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Background: To address the lack of evidence supporting invasion by three invasive plant species (Imperata
¢ylindrica, Lantana camara, and Chromolaena odorata) in tropical ecosystems, we compared the ecophysiological
and leaf anatomical traits of these three invasive alien species with those of species native to Sempu Island,
Indonesia. Data on four plant traits were obtained from the TRY Plant Trait Database, and leaf anatomical traits were

measured using transverse leaf sections.

Results: Two ecophysiological traits including specific leaf area (SLA) and seed dry weight showed significant
association with plant invasion in the Sempu Island Nature Reserve. Invasive species showed higher SLA and lower
seed dry weight than non-invasive species. Moreover, invasive species showed superior leaf anatomical traits
including sclerenchymatous tissue thickness, vascular bundle area, chlorophyll content, and bundle sheath area.

Principal component analysis (PCA) showed that leaf anatomical traits strongly influenced with cumulative variances
(100% in grass and 88.92% in shrubs), where |. cylindrica and C. odorata outperformed non-invasive species in these
traits.

Conclusions: These data suggest that the traits studied are important for plant invasiveness since ecophysiological

traits influence of light capture, plant growth, and reproduction while leaf anatomical traits affect herbivory,
photosynthetic assimilate transport, and photosynthetic activity.
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Background

Invasive alien species (IAS) are considered a serious threat
to an ecosystem because of their potential negative impact
on the environment, agriculture, economy, and human
health (CBD 2010; Roger 2003). Successful invasion by
alien plant species is promoted by many factors that in-
crease their competitiveness over that of co-occurring na-
tive plants. Alien plant invasion can change species
composition, thus affecting biodiversity and hindering
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productivity of the recipient ecosystem (Bajwa et al. 2016;
Daehler 2003; Farnsworth and Meyerson 2003).

Alien plant invasion threatens the natural ecosystems
around the world (CBD 2010), including the tropical
area of Indonesian Archipelago (Tjitrosoedirdjo et al.
2016). Human migration and expansion are the main
factors responsible for plant introduction, which is
sometimes coupled with biological invasion. Tjitrosoe-
dirdjo (2005) reported that approximately 1936 alien
plant species belonging to 187 families were introduced
into Indonesia. Many of these plant species successfully
invaded conservation areas, causing significant environ-
mental changes in the Halimun-Salak National Park
(HSNP) (Junaedi and Dodo 2014), Mt. Gede Pangrango
National Park (GPNP) (Kudo et al. 2014), Alas Purwo
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National Park (Hakim et al. 2005), Ijen Crater Nature
Tourism Park (Hapsari et al. 2014), Bawean Island mon-
tane forests (Trimanto and Hapsari 2016), and Baluran
National Park (Sutomo et al. 2016).

Recent studies revealed that a small protected island in
Indonesia, known as Sempu Island Nature Reserve, is cur-
rently encountering the spread of invasive alien plant spe-
cies (Rindyastuti et al. 2018a; Hapsari et al. 2020). The
Sempu Island, with an area of 877 ha, is located in the
southern part of Java Island and is governed by the re-
gional administration of Malang Regency, East Java Prov-
ince, Indonesia. Sempu harbors diverse natural and
tropical forest ecosystems that contain more than 360
plant species (Rindyastuti et al. 2018a) and common fauna
of the Sunda Island (Sukistyanawati et al. 2016). However,
the unique morphological and ecological characteristics of
small islands, such as limited land area, small plains, lim-
ited fresh water, and isolated location, make the inhabiting
species more vulnerable to both natural and anthropo-
genic factors such as climate variability, invasive alien spe-
cies, natural catastrophes, and limited natural resources
(Nurse et al. 2001; Calado et al. 2014).

Ecophysiological plant traits related to plant product-
ivity such as relative growth rate (RGR) and specific leaf
area (SLA) were consistent determinants in plant inva-
sion. Invasive woody plants which showed high RGR
were supported by having higher SLA than the natives
(Grotkopp and Rejmanek 2007). Moreover, many recent
studies revealed that reproductive dispersion traits such
as seed dry mass, seed dispersal method, seed produc-
tion, and plant height are highly correlated with bio-
logical invasion, both depending on and independent of
other factors (Moodley et al. 2013; Moravcova et al.
2015). Herbaceous species taller than 0.8 m are likely to
be invasive without other specification because it can
disperse their seeds further, while shorter species de-
velops dispersal method by animals; additionally, shorter
species with small seed but less efficient animal dispersal
can still be invasive by producing a large number of
propagules (Moravcova et al. 2015). Anatomical advan-
tages often enhance the physiological performance of
plants through tolerance, adaptation, and competitive
behavior (Perez-Harguindeguy et al. 2013; Hameed and
Ashraf 2009). Studies on invasive species found in the
Indonesian Archipelago are insufficient to explain bio-
logical invasion in the tropical regions of Asia. There-
fore, in this study, we aimed to determine the
ecophysiological and leaf anatomical traits of native and
invasive plant species, including shrubs and grass, and
their correlation with species invasiveness in the Sempu
Island Nature Reserve, Indonesia. The results of this
study would contribute to local and global knowledge of
plant invasion, especially in tropical regions, which
would help design conservation management practices.
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Results

Ecophysiological traits

We compared the ecophysiological traits of 27 native
and three invasive (Imperata cylindrica, Lantana
camara, and Chromolaena odorata) plant species in
Sempu Island, Indonesia. The SLA of L. camara and C.
odorata were higher than those of all 10 native species
in Sempu Island and Java mainland (Fig. 1a), indicating
that invasive species outperformed all native life forms
including shrubs and trees. Analysis of wvariance
(ANOVA) revealed that the SLA of invasive and native
species were significantly different (P = 0.006) (Fig. 1b;
Table 2). In addition, the seed dry weight of all three in-
vasive species was lower than that of all native species
(Table 1) and ANOVA revealed that this difference was
significant (Fig. 2b; Table 2).

