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The study aimed to assess the influence of light on structural aspects of Schinus terebinthifolia sun and 

shade leaves. At the morphological level, leaf length, width, area and dry mass were measured. Anatomical 

analysis assessed the thickness and area of leaf blade and leaf tissues, histolocalised lipids and phenols, and 

calculated stomatal index. Sun leaves showed lower number of leaflets (22%) and lower leaf (50%) and 

leaflet area (30%). Petiole length and width were respectively 34 and 33% higher in shade leaves. Tissue 

proportion, stomatal index and stomatal density showed no variation between morphotypes. However, 

epidermal periclinal outer-wall thickness in sun leaflets was higher on both the adaxial (24%) and abaxial 

(27%) leaf surfaces, as was the total adaxial (11%) and abaxial (23%) epidermal thickness. Analogously, 

palisade and spongy parenchyma thicknesses were higher in sun leaflets (62 and 45%, respectively). 

Histochemical reaction for phenol detection was stronger in sun leaves. Schinus terebinthifolia showed high 

foliar phenotypic plasticity in response to different light conditions that occur even on a single-individual 

basis, across different crown regions.

Keywords: Ecological plant anatomy, leaf micromorphometry, light acclimation, phenotypic plasticity, sun 

and shade leaves

Light is a major determinant of plant growth 

and survival (Taiz et al. 2014, Yang et al. 2019). 

Depending on the species and its adaptability to 

the different levels of light intensity that reach 

the canopy, plants may have sun and shade 

leaves (Šimpraga et al. 2013, Bahamonde et al. 

2018, Maslova et al. 2021, Théroux-Rancourt et 

al. 2023). Accordingly, different morphological 

and anatomical traits can be found even 

among leaves of a same individual tree, as 

the tree canopy provides leaves with distinct 

environmental conditions (Hulshof & Swenson 

2010, Ishii et al. 2018, Théroux-Rancourt et al. 

2023). Thereby, leaves growing on the upper 

and lower portions of the same plant may exhibit 

different morphological and anatomical traits 

(Zhang et al. 2019, Vega et al. 2020).

Adaptive responses in leaf structure to 

different light conditions are common in 

plants (Pereira et al. 2013, Campbell et al. 

2018, Araújo et al. 2021). For instance, reduced 

shade periods lead to lower leaf area and leaf 

area ratio (i.e., leaf area/total plant dry mass) 

in Neobalanocarpus heimii seedlings (Sherzad et 

al. 2017). Several studies have emphasised the 

structural variations that occur in leaves of a 

single individual tree from a given species, due 

to exposure to different light intensities. Plant 

anatomy is used in those studies as a tool to 

elucidate physiological and structural aspects 

of such variations (Dias-Pereira et al. 2013, 

Campbell et al. 2018, Poorter et al. 2019, Hertel 

et al. 2021, Souza et al. 2022, Théroux-Rancourt 

et al. 2023).
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The use of native plant species in the 

rehabilitation of degraded or disturbed lands 

has grown over the years (Shono et al. 2007, 

Figueiredo et al. 2012, Leung et al. 2018, 

Figueiredo et al. 2021). Native tree species 

usually exhibit a broad range of responses 

to changes in light conditions, including 

anatomical, physiological and biochemical 

alterations, as demonstrated by dos Anjos et al. 

(2015). Therefore, plant growth efficiency may 

be related to the leaf adaptive capacity to light 

conditions in the surrounding environment.

Schinus terebinthifolia (Anacardiaceae) is 

native to Brazil, where it is commonly known as 

‘aroeira’. The species can reach up to 10 m, with 

a round canopy and alternate odd-pinnately 

compound leaves with a winged petiole and 

seven leaflets, each leaflet measuring ca. 3–7 

cm long and 2–3 cm wide (Lorenzi 2020). 

