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1. Introduction

ABSTRACT

Investigating invasive species’ morphoanatomical characteristics, such as
leaf area and thickness of vascular tissues and storage cells, can reveal
information about their adaptive ability and competitive advantage. Thus,
we analyzed the variation in leaf, stem, and root morphoanatomical
structure and stomatal conductance between shaded and sun-exposed
seedlings of Broussonetia papyrifera to provide insights into management
strategies to control its invasive ability. The variations in leaf area (LA),
Leaf Mass per Area (LMA), stomatal density, thickness of palisade and
spongy mesophyll tissues, thickness of xylem parenchyma cells, diameter
of all xylem vessels in stem and roots and stomatal conductance were
analyzed between shaded and sun-exposed seedlings. Results revealed that
the LA and LMA of B. papyrifera were significantly larger in the sun-
exposed than in the shaded condition. Seedlings exposed to sunlight also
had thicker palisade mesophyll and xylem parenchyma cells. The diameter
of xylem vessels in roots was also significantly higher in sun-exposed
seedlings. Contrarily, a reverse pattern was observed in the diameter of
stem xylem vessels (i.e., shaded > sun-exposed seedlings). Physiologically,
a higher stomatal conductance was also observed in sun-exposed seedlings.
In conclusion, we found significant variations in leaf, stem, and root
morphoanatomy and stomatal conductance between shaded and sun-
exposed seedlings of B. papyrifera. The findings of the present study may
provide valuable implications for managing or controlling its invasibility
in the introduced range.

Invasive species are a major element of global change and pose an increasing impairment of
forest ecosystems worldwide (Handayani et al. 2023; Pysek and Richardson 2010). Although not
all non-native plant species are invasive, many of them can outcompete native species, disrupt
nutrient cycling, reduce global and local biodiversity, and consequently affect plant community
structure, causing great environmental harm to the invaded area (Brancalion et al. 2019; Pearson
et al. 2018). Biological invasions also have serious socioeconomic and health consequences (Roy
etal. 2019). Climate change exacerbates the problem by creating favorable conditions for invasive
species to establish and spread and is likely to influence competitive interactions between native
and invasive species (Finch et al. 2021; Walther et al. 2009). Ecologists, however, have long

491


https://doi.org/10.23960/jsl.v11i3.782
https://sylvalestari.fp.unila.ac.id/
mailto:johernandez2@up.edu.ph
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/

Baradi et al. (2023) urnal Sylva Lestari 11(3): 491-504
Y

proposed that instead of being eliminated, invasive plant species can be utilized for ecosystem
restoration of degraded lands (Pandey 2012). Several policies and risk assessments are also
currently in place to control the adverse effects of invasive species in forest ecosystems
(Potzelsberger et al. 2020). Hence, studies on methodologies (e.g., prevention, integrated pest
management, mechanical/physical control, chemical control, and biological control) to effectively
eradicate invasive plants have been very evident in the last decades (D’Antonio et al. 2016).
Although solutions to control invasive plant species have long been tested for some plants, the
decision on which appropriate method to use still depends on several factors, including invasive
plant species’ growth forms, local economic conditions, and available control resources (Weidlich
et al. 2020). Their practicality, economic feasibility, and ease of implementation may also vary
depending on the species and circumstances. Thus, further research on how every invasive plant
species responds and interacts with the changing environment is necessary to help improve the
development of control efforts amid a changing environment.

Invasive species’ competitive ability against native species may be context-dependent as
competitive strength varies depending on environmental gradients, e.g., light intensity (Cuda et al.
2015). For example, these species can be more prevalent in open areas, where resource supply is
high, due to favorable conditions such as increased sunlight, fewer competitors, and less shading
(Silvertown and Charlesworth 2009). This tendency enables them to establish and spread rapidly,
outcompeting native species. However, certain invasive plant species can also thrive in closed
ecosystems or forested areas, utilizing adaptations to compete effectively in shaded environments.
For example, shading treatment drove the distribution of an invasive Impatiens species in some
regions (Cuda et al. 2013), suggesting that invasive species can exhibit varying responses to
different light conditions. Some invasive species are shade-tolerant and can thrive in low-light
environments, while others are adapted to high-light conditions and show increased growth in full
sunlight. An experiment, for instance, reported better growth performance of an invasive species,
Phytolacca americana, in a low-light environment, although field observations suggest that the
species can also grow in open habitats (Xiao et al. 2022). Shade tolerance in the invasive plant
Solidago canadensis was also associated with its successful establishment in a particular area, as
cited in Xiao et al. (2022). Previous research suggests that distinct patterns of plant growth and
reproduction of invasive plant species contribute to their successful invasion of new environments
because their growth advantage is frequently attributed to adaptations, adaptability, and efficient
light uptake. Thus, understanding these dynamics is crucial for managing invasive plant species
and maximizing their positive ecological benefits.