Leaf photosynthetic rates per unit leaf dry weight of all
three invasive species, including C. odorata, L. camara,
and L cylindrica, were higher than those of native spe-
cies, especially Spondias pinnata (Fig. 3a); however, the
average photosynthetic rates showed no significant dif-
ference between invasive and native species (Fig. 3b;
Table 2). Additionally, the plant height of two invasive
species, L. camara and L cylindrica, was lower than that
of nine native plant species (Fig. 4a); however, the aver-
age plant height of invasive and native plants showed no
significant differences in both woody (P = 0.38) and
non-woody (P = 0.33) categories (Fig. 4b; Table 2).

Leaf anatomical traits

We performed a comparative analysis of the leaf ana-
tomical traits of one invasive species (I cylindrica) and
two native species (Ischaemum muticum and Thuarea
involuta). Qualitative anatomical traits that contributed
to high competitiveness of invasive species included the
succulence of leaves, shape of leaf midrib, development
of bulliform cells, total arch number of vascular bundles,
presence of sclerenchymatous tissue in vascular bundles
and midrib, and development of bundle sheath and cell
layers in leaf midrib and veins. The invasive species I
cylindrica showed three types of sclerenchymatous cells:
sclerenchymatous cells in the upper leaf, sclerenchyma-
tous cells in the midrib, and sclerenchymatous cells in
the epidermal tissue (P values: 0.005, 0.009, 0.018, 0.001,
and 0.016, respectively) (Table 3).

Additionally, I cylindrica showed a higher arch num-
ber of vascular bundles (Table 3) and a larger vascular
bundle area than two other grass species (Table 4). The
native species T. involuta showed the second highest
plant performance and vascular bundle area after I
cylindrica. Additionally, invasive species exhibited super-
ior anatomical traits, such as highly developed bundle
sheath than native species. Among the natives, I muti-
cum showed lower leaf succulence and thicker leaf to
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differences (ANOVA and Tukey's test; P < 0.05). IAS, invasive alien species

Fig. 1 Specific leaf area (SLA) of invasive and native plant species in Sempu Island, Indonesia. a SLA of each species. b Comparison of SLA
between invasive and native species. Data represent mean + standard deviation (SD). Different lowercase letters indicate statistically significant

(b)

prevent herbivory (Table 2). In comparison with I muti-
cum, T. involuta showed more competitive quantitative
anatomical traits, especially larger bundle sheath area and
higher chlorophyll content (Table 4). The invasive grass
species I cylindrica possessed thicker sclerenchymatous
tissue than the two other grass species. Among the quanti-
tative traits of grass, leaf thickness, bundle sheath area,
vascular bundle area, sclerenchymatous tissue thickness,
and chlorophyll content showed significant differences be-
tween invasive and native species (Table 3).

Two invasive shrub species (L. camara and C. odorata)
and three native shrub species (Wollastonia biflora,
Phempis acidula, and Casearia flavovirens) were also

Table 1 Seed dry weight of invasive and native species

included in this analysis. Both invasive species possessed
succulent leaves with dense, multi-serrated, and long tri-
chomes. Based on the statistical analyses of quantitative
traits, three leaf anatomical traits showed significant dif-
ferences among species including vascular bundle area
(P = 0.011), spongy mesophyll thickness (P = 0.031), and
total chlorophyll content (P = 0.046). The invasive spe-
cies C. odorata exhibited the largest vascular bundle area
and the highest chlorophyll content compared with the
invasive shrub and other native species (Table 5). These
data suggest that C. odorata exhibits high ecological per-
formance. On the other hand, the invasive shrub L.
camara showed a smaller vascular bundle area than

Species Number of plant samples Seed dry weight (mg)
Lantana camara (IAS) 4 5+ 4°
Chromolaena odorata (IAS) 3 039 +021°
Imperata cylindrica (IAS) 2 0.1 +0.0042¢
Spondias pinnata 1 100007
Ceriops decandra 1 2740P
Terminalia catappa 3 2473 + 1401°
Croton tiglium 1 218°

Vitex trifolia 1 99°

Sophora tomentosa 1 71¢

Ipoemea pes caprae 1 45«

Ficus benjamina 1 25d

Morinda citrifolia 1 15%

Data represent mean + standard deviation (SD). Different lowercase letters indicate statistically significant differences (ANOVA and Tukey'’s test; P < 0.05). IAS,

invasive alien species
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Fig. 2 Seed dry weight between invasive and native species in
Sempu Island, Indonesia. Data represent mean + standard deviation
(SD). Different lowercase letters indicate statistically significant
differences (ANOVA and Tukey's test; P < 0.05). IAS, invasive

alien species

most native species, especially C. flavovirens and W.
biflora. Additionally, the chlorophyll content of L.
camara was low, indicating low carbon capture capacity.

PCA of leaf anatomical traits

Ecophysiological and leaf anatomical traits observed in
this study were predicted as determinants of plant per-
formance and invasiveness. PCA was carried out separ-
ately for shrubs and grass because both life forms exhibit
distinct leaf anatomical characteristics. PCA of quantita-
tive leaf anatomical traits of grass revealed only two
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principal components, with Eigenvalues of 7.02 and 4.98,
which together accounted for 100% of the total variance.
The native species T. involuta showed a strong positive
association with leaf anatomical traits including total
chlorophyll content, mesophyll thickness, bundle sheath
area, and bulliform cell thickness, similar to the invasive
grass species 1. cylindrica. In addition to these traits, I cylin-
drica also showed a positive association with other import-
ant traits such as sclerenchymatous tissue thickness,
bulliform cell area, and vascular bundle area (Fig. 5a).

