Trees (2016) 30:1495-1505
DOI 10.1007/s00468-016-1383-8

=
@ CrossMark

ORIGINAL ARTICLE

Periodicity and environmental drivers of apical and lateral growth

in a Cerrado woody species

Fabio Bosio' - Sergio Rossi” -+ Carmen R. Marcati'

Received: 3 August 2015/ Accepted: 4 March 2016/ Published online: 23 March 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract

Key message Apical and lateral growth are seasonal in
a Cerrado species, and these events are related to each
other and linked with climatic and environmental
features.

Abstract In the Cerrado, a tropical ecosystem with sea-
sonal rainfall, we investigated the timing of leaf production
and cambial activity, and checked whether these features are
related to each other and with climatic and environmental
factors. Between September 2011 and December 2012,
sampling of main stem and vegetative phenological obser-
vations of Kielmeyera grandiflora (Wawra) Saddi (Calo-
phyllaceae) were done monthly to assess seasonality in leaf
production and cambial activity, and to compare these fea-
tures with each other. To check the relationship of bud
opening and the onset of cambial activity with climatic and
environmental features, the average temperature and day
length, and the precipitation sum in a time window ranging
from 1 to 30 days before the occurrence of these events were
recorded, and the coefficient of variation was calculated.
Leaf production and cambial activity were seasonal. Bud
opening occurred in September 2011 and August 2012,
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during the dry season. The onset of cambial activity occurred
in October both in 2011 and 2012, 1-2 months after bud
opening, at the beginning of the rainy season. The cambium
was dormant in May, during the rainy season. Photoperiod
and temperature showed low coefficients of variation in the
time window before bud opening and onset of cambial
activity, while rainfall presented a high coefficient of vari-
ation. Thus, both apical and lateral growth are seasonal
events in Cerrado species, and are related to each other. A set
of climatic and environmental features is related with sea-
sonal growth, among which photoperiod and temperature
may be important in the regulation of these events.

Keywords Budding - Cambium - Kielmeyera
grandiflora - Leaf production - Phloem - Xylem

Introduction

Tropical ecosystems show great diversity in plant species
and functional types (Borchert 1999; Clarke and Gaston
2006). Due to this diversity, different patterns of activity in
apical (buds) and lateral (vascular cambium) meristems are
expected. Among growth patterns, seasonal growth is a
common feature in tropical species (see Venugopal and
Krishnamurthy 1987; Rivera et al. 2002). Considering the
relationships between apical and lateral seasonal growth,
bud opening and activation of the vascular cambium may
be related in some species, but no definitive rule could be
drawn (see Rajput and Rao 2001b; Morel et al. 2015).
These observations give origin to the following question:
do apical and lateral growth in tropical trees consist of
phenologically related events?

Concerning the relationship between bud opening and
environmental features, the increase in photoperiod is the
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major signal involved in bud opening in a representative
number of tropical species (Rivera et al. 2002; Yanez-
Espinosa et al. 2006). However, a positive relationship
between maximum temperature and bud opening was
observed in three tropical species from Mexico (Yafez-
Espinosa et al. 2006), suggesting the importance of this
feature in bud reactivation. Although temperature appears
to be an important feature related to bud opening, infor-
mation on this relationship is still scarce for tropical
species.

Regarding the relationships between seasonal lateral
growth and climatic factors, the rainy period has been
linked with the seasonality in cambium activity (Rao and
Rajput 1999; Marcati et al. 2006a, 2008; Costa et al. 2013).
In some species, the onset of cambial activity is syn-
chronous with the onset of the rainy season (Krepkowski
et al. 2011; Wang et al. 2013), and in many species the
period of cambial activity and radial increment overlaps the
rainy season (see Aljaro et al. 1972; Rao and Rajput 1999;
Dié et al. 2012). Worbes (1995) states that a period of
2-3 months with less than 60 mm of monthly rainfall
generates water stress and induces dormancy of the vas-
cular cambium. In many species, the vascular cambium
remains dormant during the dry season (Rao and Rajput
2001; Marcati et al. 2006a, 2008). However, some histo-
logical studies show that in areas with seasonal rainfall the
onset of cambial activity can occur just before the start of
the rainy season in some species (Dave and Rao 1982; Rao
and Rajput 2001), which raises the question whether fac-
tors other than precipitation may be related to reactivation
of the cambium.

