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ABSTRACT
Banded iron formations (BIF) have a particular vegetation type and provide a good model system for testing
theories related to leaf phenology, due to unique stressful environmental conditions. As a consequence of

the stressful conditions of BIF environment, we hypothesize that most species would retain at least some

significant canopy cover, even at the end of the dry season, independently of growth form - trees, shrubs,
and sub-shrubs. Considering the strong seasonality, we also hypothesize that photoperiod and rainfall act
as triggers for leaf fall and leaf flushing in these environments. The majority of the fifteen studied species

had a semi-deciduous behavior and shed their leaves mainly during the dry season, with a recovery at the

end of this season. In general, leaf flushing increased around the spring equinox (end of the dry season and

start of the rainy season). A trade-off between leaf loss and leaf maintenance is expected in a community
in which most plants are naturally selected to be semi-deciduous. Our results suggest photoperiod as a

dominant factor in predicting leaf phenology.

Key words: Canga, day length, drought stress, evergreen, leaf shedding, tropical ecosystems.

INTRODUCTION

Foliar phenology has a crucial role in plants’ strategy
of carbon gain and plant water balance (Reich 1995,
Zhang et al. 2013) since leaf arrangement in time
is strongly related to photosynthetic production
(Kikuzawa 1995, Jolly and Running 2004) and
transpiration (Givnish 2002, Kréber and Bruelheide

2014). Leaf exchange patterns can be evaluated as
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a result of a change in environmental conditions
(e.g., photoperiod, temperature, daily insolation,
humidity, and nutrients availability) acting together
with endogenous rhythm regulations (Morellato
et al. 1989, Van Schaik et al. 1993, Pedroni 2002,
Givnish 2002, Borchert et al. 2015). The water
availability (Borchert et al. 2002), and day length
(Borchert et al. 2002, Luttge and Hertel 2009,
Ballestrini et al. 2011) have been reported as
important drivers of leaf phenology, and can be
considered as triggers to plant species response to a
change in environmental conditions.
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The day length or photoperiod is consistent
and reliable signal of seasonality in a certain
ecosystem and some species relay on photoperiod
cues to sense the arrival of a productive or stressing
upcoming season (Way et al. 2015). The influence
of day length on leaf phenology is better understood
in temperate ecosystems where there is a more
distinct day-length signal. A recent work pointed
out that, even in ecosystems with low or no day-
length signal, the environment signal triggering
flushing or flowering synchrony could be probably
linked to seasonal change in daily insolation
(Borchert et al. 2015).

In tropical ecosystems, leaf shedding is
strongly related to seasonality in precipitation
(Borchert 1998) that affects water availability
(Lemos-Filho and Mendonga Filho 2000). The
vegetative phenology response usually follows a
conservative resources’ use strategy and different
ecosystems vary in resources availability (Jolly
and Running 2004) resulting in a wide diversity of
leaf display. Evergreen strategy is usually related
to long photosynthetic season and less nutrient loss
on leaf production, while deciduous species reduce
their transpiration and respiration during the dry
season, and off set their productivity by increasing
the photosynthetic rate per unit of leaf mass
(Givnish 2002). Hence, seasonal drought would
favor deciduous species, whereas infertile soils
would favor evergreen species (Givnish 2002).

The banded iron formation (BIF) rock outcrop,
called Canga in Brazil, are isolated xeric islands
within a mesic matrix (Gibson et al. 2010, Silva et
al. 1996). BIF vegetation types are linked to soil
characteristics, they comprise a mosaic of species
with different adaptations (e.g., many BIF plants
can uptake heavy metals) (Porto and Silva 1989,
Teixeira and Lemos-Filho 1998), and about 6%
of endemic species (Silveira et al. 2015). In BIF
areas, the soil is poor in nutrients and presents low
water storage capacity (Giulietti et al. 1997). They
are seasonally dry environments, where it is often

An Acad Bras Cienc (2017) 89 (1)

observed high daily thermal amplitude (Jacobi et
al. 2007, Vincent et al. 2002), with great changes
in water availability (Silva et al. 1996, Vincent
and Meguro 2008, Silveira et al. 2015). Therefore,
these environmental conditions impose stress on
plants, which could result in different strategies
for water, carbon, and nutrients’ maintenance and
uptake (Silveira et al. 2015).