On the other hand, the PCA of quantitative leaf ana-
tomical traits of shrubs revealed five principal compo-
nents. The first three principal components (PC1, PC2,
and PC3) of the PCA showed Eigenvalues of 3.57, 3.17,
and 2.14, respectively, accounting for 88.92% of the total
variance. PC1 and PC3 of shrubs showed that one inva-
sive species, C. odorata, had superior leaf anatomical
traits than the invasive shrub L. camara and native
shrubs i.e. in vascular bundle area and chlorophyll con-
tent (Fig. 5b).

Discussion

Ecophysiological traits of invasive plants

Plant traits related to biological invasion vary among
studies, depending on study sites and plant taxa (Dre-
novsky et al. 2012). Nonetheless, these studies reveal a
common pattern, i.e., invasive plant species outperform
native species (Rejmének and Richardson 1996; van
Kleunen et al. 2010). According to previous studies, eco-
physiological traits associated with invasive behavior in
plants include high leaf construction cost, SLA, and net
CO, assimilation (Baruch and Goldstein 1999); rapid
and substantial allocation to root mass, heteroblasty, and
strong N fixation ability (Morris et al. 2011); high RGR
and SLA in woody angiosperms (Lambers and Poorter
1992; Grotkopp and Rejmdanek 2007); high photosyn-
thesis capacity and net photosynthesis (Pattinson et al.
1998; Mcdowell 2002).

In this study, invasive species showed superior ecophysi-
ological traits which represented greater resource uptake,
faster plant growth, and higher sexual reproduction than
native species. SLA and leaf area per leaf dry mass relates
to the capacity of carbon capture and photosynthetic ac-
tivity by plant leaves, while plant height and seed dry

Table 2 Analysis of variance (ANOVA) of ecophysiological traits of native and invasive plant species in Sempu Island, Indonesia

Ecophysiological traits Degrees of freedom (DF) Mean sum of squares (MS) F P value
Specific leaf area (SLA) 1 84.56 12.14 0.006
Seed dry weight 1 15.16 15.75 0.003
Leaf photosynthetic rate per unit leaf dry weight 1 0.012 1.35 0330
Plant height (woody species) 1 589 0.85 038
Plant height (non-woody species) 1 039 3.08 033
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Fig. 3 Leaf photosynthetic rate per unit leaf dry weight of invasive and native plant species in Sempu Island, Indonesia. a Leaf photosynthetic
rate per unit leaf dry weight of each species. b Comparison of leaf photosynthesis rates per unit leaf dry weight between invasive and native
species. Data represent mean + standard deviation (SD). Different lowercase letters indicate statistically significant differences (ANOVA and Tukey's

weight relate to dispersal ability of seed for sexual
reproduction. As the results, only two ecophysiological
traits of invasive species (SLA and seed dry weight) signifi-
cantly outperformed those of native species (Figs. 1 and 2)
based on ANOVA (Table 2). SLA is a significant predictor
of plant invasiveness and influences variation in RGR across
herbaceous species (Poorter and Remkes 1990) and forbs
(James and Drenovsky 2007). High SLA of invasive plants
facilitates greater sunlight capture, more CO, assimilation
during photosynthesis, and rapid growth rate; all these fac-
tors are advantageous for biological invasion (Pugnaire and
Valladares 1999; Shipley 2002; Lambers et al. 1998; Baruch
and Goldstein 1999; Leishman et al. 2007; Gallagher et al.
2014). Invasive species exhibit higher SLA than native spe-
cies (Burns and Winn 2006).

High SLA, along with high RGR, is associated with low
seed weight, which is critical for a successful invasion in
the genus of Pinus (Grotkopp et al. 2002). However, in
Acacia and Acer, SLA is more closely associated with inva-
siveness than RGR (Grotkopp and Rejmének 2007). The
invasive species Rhus typhina exhibits different leaf func-
tional traits, especially SLA, and resource-use strategy
compared with native species (Wang et al. 2016). SLA is a
plant trait that may be affected by environmental vari-
ables, such as gradient of nutrient and the level of habitat

disturbances (Pattinson et al. 1998). These study results
were interpreted from the combined data of TRY database
and measurements on Indonesian plants. This may lead to
a generalized conclusion based on the various data of SLA
from different locations with a wide gradient of environ-
mental conditions. In addition, the SLA of invasive species
reported by Pattinson et al. (1998) was still the highest
even was compared with the native species from nutrient-
rich sites, and lastly natives from undisturbed sites.
Invasive species also showed lower seed dry weight than
the co-occurring native species (Fig. 2). Seed is an import-
ant generative ecological entity representing the allocation
strategy and life cycle of plants. Seeds are produced by
mature plants as naturally and genetically unique small or-
gans, which serve as dispersal agents and enable species
survival by remaining dormant until the environmental
conditions are favorable (Fenner 1985). Smaller seed
weight is associated with higher seed number (of similar
weight), greater fertility, abundant seed bank (Banovetz
and Scheiner 1994), high initial germination, and shorter
chilling period needed to overcome dormancy (Westoby
1998; Rejmanek 1995). Small seeds reach distant geo-
graphical sites are long-lived (Hodkinson et al. 2002), ex-
perience lower predation, and therefore persist in the soil
for a longer duration than larger seeds (Graebner et al.
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2012; Greene and Johnson 1993; Thompson et al. 1993;
Westoby et al. 1992). Small seeds (dry weight <2 mg) are
predicted to influence plant invasiveness not only in the
understory but also in woody invaders (Rejmanek 1996).
Thus, small seeds have many benefits over large seeds that
facilitate their invasiveness, resulting in large populations
and rapid colonization, especially in disturbed habitats
(Rejmének and Richardson 1996), such as in Sempu Is-
land, especially its coastal areas (Hapsari et al. 2020).
Dispersal traits are critical determinants in invasion
success. Because invasion success is a multifaceted