The Cerrado is a Brazilian phytogeographic domain in
the tropical zone (see Coutinho 2006). The Cerrado has
various kinds of vegetation, including a savannah vegeta-
tion, known as cerrado sensu stricto (Oliveira-Filho and
Ratter 2002). Rainfall in the Cerrado is seasonal: there is a
rainy season in October—April, and a dry season in May—
September (Coutinho 2002). There is also a seasonal
variation in temperature between summer and winter: the
summers are hot and winters are cold (Coutinho 2002). As
the Cerrado has many species with signs of seasonal apical
and lateral growth (see Coradin 2000; Rivera et al. 2002;
Marcati et al. 2006b), it is an ideal environment to study
the relationships between seasonal weather and periodic
growth.

In this study we assessed the periodicity and environ-
mental drivers of apical and lateral growth in Kielmeyera
grandiflora (Wawra) Saddi (Calophyllaceae), a Cerrado
woody species. K. grandiflora is a typical species from the
Cerrado areas (Durigan et al. 2004; Santos et al. 2011;
Caddah et al. 2012), and is found in all states of Brazil
where this phytogeographic domain occurs. As some spe-
cies of the same genus have signs of seasonal apical and
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lateral growth (see Coradin 2000; Marcati et al. 2006b),
this raises the possibility that K. grandiflora may have
meristems showing periodic activity.

Materials and methods
Study site

The study was conducted in a “cerrado sensu stricto” area
in Rubido Junior district (22°53'11"S, 48°29'17"W),
Botucatu, Sao Paulo, Brazil. The vegetation in the area is
composed of a herbaceous-shrub layer in association with
sparse trees. The climate is warm temperate, with annual
mean temperature of 20.3 °C; the minimum temperature in
the coldest month can reach 0 °C, and the maximum in the
warmest month 40 °C (see Coutinho 2002; Cunha and
Martins 2009). The annual rainfall of 1400-1500 mm is
distributed throughout the year, although a dry period
occurs between May and September (see Coutinho 2002;
Cunha and Martins 2009). The soil is classified as oxisol, a
deep and low nutrient availability soil with high concen-
trations of aluminium and iron (Motta et al. 2002).

Bud and leaf phenology

Bud and leaf phenology in K. grandiflora were monitored
monthly from September 2011 to December 2012. In each
field visit the phenology was recorded on a number of
sample trees varying between 22 and 45. The low height of
trees facilitated the observations of phenological phases
(see Table 1 Supplementary data). The phenological pha-
ses were identified according to the Morellato et al. (1989)
procedure, modified by the addition of subdivisions in
some categories. The phenological phases observed were:
(a) leaf primordium emergence, the appearance of the red
or light-green coloured leaf primordia; (b) young leaves,
characterized by expanding, red coloured leaf blades;
(c) expanded leaves, fully expanded, bluish-green leaves;
(d) senescent leaves with colour changing to yellow or with
brown spots on their surface; (e) leaf fall, when at least one
of the following characteristics were observed, the leaf
drops easily from the branch, presence of leaf scars at the
apex of the branch, presence of voids in the canopy or
leafless branches.