Owing to this stressful condition (e.g., water
and nutrient availability) (Giulietti et al. 1997,
Teixeira and Lemos-Filho 1998), it is expected
traits related to water and nutrient economy, as
its efficient acquisition and use (Silveira et al.
2015, Reich 2014). Regarding to leaf phenology,
the strategies in BIF species must balance these
aspects. There is a trade-off between maintaining
the leaves during the dry season to save carbon
and other nutrients, versus dropping the leaves to
save water, by reducing the transpiration rate and
by a synchronic and fast leaf flushing escape from
herbivory (Coley and Barone 1996). This trade-
off is summarized in Figure 1, which is based on
studies of Murali and Sukumar (1993), Coley and
Barone (1996), Monk (1996), Gill et al. (1998),
Givnish (2002), Escudero and Mediavilla (2003).
These species would perhaps best exhibit fast-
synchronized leaf flushing throughout the rainy
season to maximize productivity during the most
favorable period of carbon uptake, with leaf
flushing concentration around the end of the dry
season and the beginning of the rainy season.

To study these trade-offs on leaf display in the
stressful BIF environment, we chose 15 species of
nine representative plant families, ranging from
sub-shrubs to trees. We tested the hypothesis that
most species would retain at least some significant
canopy cover even at the end of the dry season,
independently of growth form, and that photoperiod
and rainfall would act as triggers for leaf fall and
leaf flushing. Our results aid in understanding
vegetation response to stressful environments,
which may affect growing conditions.
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Figure 1 - Summary of Banded iron formations (BIF) plant trade-off during dry season resulting in leaf loss (deciduous species)
or leaf maintenance (evergreen species), which will result in water economy, and carbon and nutrient loss or in water loss, and
carbon and nutrient maintenance. Both phenological behaviors have advantages and disadvantages, which evolved under selective
pressure forces. The figure also highlights some physiological responses to compensate changes in canopy cover during the dry
season, which have implications to plant carbon and water balance. The + symbols (positive values) represent the gains or non-loss
and the — symbols (negative values) represent the loss, which could be related to water, carbon, or nutrient.

MATERIALS AND METHODS

We surveyed two sites in the vicinity of a mine
called Brucutu, in the region of Bardo dos Cocais
(centered at 19° 53’ 08” S and 43° 26’ 11” W),
in the “Iron Quadrangle,” in Minas Gerais state,
Brazil, at an altitude of 1120 m (Garcia et al.
2009). The climate is subtropical with dry winters
(temperatures reaching <18°C) and hot summers
(temperatures >22°C) (Antunes 1986). Average
annual rainfall is 1300 mm, and average annual
temperature is 20°C (Herzs 1978). The rainfall
data during the survey period represents the strong
seasonal climate of the study area (Fig 2). The soil

is hemathitic litholic “canga”, a typical ferruginous
“campos rupestres” developed on iron-rich rocky
outcrops (locally known as “canga couragada”),
and the vegetation is mostly composed by an open
herbaceous-shrub community (Rizzini 1979, Viana
and Lombardi 2007, Vincent and Meguro 2008,
Jacobi and Carmo 2011).

We chose 15 species from a floristic survey
list of the study area (Mourdo and Stehmann
2007) based on their occurrence in the field, which
reflected their abundance in the community, and
based on woody growth form diversity (trees,
height >2m; shrubs, height 1-2m; sub-shrubs,
height <Im, categories adapted from Eiten (1992);
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Table ). The small number of tree species sample
was due to the low tree richness of the studied
vegetation type (Mourdo and Stehmann 2007),
which can be considered as open herbaceous-
shrub vegetation, a rupicolous community different
from low forest-shrub vegetation (Viana and
Lombardi 2007, Messias et al. 2011). At two sites
(3 km from each other), we randomly selected
from 9 to 12 individuals of each species in total,
and we recorded, monthly, the leaf phenology
over a fifteen-month period (from September to
November of the following year), including two
transition periods between the dry and wet season.
Plant vouchers were deposited in the herbarium of
the Department of Botany, Federal University of
Minas Gerais (BHCB/UFMG).