phenomenon, one trait could affect another trait. Seed
dry weight was proved as one of the dispersal traits that
significantly influence invasion success and this trait af-
fects seed production (Moravcova et al. 2015). Seeds of
the invasive species C. odorata are small (length: 3-5
mm; width: ~1 mm; weight: ~2.5 mg per seed) (Vander-
woude et al. 2005). C. odorata is highly prolific, produ-
cing up to 260,000 seeds/m”> (Witkowski and Wilson
2001), of which approximately 20-46% of seeds remain
viable for up to 5years. These small seeds are covered
with numerous hairs, and are therefore easily blown and
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Table 3 Qualitative anatomical traits of shrubs and grass in Sempu Island, Indonesia
Anatomical traits Grass Shrubs
Thuarea Imperata Ischaemum  Wollastonia Lantana Chromolaena Phempis Caeseria
involuta cylindrica  muticum biflora camara odorata acidula flavovirens
Leaf midrib shape Flat Conical, Rounded Rounded Rounded Rounded Rounded Rounded
prominent
Trichome Long, Short, Short, Long, Dense, long, Long, Short, Long,
unicellular unicellular  unicellular unicellular multicellular multicellular unicellular  unicellular
Bulliform cells Developed Highly Highly Absent Absent Absent Absent Absent
developed  developed
Number of palisade Absent Absent Absent 3-4 Two 1-2 4-5 2-3
layers
Number of spongy Absent Absent Absent 8-9 4-5 6-7 5-7 4-5
mesophyll layers
Total arch number of 36-40 42-45 27-44 Unobserved  Unobserved Unobserved Unobserved  Unobserved
vascular bundle
Sclerenchyma of Single layer Many layers 3-4 layers Few layers Absent Absent Absent 2-3 layers
vascular bundle
Sclerenchyma of midrib  Absent 12-15 3 layers Few layers Absent Absent Absent 2-3 layers
layers
Sclerenchymatous cells  Absent 3 layers Single layer Absent Absent Absent Absent Absent
in upper leaf
Sclerenchymatous Discontinuous Continuous  Discontinuous Absent Absent Absent Absent Absent
epidermal layers
Bundle sheath of midrib Highly Highly Developed Absent Absent Absent Absent Absent
developed developed
Bundle sheath of veins  Well Well Developed Absent Absent Absent Absent Absent
developed developed
Number of bundle 13-14 cells 19-22 cells  13-15 cells Absent Absent Absent Absent Absent
sheath cells in midrib
Number of bundle 4-9 cells 4-13 cells  4-9 cells Absent Absent Absent Absent Absent

sheath cells in veins

dispersed by wind. Seeds are also spread by machinery,
water, vehicles, animals, clothing, and contaminated for-
estry and agricultural tools (GISD 2015). Seeds of the in-
vasive species L. camara are dispersed by fruit-eating
birds and a few mammals (Priyanka and Joshi 2013).
The invasive grass I cylindrica is also highly prolific,
producing over 3000 small seeds per plant (MacDonald

Table 4 Quantitative leaf anatomical traits of grass species

2004). Given the high seed production and dispersal, in-
vasive species produce a large number of offspring,
which facilitate species propagation and rapid spread in
new environments. Moreover, prolific seed production
of invasive species has significant implications on their
invasive behavior, in connection with seed dispersal by
wind (Marchante et al. 2010).

Species” Leaf anatomical traits”
Leaf Bulliform cell Bundle sheath Vascular bundle Sclerenchymatous tissue Chlorophyll
thickness area (um?) area (um?)* area (um?) thickness (um) content (um)
(um)
P = 0.005 P =0.145 P = 0.009 P =0.018 P = 0.001 P =0.016
Ischaemum 13935 + 7469 + 584.2a 2585 + 540c 9295 + 291c 253 £ 5205ab 1413 £1.27b
muticum (N) 1881b
Imperata 163.66 + 131175 + 7710 + 3727b 8068 + 2432.5a 44335 + 5353 126 £ 1.5b
cylindrica (IAS) 16.225b 4017.9a
Thuarea involuta 234.63 + 9691 + 323435a 164545 + 50245a  5379.5 + 2810.6b 18.935 + 1.9b 26.1 £ 72a
(N) 15.85a

N Native species, IAS Invasive alien species

YData represent mean + standard deviation (SD; n = 15). Lowercase letters in each row indicate significant differences (ANOVA and Tukey's test; P < 0.05)

*Quantitative leaf anatomical traits
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Table 5 Quantitative leaf anatomical traits of shrubs species
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Species” Anatomical traits”
Vascular bundle area Palisade thickness Spongy mesophyll thickness Total chlorophyll content
(um?) (um) (um) (mg/g)
P =0.011 P =0.22 P =0.031 P = 0.046

Lantana camara (IAS) 9594 + 3595 b 56.66 £ 74 a 5761 +16b6 1293 +46 b

Chromolaena odorata 44,056.72 + 20210 a 6391 £205a 9250 £ 164 ab 208 £4.15a

(IAS)