Morphoanatomical responses of invasive plant species, such as leaf features, root systems,
and growth patterns, shed light on their adaptive strategies and competitive advantage in the
introduced range (llyas et al. 2022). Plant functional traits enhance resource acquisition,
colonization, and competitive abilities, explaining invasive species’ performance within an
invaded area (Kaushik et al. 2022). Leaf size, for example, is an important functional leaf trait that
accurately characterizes the plant’s resource-use strategy in response to changes in available
resources (Scheepens et al. 2010; Wang et al. 2016). Moreover, a study discovered unique leaf
anatomical traits in several invasive plant species, including sclerenchymatous tissue thickness
and vascular bundle area, implying that anatomical traits significantly predict plant invasiveness
(Rindyastuti et al. 2021). Physiologically, studying stomatal conductance in invasive species
provides insights into their water use efficiency, photosynthetic capacity, and adaptability to
different environmental conditions (Hernandez et al. 2022). A meta-analysis reported a strong
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tendency for invasive species to have greater stomatal conductance than other non-invasive species
(Cavaleri and Sack 2010). Because of a complex network of structural and physiological traits,
high stomatal conductance suggests a competitive advantage for plants, including invasive ones,
in resource-limited environments. Understanding these responses will thus aid in assessing
species’ invasive potential, predicting their impact, and guiding management strategies, especially
given that managing invasive species is becoming increasingly difficult and expensive as new
populations of invasive plants spread and reach high densities (Venette et al. 2021).

Paper mulberry (Broussonetia papyrifera) is a tree species native to Asia (from continental
East Asia to the Polynesian islands). The species is known for its fast growth, adaptability to
various environments, and high seed production; hence, it is deemed an economically important
plant in paper production (Seelenfreund et al. 2010). However, it has become an invasive species
in many parts of the world, including Argentina, Ghana, Uganda, Pakistan, Philippines, Solomon
Islands, and USA, where it can outcompete native vegetation and disrupt natural ecosystem
dynamics (Barker 2002; Bosu et al. 2013; Chung et al. 2017; Marwat et al. 2010). Studying the
morphological and anatomical characteristics of B. papyrifera between shaded and sun-exposed
seedlings is important in elucidating invasiveness. Understanding its adaptation to different light
environments may provide insight into its success in any new environment. Researchers can
develop effective control management strategies by identifying specific traits that contribute to
invasiveness. Consequently, this study analyzed the variation in leaf, stem, and root
morphoanatomical structure and stomatal conductance between shaded and sun-exposed seedlings
of B. papyrifera and provided insights into management strategies to control its invasive ability. It
was hypothesized that the leaf, stem, and root morphoanatomical characteristics and stomatal
conductance would vary significantly between shaded and sun-exposed seedlings. Specifically,
this study expected that the shade seedlings would exhibit specific morphoanatomical adaptations
to optimize stomatal conductance.

2. Materials and Methods
2.1. Source of Plant Materials

Approximately one-year-old seedlings of B. papyrifera were collected from two locations:
(1) under the forest canopy, hereafter referred to as shaded, and (2) forest gap, hereafter referred
to as sun-exposed, in Mount Makiling Forest Reserve (MMFR) at 520-560 meters above sea level
(Fig. 1). The shaded area has a relatively lower light intensity (i.e., 595 to 1350 lux) than sun-
exposed (i.e., 8000 to 10000 lux) because of the dense foliage trees that limit the amount of
sunlight that can pass through the forest floor. The shaded area is dominated by various large and
mature tree species, including Dipterocarps (e.g., Shorea contorta), Vitex parviflora, and
Lagerstroemia speciosa. The sun-exposed had an approximately 1.5 m to 2 km canopy gap, with
some seedlings of trees, shrubs, and even grasses/weeds growing within the gap.

