’s A 0.051%

Canonical correlation coefficient 0.974

@ p <0.001

df = 1; p = 0.05). Because of multiple comparisons,
the significance of these results should be taken with
caution. Three of the four species with which H. dulcis
is positively associated are evergreen. C. sylvestris and
M. campestris are more abundant in the semi-open and
closed vegetation types, while N. lanceolata is very
abundant in all the vegetation types (Appendix 1). On
the other hand, A. concolor is deciduous and was more
abundant in the closed vegetation type in plots without
H. dulcis (Appendix 1).

Discussion

Hovenia dulcis reached higher densities in intermedi-
ate stage, and lower densities in early and advanced
stages. The species’ colonization process took place
10-15 years ago in the forest now at an intermediate
stage of succession, and at least 30 years ago in the
forest now in advanced stage. In both cases, however,
the forest probably had greater canopy openness when
the colonization process occurred due to selective
logging (Siminski et al. 2011). The colonization of the
open vegetation type is more recent, and consequently,
invasive trees are younger in early and older in more

advanced successional stages. The estimated ages
should be taken with caution because the R values for
the relationship between basal area and age were not
very high. However, the clear pattern of more older-
aged trees observed in closed vegetation when com-
pared to semi-open and open vegetation should be
considered. Contrary to the initial hypothesis, no
differences were observed between plant communities
invaded and non-invaded by H. dulcis in all succes-
sional stages. No negative relationship was found
among species richness, diversity, functional diver-
sity, and the species density in the successional stages.
Changes in structure and composition of plant
communities due to H. dulcis presence were described
for different types of subtropical forests (Bardall et al.
2004; Schaff et al. 2006; Boeni 2011). However, the
results obtained in these studies should not be
compared to our study, considering that Bardall et al.
(2004) and Schaff et al. (2006) did not compare areas
with and without the species’ presence, but instead
compared the same areas before and after the species’
arrival. In turn, Boeni (2011) compared areas with
dense forest in advanced successional stages with and
without H. dulcis, but did not compare different
successional stages. In our study, we did not observe
differences in structure and composition between
plant communities invaded and non-invaded by H.
dulcis. The same results were observed for other
invasive tree species (Martinez 2010; Siderhurst et al.
2012; Whitfield et al. 2014). One possible explanation
for this result is that spatial and temporal variation in
extrinsic factors, such as disturbance history and
propagule pressure, could have been more important
in determining the forest regeneration dynamics than
the invasive species presence (Shea and Chesson
2002). Complementary, the low density of H. dulcis in
most of the plots, especially in the open and closed
vegetation types, would not be sufficient to reveal
changes on the plant communities due to the species
presence. Studies about H. dulcis influence on density
and/or species richness of tree seedlings and herba-
ceous species below dense stands compared with non-
invaded stands could shed light on identifying H.
dulcis impacts in fragmented deciduous forest.
Hovenia dulcis colonized both disturbed and
younger successional forests and may be unable to
survive and persist as a forest matures, as described for
other alien invasive shrubs and trees in temperate
decidual forests (Johnson et al. 2006; Webster et al.
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2006; Cunard and Lee 2009; Burnham and Lee 2010;
Radtke et al. 2013). Because the species is described in
literature as a pioneer (Carvalho et al. 1994a, b), which
suggests that it requires high levels of light to
regenerate (Hartshorn 1978; Whitmore 1989), the
high density of H. dulcis observed in the semi-open
vegetation type was not expected. Although the forest
had a greater canopy openness when the colonization
process occurred due to selective logging (Siminski
et al. 2011), those areas that presently are semi-open
vegetation were not treeless in the past. Instead, aerial
photographs from 1978 have provided evidence of the
presence of some trees. This indicates that the species’
may be tolerant to some shading, as has been observed
for other invasive species in temperate, tropical and
subtropical regions (Green et al. 2004; Martin and
Marks 2006; Flory and Clay 2009; Martin et al. 2009;
Godoy et al. 2011; Major et al. 2013).

On the other hand, the lower densities of H. dulcis
in earlier and later successional stages could be a
consequence of limited seed arrival and/or lack of
suitable sites for seed germination and seedling
establishment (Coutts et al. 2011; Schupp 2011). The
low densities may be also due to biotic interactions
that limited invasion in these successional stages. A
possible biotic resistance mechanism through compe-
tition could be attributed to the higher abundance of
individuals in the functional group composed by
zoochorous, non-pioneer, canopy, deciduous species
(FG18) in areas without H. dulcis in closed vegetation.
This functional group is similar to the H. dulcis group
(zoochorous, pioneer, canopy, deciduous species), and
it is the most important one separating plots with and
without H. dulcis in the closed vegetation type. Cunard
and Lee (2009) showed a clear positive correlation
between the invasive shrub Frangula alnus mortality,
decreased light, decreased nutrients, and abundance in
late successional species. According to the authors,
this suite of relationships was explained by competi-
tion. Besides, reduced light levels promoted by
evergreen species may also help explain the low
densities of H. dulcis in the closed vegetation type
(Silva 2012). The density of native trees is lower in
open vegetation, when compared to semi-open and
closed vegetation, making it less likely that biotic
resistance through competition with similar species is
a factor that is limiting population growth in these
areas. Limitations imposed by abiotic and biotic
factors in seed germination and seedling establishment
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are more prone to be responsible for the low density,
besides the possibility of limited seed arrival in open
vegetation. Assessments about seed arrival, seed
predation, seedling herbivory, and the influence of
factors such as herbaceous and shrub species cover,
litter thickness and soil moisture on seed germination
and seedling survival and growth could help to
determine which factors are most important in limiting
the species spread in open vegetation.