Phempis acidula (N) 8570 £ 8185 b 98.77 £ 498 a 7702 + 94 ab 226 +954a

Caeseria flavovirens (N) 38,163 + 12,232 a 8721+ 122a 11554 £232a 182 £56 ab

Wollastonia biflora (N) 19,725 + 8593 ab 8954 + 23 a 986 + 187 ab 767 +0.15 ¢

“N Native species, IAS Invasive alien species

YData represent mean + standard deviation (SD; n = 15). Lowercase letters in each row indicate significant differences (ANOVA and Tukey's test; P < 0.05)

Two additional traits affecting ecological performance,
namely leaf photosynthetic rate per unit leaf dry weight
(micromol g™'s™) and plant canopy (m) were superior
in invasive plant species than in native species (Figs. 3
and 4). This study results reported that photosynthetic
traits showed no significant differences between invasive
and native species (Table 2). Leaf photosynthetic rate is
correlated with primary productivity. Invasive species
usually exhibit superior life performance and growth
rates than native species (Mcdowell 2002; Pattinson
et al. 1998). Non-significant photosynthetic rate maybe
showed a life history strategy of invasive species to de-
velop greater leaf area than to raise photosynthetic activ-
ity. Because with large leaf area, invasive shrubs species
also take benefits to create shading for the seedling of
native plants which prevent the natives dominated the
habitat (Brym et al. 2011). This chosen strategy is more
effective for plant growth and the success of plant inva-
sion in new areas.

Plant height is related to plant ecological strategy, such
as the ability to compete for light (Grime 1988; Moles
et al. 2009; Gallagher et al. 2014). Invasive species are
usually taller than their congeneric relatives (Westoby
1998; Gallagher et al. 2014). In addition, seeds of tall in-
vasive species disperse farther than those of short inva-
sive species (Thomson et al. 2011). Many species and
plant samples were extracted for this trait and some of
them are maximum height for the species studied.
Hopefully, it could minimize the environmental variables
that may affect the results and conclusions. However, no
difference in the plant height was detected between inva-
sive and native plant species. A previous study reported
that plant height did not always correlate with invasion
success (Hamilton et al. 2005). In addition, invasive spe-
cies studied are included in shrub and grass which grow-
ing the population in the understory. Each life forms of
plants demonstrated different life-history strategies. In-
vasive shrub often showed the characteristics of light-
demanding plants which has ecological strategic to dis-
play larger leaf area rather than develop a tall habit like

invasive shrubs Elaeagnus umbellate (Brantley and
Young 2009; Brym et al. 2011). When the invasive
shrubs developed greater leaf area, it has disadvantages
to grow shorter habit than the natives. Therefore, to in-
vade an area, invasive shrubs would need to form large
bushes which prevent the habitats from being over-
shaded by the natives (Brym et al. 2011).

Other ecological traits may affect the invasion success,
such as the use of rhizome in plant reproduction. Cogon
grass (L cylindrica) performs vegetative reproduction be-
sides sexual reproduction, it produces culms from creeping
underground rhizomes that might increase its ability to
spread faster at the invaded area. While C. odorata in in-
vaded areas of China was reported to have higher biomass
at opened habitat and perform shift biomass reallocation
(from belowground into aboveground) (Liao et al. 2019).
These traits were indicated as keys to its invasion success.

Leaf anatomical traits of invasive species
The combination of anatomical traits might be a key fac-
tor behind the success of invasive plants because it
might contribute to plant growth in which an invasive
exhibits superior ecological performance that contributes
to its invasiveness. Riveron-Giro et al. (2017) reported
superior anatomical characteristics on invasive orchids
Oeceoclades maculata. 1t develops an air-filled chamber
and wider mesophyll that reduce transpiration rate, vela-
men as a characteristic of xerophytic that increases ac-
cess to minerals and nutrients and serves as mechanical
support. The superiority of invasive C. odorata over its
congeneric native species has been investigated by Folor-
uso and Awosode (2013). C odorata possess abundant
sclerenchyma tissues which are an important component
of the skeletal system, long but coiled trichomes for ef-
fective light piping, larger stomata but a low stomatal
index to reduce evaporation to reserve water and protect
plants from severe interference of photosynthetic
function.

In this study, a deep analysis was performed to com-
pare the leaf anatomical characteristics between invasive
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Fig. 5 Principal component analysis (PCA) of the quantitative leaf anatomical traits of native and invasive plant species in Sempu Island,
Indonesia. a PCA of grass. b PCA of shrubs

and native species in Sempu Island. Plant species were
equally compared between invasive C3 with native C3
shrubs and between C4 grass with native C4 grass to
consider differences in plant’s life forms and physio-
logical properties. As the results, invasive shrubs showed
superior leaf anatomical traits, including sclerenchyma-
tous tissue thickness, vascular bundle area, bundle
sheath area, and total chlorophyll content than native
species (Tables 3, 4, and 5). Sclerenchyma thickness

correlates with food preferences for herbivores. Herbiv-
ory plays an important role in plant distribution
(Maschinski 2001). According to Namagada et al. (2009),
the sclerenchymatous layer is composed of thick-walled
and lignified cells, which provide mechanical support to
the plant and influences leaf softness, strength, and
sharpness. The presence of sclerenchymatous tissue re-
duces the degree of leaf softness, which in turn reduces
its likelihood of being consumed by herbivores.
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Both invasive shrub species, C. odorata and L. camara,
showed multi-serrated leaves with dense and long tri-
chomes, which deter feeding by herbivores (Priyanka
and Joshi 2013). In addition, both C. odorata and L.
camara are reportedly harmful to livestock, especially
buffalos and cows; thus, both these species could rapidly
colonize a natural habitat. By contrast, co-occurring na-
tive shrubs Wollastonia biflora exhibit smoother tri-
chomes and are safe for use as fodder (Table 2);
therefore, this species will be preferred by herbivores,
which could repress their growth and abundance in
nature.