Species occurrence ranges from Amapá state 

(northern Brazil) to the states of Mato Grosso 

do Sul (midwest) and Rio Grande do Sul (south) 

(Silva-Luz et al. 2022). Schinus terebinthifolia 

is an evergreen heliophytic pioneer species, 

commonly found in anthropic areas, grasslands, 

Cerrado (Brazilian savanna), riverine forests, 

gallery forests, seasonal semi-deciduous forests, 

tropical rain forests, mixed ombrophilous 

forests, mangroves and Restingas (Silva-Luz et 

al. 2022).

Studies have addressed the behavior of 

S. terebinthifolia in diverse ecological 

conditions (Rabelo et al. 2013, dos Anjos et 

al. 2015, Fernandes et al. 2021, Silva-Luz et al. 

2022). However, in-depth information on the 

species primary responses to environmental 

variations in light intensity could aid further 

assessment of its full potential for rehabilitation 

of degraded lands. Thus, the study aimed 

to evaluate the influence of light on the 

structure of leaves developed under high and 

low light intensities in adult individuals of S. 

terebinthifolia. The main question we sought 

to answer was which are the morphological, 

micromorphological and anatomical traits 

that provide S. terebinthifolia with its well-known 

broad adaptive capacity to different light 

intensity conditions. In other words, which 

traits confer the species with high phenotypic 

plasticity. The study tested the hypothesis that 

S. terebinthifolia shows high adaptive capacity not 

only to remarkably disparate environments, as 

already shown by Souza et al. (2022), but also 

to within-crown light variations that take place 

even on a single-individual basis.

MATERIALS AND METHODS

Fully expanded sun and shade leaves (from the 

upper peripheral portion and lower inner portion 

of the canopy, respectively) were collected 

from four individuals of Schinus terebinthifolia 

(Anacardiaceae), all ca. 6 m high, located at Sítio 

Palmital, Viçosa municipality, Minas Gerais state, 

southeastern Brazil (20° 48’ S and 42° 51’ W). 

The criterion adopted to select the studied 

species was the round shape of its canopy, 

which favors the occurrence of distinct light 

conditions across it. The criterion for selection 

of individuals was their isolated occurrence in 

the area, which rendered leaf structure to be 

influenced by canopy shading only, while also 

ensuring that sun leaves had developed under 

full sunlight conditions. 

Light measurements were recorded at noon, 

under clear sky conditions, using a quantum/

radiometer/photometer.  

For morphological analyses, four individuals 

were evaluated (n = 4). From each individual, five 

sun and five shade leaves were collected. Leaves 

were digitised and images were measured using 

Image Pro-Plus software version 4.1. Length 

and width of leaves and petioles, and area of 

leaves and leaflets, were measured. Leaf dry 

mass was determined with a precision balance, 

after oven drying leaf samples at 60 ºC for 72 

h. Leaf specific area was calculated following 

Gobbi (2011), using equation 1:

Leaf specific area = (1)
leaf area (cm

2
)/

leaf dry mass (g)

For all microscopic analyses, 0.5 cm
2
 samples 

were obtained from the blade mid region of 

the third leaflet. For micromorphological 

analysis, leaf samples (n = 5) were fixed with 2% 

glutaraldehyde in pH 7.0 Sorenson’s sodium 

phosphate buffer, and dehydrated in an ethyl 

series (Gabriel 1982). Samples were then 

critical-point dried with liquid CO
2
. After gold 

sputter coating, samples were photographically 

documented in a scanning electron microscope 

coupled with a digital camera.

For micromorphometric analysis, four 

individuals were evaluated (n = 4). From each 

individual, five sun and five shade leaves were 
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collected. Samples were fixed with FAA
70

 

(formalin, acetic acid, 70% ethanol, 1:1:18 v/v), 

dehydrated in an ethyl series and embedded in 

methacrylate. Cross-sections (7 µm thick) were 

stained with pH 4.0 toluidine blue and glass 

slides were mounted using Permount (O’Brien 

& McCully 1981). Thickness measurements 

were taken from the leaf blade, outer periclinal 

wall (including the cuticle) of pavement cells 

from the adaxial epidermis, adaxial epidermis, 

subepidermal layer, palisade parenchyma, 

spongy parenchyma, abaxial epidermis and 

outer periclinal wall (including the cuticle) 

of pavement cells from the abaxial epidermis. 