A semi-quantitative value was attributed to each phe-
nological phase according to the Fournier (1974) proce-
dure, modified by a reduction in the number of
phenological classes, and redistribution of percentages in
the remaining values. The assigned values ranged from O to
3, whether a phenological phase was lacking (0), present on
between 1 and 50 % (1), between 50 and 70 % (2), or more
than 70 % (3) of the crown.
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Cambial activity and differentiation of vascular
tissues

Activity of the vascular cambium in K. grandiflora was
monitored monthly from September 2011 to December
2012. Three to five different trees were checked on each
date. A sample of approximately 2 cm?®, containing bark,
cambial zone and the recently formed secondary xylem
was taken from each tree at breast height. They were
removed from the main stem with a saw, hammer and
chisel. In periods when the bark separated easily from the
trunk (bark slippage), sampling was performed with a saw
and stylus.

Samples were stored for about 1 month in CRAF III
fixative (chromic acid, glacial acetic acid and formalde-
hyde, Berlyn and Miksche 1976). After fixation, cubes of
3 mm? were cut from the samples, dehydrated in ascending
alcohol series, and passed through a process of pre-infil-
tration with a solution of methacrylate resin and ethanol
99.9 % (1:1) for 7 days. Samples were infiltrated with pure
methacrylate resin for 25-30 days, and embedded in
methacrylate resin (Bennett et al. 1976). They were then
sectioned at 4-5 um along the transverse, tangential and
radial planes using a rotary microtome. The sections
obtained were stained for 5 min with toluidine blue in
phosphate buffer pH 4.7 that produced a metachromatic
staining (O’Brien et al. 1964; O’Brien and McCully 1981),
and observed under a light microscope at magnifications of
400-1000x.

The vascular cambium was considered active when
signs of cell division in the cambial zone were observed in
terms of mitosis phases, phragmoplast and newly formed
anticlinal or periclinal cell walls in the initial and mother
cells (Evert 1963; Farrar and Evert 1997; Frankenstein
et al. 2005). The dormant period occurred when there was
no evidence of cell divisions in the cambial zone, and, in
tangential sections, the radial walls of fusiform initial and
mother cells were thick, and with prominent primary pit-
fields, giving the radial cell wall a “beaded aspect”. Sec-
ondary xylem was considered in differentiation when at
least one of the following characteristics was observed:
enlargement of xylem derivatives, deposition of secondary
wall and lignification (see Evert 2006). Secondary phloem
was considered to be differentiating when the enlargement
of phloem derivatives and/or dispersion of P-protein and
presence of nuclei in the developing sieve-tubes was
observed (see Evert 2006).

Climatic data and data analysis
Temperature and rainfall data were obtained from the

weather station belonging to the Faculdade de Ciéncias
Agronomicas, Universidade Estadual Paulista, installed in

an open field located 9 km from the study site. Photoperiod
data were obtained from Time and Date website (Time and
Date 2014).

Weather data were averaged (temperature and pho-
toperiod) or cumulated (rainfall) at time windows varying
between 1 and 30 days preceding the events of leaf pri-
mordia emergence and cambium activity. As variability
depends on the sample mean, the coefficients of variation
were calculated to evaluate the variability between years,
which allowed the measure of dispersion (standard devia-
tion) to be standardized to the mean.

Vouchers

Vouchers were deposited at the Herbarium “Irina Delanova
De Gemtchujnicov” (BOTU) and stem samples were
deposited in the Wood Collection “Profa. Dra. Maria
Aparecida Mourdo Brasil” (BOTUw).

Results
Bud and leaf phenology

All phenological phases showed a clear seasonal pattern
(Fig. 1). Leaf primordium emergence occurred with high
intensity once per year, in September 2011 (52.17 % of
trees) and August 2012 (86.67 % of trees). The peak was
followed by a drastic reduction in leaf primordium emer-
gence, occurring only on a few branches of the crown.
Young leaves peaked in the same months as leaf pri-
mordium emergence, but decreased gradually in the suc-
cessive months (between 7 and 86 % of trees still showed
young leaves in October-May).