2.2. Morphoanatomical Traits Measurement

Young leaf, stem, and root samples were collected from four healthy seedlings planted under
the shaded and sun-exposed areas. Samples were first stored in a glass container with water to
prevent desiccation. The conventional grid count method was used to measure leaf area (n = 7) on
a 1-centimeter grid paper by counting grids covered by leaf multiplied by the area of a grid. The
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Leaf Mass per Area (LMA) was then calculated as the leaf dry mass and leaf area ratio. Leaf dry
mass was obtained by oven-drying the samples at 65°C for several days.
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Fig. 1. Location of the study site (red dot) where shaded and sun-exposed seedlings of B.
Papyrifera were selected. Source: Makiling Center for Mountain Ecosystems (MCME),
https://makiling.center/mt-makiling-maps/.

A freehand technique was used to analyze young leaf, stem, and root anatomical structures
of shaded and sun-exposed seedlings (n = 7) of B. papyrifera. A 1 mm x 1 mm leaf sample was
collected from the mid-section of the leaf, taking into account the midrib and leaf blades. We
specifically collected 1-2 mm long stem samples from the orthotropic branches of each shaded
and sun-exposed seedling, located approximately 5 cm from the highest terminal bud. Only lateral
roots, approximately 1-2 mm in diameter, were considered for this study. A sharp blade was used
to cut very thin cross-sections (n = 4) of the leaf, stem, and roots, which were then stained with
safranin solution (c.a. 5%). The staining process was carried out to easily determine the anatomical
tissues in the cross-section under a compound light microscope at 40x magnification. The
thickness (um) of palisade and spongy mesophyll tissues, the thickness of xylem parenchyma cells,
and the diameter of all xylem vessels in stem and roots were measured using the ImageJ processing
software. Lastly, the stomatal density was determined following the leaf impression technique
using transparent nail polish (Hernandez et al. 2022).
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2.3. Measurement of Stomatal Conductance

Sun-exposed and shaded, healthy seedlings were randomly selected to measure stomatal
conductance (gs, mol m-2s1) using a hand-held leaf porometer (SC-1, Meter Group, Inc., United
States). Measurements were taken daily between 9:00 a.m. and 12:00 p.m. in the fully grown
young leaves attached to a 5-6 node orthotropic branch of B. papyrifera.

2.4. Data and Statistical Analysis

The acquired data’s normal distribution was assessed using the “Shapiro.test” tool in R
statistical software (version R-3.5.1). A one-way ANOVA was used to examine the significant
variations in the thickness of palisade and spongy mesophyll tissues, the thickness of xylem
parenchyma cells, and the diameter of xylem vessels of both stem and root, and stomatal
conductance between shaded and sun-exposed seedlings. All computations were done in R with a
significance threshold of a = 0.05.

3. Results and Discussion

The results found that the leaf area (LA) of B. papyrifera was larger in the sun-exposed than
in the shaded condition (Table 1). This result indicates an adaptive response to sustain seedling-
level energy capture to maximize the rate of photosynthesis, particularly in sun-exposed
conditions. When seedlings of B. papyrifera experienced an open environment with a higher light
intensity than those under the shaded area, there may have been an increased demand for allocating
more energy and resources to photosynthesis. The seedlings may have changed their leaf growth
pattern to meet the demand for efficient photosynthesis.

Table 1. Morphological traits of B. papyrifera in two different light conditions in Mount Makiling
Forest Reserve

Light conditions

Morphological traits

Shaded Sun-exposed
Leaf area (cm) 16.61(1.32)° 21.19 (2.08)?
Leaf mass per area (g m?) 0.12 (0.01)° 0.15 (0.01)®
Stomata density (no. um2) 15.33 (1.13)? 17.56 (1.12)?

Notes: Values in parentheses are the standard deviations. Different lowercase letters indicate significant difference between shaded
and sun-exposed conditions.