For leaf fall evaluations we used a quantitative
method, we categorized each individual by its
percentage of leaf fall over the entire crown
area. We considered 5 categories: 0 = 0%; 1 =
1-25%; 2 = 26-50%; 3 = 51-75%, and 4 = 76-
100%. These values allowed us to calculate the
intensity index (Fournier 1974) of leaf fall as the
average proportion of leaf fall over all individuals
of a species. We grouped the species by leaf fall
phenology into three categories, adapted from Duff
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et al. (1997), which consider leaf losses mainly
during dry season as follows: (1) evergreen, species
that maintain 75-100% of their crown year-round;
(2) semi-deciduous, species in which the canopy
fell 50-74% of full canopy and could fell below
50% in the dry season (among 2-3 months), and
(3) deciduous, species that lose all their leaves
seasonally, remaining leafless during 1-2 months.
We measured leaf flushing as the period between
the beginning of first leaves' emergence until their
expansion, when most leaves have reached about
% of mature leaf s size (Pedroni et al. 2002).
The frequency of leaf flushing was considered
the proportion of all individuals of a species that
exhibited this phenophase.
Weusedacircularanalysis to test the seasonality
of leaf fall beginning (i.e., period when plants start
to lose their leaves) and peak (i.e., period with the
greatest intensity of leaf fall), and the synchronicity
among species. We did not do these tests for leaf
flushing, because it was continuous in almost all
species. The beginning and the peak of leaf fall
were determined for each individual, according
to categories of this phenophase registered every
month. The dates were transformed into angles,
with one day equal to 0.9863 degrees, beginning on
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Figure 2 - Rainfall (mm) and photoperiod (average number of light hours per day) during the
study period [data provided by Hydroelectric Power Plant of Peti / “Companhia Energética de
Minas Gerais” (CEMIG) and National Observatory of Brazil (NOB)].
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January 1%, We used the ORIANA software (Kovach
2002) to verify the level of leaf fall synchronicity
within and among species around an average angle
(p), which represents the average date on which
the phenophase occurs with highest frequency.
The Rayleigh test (p), based on dates of field
visits, points out the probability of the data being
randomly distributed around the circle of 360°.
Therefore, if the p is significant, the phenophase
is concentrated among a date instead of being
uniformly or randomly distributed around the 360°.
Circular analysis also generates an average vector
length (r) that represents a concentration measure
of frequencies around the estimated mean angle,
ranging from 0, a complete asynchrony of the
event, to 1, which represents the highest possible
synchrony (Zar 1996). This same analysis was
performed to species groups of leaf phenological
behavior and growth form. The Watson-Willians
test was used to identify differences in leaf fall
timing among these groups when mean angle was
significant (Zar 1996, Genini et al. 2009).

To evaluate the influence of precipitation
and photoperiod on leaf phenology we performed
multiple stepwise regression analyses in Statistica
8.0 software, according to Marques et al. (2004).
We performed two multiple stepwise regression,
as dependent variable: the first analyses considered
the monthly leaf fall intensity and the second
analyses considered the monthly frequency of leaf
flushing, both versus six independent variables
of lag time as follows: (1) the photoperiod of the
current observation month, (2) the photoperiod of
the previous month, (3) the photoperiod of two
months before the first, (4) the precipitation of the
current observation month, (5) the precipitation of
the previous month, (6) the precipitation of two
months before the first.

RESULTS

Eleven of the 15 studied species (74%) exhibited
semi-deciduous behavior (Table I); only two species
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were evergreen [Eremanthus incanus (Less.) Less.
and Cordiera concolor (Cham.) Kuntze] and the
other two were deciduous [Kielmeyera regalis
Saddi. and Microstachys corniculata (Vahl)
Griseb.]. The rainfall and photoperiod for the
studied period are represented in Figure 2.