Area measurements in cross-section were taken 

from the aforementioned tissues/regions, as 

was their percentage in relation to total leaf area 

in cross-section.

Part of the cross-sectioned methacrylate-

embedded samples (n = 4) was subjected to 

histolocalisation of non-structural phenolic 

compounds, using 10% ferric chloride solution, 

and lipids (for cuticle visualisation), using a 

Sudan black ethanolic solution (Johansen 1940, 

Pearse 1972).

Stomatal index was determined according to 

Cutter (1978), with leaf samples were obtained 

from four individuals (n = 4). From each 

individual, three sun and three shade leaves 

were collected and subjected to epidermal 

dissociation using Jeffrey’s solution (equal 

parts of 10% aqueous nitric acid and 10% 

aqueous chromic acid) (Johansen 1940). Data 

on thickness, area and stomatal index were 

obtained using Image-Pro Plus software version 

4.1, in a total of nine, three and ten observations 

per replicate, respectively, for each evaluated 

leaf tissue, region or structure. Images were 

captured in a photomicroscope equipped with 

a U-Photo system.

Quantitative data was subjected to analysis 

of variance and means were compared at 5% 

probability by T-Test, using GraphPad Prism 

software.

RESULTS AND DISCUSSION

The different light conditions to which 

leaves from the outer (1500–1800 µmol m
-2
 

s
-2
) and inner (40–70 µmol m

-2
 s

-2
) portions 

of the S. terebinthifolia canopy were exposed 

throughout their development induced 

pronounced morphoanatomical differences. 

Sun leaves showed lower number of leaflets 

(22%) than shade leaves (Table 1, Figure 1), 

and leaf (47%) and leaflet (30%) areas were 

Morphological variable Sun leaves Shade leaves

Number of leaflets 8.70 (± 0.58) b 11.19 (± 0.56) a

Leaflet area (cm
2
) 2.46 (± 0.20) b 3.53 (± 0.22) a

Leaf area (cm
2
) 21.07 (± 1.93) b 39.95 (± 2.06) a

Leaflet length/width ratio 2.44 (± 0.17) a 2.27 (± 0.09) a

Petiole length (cm) 2.09 (± 0.09) b 2.81 (± 0.09) a

Petiole width (cm) 0.12 (± 0.01) b 0.16 (± 0.01) a

Leaf specific area (cm
2
 g

-1
) 68.46 (± 4.84) a 138.10 (± 41.37) a

Dry mass (g) 0.32 (± 0.03) a 0.36 (± 0.07) a

Table 1 Morphological variables of Schinus terebinthifolia sun and shade leaves

Means followed by different letters in the same line differ by T-test (p ≤ 0.05), values in 

parenthesis are standard error (n = 4) 

Figure 1 Sun (A) and shade (B) leaves of Schinus terebinthifolia, bar = 2 cm



©Forest Research Institute Malaysia 71

 Dias-Pereira J et al.Journal of Tropical Forest Science 36(1): 68—79 (2024)

higher in shade leaves in comparison with sun 

leaves. However, despite the size difference, 

no difference was found in length/width ratio 

(Table 1), which indicated that leaf shape 

was maintained (Figure 1). Alterations in leaf 

size may represent an efficient mechanism of 

acclimation to sun and shade, as they enable 

hydraulic and stomatal conductances to adjust 

to the contrasting evaporative demands under 

these two light conditions (Carins Murphy et 

al. 2012, Khan et al. 2020). Additionally, the 

higher photosynthetically active area of shade 

leaves allow for increased absorption of the 

lower amount of light available in the lower 

inner portion of the canopy (Syvertsen et al. 