The invasive C4 grass I cylindrica exhibited medium
leaf thickness, which was higher than the leaf thickness
of native species but lower than that of the native grass
T. involuta (Table 3 and 4). Furthermore, leaves of I
¢ylindrica possess serrated margins and accumulate sili-
cates, resulting in a sharp and hard leaf texture, which
deters herbivores (Dozier et al. 1998). Moreover, leaves
of invasive grass species exhibit a conical, prominent,
and thick sclerenchymatous midrib, while those of native
species exhibit a flat and thin midrib (Dozier et al.
1998).

Vascular bundles, including xylem and phloem tissues,
are important for transporting water, minerals, and
photosynthetic assimilates (Fahn 1982). Vascular bundle
area is an important trait that determines plant perform-
ance and environmental adaptation (Hameed and Ashraf
2009). The invasive grass species I cylindrica showed a
larger vascular bundle area than native species (Table 4),
indicating higher ecological performance and greater
water and assimilate transport. Among the invasive spe-
cies, C. odorata showed a larger vascular bundle area
than L. camara (Table 5).

Bundle sheath is an inner structure of C4 plant spe-
cies, which is correlated with photosynthetic activity. C4
plants exhibit Kranz anatomy, which is characterized by
enlarged collenchyma cells surrounding vascular bundles
that contain photosynthetic enzymes and high chloro-
phyll content (Fahn 1982; Lack and Evans 2001). The
Kranz anatomy supports the C4 pathway; the larger the
bundle sheath, then the higher the C4 photosynthetic
enzyme activities. The invasive grass 1. cylindrica showed
a significantly greater bundle sheath area than native
species (Table 4). Large bundle sheath area allows inva-
sive species to produce more assimilates during
photosynthesis.

Chlorophyll is an important compound in the photo-
synthetic process which varies among plant species espe-
cially between the sun and shade-adapted plants
(Sarijeva et al. 2007). Many research reported direct rela-
tionships between the quantity of chlorophyll and photo-
synthetic rates (Nagaraj et al. 2002;). In tropical woody
species, the total chlorophyll content showed a strong
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association with total plant biomass (Rindyastuti et al.
2018b). In the correlation with plant invasion, photosyn-
thetic traits related to carbon gain could directly influ-
ence plant growth and productivity which facilitate
plants to invasion success by outperforming native or
slower growing species (Mcalpine et al. 2008; McDowell
2002). Quan et al. (2015) reported that in the invasion of
C. odorata in China, chlorophyll content did not limit
photosynthetic rates. Contrary, C. odorata in Sempu Is-
land showed high chlorophyll content together with the
highest SLA and photosynthetic rate compared with
many native species. This indicated the correlation be-
tween chlorophyll content and the ecological perform-
ance of invasive species in a given region.

Conclusion

Specific leaf area (SLA) and seed dry mass are two eco-
physiological traits which showed significant influence
on biological invasion in Sempu Island Nature Reserve,
Indonesia. Besides taking advantages of ecological per-
formances, invasive species in Sempu Island also per-
forms better in leaf anatomical traits, ie, in
sclerenchymatous tissue thickness, vascular bundle area,
chlorophyll content, and bundle sheath area than native
species. PCA biplot showed that leaf anatomical traits
strongly influenced the plant invasion in the principal
components with cumulative variances (100% in grass
and 88.92% in shrubs), which showed I cylindrica and
C. odorata outperformed native species in these traits.
The invasive grass I cylindrica showed higher bulliform
cell area, sclerenchymatous cell thickness, and vascular
bundle area than native species, whereas the other leaf
anatomical traits of I cylindrica were similar to those of
native species. The invasive shrub C. odorata is pre-
dicted to threaten the natural ecosystem more seriously
than other invasive species by showing highly competi-
tive ecological performances. Thus, to conserve native
species, strategies are needed to mitigate the impact of
this IAS.

Materials and methods

Study area

This study was conducted in the Sempu Island Nature
Reserve located in Sempu Island (112'40'45” to
112'42’45"E and 827'24” to 824’54”S), a very small is-
land (approximately 877 ha) situated approximately 800
m off the south coast of Java Island, Indonesia, at 0-102
m above the sea level. The eastern, southern, and west-
ern parts of the Sempu Island Nature Reserve are bor-
dered by the Indian Ocean (Fig. 6). The island is a
nature reserve managed by the Ministry of Forestry of
Indonesia. Sempu Island has a dominant karst landscape,
a relatively thin soil layer, and four tropical forest
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Fig. 6 Map of the Sempu Island Nature Reserve, East Java, Indonesia

ecosystems, including mangrove, coastal sandy, karst,
and low land (Rindyastuti et al. 2018a).

Plant species

Plant species included in this study were 30 species in
total, including 3 invasive species, composed of one C4
grass (Imperata cylindrica) and two C3 shrubs (Lantana
camara and Chromolaena odorata) (Fig. 7), and 27 na-
tive species, including native C4 grass, C3 shrubs, trees,
and mangrove species, growing in the Sempu Island and
Java mainland (Table 6). The selected species both inva-
sive and native species have been inventoried in the pre-
vious study by Rindyastuti et al. 2018b). The occurrence
of plant invasiveness was also analyzed ecologically
(Hapsari et al. 2020). Therefore, plant species was se-
lected based on plant abundance and ecological informa-
tion about the invasiveness. Additionally, three invasive
species were chosen because they are notorious invasive
species in study regions and many other countries.