The average angle (p) and the length of the
mean vector (r) of leaf fall beginning and peak for
each studied species are represented in Table 1. In
general, leaf fall’s beginning appeared to be more
synchronized than leaf fall’s peak. E. incanus, K.
regalis, Calyptranthes cordata O. Berg, and C.
concolor had synchrony above 0.9, for both leaf
fall beginning and peak (see » values in Table I).
The overall data used in circular analysis showed
a significant central tendency of the leaf fall
beginning in early April (i.e., end of wet season)
(Z =92.57; P< 0.001) and the leaf fall peak in
early August (i.e., end of dry season) (Z = 69.02;
P<0.001) (Table II). Leaf fall was synchronized
among the studied species: the length of the mean
vector (7) was 0.794 and 0.685, for the beginning
and peak of leaf fall, respectively (Table II).
When all species were analyzed together, data
was strongly influenced by groups with different
phenological strategies and growth forms that have
more species and consequently, more individuals
(e.g., semi-deciduous and shrubs).

There was a significant difference in leaf
fall timing among phenological groups (Watson-
Willians, P< 0.01 for all pairs). Deciduous species
started the leaf fall earlier than the other species (in
March, end of wet season, Fig. 3a) (Z=13.106; P<
0.001). Semi-deciduous species started it in April
(beginning of dry season, Fig. 3a) (Z=76.962; P<
0.001), and evergreen species in May (Z = 13.584;
P<0.001). The leaf fall peak was different only
between evergreen and semi-deciduous (/' =5.013;
P< 0.05). The time between the beginning and
peak of leaf fall also differed among phenological
different groups (Watson-Willians, P< 0.05 for all
pairs). Evergreen species reached their leaf fall



LEAF PHENOLOGY OF CANGA WOOD SPECIES 137

TABLE I1
Result of circular statistics on the phenological variables analyzed for all species together (n=15) and species grouped
by phenological strategy (11 semi-deciduous, 2 deciduous, and 2 semi-deciduous) and growth form (9 shrubs, 4 sub-
shrub, and 2 trees). Mean Vector value () is the average angle of each group; the Length of Mean Vector (r) represents
the synchrony of the phenophase; the date is the correspondent month to mean vector angle; and the Rayleigh Test
(Z) is the statistic of circular analysis (i.e., it points out the probability of data being randomly distributed around the
circle of 360°). Different superscript letters correspond to different mean vector values, according to Watson-Williams
test, which was used to compare the Mean Vector among the groups.

Mean vector (1) Length of mean vector (r) Date RayleighTest (Z) P value
Leaf fall beginning
All species* 93° 0.794 Early April 92.572 <0.001
Phenological behavior
Evergreen 139°¢ 0.731 May 13.584 <0.001
Semi-deciduous 93°" 0.859 Early April 76.962 <0.001
Deciduous 60°* 0.872 Early March 13.106 <0.001
Growth form
Tree 112°° 0.821 April 14.141 <0.001
Shrub 98°° 0.792 Early April 54.559 <0.001
Sub-shrub 74°* 0.859 March 28.77 <0.001
Leaf fall peak
All species™ 213° 0.685 Early August 69.02 <0.001
Phenological behavior
Evergreen 191°4 0.736 July 10.841 <0.001
Semi-deciduous 220°" 0.64 August 44.838 <0.001
Deciduous 206°4" 0.96 Late July 16.455 <0.001
Growth form
Tree 2120% 0.408 Early August 3.49 <0.05
Shrub 221°° 0.765 August 50.862 <0.001
Sub-shrub 195°* 0.71 July 19.672 <0.001

*When all species were analyzed together, data was strongly influenced by groups with different phenological strategies and
growth forms that have more species and consequently, more individuals (e.g., semi-deciduous and shrubs).

peak in a shorter time than semi-deciduous and
deciduous species (Table III).

Evergreen species showed continuous leaf
flushing through the study period; semi-deciduous
species showed slight pauses, while deciduous
species had the longest leafless period (Fig. 3b).
Leaf flushing frequency was high during the rainy
season, decreasing in March (i.e., end of the rainy
season) in deciduous species, and two months later
in semi-deciduous species. The lowest frequency of
leaf flushing was reached in July, and it increased
at the end of the dry season (Fig. 3b). Some species
showed no leaf flushing during the dry season,
followed by highly synchronized flushing at the

beginning of the wet season, as occurred with the
deciduous K. regalis.

