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(Erythroxylaceae), a typical plant of the Brazilian Cerrado
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Abstract

The edge of a forest fragment can be considered a zone of transition between the interior of the fragment and the
surrounding habitat matrix. Plants along the edge are more exposed to disturbance and microclimate variation than
interior plants, resulting in the so-called edge effect. In this study, we compared leaf area, fluctuating asymmetry and
chemical (water, nitrogen and tannins) leaf traits between Erythroxylum tortuosum plants inhabiting the edge with
those growing in the interior of a cerrado fragment in Brazil. We also describe the temporal variation in the vegetative
and reproductive phenological events of E. tortuosum plants throughout the season. Nitrogen, leaf area and fluctuating
asymmetry did not differ between the two plant groups. Young leaves of the edge plants had significantly higher
levels of tannins and lower levels of water than those of interior plants. We suggest that differences in leaf chemical
concentrations between edge and interior plants may occur due to factors such as light intensity, wind, temperature
and leaf age rather than plant stress. With respect to plant phenology, most reproductive events occurred during the
spring. Leaf buds and young leaves prevailed during the rainy season. In the dry season, however, the vegetative events
decreased due to leaf senescence followed by leaf abscission.

Keywords: Cerrado, forest fragmentation, physical and chemical leaf traits, plant phenology, plant stress.

Efeito de borda e fenologia em Erythroxylum tortuosum Mart. (Erythroxylaceae),
uma planta tipica do Cerrado brasileiro

Resumo

A borda de um fragmento florestal pode ser considerada uma zona de transi¢@o entre o interior do fragmento e a matriz
de habitat. As plantas localizadas na borda estdo mais expostas a distirbios e varia¢cdes microclimdticas do que as plantas
do interior, resultando no chamado efeito de borda. Neste estudo, a area foliar, a assimetria flutuante e os caracteres
quimicos das folhas (dgua, nitrogénio e taninos) foram comparados entre plantas de Erythroxylum tortuosum situadas
na borda e no interior de um fragmento de cerrado brasileiro. A variagio temporal de eventos fenoldgicos vegetativos
e reprodutivos de E. fortuosum também foi investigada durante o periodo de estudo. Nitrogénio, area foliar e assimetria
flutuante néo diferiram entre os dois grupos de plantas. As folhas jovens das plantas localizadas na borda apresentaram,
significativamente, niveis mais altos de taninos e menores niveis de 4gua do que as plantas do interior. Sugere-se que
as diferencas nos conteidos quimicos foliares entre as plantas da borda e do interior devem ter ocorrido em razio de
fatores como intensidade luminosa, vento, temperatura e idade foliar e ndo por causa do nivel de estresse da planta.
Com relacao a fenologia, a maioria dos eventos reprodutivos ocorreu durante a primavera. Os botdes foliares e as folhas
novas prevaleceram durante a estacao chuvosa. No entanto, na estagéo seca, os eventos vegetativos decresceram por
causa da senescéncia das folhas, seguida pela abscisao foliar.

Palavras-chave: Cerrado, fragmentacio florestal, caracteres foliares fisicos e quimicos, fenologia, estresse.

Braz. J. Biol., 2012, vol. 72, no. 3, p. 587-594 587



Ishino, MN., De Sibio, PR. and Rossi, MN.

1. Introduction

Habitat fragmentation due to anthropogenic activity has
caused substantial change to the environment, threatening
worldwide biodiversity and affecting the structure of
biological communities (Bierregaard Junior et al., 1992;
Fahrig, 2003; Paglia et al., 2006). In the process of
fragmentation, continuous habitats are subdivided, and
there is a considerable loss of both area and habitat quality,
with a concomitant increase in habitat isolation (Mills,
1995; Hanski, 1999). Several components of these isolated
fragments, such as patch area, environmental heterogeneity
within fragments, the landscape surrounding habitat fragments
(matrix), connectivity between suitable habitats, and the
edge effect, are determinants of species persistence (Fahrig,
2003; Paglia et al., 2006; Del-Val et al., 2007). The edge
effect refers to biotic and abiotic changes that occur along
the boundaries of forest fragments due to biotic and abiotic
differences between the fragment and the surrounding
habitat matrix (Olifiers and Cerqueira, 2006). Alterations
in light intensity, temperature, wind and humidity rate are
some of the important microclimatic factors that contribute
to the edge effect (Kapos, 1989; Bierregaard Junior et al.,
1992). Local extinctions of some native plant species and
alterations in biotic interactions have also been attributed
to the edge effect (Gurevitch et al., 2002; Benitez-Malvido
and Lemus-Albor, 2005).