A previous study also reported similar results, i.e., shaded conditions had negative LA
growth due to short leaf life span (Miyazawa et al. 2014). Other studies attributed the reduced LA
of B. papyrifera in shaded conditions to shade intolerance and low carbon gains (Pearcy et al.
2005; Evans and Poorter 2001). Such a significant decrease in LA can also be ascribed to shade
avoidance syndrome (SAS) of most shade-intolerant plants (Ciolfi et al. 2013). One of the SAS
responses is increased leaf hyponasty (Tang et al. 2022), expressed in the reduction in leaf size of
the shaded seedlings of B. papyrifera. SAS could weaken the plant’s structure (Ballaré et al. 2017),
which can be explained by the observed significant decline in LA in shaded seedlings. Several
studies, however, found that smaller/thinner leaves generally have lower construction costs,
leading to higher plant growth rates (Nagel and Griffin 2004; Griffin 1994; Funk 2013).
Consequently, the result suggests leaf plasticity of the species in response to varying light
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conditions, enabling them to thrive in heavily exposed areas, such as degraded or barren lands,
where light intensity is generally high. It supports the higher leaf mass per area (LMA) observed
in the sun-exposed than in the shaded condition. Sun leaves often have higher LMA than shade
leaves, and such a characteristic enhances photosynthetic rates on an area basis (Choi et al. 2021).
This result suggests that the seedlings are allocating more resources to producing denser and
thicker leaves in response to increased light availability.

The LMA, the ratio between leaf dry mass and leaf area, is highly related to leaf processes,
including leaf nitrogen concentration, photosynthesis, and respiration rates (Wright et al. 2004;
John et al. 2017; Witkowski et al. 1991). It is also a good morphological trait widely used to
indicate plant resistance to herbivory (de la Riva et al. 2016). This tendency explains the ability of
the species to proliferate and spread easily in various environments and have high relative growth
rates (RGR) as an invasive species, out-competing other slower-growing plants (Qureshi et al.
2020; Maan et al. 2021). Moreover, larger LA and LMA of sun-exposed seedlings than shaded
seedlings may contribute to its overall large, dense canopy restricting understory growth (Bosu et
al. 2013). It might be due to the larger values of these two leaf traits indicating an economic
spectrum strategy regarding nutrient uptake and use, light capture, and carbon sequestration (Gara
et al. 2021). Additionally, a positive correlation is usually observed between a species’ capacity to
have a larger LA and a higher relative RGR (Pepe et al. 2022).

Lastly, the stomatal density of B. papyrifera did not vary significantly between shaded and
sun-exposed seedlings. The result can be attributed to the short-term duration of the experiment.
Stomatal density may also adjust over long periods to suit the prevailing environmental conditions
(Bertolino et al. 2019).

Results on morphological traits corresponded to the observed result on the anatomical traits
of root, stem, and leaf of B. papyrifera (Fig. 2). Other invasive species (e.g., Lantana camara and
Chromolaena odorata) also showed enhanced leaf anatomical traits such as thicker sclerenchyma
and vascular tissues, which influenced photosynthetic assimilate transport (Rindyastuti et al.
2021). The study found that the spongy mesophyll is significantly thicker in sun-exposed seedlings
than in shaded ones. It suggests that the total leaf thickness of sun-exposed seedlings is also
significantly higher than shaded ones (Cio¢ and Pawtowska 2020). A previous study also reported
a similar observation, i.e., spongy tissues-thickness significantly increased with increasing light
intensity (Feng et al. 2019). Results can be attributed to the ability of the species to adapt to
changing light conditions to optimize major physiological functions, such as photosynthesis and
stomatal conductance. Leaves of some plants adjust their anatomical structure in response to
prevailing light conditions, leading to increased photosynthetic efficiency (Hernandez et al. 2022;
Evans and Poorter 2001; Théroux-Rancourt et al. 2023). It has also been reported that there is
strong coordination between leaf anatomical traits in invasive and native species (Osunkoya et al.
2014). In this study, the stomatal conductance of sun-exposed seedlings of B. papyrifera was
considerably higher than that in shaded seedlings (Fig. 3). A similar result was reported in an
invasive Berberis darwinii, i.e., leaves of sun-exposed plants showed higher stomatal conductance
than plants growing under the canopy and at the forest edge (Svriz et al. 2014). A thicker spongy
mesophyll, which provides mechanical stability to the plant, is an important factor influencing gas
exchange and other ion regulation in leaves (Karabourniotis et al. 2021). Thicker spongy
mesophyll may have provided sun-exposed seedlings with a positive energy and carbon balance
through efficient light capture, gas exchange, and water uptake and flow (Li et al. 2017).
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Fig. 2. The (a) palisade mesophyll thickness, (b) spongy mesophyll thickness, (c) stem xylem
vessel diameter, (d) stem parenchyma thickness, (e) root xylem vessel diameter and (f) root
parenchyma thickness of shaded and sun-exposed seedlings of B. papyrifera. Different lowercase
letters indicate significant differences between light conditions.