1995, Yiotis et al. 2006, Sellin et al. 2021).

Sun leaves usually have lower area and 

thicker yet more compact mesophyll than shade 

leaves (Metcalfe & Chalk 1979, Fahn 1990, 

Paź-Dyderska et al. 2020). Other characteristic 

traits of sun-acclimated leaves may include 

higher photosynthetic protein content and 

higher photosynthetic capacity per unit area 

than shade-acclimated leaves (Oguchi et al. 

2018, Théroux-Rancourt et al. 2023).

Petiole length and width were respectively 

34 and 33% higher in shade leaves (Table 1), 

revealing a reinforced structural support 

of shade-acclimated leaves, which, as stated 

above, also had larger blade areas than 

sun leaves. Interestingly, however, specific 

leaf area showed no significant difference 

between sun and shade leaves, neither did 

leaf dry mass (Table 1). Decrease in leaf area 

followed by increase in leaf tissue thickness 

was found in sun leaves, enabled by the 

more compact arrangement of tissues in 

the sun-leaf morphotype, especially of the 

palisade parenchyma (Dickison 2000). Other 

contributing factor was the reduced mesophyll 

porosity, i.e., reduced amount of intercellular 

spaces, in sun leaves (Coble & Cavaleri 2017, 

Théroux-Rancourt et al. 2023). Both those 

features (i.e., higher compaction of tissue 

arrangement and lower mesophyll porosity) 

are related to the higher light intensity to 

which the canopy outer portion is exposed 

(Vega et al. 2020).

Leaf morphology and anatomy play 

a major role in shade acclimation and 

tolerance (dos Anjos et al. 2015, Zhang et al. 

2019). In the Brazilian Cerrado, Mendonça 

et al. (2020) found that Dalbergia miscolobium 

plants from a shade environment showed 

increased specific leaf area and decreased 

leaf thickness in contrast to plants from a 

full-sun environment. Similar results were 

found by dos Anjos et al. (2015) who studied 

the photosynthetic plasticity of tropical tree 

species subjected to different light intensities, 

simulating variations in canopy openings 

that occur naturally in tropical forests. It was 

reported that morphological, anatomical and 

physiological parameters are key factors in the 

plasticity of tropical species to light (dos Anjos 

et al. 2015). Ferreira et al. (2013) assessed 

foliar features of Xylopia aromatica populations 

growing in different vegetation types of the 

same biome, and found higher specific leaf 

area in individuals from Cerradão (woodland 

savanna), a closed and shaded forest-like 

vegetation type, in comparison with individuals 

from Cerrado sensu stricto (savanna), an open 

vegetation type exposed to high light intensity. 

Changes in leaf size in response to distinct light 

conditions seem to be related to differences 

in epidermal cell size (Carins Murphy et al. 

2012). However, when occurring in response 

to different values of ambient leaf-to-air vapor 

pressure difference (VPD), such leaf-size 

changes may owe to alterations in epidermal 

cell number rather than size (Carins Murphy 

et al. 2014). Leaf size plasticity in response to 

distinct abiotic factors is crucial to a species 

adaptive success to different environmental 

conditions (Ferreira et al. 2013, Mallik et al. 

2013, Khan et al. 2020).

Abiotic factors such as light, water, 

temperature and photoperiod affect more 

intensely the developing leaf primordia 

than do genetically predetermined factors. 