Plants inhabiting the edges of fragmented habitats
may experience high levels of stress, and comparisons
of physical and chemical traits of plants found along the
edge with those of plants in the interior should provide
an indication of the degree of environmental stress caused
by the edge effect. Particularly for chemical traits, water
and nitrogen have been considered good predictors of
the nutritional quality of foliage. Phenolic compounds
such as tannins are usually associated with plant defences
against insect herbivores (Schoonhoven et al., 2005); thus,
in theory, plants with low levels of tannins in their leaves
would experience high levels of herbivory, an important
biotic stress-inducing factor.

Leaf size and leaf asymmetry are quite variable physical
traits within populations and even within individual plants
(overall, hereafter leaf asymmetry was considered a leaf
trait), and measurement of these traits has been used to
predict changes in environmental conditions (Brown and
Lawton, 1991; Burns and Dawson, 2006; Roslin et al.,
2006; Milligan et al., 2008; Shi and Cai, 2009). Fluctuating
asymmetry (FA) describes the small but random variations
in bilaterally symmetrical characters (Polak, 2003) and
represents a potential measure of developmental instability
(DI) in plants (Milligan et al., 2008; Puerta-Pifiero et al.,
2008). Because small deviations from perfect symmetry
usually represent DI, FA has been used as an indicator of
stress (Parsons, 1990; Martel et al., 1999; Alados et al.,
2001; Cornelissen et al., 2003; Cornelissen and Stiling,
2005). Stress may not only modify physical traits directly
but may also alter the concentrations of chemical compounds
in plants that are responsible for changes in physical traits
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(White, 1984; Black-Samuelsson and Andersson, 2003;
Milligan et al., 2008).

1.1. Study system and goals

The Brazilian savannah cerrado is considered one of the
world’s richest ecosystems (Felfili and Silva-Janior, 2001)
and has been included in the world list of “hotspots” of
biological diversity (Seligmann et al., 2007). However, this
system has been substantially modified by anthropogenic
causes, resulting in a mosaic of highly fragmented areas.

The plant family Erythroxylaceae is of wide subtropical
and pantropical distribution, but only a single genus,
Erythroxylum P. Browne, occurs in the neotropical
region (Wanderley et al., 2002) where it is composed
of approximately 180 species, 130 of which have been
reported from Brazil. These tree and shrub species occur
in forests as well as in the cerrado (Ribeiro et al., 1999).
Erythroxylum tortuosum Mart. is a deciduous shrub-arboreal
species typical of the cerrado community (Ishino et al.,
2011). There is currently little information on the biology
or ecology of this species. For example, the phenology of
E. tortuosum plants has not been investigated.

Fragmentation is an ongoing process affecting the
cerrado. In this study, we assessed whether comparing
physical and chemical leaf traits between E. tortuosum
plants along the edge and in the interior of a cerrado
fragment that has been surrounded by cultivated fields
(anthropogenic disturbance) would provide evidence of
stress caused by the edge effect. Studying the edge effect
in ecosystems like the cerrado is essential because stress-
inducing factors such as fire, a long dry season, and low soil
nutritional quality are common (Hoffmann and Moreira,
2002; Miranda et al., 2002); therefore, some native plants
may be stress tolerant and may not present differences in
chemical and physical traits after a given disturbance. We
also investigated the vegetative and reproductive phenology
of E. tortuosum to provide basic information for future
life history and ecological studies.

2. Material and Methods

2.1. Study area

Erythroxylum tortuosum individuals were observed in
a cerrado fragment (176.7 ha) located within the Palmeira-
da-Serra Farm in the municipality of Pratania, state of Sao
Paulo, Brazil (22° 48’ 50” S and 48° 44’ 35” W). This
region has a mesothermic climate with dry summers and
wet winters. The average annual rainfall and temperature
are 1534 mm and 20.3 °C, respectively, and the average
annual daytime relative humidity is approximately 80%
during the rainy season and 55% during the dry season,
when daily minimum relative humidity is approximately
15% (Rodrigues and Machado, 2008). Fields surrounding
the study area have been used mainly for cultivation of
soybean, corn, Eucalyptus, Pinus, and sugarcane; thus,
anthropogenic disturbance has been common adjacent to
the fragment. All plants were located within four transects
(each 20 m wide and advancing 150 m into the interior
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of the fragment). Transects were 100 m apart from each
other, and 43 E. tortuosum individuals were marked with
5 x 5 cm numbered metal labels.