The positive balance observed can be explained by the smaller diameter of xylem vessels
but a greater thickness of xylem parenchyma cells (Fig. 2 and Fig. 4). The combined effect of a
smaller diameter of xylem vessels and a greater thickness of xylem parenchyma cells may have
provided sun-exposed seedlings with more efficient water transport, nutrients, and water storage
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and prevented seedlings from xylem embolism (Hernandez et al. 2022; He et al. 2023). It is
because a smaller diameter of the xylem vessel can reduce water flow resistance, allowing for
more efficient water and mineral transport from the roots to the other parts of a plant and
preventing xylem damage (e.g., breakage, embolism). Because the primary function of the xylem
is to carry large volumes of water and solutes, a continuous system of connecting tubes with a
relatively low resistance to water flow is thought crucial (De Boer and Volkov 2003), especially
in sun-exposed seedlings that were continuously photosynthesizing. Hence, thicker parenchyma
cells in the stem cortex may have played a crucial role not only in the storage of water but also in
starch produced during active photosynthesis. The thicker layer of parenchyma cells may have
added strength to the vascular tissues to reduce the risk of collapse (Spicer 2014). Thus, this
modification in the diameter of the xylem vessel and xylem parenchyma thickness with changing
light conditions can further describe the invasiveness of B. papyrifera, as even a small change in
the radius of xylem vessels will give a large change in resistance (De Boer and Volkov 2003).
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Fig. 3. Stomatal conductance of shaded and sun-exposed seedlings of B. papyrifera. Different
uppercase and lowercase letters indicate significant differences between light conditions and
time points, respectively.

A contrasting pattern was detected in the root xylem vessel diameter (Fig. 2 and Fig. 4).
Sun-exposed seedlings had higher root xylem vessel diameters than shaded seedlings. The result
can be attributed to increased LA, spongy mesophyll thickness, and stem parenchyma thickness.
Such increases may have enabled efficient photosynthesis, as shown indirectly by increased
stomatal conductance, and resulted in increased cell division and growth, such as the development
of wider root xylem vessels. This result corresponds to the decreased stem xylem vessel of sun-
exposed seedlings. A study observed a continuous tapering pattern of vessels from roots to stems
and branches, influencing hydraulic efficiency (Lubbe et al. 2021). The study of Shimizu et al.
(2004) also partly supports our findings because they found significant increases in LA, LMA, and
fine-root surface area during the shade-to-sun transfer experiment.
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Sun-exposed a Sun-exposed

Fig. 4. Leaf (a-b), stem (c-d), and root (e-f) anatomical structures of shaded and sun-exposed
seedlings of B. papyrifera. The scale bar represents 5um. xy, pa, pm, and sm denote the xylem
vessel, parenchyma, palisade mesophyll, and spongy mesophyll, respectively.

4. Conclusions

The present study revealed significant variations in leaf, stem, and root morphoanatomy, and
stomatal conductance between shaded and sun-exposed seedlings of B. papyrifera. Sun-exposed
seedlings exhibited larger LA, LMA, spongy mesophyll thickness, stem parenchyma thickness,
and root xylem vessel diameter and reduced stem xylem vessel diameter, likely as an adaptive
mechanism to enhance stomatal conductance in response to higher light exposure. The findings
may provide valuable implications for managing or controlling invasiveness in highly exposed
areas and maximizing the positive ecological benefits of B. papyrifera.
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