Additionally, abiotic factors may induce 

alterations in leaf shape, particularly at later 

stages of foliar development, during leaf 

expansion and histogenesis (Dickison 2000, 

Bacelar et al. 2006, Thomas 2017). This is due 

to the leaf being an organ which adapts easily 

to the surrounding environment, given its 

form- and function-related traits that provide 

it with phenotypic plasticity. Because of such 

high adaptability, the leaf is the organ most 

frequently chosen to be analysed in studies 

on ecological plant anatomy (Dickison 2000, 

Cutler et al. 2007, dos Anjos et al. 2015, 

Mendonça et al. 2020).
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Anticlinal walls of pavement cells from 

the adaxial epidermis were more sinuous 

in shade leaves (Figure 2A, B and C). Since 

the cuticle hardens slower in shade leaves 

than in sun leaves, epidermal cell walls in 

the former remain delicate and plastic for 

a longer period, thus favoring development 

of sinuosity (Watson 1942). Undulation 

in epidermal cell walls is generally more 

pronounced in leaves subjected to shaded 

environments, as demonstrated by Lauton 

et al. (2022) in Justicia calycina plants 

from forest environments with different 

crown openings. In full-sun environments, 

epidermal cells usually have straight or only 

slightly wavy anticlinal walls (Evert 2013, 

Lauton et al. 2022). In both sun and shade 

leaves of S. terebinthifolia, walls of pavement 

cells from the abaxial leaf surface were straight 

(Figure 2D and F), contrary to literature 

reports of a trend for pavement cells having 

more undulated margins on the leaf abaxial 

surface (Vőfély et al. 2019). Alterations in cell 

shape might also be related to changes in the 

direction of cellulose microfibril deposition in 

the cell wall, along with localised differences 

in stiffness between walls from adjacent cells 

(Gao et al. 1987, Majda et al. 2017).

Trichomes occurred on both leaf surfaces 

(Figure 2B and E). The number of pavement 

cells varied significantly between sun and shade 

leaves in neither leaf surface (Table 2). In 

contrast, Martinez and Medri (1985) found, 

in a same individual of Persea americana, 

smaller epidermal cells on sun leaves and 

cells with more sinuous walls on shade leaves. 

Analogously, Carins Murphy et al. (2012) also 

found that acclimation to sun and shade in 

Anatomical variable Sun leaves Shade leaves

Stomatal density (mm
2
) 70.14 (± 6.45) a 69.35 (± 7.24) a

Stomatal index (%) 7.70 (± 0.55) a 8.50 (± 0.31) a

Number of pavement cells 265.00 (± 25.37) a    227.90 (± 7.16) a

Table 2 Quantitative epidermal traits of Schinus terebinthifolia sun and shade leaves

Means followed by different letters in the same line differ by T-test (p ≤ 0.05), values in parenthesis are 

standard error (n = 4)

Figure 2 Leaf epidermal traits of Schinus terebinthifolia (light 

micrographs), A, B and D = sun leaf, C, E and F = shade leaf. 

A and C = straight (A) or sinuous (C) anticlinal walls (white 

arrows) of pavement cells (star), B = glandular trichome 

(asterisk) on the adaxial epidermis, D and F = stomata (black 

arrows) on the abaxial epidermis, E = glandular trichome 

(asterisk) on the abaxial epidermis; bars = 50 µm



©Forest Research Institute Malaysia 73

 Dias-Pereira J et al.Journal of Tropical Forest Science 36(1): 68—79 (2024)

Toona ciliata involves changes in leaf size that 

are coordinated with alterations in epidermal 

cell size, which allows for an integrated 

response between vein and stomatal densities.

Stomal density did not vary significantly 

between sun and shade leaves (Table 2), 

conversely to other reports (Vega et al. 2020, 

Sellin et al. 2021). Changes in stomatal density 

are important for acclimation to different 

environmental conditions. Plants of the woody 

angiosperm T. ciliata grown under different 

levels of irradiance adjust stomatal and vein 

density so that water supply and transpirational 

demand remain proportional (Carins Murphy 

et al. 2012). Such leaf trait, however, must 

not be analysed singly. Carins Murphy et al. 

(2014), for instance, reported a small decrease 

in stomatal density in leaves grown under low 

values of ambient leaf-to-air vapor pressure 

difference, but they also found that the 

reduction in stomatal conductance necessary 

to maintain homeostasis was provided mainly 

by dynamic closure of stomata rather than by a 

reduction in stomatal density itself.