2.2. Edge effect on leaf traits

To examine the edge effect on physical and chemical
leaf traits, intact leaves were randomly collected from
14 plants distributed throughout the four transects in
October and November 2005, when young leaves were
predominant. Young leaves were the expanded bright green
leaves appearing immediately following the opening of
the leaf-buds. Of the study plants, six were on the edge
of the fragment and eight were located in the interior.
The edge plants were close to the road and at most 10 m
into the interior, and the interior plants were between
75 m and 150 m from the edge. The number of collected
leaves varied from 10 to 15 per plant, depending on the
size of each plant. Leaves were taken to the laboratory and
photographed at a standard distance of 20 cm using a digital
camera (resolution: 2048 x 1536 pixels; Canon Powershot
A400) to determine their asymmetry levels and leaf areas
(physical leaf traits). For photographs, a transparent plate
was placed over the leaves to flatten them and minimise
distortions (Sinclair and Hoffman, 2003).

To quantify the asymmetry levels, the widths of the
right and left sides (from the midrib) in the central portion
of each leaf were measured on digitalised photographs
using image analysis software (MetaVue, Version 6.3r4).
The absolute asymmetry of an individual leaf was defined
as the difference between the right width (RW) and the
left width (LW) (Palmer and Strobeck, 2003): fluctuating
asymmetry of a leaf: FA_ = [RW-LW|. The same photographs
and image analysis software were used to measure leaf
area (mm?).

After being photographed in the laboratory, the leaves
were analysed to determine their water, nitrogen, and tannin
contents. Water content was determined by measuring the
weight difference between fresh and oven-dried leaves (dried
at 45 °C for 72 hours). Fresh weights and digital photographs
were obtained immediately after leaf collection. Leaves
were milled to a fine powder, and tannins and nitrogen were
extracted from 10 mg and 100 mg of dry tissue, respectively.
Tannins were quantified by spectrophotometry using an
adaptation of the method proposed by Stevanato et al.
(2004), in which total phenolics were extracted and tannic
acid was used for calibration curve determination. Nitrogen
content was determined following the Kjeldahl protocol
(AOAC, 1995). Leaves used for biochemical analyses
were washed in running water and subsequently rinsed
in distilled water before extraction. Three replicates per
plant were used for biochemical and statistical analysis.

The entire methodology described above was repeated
for adult leaves collected in June 2006 from nine different
plants (14 or 15 leaves per plant) from those previously
selected. In this case, five plants were on the edge and
four were located in the interior. To determine whether
physical and chemical leaf traits differed between interior
and edge plants, linear mixed effects models were used
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(Crawley, 2007) with plants and location (interior and
edge) as random and fixed effects, respectively. As water,
tannins, and nitrogen concentrations in E. fortuosum leaves
change throughout development (Ishino et al., 2011),
mixed models were computed separately for young and
adult leaves. Linear mixed effects models were run in the
R System for Windows, version 2.11.0 (R Development
Core Team, 2010).

2.3. Phenology of E. tortuosum

The vegetative and reproductive phenologies of
20 individuals of E. fortuosum were evaluated at 15-day
intervals from August 2005 until October 2006 for plants
that were randomly selected along the four transects. Plant
phenology was evaluated by visual inspection (Fournier,
1974), and specific percentages were assigned for each
phenological event. Percentages ranged from zero to
100%, with 5% variation (an adaptation of the Fournier
method). For vegetative phenology, the percentages of
leaf-buds and young, adult and old leaves were estimated.
Old leaves were defined by their dark green colour and
much more coriaceous texture compared to young or adult
leaves. For reproductive phenology, we calculated the
percentages of flower buds, functional flowers, and ripe
and unripe fruits. From August 2005 to October 2006,
daily data for temperature (°C) and pluvial precipitation
(mm) were obtained from the climatological station at the
Universidade Estadual Paulista — Unesp/FCA (22° 48’ 33” S
and 48° 23’ 08” W) to check for weather variations over
the course of the phenological observations. The study
area and the climatological station are about 32 km apart.
Accumulated daily values of precipitation and temperatures
(mean, maximum and minimum values) were calculated
for each month and represented graphically.

3. Results and Discussion

3.1. Edge effect on leaf traits

True fluctuating asymmetry is usually verified by
whether the RW-LW values of leaves have a normal
distribution with zero mean (Palmer and Strobeck, 1986).
Normality with a mean different from zero can demonstrate
a tendency towards asymmetry in a particular direction,
which characterises Directional Asymmetry (DA), and
deviations from normality can indicate Anti-Symmetry (AS)
(Graham et al., 1998). When DA and AS are demonstrated,
they may have an adaptive basis and/or they are determined
by still unknown genetic components involved in the normal
development of organisms (Palmer and Strobeck, 1986;
Palmer, 1994; Van Dongen, 2006). In such cases, neither
DA nor AS are treated as estimates of developmental
instability. Nevertheless, studying FA on E. tortuosum
leaves, Ishino et al. (2011) verified that the RW-LW values
were normally distributed, characterising true FA (Palmer
and Strobeck, 1986; Graham et al., 1998), and DA was
not observed. Because asymmetry may be size-dependent,
some studies use correction indices in FA estimations
(Hodar, 2002; Freeman et al., 2004; Cornelissen and Stiling,
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2005). However, evidence of size-dependence has not been
observed for E. tortuosum leaves (Ishino et al., 2011).