Expanded leaves were sporadic in September 2011 and
August 2012, being leaves remaining from the previous
growth period. In October 2011 and September 2012,
1 month after the peaks in leaf primordium emergence and
young leaves, an abrupt increase in mature leaves was
observed (from 13 to 100 % in 2011 and from 13 to 86 %
in 2012), indicating that leaf expansion was nearly com-
plete. The trees were fully foliated until April 2012, when
the percentage of trees with mature leaves began to
decrease. This reduction occurred until August 2012.

Leaf senescence and leaf fall spread over several
months. The first senescent leaves were observed in
November of both years, but on a small number of trees
and with low intensity (between 4 and 5 % of trees). From
February 2012, 70 % of trees had senescent leaves, but
with low intensity, and in August trees were almost without
senescent leaves. Leaf fall began in February, and
increased during the following months, culminating in
July, when more than 90 % of the trees lost their leaves,
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and 57 % were classified at the degree 3 in phenological
scale. In August, the last leaves fell. In September 2012, a
fire occurred in the study area that led to the fall of the
young leaves. Regarding the leafless period, in general
trees remained without leaves for 20 days; some were
leafless for 30 days (n = 4), and others for 45 days
(n = 3). Thus, this species was considered to be deciduous.

Cambial activity and differentiation of vascular
tissues

The vascular cambium showed seasonal activity (Figs. 2, 3).
In September 2011 and between May—September 2012 the
vascular cambium was dormant, without evidence of cell
division (Fig. 3a). In this period, the radial walls of fusiform
initial cells in tangential sections were thick with numerous
pit fields, giving the wall a “beaded” aspect (Fig. 3b). The
onset of cambium activity occurred in October in both years
(Fig. 2a), when signs of cell division in the cambial zone
were observed in terms of mitosis, phragmoplast (Fig. 3d, f)
and newly formed anticlinal or periclinal cell walls (Fig. 3e).
In this period, the radial walls of fusiform initials in tan-
gential sections were thin and smooth, and primary pit fields
were not prominent (Fig. 3f). The differentiation of xylem
and phloem was also seasonal (Fig. 2b, c¢), and these pro-
cesses were simultaneous with the beginning of cambium
activity. Phloem and xylem differentiation extended until
May and June, respectively, about 1 and 2 months after the
end of cambial activity. The vascular cambium remained
active for seven months and differentiation of secondary
xylem and phloem occurred for about 8—9 months.

Relationship between bud opening and vascular
cambium

In both years, the onset of vascular cambium activity and the
beginning of xylem and phloem differentiation occurred in
October, 1-2 months after leaf primordium emergence. In
this period, more than 60 % of trees showed the leaves fully
developed. Dormancy of vascular cambium and ending of
xylem and phloem differentiation corresponded with the
increasing of senescent leaves and leaf shedding.

Climatic and environmental features
during the monitoring

Between August 2011 and December 2012, the mean
temperature was 22.1 °C, with an absolute minimum of
2.4 °C recorded in August 2011, and an absolute maximum
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of 36.2 °C recorded in February 2012 (Fig. 4a). A variation
of 2.9 h of daylight occurred during the year between the
shortest and longest day, from a minimum of 10.6 h in
June, at the winter solstice, to a maximum of 13.5 h in
December, at the summer solstice (Fig. 4b). The site
received a total of 2526 mm of rain during the study per-
iod, of which 1895.8 mm fell during 2012. The distribution
of rainfall was irregular: two rainy seasons occurred,
between October 2011 and June 2012 (1745 mm) and
between October and December 2012 (682.1 mm). Two
dry periods were also observed: in August—September 2011
(24.8 mm) and July—September 2012 (74.1 mm) (Fig. 4c).

Relationship between phenology and climatic
and environmental features

The peaks of leaf primordium emergence and new leaves
occurred during the dry period, when the photoperiod was
increasing to 11 h. Most mature leaves were present during
the rainy season. Leaf senescence and leaf fall started in the
rainy period, but the higher intensity of leaf fall occurred
during the dry period. The onset of vascular cambium
activity and the beginning of xylem and phloem differen-
tiation occurred at the beginning of the rainy season, when
the mean temperature was 21.7 °C, and day length was
close to 12 h. The dormancy of the vascular cambium
started when rainy events were still abundant, with a mean
temperature of 18.9 °C and day length of less than 12 h.