For ecophysiological analyses, the selected twelve spe-
cies were analyzed from TRY database for the data of
SLA and seed dry weight, 5 species (included 2 invasive
shrubs and 1 invasive grass) for leaf photosynthetic rate
per unit leaf dry weight, and 14 species (included 1 inva-
sive shrub and 1 invasive grass) for seed dry weight,
while anatomical analyses were conducted on a subset of
grass and shrubs, including 3 invasive species and 5 na-
tive species. The grass investigated in the anatomical
study included one invasive C4 grass (. cylindrica) and
two native C4 grass (Ischaemum muticum and Thuarea
involuta), while the shrubs included two invasive species
(L. camara and C. odorata) and three native species
(Wollastonia biflora, Pemphis acidula, and Casearia
flavovirens).

Twenty-seven native species were selected as reference
species. We used 27 native species because we need to
find more generalized differences in plant ecophysiologi-
cal characteristics. Instead, we used 5 native species for
anatomical traits because we tried to compare species in
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Fig. 7 Morphological appearance of invasive alien species (IAS) in Sempu Island. a Chromolaena odorata. b Lantana camara. ¢ Imperata cylindrica

detail and the deep analysis with fewer species (still, as
many as possible we can).

L cylindrica (cogon grass; Poaceae) is a C4 perennial
cosmopolitan grass distributed throughout the tropics
and subtropics. It is native in southern Europe and Af-
rica (Weber 2003). Other sources mentioned that it was
originated from East Africa and South-East Asia (Tjitro-
soedirdjo et al. 2016). This native species become very
invasive in Indonesia (Tjitrosoedirdjo et al. 2016; Weber
2003). L. cylindrica produces culms from creeping under-
ground rhizomes and exhibits slender, flat, and linear-
lanceolate leaves with serrated margins and an off-center
prominent white midrib. L cylindrica is well adapted to
high sunlight, frequent burning, and nutrient-poor soils
(Fig. 7a; MacDonald 2004; Holzmueller and Jose 2010).
L cylindrica is one of the 10 most difficult to control
noxious weeds and 100 most invasive species in the
world (USDA 2012; Lowe et al. 2000).

The invasive alien shrubs, L. camara (wild sage; Verbe-
naceae), is a pantropical weed native of Central and South
America and the Caribbean. Leaves of L. camara have a
strong aroma. Flowers are small, multi-colored, stalked,
densely arranged in flat-topped clusters, with a corolla
that comprises a narrow tube with four short spreading
lobes (Fig. 7b; Priyanka and Joshi 2013). The other shrub
species, C. odorata (Asteraceae), is a pioneer shrub native
to America, which was introduced into India and became
an invasive alien species in Southeast Asia. C. odorata has
a brittle highly branched stem, ovate-triangular leaves, and
fibrous root system (Fig. 7c; Muniappan et al. 2009). Both
species are fast-growing, form dense bushes, have allelo-
pathic effects, and produce small seeds that can travel long
distances via wind dispersal, thus enabling rapid invasion
in new areas (Hapsari et al. 2020). L. camara and C. odor-
ata are listed among the 100 most invasive species in the
world (Lowe et al. 2000).

Plant traits
In this study, we analyzed and compared ecophysiologi-
cal and leaf anatomical traits (both qualitative and

quantitative) of native and invasive plant species in
Sempu Island between similar and different life forms.
Data on the ecophysiological traits, including SLA, seed
dry weight, leaf photosynthetic rate per unit leaf dry
weight, and plant height were obtained from the TRY
Plant Trait Database (https://www.try-db.org/TryWeb/
Home.php) (Kattge et al. 2011). TRY database was used
because traits in the database represent a variety of mea-
surements from different locations, so more generalized
results could be concluded.

The data of SLA and seed dry weight of twelve species
(including 2 invasive shrubs), leaf photosynthetic rate
per unit leaf dry weight of 5 species (including 2 invasive
shrubs and grass), and plant height of 14 species (includ-
ing 2 invasive species) were extracted from TRY data-
base. The data for each parameter was analyzed to
obtain the median values. Median values were used to
minimize the influence of extreme data and it represent
averaged characteristics of plants. For SLA, 10 woody
plant species, which are locally grown in Indonesian eco-
systems were measured and cited from the previous
study (Rindyastuti and Sancayaningsih 2018). Combining
the data from TRY database and measurements hope-
fully could increase the number of species and data vari-
ation which cover different environment variables from
various locations. For plant height, many species and
plant samples were used and some of them are max-
imum height for the species studied. These data were
used to minimize the environmental variables that may
affect the results and conclusion. Besides the comparison
among plant species, the mean values of each parameter
between invasive and native species were compared to
represent general outperformance between native and
invasive species.