To estimate measurement errors and verify FA data
reliability, a random sample of 10% of all leaves was
measured twice (right and left widths). The first and second
measurements were subjected to Pearson’s correlation
because a high correlation coefficient () indicates that
measurements are reliable (Hédar, 2002). In our study, we
observed that the measurement errors for leaf width were
very low because data was highly correlated (r = 0.998;
P <0.0001).

It is known that habitat fragmentation causes substantial
changes in biotic and abiotic conditions of fragment edges
that may change the species richness and abundance of
plants and animals (Laurance, 1994; Harrington et al.,
2001). In addition, forest fragments historically associated
with human activities in the surrounding matrix, such as
agricultural practices, may be subject to constant disturbance
effects. Results of mixed models showed that nitrogen
content, FA and leaf size did not differ significantly between
edge and interior plants of the fragment in either young
or adult leaves (Table 1). Recent studies have shown a
positive relationship between stress and FA levels. For
example, after investigating FA on Quercus pyrenaica
Willd. (Fagaceae) inhabiting a Mediterranean region,
Puerta-Pifiero et al. (2008) observed that FA appeared
to be a reliable indicator of stress when seedlings were
exposed to different levels of light, water and herbivory
(stress indicators). However, this leaf trait was unlikely
to be determinant for E. tortuosum plants.

A significant decrease in water content was observed
in the young leaves of edge plants (Table 1). Increased
exposure to light (high photosynthetic rate), wind and
high temperatures, commonly observed for plants located
at edges (Davies-Colley et al., 2000), probably explains
their lower water content. Given that the study area has
been surrounded by cultivated crops, it is also possible that
the spraying of pesticides and herbicides, the application

of fertilisers, and vehicle traffic may have intensified leaf
damage and increased the rate of water loss in edge plants.

Young leaves from edge plants had significantly higher
tannin levels than those of interior plants (Table 1). It is
known that light controls much of the biochemical activity
in plant tissues (Harmer et al., 2000; Roberts and Paul,
2006) and significantly influences defence response in
plants (Roberts and Paul, 2006). Shading can also reduce
concentrations of ‘carbon-based defensive chemicals’
(CBDCs) such as hydrolysable tannins (Koricheva et al.,
1998), and leaf phenolics generally increase with greater
insolation in plants examined along a light gradient (Dudt
and Shure, 1994). Thus, the high light intensity experienced
by E. tortuosum plants located on the edge compared with
interior plants may explain the increased tannin levels in
edge plants. It is also important to note that high levels of
tannins may indicate better-defended plants against insect
herbivores (Feeny, 1970; Schoonhoven et al., 2005). This
could suggest that edge plants face fewer insect herbivores
than interior plants in the early development stages of
leaves, reducing their level of stress. Edge plants also
had lower water content, suggesting that these plants
may be less preferable to insects than interior plants due
to their inferior nutritional value (Scriber, 1979; Huberty
and Denno, 2004).

Differences in water and tannin concentrations between
edge and interior plants were found only in young leaves.
It is unclear why these differences were not observed in
older foliage (Table 1). One possible explanation is a
temporal shift in concentrations of chemical compounds
(Salminen et al., 2004; Schoonhoven et al., 2005); at the
beginning of the season, young leaves of E. tortuosum
have higher levels of water and nitrogen and lower levels
of tannins than adult leaves (Ishino et al., 2011). Because
E. tortuosum leaves become more coriaceous with age,
greater water loss is expected to occur when leaves are
young. As a result, differences in water content between
edge and interior plants would be more marked early in

Table 1. Comparisons of tannins (mg.g™' dry weight), nitrogen (g.kg™' dry weight), water content (%), leaf area (mm?), and
fluctuating asymmetry (FA) between leaves from plants located in the interior and on the edge of the fragment. Linear mixed
effects models were computed with plants and location (interior or edge) as random and fixed effects, respectively. Analyses

were computed for young and adult leaves.