Coefficients of variation from climatic
and environmental features

In a time window of 30 days, both leaf primordium
emergence and onset of vascular cambium activity showed
the same pattern as the weather coefficient of variation
(Fig. 5). The minimum, mean and maximum temperatures,
as well as photoperiod, showed lower coefficients of vari-
ation within the time window (between 0.06 and 16.09),
while precipitation showed higher values (141 for leaf
primordium emergence, between 61 and 141 for onset of
vascular cambium activity). Variations in the coefficients
of variation of rainfall and photoperiod were constant,
while the coefficients of minimum, mean and maximum
temperature showed the greatest variability.

Discussion
Periodicity of meristem activity

In this study, the growth dynamics of apical and lateral
meristems of K. grandiflora were monitored monthly from
September 2011 to December 2012. The results show that
this species has a clear seasonal pattern in leaf production,
cambium activity and differentiation of secondary vascular
tissues. Tropical ecosystems are composed of a mosaic of
functional types, where apical and lateral seasonal growth
is one of the patterns (see Borchert 1999, 2000). The sea-
sonal apical and lateral growth in K. grandiflora represents
a variation in leaf development and radial growth over
time, and confirms the existence of seasonal growth in
Cerrado species. Regarding the functional type, the results
show that K. grandiflora is a deciduous species. Similar
results were found in K. coriacea, a sympatric deciduous
species, where the leafless period ranged between 20 and
30 days (see Coradin 2000; Lenza and Klink 2006).
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Fig. 3 Cambial activity and differentiation of vascular tissues of K.
grandiflora. a, b dormant cambium. a Narrow cambial zone in
transverse section in September 2011 (double arrow). b Fusiform
cambial cells with beaded aspect of radial walls in tangential sections.
c—f Active cambium. ¢ Cambium with dormant aspect in transverse
section of October 2011, without signs of cell division in cambial
zone (double arrow), but with presence of mitosis in a cell from

Leaf development and cambial activity

In K. grandiflora, the onset of cambial activity in the main
stem occurred when the new leaves were completing their
development, 2 months after leaf primordium emergence.
The scientific literature is rich in examples of tropical
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cambial zone at radial view in October 2011 (d). e Active cambium in
November 2011, with phloem (Pd) and xylem (Xd) differentiation;
arrows show new cell walls formed in cambial zone (double arrow).
f Thin cell walls and phragmoplast (arrows) in tangential sec-
tion. Scale bar d 20 pm; a, ¢, e = 50 pum; b, f 100 pm. CZ cambial
zone; X secondary xylem; P secondary phloem

species with the cambium reactivating either before, during
or after bud opening (see Venugopal and Krishnamurthy
1987; Rao and Rajput 1999; Rajput and Rao 2001a, b),
indicating the co-existence of distinct patterns relating bud
opening and cambium reactivation in plants. As in K.
grandiflora, in some diffuse-porous deciduous species the
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resumption of cambial activity and formation of the first
vessel elements occur after bud opening (see Lu and Chi-
ang 1975; Dave and Rao 1982; Suzuki et al. 1996), and it
seems that this is the common pattern among these species.