Similarly, stomatal index in S. terebinthifolia 

did not vary between sun and shade leaves 

(Table 2). This corroborates the findings 

of Silva and Anderson (1985) who studied 

the influence of light on leaf development 

in Phaseolus vulgaris, Paiva et al. (2003) who 

analysed the influence of light intensity on 

the leaf anatomical structure of Tradescantia 

pallida and Pires et al. (2015) who addressed 

the foliar morphoanatomical variations found 

across different canopy strata in Schinus molle. 

According to Cutter (1978), stomatal index 

is genetically established in plant species, as 

confirmed in S. terebinthifolia. Moreover light 

did not influence stomata differentiation in 

S. terebinthifolia, yet it did alter epidermal cell 

expansion, as reported by Silva and Anderson 

(1985) to P. vulgaris.

Scanning electron microscopy revealed 

fungal hyphae on both sun and shade leaves 

(Figure 3A–D). The outer periclinal wall 

(cuticle surface) of epidermal cells from the 

abaxial leaf surface has concentrically arranged 

striations around stomata (Figure 3A, B and D). 

Although cuticle ornamentation in the form of 

striae might increase leaf surface roughness 

and consequently decrease leaf wettability, 

the high vapor pressure in contact with leaves, 

arising from high light intensity and high 

transpiration velocity, may propitiate favorable 

conditions for fungal growth (Salatino et al. 

1986, Pott et al. 2007, Wang & Dai 2016).  The 

phyllosphere is known to host a highly diverse 

microbiota, and it has been estimated to make 

up ca. 60% of the biomass on Earth (Leveau 

2019, Koskella 2020).

Leaflets of S. terebinthifolia are hypostomatic 

and dorsiventral, with two layers of palisade 

parenchyma and three to four layers of spongy 

parenchyma (Figure 4A and B). The cuticle is 

thick, and beneath the adaxial surface there is 

a single-layered subepidermal tissue (Figure 

4A and B). Idioblasts containing druses occur 

throughout the mesophyll, and secretory ducts 

occur associated with vascular tissues (Figure 

4A and B). Both the druse idioblasts and 

secretory ducts had been previously described 

by Venning (1948) in S. terebinthifolia leaves, 

the latter being a characteristic trait of the 

Anacardiaceae (Metcalfe & Chalk 1950, Tölke 

et al. 2021).

The outer periclinal wall of pavement cells 

from adaxial and abaxial leaf surfaces was 24 

and 27% thicker, respectively, in sun leaves 

(Table 3). Accordingly, lipid deposition (i.e., 

forming the cuticle) on the outer periclinal 

wall of epidermal cells was shown to be quite 

conspicuous in sun leaves (Figure 4D and E), 

whereas in shade leaves it occurred in the 

form of a tenuous layer (Figure 4G and H). 

Increased cuticle thickness may be related to 

enhanced protection against excess water loss 

and enhanced reflection of excess light, which 

minimises leaf heating as well as other issues 

associated with light over-absorption (Dickison 

2000, Evert 2013, Taiz et al. 2014, Campbell et 

al. 2018). Variations in light intensity, rather 

than in temperature or relative humidity (both 

of which are relatively less marked across the 

tree canopy), are the probable responsible 

factors for the increased cuticle thickness 

found on top-canopy leaves compared with 

bottom-canopy leaves (Bahamonde et al. 2018).

The epidermis of the adaxial and abaxial leaf 

surfaces were respectively 11 and 23% thicker 

in sun leaves (Table 3). Analogously, palisade 

and spongy parenchyma were respectively 

62 and 43.5% thicker in sun leaves (Table 3). 