Leaf stage Response variables Estimate (SE)" t P
Young Tannins 32.11(11.33) 2.84 0.005
Nitrogen 0.97 (0.71) 1.37 0.177
Water content -2.34 (1.17) -2.01 0.047
Leaf area 33.76 (253.44) 0.13 0.904
FA 0.25 (0.20) 1.26 0.213
Adult Tannins —28.22 (40.42) -0.70 0.489
Nitrogen —-0.04 (0.94) -0.04 0.970
Water content —1.36 (1.43) -0.96 0.361
Leaf area 138.60 (258.40) 0.54 0.601
FA -0.02 (0.23) -0.09 0.933

"Values for estimates (SE = standard error) are the differences between means from edge plants and interior plants
(positive estimate values show high means for edge plants).
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the season, when leaves are still young. According to the
carbon/nutrient balance hypothesis, there is a trade-off in
the allocation of photosynthate from defence to growth as
light declines (Bryant et al., 1983; Coley, 1986; Bryant,
1987; Dudt and Shure, 1994). Based on this hypothesis, it
is possible that there were greater investments in early leaf
growth in plants located in the interior (shade condition)
than in those on the edge; after leaf maturation, high
investment in leaf development was no longer necessary,
and plants in the interior allocated excess photosynthate
to carbon-based phenolics; hence, differences in tannin
content between edge and interior plants would not be
present in adult leaves. However, the biochemical changes
with age in E. tortuosum require further investigation.
Although stress-inducing factors are common in the
cerrado (Hoffmann and Moreira, 2002; Miranda et al.,
2002), we found no clear evidence that E. tortuosum
plants growing at the edge are under higher levels of stress
because neither FA nor leaf area differed between edge
and interior plants. Differences in chemical concentrations
observed between edge and interior plants may be due to
other factors, such as light intensity and leaf age, which
are not necessarily associated with stress. These results
suggest that this species may be stress tolerant, though it is
likely that FA and leaf area were not appropriate indicators
of environmental stress on E. tortuosum plants. We believe
that more data from long-term studies carried out on a
large spatial scale are crucial to more precisely determine
the stress susceptibility of E. tortuosum and other cerrado
plants. Additional studies are encouraged to determine the
extent to which the edge effect influences the development
of native plant species inhabiting stress-prone systems.

3.2. Phenology of E. tortuosum

We observed that leaf-buds were mostly produced in
September-October, with numbers decreasing gradually
until April (Figures 1a and 2a). Leaf-bud opening increased
from the end of September until November, when most
leaves were young and coriaceous (Figures 1a and 2b, ¢);
hence, leaf-buds and young leaves were mostly produced
during the spring, when temperature and precipitation are
moderate (Figure 1c). The greatest production of ‘mature’
leaves (adult leaves) was observed from January until June
(Figure 1a). However, the percentages of adult leaves
increased considerably during the rainy season (spring-
summer), from November/2005 to March/2006, when
temperatures are also typically high (Figure 1a, c). After
this period, the percentages of mature leaves decreased
gradually, followed by an increase in the percentages
of old leaves (Figure 1a). The highest percentages of
old leaves were observed in the dry season, from May
to July (autumn-winter), when lower temperatures are
common (Figure 1c). The vegetative events decreased
throughout the dry season, from July to August, due to
leaf senescence followed by leaf abscission, with full
leaf drop occurring between August and the beginning
of September (Figures 1a, c). E. tortuosum can therefore
be classified as a deciduous plant even though a few old
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leaves were observed on some plants in the dry season
(Ishino et al., 2011).

Reproductive phenology presented more distinct
stages than vegetative phenology. Peaks of production of
flower buds, unripe (green) and ripe (reddish) fruits were
observed in September, October-November and December,
respectively (Figures 1b and 2d, e). Flower opening was
observed from September to November, with a short
peak in October (Figures 1b and 2f). The percentage
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Figure 1. Percentage of phenological events (mean values)
observed for 20 individuals of E. tortuosum from August
2005 to October 2006. Variations in precipitation and in
mean, maximum and minimum temperatures (summation of
daily values for each month) are also presented for the period.
(a) Vegetative phenology, (b) reproductive phenology,
(c) weather data obtained from the climatological station
(Unesp/FCA).
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Figure 2. Some phenological events observed for E. tortuosum. (a) Leaf-buds, (b) and (c) young leaves, (d) flower buds, (e)

unripe fruits, (f) the opening of flowers.

of functional flowers was relatively low compared with
the other reproductive phenological stages. This can be
explained by the fact that flowers turned into unripe fruits
very quickly. In summary, although E. rortuosum plants
produced flowers and fruits from August (winter) to January
(summer), most reproductive events occurred during the
spring (Figures 1b, c).
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