Some authors propose that the reactivation of vascular
cambium is related to plant hormones, in particular auxin
(Larson 1969; Lachaud et al. 1999; Li et al. 2013). In trees,
most auxin is produced in the apical regions during leaf
emergence and expansion (Berleth et al. 2000; Ljung et al.
2001; Aloni et al. 2003), and moves basipetally along the
stem (Sachs 2000). Larson (1969) proposed that the auxin
produced in apical buds is responsible for the basipetal
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window of 30 days before leaf primordium emergence and onset of
vascular cambium

reactivation of the vascular cambium, leading to a temporal
lag between auxin production and the onset of the vascular
cambium. However, in some species the resumption of
cambial activity occurs before bud burst (Rossi et al. 2009;
Li et al. 2013), suggesting that cambium reactivation may
be more related to the sensitivity of cambium cells to the
presence of auxin in the cambial zone, irrespective of its
amount (Baba et al. 2011). In addition, manipulation
experiments with local heating of the stem induced a
resumption of cambial growth in conifer species, indicating
that this meristem does not necessarily require auxin from
young needles for its reactivation (Gricar et al. 2006;
Begum et al. 2010). However, the observed lag between
leaf primordium emergence and onset of cambium activity
in K. grandiflora supports the idea proposed by Larson. In
this species, it is possible that the auxin produced in apical
buds may be involved with the resumption of cambial
activity.

In both years, the onset of cambial activity occurred
when leaves of the new crown were almost fully expanded
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and mature. Furthermore, as observed in other tropical
species, the central period of cambial activity and differ-
entiation of secondary vascular tissues occurred when trees
were with completely developed foliage (Rajput and Rao
2001a; Marcati et al. 2006a, 2008; Trouet et al. 2012). The
leaves are the main organ related to the production of the
carbohydrates and hormones, such as auxin, necessary for
the growth and development of the plant (Kozlowski et al.
1991; Ljung et al. 2001). The young leaves are photosyn-
thetically active, but the use of reserves for their respiration
usually exceeds the production of photosynthates by pho-
tosynthesis, therefore their early growth is strongly
dependent on the carbohydrates stored in the stem in the
form of starch, or in the nearby old leaves (Kozlowski et al.
1991; Deslauriers et al. 2014). As K. grandiflora is a
deciduous species, canopy renewal occurs during a deter-
minate moment of the year, and the new foliage takes
1-2 months to complete its development. Thus, cambium
activity and differentiation of the vascular tissues occur
when the leaves have completed their development and can
act as active sources of carbon, supplying the growth of
lateral tissues with recently-produced photosynthates.

Meristem reactivation versus climatic
and environmental features

In K. grandiflora, leaf primordium emergence and the
onset of vascular cambium activity occurred when pho-
toperiod was increasing, while the cambium became dor-
mant when photoperiod was decreasing. Moreover, both
leaf primordium emergence and cambium reactivation
showed low coefficients of variation of photoperiod in the
30-day time window before these events, indicating a
strong homogeneity of this environmental factor between
the two study years. The annual cycle of change in pho-
toperiod represents a constant signal for plants (see Rossi
et al. 2006), and the perception of light by phytochrome
provides a temporal mechanism that ensures that bud
opening and the onset of cambium occur at an appropriate
time of the year (Smith 2000). Our data suggest that
changes in photoperiod may explain the observed syn-
chronization of both leaf primordium emergence and onset
of cambium, and corroborates the relationships between
phenology and photoperiod in tropical species (Rivera et al.
2002; Yanez-Espinosa et al. 2006).

Temperature also showed low coefficients of variation for
both leaf primordium emergence and onset of cambium
activity, providing evidence on the importance of this cli-
matic factor for growth resumption in this species. In tem-
perate regions, the breaking of dormancy and cambium
reactivation are directly linked to temperature (Wesotowski
and Rowinski 2006; Deslauriers et al. 2008; Caffarra and
Donnelly 2011). For dormancy breaking, it is necessary that
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the plants are exposed to low temperatures (chilling process),
and accumulate a certain heat sum (forcing process). For the
onset of cambium, Deslauriers et al. (2008) observed that
high spring temperatures above the historical average pro-
moted both cambium reactivation and xylogenesis in a
conifer species at the Italian timberline. However, for trop-
ical species, information on the relationship between tem-
perature and growth reactivation is still scarce, and few
papers report a positive relationship between maximum or
minimum temperature and apical and lateral growth (see
Ajmal and Igbal 1987; Rajput and Rao 2001a; Yaiez-Espi-
nosa et al. 2006; Venugopal and Liangkuwang 2007).