Similar results were reported by Mendonça 

et al. (2020) on the proportion of palisade 



©Forest Research Institute Malaysia 74

 Dias-Pereira J et al.Journal of Tropical Forest Science 36(1): 68—79 (2024)

Table 3 Mean thickness of the leaf blade and leaf tissues, and percentage of each leaf tissue in 

relation to the total leaf blade thickness, in Schinus terebinthifolia sun and shade leaves

Means followed by different letters in the same line differ by T-test (p ≤ 0.05), values in parenthesis are 

standard error (n = 4); AdE = adaxial epidermis, AbE = abaxial epidermis, OW–AbE = outer periclinal wall 

of pavement cells from the abaxial epidermis, OW–AdE = outer periclinal wall of pavement cells from the 

adaxial epidermis, PP = palisade parenchyma, SL = subepidermal layer, SP = spongy parenchyma

Tissue/Region Sun leaves Shade leaves

OW–AdE (µm) 10.12 (± 0.15) a 8.18 (± 0.46) b

OW–AbE (µm) 9.98 (± 0.20) a 7.84 (± 0.30) b

AdE (µm) 29.21 (± 0.93) a 26.26 (± 0.29) b

AbE (µm) 25.44(± 0.65) a 20.68 (± 0.90) b

SL (µm) 42.30 (± 3.13) a 36.18 (± 1.33) a

PP (µm) 213.50 (± 9.87) a 131.60 (± 18.84) b

SP (µm) 123.00 (± 8.97) a 84.64 (± 8.73) b

Leaf blade (µm) 435.00 (± 11.41) a 298.00 (± 26.56) b

OW–AdE (%) 2.33 2.74

OW–AbE (%) 2.29 2.63

AdE (%) 6.71 8.81

AbE (%) 5.85 6.94

SL (%) 9.72 12.14

PP (%) 49.08 44.16

SP (%) 28.28 28.40

Figure 3 Leaf blade surface of Schinus terebinthifolia (scanning electron 

micrographs), A and C = sun leaf, B and D = shade leaf, A–C = white 

arrows indicate fungal hyphae on the abaxial (A, B and D) and adaxial (C) 

epidermis, D = glandular trichome (asterisk) on the abaxial epidermis, S 

= stomata, CS = cuticular striae; bars A–C = 20 µm, D = 10 µm
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and spongy parenchyma in leaves of Dalbergia 

miscolobium plants subjected to different light 

intensities. Thicker palisade parenchyma 

facilitates CO
2
 absorption by mesophyll 

cells directly exposed to light (Sanches et al. 

2017, Campbell et al. 2018). In shade leaves, 

increased intercellular spaces allow for higher 

diffusion of the low amount of available 

light, as radiation scatters when it reaches 

the interface between mesophyll cells and air 

spaces in the spongy parenchyma (Taiz et al. 

2014, Théroux-Rancourt et al. 2023) (Noda et 

al. 2020). Contribution of spongy parenchyma 

to leaf thickness and the ratio between palisade 

and spongy parenchyma thickness have been 

shown to be some of the traits (along with 

rubisco carboxylation capacity, contribution 

of collenchyma to leaf thickness, and specific 

leaf area) that provide S. terebinthifolia with 

photosynthetic plasticity (dos Anjos et al. 

2015).

Visually, sun leaves showed higher number 

of cells with phenol accumulation than shade 

leaves, especially in the subepidermal layer 

and palisade parenchyma (Figure 4C and F). A 

positive influence of light in phenol production 

has been reported to several plant species, for 

instance to three varieties of Labisia pumila 

and to Hordeum vulgare (Karimi et al. 2013, 

Hunt et al. 2021). Phenolic compounds form 

an important class of secondary metabolites 

that play a protective role in plants, owing to 

both their antioxidant activity and ability to 

attenuate excessive UV radiation (Marchiosi 

et al. 2020). This prevents the production of 

reactive oxygen species in plant cells, as well 

as the oxidative stress that might result from it 

(Klem et al. 2019, Hunt et al. 2021). Phenolic 

compounds also provide plants with protection 

and defense against other biotic and abiotic 

stress agents (Marchiosi et al. 2020).