Despite this apparent relationship between leaf
phenology and precipitation, the multiple stepwise
regression analyses showed no significance.
However, leaf fall intensity showed a significant
negative relationship to photoperiod of the previous
month (7= 0.2522, F=75.248, P < 0.0001, Fig. 4).

Regarding the growth form of the studied
species, two of them were considered trees,
nine shrubs, and four sub-shrubs (Table I). The
phenological behavior of these different growth
forms is exhibited in Figure 3 (c-d), showing in
general that sub-shrubs species had a tendency of

An Acad Bras Cienc (2017) 89 (1)
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Figure 3 - Average values of leaf fall intensity (a) and frequency of leaf flushing (b) in semi-deciduous (n = 11), deciduous (n
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shrubs (n=9), and sub-shrubs (n=4). Grey horizontal bars highlight the rainy season months.

TABLE III
Mean Vector value (1), which in this case, represents the average angle difference between the beginning and the peak of
leaf fall. The mean vector was calculated for all species together (n=15), and species grouped by phenological strategy (11
semi-deciduous, 2 deciduous, and 2 semi-deciduous) and growth form (9 shrubs, 4 sub-shrub, and 2 trees). The angle was
transformed into days considering 1 day = 0.9863 degrees as an estimative of the number of days between the two dates.
Watson-Williams test was used to compare the Mean Vector among groups. Different letters correspond to different mean
vector values, according to Watson-Williams test that was used to compare the Mean Vector among the groups.

Mean vector (L1) Length of mean vector (r)  N° days between leaf fall beginning and peak
All species™ 116° 0.647 118
Phenological behavior

Evergreen 5304 0.964 54
Semi-deciduous 123°° 0.674 125
Deciduous 147°¢ 0.863 149
Growth form

Tree 102°° 0.648 103
Shrub 121°° 0.67 123
Sub-shrub 115°* 0.61 117

*When all species were analyzed together, data was strongly influenced by groups with different phenological strategies and growth
forms that have more species and consequently, more individuals (e.g., semi-deciduous and shrubs).
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higher leaf fall intensity and lower leaf flushing
frequency than trees and shrubs. The leaf flushing
frequency was almost constant for trees. Sub-
shrubs, shrubs, and trees differed from each other
in their leaf fall beginning (Watson-Willians, P<
0.01 for both pairs, Table II). The circular analysis
pointed out a central tendency of sub-shrubs leaf
fall to begin in March (Z = 28.77; P< 0.001), and
shrubs (Z = 54.559; P < 0.001) and trees, in April
(Z=14.141; P <0.001). The leaf fall peak only
differed between shrubs and sub-shrubs (Watson-
Willians, P< 0.01) (Table II). The peak of leaf fall
for sub-shrubs was in July (Z=19.672; P <0.001)
and for shrubs it was in August (Z = 50.862; P <
0.001). The timing between the beginning and the
peak of leaf fall did not differ among growth form
groups (Watson-Willians, P> 0.05 for all pairs)
(Table III).

DISCUSSION

BIF species exhibited different leaf exchange
patterns in response to the stressful conditions
imposed by this environment. The majority of
species had a semi-deciduous behavior and shed
their leaves mainly during the dry season, with the
leaf flushing at the end of this season. Despite the
remarkable dry season, our results lead us to suggest
that photoperiod, more than precipitation, drives

the leaf phenology of BIF species, independent of
growth forms (trees, shrub, and sub-shrub).

In dry environments, evergreen and deciduous
species coexist in different proportions, depending
upon humidity and soil conditions (Murphy 1986).
BIF species were initially posited to exist under
a trade-off between two conflicting priorities:
replacement of leaves in the face of temporal
availability of resources (deciduous species) or
maintenance of leaves (evergreen species) in face
of general resource poverty. According to Grime
(2002), species in the least fertile environments
retain their crowns to save resources, thus behaving
mainly as evergreens. In this study, only two
species were evergreens and we found mostly semi-
deciduous species. Grime’s hypothesis was that
few species would lose all their leaves in stressful
environments and our present study supports this,
as only 13% of species were deciduous. The timing
between leaf fall beginning and peak observed in
this work could be an indicative of different leaf
life-span among evergreen, semi-deciduous, and
deciduous species, with a longer leaf life-span in
the first two groups of species when compared to
the last one. Species with long leaf lifespan would
have a strategy to reduce the nutrient cycling rates
between plants and soil, minimizing leaching loss
(Monk 1996). This includes the highly efficient
nitrogen translocation from old leaves to the new
organs sinks (Hikosaka 2005).