Leaf primordium emergence occurred during the dry
season, when rainfall was low, and precipitation showed
high coefficients of variation within the 30-day time win-
dow before bud opening. These results suggest that rainfall
is not a determinant feature for bud opening in K. gran-
diflora. Similar results were observed in other tropical
ecosystems, where bud opening occurred at the end of the
dry season (Deshpande and Rajendrababu 1985; Rao and
Rajput 2001; Rivera et al. 2002). Some tropical species
access the water stored in deep soil or in stem tissues in the
dry season, which enables them to produce new leaves
before the onset of rains (Borchert 1999). Jackson et al.
(1999) observed that another Cerrado Kielmeyera species
accesses water in the deep soil, allowing it to produce new
leaves during the dry period. Similarly, K. grandiflora
probably accesses the water in deep soil to begin producing
new leaves during the dry period.

The onset of vascular cambium in many tropical species
occurs together with the onset of rains, and the cambial
activity and secondary tissue differentiation are correlated to
the rainy season (see Rajput and Rao 2001a; Yafiez-Espinosa
etal. 2006; Krepkowski et al. 2011). However, in studies that
explored cambial activity at the histological level, it is
observed that the onset of cambial activity may occur at the
end of the dry season, when the first rains have still not fallen
(Dave and Rao 1982; Rajput and Rao 2001b). In the present
study the onset of cambial activity coincides with the
beginning of the rainy season, but the high coefficients of
variation of rainfall data over the 30-day time window before
the onset of cambium show that rainfall is highly variable,
indicating that this factor is not a good indicator for the
resumption of cambial activity. However, like other tropical
species, it seems that rainfall is important for cambial
activity as a whole, since the period of cambial activity in K.
grandiflora overlaps with the core of the rainy season (see
Rajput and Rao 2000; Marcati et al. 2006a, 2008; Trouet
etal. 2012; Wang et al. 2013).

The cambium completed its activity in May 2012, a
period with heavy rains and high temperatures, 2 months
before the end of xylem and phloem differentiation. The
process of formation of xylem and phloem is composed of
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a number of steps initiated with the formation of new cells
by the cambium (Fukuda 1996). Moreover, the completion
of secondary xylem differentiation is not always simulta-
neous with the onset of cambium dormancy (Gricar et al.
2005). Rossi et al. (2006) observed that the highest growth
rates in conifers occurred before the period of the year with
higher temperatures, allowing plants to complete the
deposition of secondary wall and lignification before win-
ter, in a period when conditions are still favourable to
growth. The Cerrado domain is characterized by a dry and
cold winter, when the monthly rainfall is less than 60 mm
and temperatures can dip to freezing (Coutinho 2002). Our
results suggest that cambium dormancy in K. grandiflora in
a period still favourable for growth occurs before winter so
that secondary vascular tissues finish differentiation under
favourable conditions. These results are in agreement with
the observations on other tropical species experiencing
seasonal environments (Lu and Chiang 1975; Deshpande
and Rajendrababu 1985).

The results show that both apical and lateral growth are
seasonal events in K. grandiflora. The onset of cambial
activity occurs after bud opening, corroborating the pattern
for deciduous tropical species with diffuse-porous wood.
Photoperiod and temperature are more constant signals for
bud opening and the onset of cambial activity than rainfall,
and development of vascular tissues occurs when new
crown leaves are mature and rainfall is abundant. In
addition, the cambium dormancy begins during the rainy
season, allowing vascular tissue development to be com-
pleted under favourable conditions. In conclusion, apical
and lateral growth are seasonal events in Cerrado species,
and are related to each other. A set of climatic and envi-
ronmental features is related with seasonal growth, among
which photoperiod and temperature seem most likely to be
important in the regulation of these events.
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