Interestingly, the epidermis showed no 

positive reaction for histolocalisation of 

phenolic compounds. The subepidermal 

layer, on the other hand, did accumulate 

phenolic compounds in both sun and shade 

leaves (Figure 4C and F), despite having shown 

no alteration in thickness between the two leaf 

morphotypes (Table 3). Similarly, Hunt et al. 

(2021) reported accumulation of phenolic 

Figure 4 Leaf blade structure of Schinus terebinthifolia (light micrographs of 

cross-sections), A, C–E = sun leaf, B, F–H = shade leaf, C and F 

= histolocalisation of phenolic compounds with ferric chloride, 

positive reaction is shown by brown color (asterisk), D, E, G and 

H = histolocalisation of lipids with Sudan black, revealing the 

cuticle, positive reaction is shown by black stain, Ct = cuticle, SD = 

secretory duct, S = stomata, AdE = adaxial epidermis, AbE = abaxial 

epidermis, VB = vascular bundle, Id = druse idioblast, SP = spongy 

parenchyma, PP = palisade parenchyma, SL = subepidermal layer; 

bars A–C and F = 50 µm, D, E, G and H = 20 µm
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compounds in the mesophyll of H. vulgare, 

mainly in tissues adjacent to the epidermis. 

Thus, the increased chlorenchyma thickness 

that was found in S. terebinthifolia, along 

with the seemingly increased accumulation 

of phenolic compounds in chlorenchyma 

cells, as indicated by the histochemical 

test, may represent adaptive advantages in 

environments subjected to high light intensity. 

These findings suggest that the subepidermal 

layer, which in S. terebinthifolia is formed 

by juxtaposed cells with high contents of 

phenolic compounds, may act as a filter, 

providing protection to subjacent mesophyll 

cells and their photosynthetic apparatus 

against the oxidative damage caused by excess 

irradiance, especially in sun leaves, which are 

exposed to higher light intensity (Marchiosi 

et al. 2020).

Sun leaves showed a 46% thicker leaf blade 

than shade leaves (Table 3), yet there was 

no alteration in the number of tissue layers 

that form the leaf (Figure 4A and B). This 

corroborates the reports by Oguchi et al. 

(2003) and Paiva et al. (2003) but contradicts 

the report by Vega et al. (2020), thus revealing 

that the responses to different light intensities 

across canopy height are species-specific.

Decreased leaf area and increased leaf-blade 

and cuticle thicknesses in more light-exposed 

leaves help prevent excess water loss (Dickison 

2000, Evert 2013, Taiz et al. 2014). In addition, 

following the classic paradigm of the palisade 

parenchyma serving as a light guide toward 

the leaf interior, as opposed to the spongy 

parenchyma acting as a light diffuser, higher 

palisade parenchyma thickness enables light 

to be transmitted directly through the leaf and 

penetrate more deeply into the mesophyll, 

thus preventing photoinhibition (Taiz et al. 

2014, Ichiro et al. 2016, Noda et al. 2020). 

CONCLUSION

Sun leaves of S. terebinthifolia have plastic 

morphoanatomical traits that allow for 

restricting excess water loss under unfavorable 

environmental conditions, whereas shade leaves 

have plastic traits that allow for optimising 

absorption of the reduced sunlight at the lower 

portion of the canopy. The phenotypic plasticity 

shown by S. terebinthifolia leaves in response 

to different light conditions is pivotal for the 

species success in forest ecosystems. Such 

success is enabled by plastic morphological 

traits such as number of leaflets, leaf and leaflet 

area, petiole length and width, as well as plastic 

anatomical traits such as thickness of epidermal 

cells, of the outer periclinal wall of pavement 

cells, and of palisade and spongy mesophyll 

layers. The hypothesis was confirmed, insofar as 

S. terebinthifolia individuals showed high adaptive 

capacity not only to remarkably disparate 

environments, as previous studies have found, 

but also to within-crown light variations that 

take place even on a single-individual basis, as 

demonstrated in this study.
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