The slow growth of species under stressing
periods can also be interpreted as an important
defense mechanism, like an escape strategy against
some herbivores. Considering the preference of
herbivores for young leaves, instead of expanded
ones (Lieberman and Lieberman 1984), plants
should avoid their production of buds during the
peak period of folivory activity. The leaf expansion
during low rainfall could reduce leaf consumption
by herbivore insects (Murali and Sukumar 1993),
as they emerge from their diapauses after the first
rains (Wright 1996). According to our data, leaf
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shooting restarted at the end of the dry season for
deciduous and semi-deciduous species. The start
of shoot growth a few months before the rainy
season could prevent herbivore damage. This may
be an adaptive behavior in tropical ecosystems, to
the increase of day length after the spring equinox,
which is an indicator of the upcoming rainy season
(Riveira et al. 2002). Early shooting, before the
wet season, allows plants to maximize their growth
when this favorable growing period arrives (Bollen
and Donati 2005). Therefore, plants from different
but unproductive and dry environments could
respond with similar strategies to save energy,
regardless of geographical area.

Another important factor is the anti-herbivore
defense. Species with persistent leaves have better
defense mechanisms than species with ephemeral
leaves (Coley and Barone 1996). Then, to escape
from injury and offset the low investment in
defense mechanisms, leaves of deciduous and
semi-deciduous species may expand quickly, flush
synchronously, or be produced during the dry
season when herbivores are rare (Coley and Barone
1996), like observed in our study.

Leaf phenological behavior seems differed
among study species’ growth form; however, we
are aware of the limitations of low number of tree
species, which is a consequence of low diversity
of tree species in the studied open herbaceous-
shrub vegetation. Sub-shrubs species had earlier
leaf fall and leaf flushing diapauses than trees and
shrubs. The majority of the studied species were
considered shrubs, a predominant growth form for
plant species that occur in BIF environments. In
general, they exhibited leaf fall increasing during
the dry season and leaf flushing increasing at the
end of the dry season, with the highest frequency
during the rainy season. It had been mentioned
that shrub species from stressful environments can
extract water from dry soils at low water potential
or present root foraging strategy that enhance
water uptake (Butcher et al. 2009, Messias et al.
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2011). Further investigations involving growth
form and root systems in ferruginous fields are
required (Schenk and Jackson 2002) to clarify their
consequences on leaf phenology.

The timing of leaf fall and leaf flushing are
usually linked with changes in environmental
conditions (Fenner 1998). This study shows an
important relationship between photoperiod and
the synchrony of phenological events. Leaf fall
intensity showed a significant negative relationship
to photoperiod of the previous month. Dominant
effect of photoperiod as a predictable trigger of
phenology when compared to rainfall was also
found by Marques et al. (2004) for different life
form species of Araucaria Forest in Southern
Brazil. Considering that in the tropics, the inter-
annual variability in rainfall is large (Borchert
1998) and the photoperiod does not change
from year to year or with climate (Bauerle et al.
2012), the decline of photoperiod appears to be
an inductor of high synchronism in the timing of
leaf abscission. The beginning of leaf shedding and
decreasing of new leaf production would be then
heralded by the coming dry season. The decrease in
day length indicates an upcoming less productive
season and its increase, after the spring equinox,
indicates an upcoming rainy season (Riveira et
al. 2002), which can be a favourable period for
plant growth. In BIF, trees show continuous leaf
flushing, but shrubs and sub-shrubs, which are the
most common growth form in this environment,
increase new leaf production at the end of dry
season. The photoperiodic modulation on leaf
phenology of BIF species certainly promotes their
fitness in this stressful environment by optimizing
their photosynthetic gain during the wet season.
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