Colonization by H. dulcis in younger successional
forests may have been a consequence of landscape
fragmentation and forest disturbance, as reported for
other invasive plant species (Belote et al. 2008;
Burnham and Lee 2010). In a fragmented landscape,
disturbance can be a major factor interacting with
fragment size to influence species richness and
composition in forest fragments (dos Santos et al.
2007). This interaction can be explained by the
increasing sensitivity to disturbance as fragments get
smaller (increased edge:interior ratio) (dos Santos
et al. 2007), and by the assumption that anthropogenic
disturbance promotes the invasion of alien species in
forest patches (Hobbs 2011). These factors can either
impact forest composition regardless of land use
history or can disproportionately affect forests with
specific land use histories (Katz et al. 2010). Land use
history remains a major determinant of forest compo-
sition and structure (Flinn and Marks 2007; Martinez
2010), and many studies have indicated that the
history of use may increase the abundance of invasive
plants in forest landscapes (Von Holle and Motzkin
2007; DeGasperis and Motzkin 2007; Martinez 2010;
Siderhurst et al. 2012). The historic component of
human occupation in the region was therefore decisive
for forest fragmentation as well as essential for the
increase of propagule pressure of H. dulcis, conse-
quently optimizing the colonization by the species
(Siderhurst et al. 2012), with the greatest benefits to
the invasive species occurring in low competition,
high disturbance sites (Bellingham et al. 2005).

Selective logging and other forest management
activities can also favor the establishment of invasive
species (Major et al. 2013; Radtke et al. 2013). The
intensity of tree harvesting, for example, may influ-
ence the degree of invasion success (Rejmanek 1989)
as large gaps receive more light and may provide more
resources for recruiting plants (Radtke et al. 2013).
Besides, selective logging of economically-valued
species in fragments currently classified as closed
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vegetation may have led to the temporary or perma-
nent impoverishment of specific functional groups,
both in species richness and abundance. The biotic and
abiotic changes caused by fragmentation may also
have led to the loss of certain functional groups
(Laurance et al. 2000; Michalski et al. 2007; Santos
et al. 2008). Such differences in species richness and
abundance among functional groups, and in functional
diversity, caused by human activities, may change the
invasibility of plant communities (Pokorny et al.
2005). The low species richness and low abundance of
individuals in the functional group composed by
zoochorous, pioneer, canopy, deciduous species (H.
dulcis functional group) may be the result of frag-
mentation or logging leading to its rarefaction, or an
intrinsic characteristic of the plant community. In the
last case, opportunities for occupation of relatively
open niches may have facilitated H. dulcis establish-
ment (Funk et al. 2008; Byun et al. 2013).
Considering the context of intense forest fragmen-
tation and the high susceptibility of young disturbed
secondary forests to invasion by H. dulcis, a manage-
ment strategy at different scales should be imple-
mented, focusing on preventative and control work. At
the local scale, control actions need to be conceived
prioritizing small satellite or peripheral populations
(Moody and Mack 1988) and populations in highly
suitable habitat (Higgins et al. 2000), such as small and
disturbed native vegetation patches, gaps and edges
between closed and open vegetation types. A success-
ful plan for reducing H. dulcis should also include
management strategies to minimize disturbance
(Whitfield et al. 2014) and subsequent reinvasion.
One potential mechanism is to introduce native
species assemblages that are highly competitive with
the invasive species and can increase resistance to
future invasion (Pywell et al. 2003). Successful
resistance to invasion may be further strengthened if
restored native species are functionally similar to and
competitive with invading species, preempting avail-
able niche space for the invader (Pokorny et al. 2005;
Funk et al. 2008; Ammondt and Litton 2011). In our
study, H. dulcis showed a negative association with
deciduous species, which could mean competitive
exclusion or different habitat requirement by the
native and the alien species. Although we cannot
conclude which is the reason for the negative associ-
ation; however, we can recommend that pioneer,
deciduous and fast-growing species should be used in

restoration efforts following removal of the invasive
species.

Propagule availability is an extremely important
determinant of the invasion extent in all habitats (Von
Holle and Simberloff 2005; Eschtruth and Battles 2011).
Any management strategy at the regional scale should
include native species, which may replace H. dulcis for
different purposes preferred by landowners and result in
the reduction of the species’ propagule pressure. Zooch-
orous, pioneer, and fast-growing species should be
promoted by the local government in place of H. dulcis.
Policies to both promote native species and restrict or
prohibit the use of H. dulcis are essential for a strategy
reaching the needed scale and providing opportunities for
restoration of remaining forest fragments.
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