Leaf anatomical traits were obtained from leaf trans-
verse sections and anatomical characterizations. Three
invasive and 5 native species were sampled from coastal
areas of Sempu Island during field study in November
2018. The five leaves from each of three different plant
species were sampled for replications. Briefly, transverse
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Table 6 List of plant species examined in this study, along with their life form, status, and photosynthesis type

No. Species name Number of Family Life form Status Photosynthesis  Trait source
samples type
1 Imperata cylindrica (L) Raeusch. 2-8 Poaceae Grass Invasive C4 Leaf anatomy, TRY p.t
database
2 Ischaemum muticum L. 3 Poaceae Grass Native C4 Leaf anatomy
3 Thuarea involuta (G.Forst) RBr.ex Sm. 3 Poaceae Shrub Native  C4 Leaf anatomy
4 Lantana camara L. 1-4 Verbenaceae Shrub Invasive C3 Leaf anatomy, TRY p.t.
database
5 Chromolaena odorata (L) RMKing &  1-4 Asteraceae Shrub Invasive C3 Leaf anatomy, TRY p.t.
H.Rob. database
6 Wollastonia biflora (L) DC. 3 Asteraceae Shrub Native  C3 Leaf anatomy
7 Pemphis acidula JR. Forst. & G. Forst. 3 Lythraceae Shrub Native C3 Leaf anatomy
8  Casearia flavovirens Blume 3 Salicaceae Mangrove Native C3 Leaf anatomy
9 Ficus benjamina L. 1-5 Moraceae Tree Native C3 TRY plant trait database
10  Terminalia catappa L. 1-3 Combretaceae  Tree Native (3 TRY plant trait database
11 Spondias pinnata (L. f.) Kurz 1-3 Anacardiacae  Tree Native  C3 TRY plant trait database
12 Croton tiglium L. 1 Euphorbiaceae  Tree Native  C3 TRY plant trait database
13 Diospyros cauliflora Blume 2-3 Ebenaceae Tree Native  C3 TRY plant trait database
14 Barringtonia asiatica (L) Kurz 3 Lecythidaceae  Tree Native  C3 Rindyastuti et al. (2018b)
15 Dracontomelon dao (Blanco) Merr. & 3 Anacardiacae Tree Native  C3 Rindyastuti et al. (2018b)
Rolfe
16 Heritiera littoralis Aiton 3 Malvaceae Tree Native  C3 Rindyastuti et al. (2018b)
17 Diospyros discolor Willd. 3 Ebenaceae Tree Native  C3 Rindyastuti et al. (2018b)
18  Calophyllum inophyllum L. 3 Clusiaceae Tree Native (3 Rindyastuti et al. (2018b)
19 Antidesma bunius (L) Spreng. 3 Phyllanthaceae  Tree Native C3 Rindyastuti et al. (2018b)
20 Schleichera oleosa (Lour.) Merr. 3 Sapindaceae Tree Native  C3 Rindyastuti et al. (2018b)
21 Syzygium cumini (L.) Skeels 3 Myrtaceae Tree Native (3 Rindyastuti et al. (2018b)
22 Madhuca longifolia (J.Koenig ex L.) 3 Sapotaceae Tree Native C3 Rindyastuti et al. (2018b)
J.F-Macbr.
23 Adenanthera pavonina L. 3 Leguminosae  Tree Native (3 TRY plant trait database
24 /;andanus tectorius Parkinson ex Du 1 Pandanaceae  Tree Native  C3 TRY plant trait database
oi
25 Ficus copiosa Steud. 1 Moraceae Tree Native C3 TRY plant trait database
26 Morinda citrifolia L. 1 Rubiaceae Tree Native  C3 TRY plant trait database
27 Vitex trifolia L. 1 Vitaceae Tree Native (3 TRY plant trait database
28  Ipomoea pes-caprae (L) r. Br. 1 Convolvulaceae Herbs Native C3 TRY plant trait database
29  Pandanus tectorius Parkinson ex Du 1 Pandanaceae Screw Native  C3 TRY plant trait database
Roi pine
30  Kleinhovia hospita L. 1 Malvaceae Tree Native C3 TRY plant trait database

sections of leaves were prepared and fixed in 70%
ethanol. The fixed leaves were sliced into thin sec-
tions using a hand microtome, stained with 1% Safra-
nin, and observed under the Olympus CX21 light
microscope, with three replications. Quantitative traits
were measured using the Optilab Image Raster soft-
ware (Optilab Advance). The photosynthetic type of
plants in the anatomical study was clarified from the
previous study and anatomical observation under the
microscopes, especially from the presence of bundle

sheath showing Kranz anatomy. Additionally, an equal
comparison was performed between C3 and C4
plants. We compared invasive C3 shrubs with native
C3 shrubs and between invasive C4 grass with native
C4 grass. Total chlorophyll content (sum of chloro-
phyll a and chlorophyll b) was measured using the
CCM-200 plus Chlorophyll Content Meter (Opti-Sci-
ences, Inc.,, USA), with three replications per species
and five replications per leaf (Perez-Harguindeguy
et al. 2013).
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More native species were analyzed than invasive plants
to find more generalized differences in plant characteris-
tics. Among 27 native species chosen for comparison,
there are endemic species which were not found in other
countries. Unfortunately, some traits about them are
very limited in TRY database. Therefore, available spe-
cies were used for the comparison of each trait, still as
many species as possible. Different species were used for
each trait to reveal more general outperformance of in-
vasive species over the natives in an island ecosystem.
The analyses of outperformance of invasive species were
focused on the invasive plants co-occur in a similar eco-
system rather than on the per-plant species analysis.

Statistical analysis

Before performing the analysis of variance, ecophysiolog-
ical and anatomical data were tested for data normality
using Kolmogorov-Smirnov and homoscedasticity using
Run test. Leaf anatomical data was not normal; there-
fore, it was normalized using matrix covariance before
performing PCA. One-way analysis of variance
(ANOVA) and Tukey’s test were performed using MINI
TAB ver.14 to compare plant traits between native and
invasive species at a confidence level of 95% (P < 0.05).
Multivariate ordination PCA was conducted using the
statistical software Paleontological Statistics (PAST; ver-
sion 3.15) to identify the association pattern between
species and quantitative traits using a correlation matrix
and scatter biplot (Hammer et al. 2001).
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