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Do vegetative and reproductive phenophases of deciduous tropical spe-
cies respond similarly to rainfall pulses?
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Abstract: Variations in duration and intensity of rainfall pulses. Never-
theless, it remains unknown how phenophases of deciduous trees of the
Brazilian semi-arid region respond to rainfall variations. The phenology
of Cordia oncocalyx was monitored in deciduous thorny woodland
(Caatinga), from April 2009 to March 2011, and was correlated with
rainfall, soil humidity, temperature, and photoperiod. The rainy years
2009 and 2011 exhibited higher duration of rainfall pulses and lower
frequency of interpulses, but in 2010 pulse duration and total rainfall
were lower. Circular statistics showed leaf flush followed by flowering
and fruiting in the rainy season, and leaf fall and seed dispersal in the dry
season. Both the vegetative and reproductive phenophases respond
similarly to variations in rain pulses, with adjustments in time, duration,
and intensity, which were correlated with variations in rainfall and soil
humidity, excluding photoperiod as a trigger. Total defoliation occurred
in the driest months of each year, November to December 2009 and
August to October 2010. A sporadic leaf flush in November 2010 was
triggered by occasional rains. Vegetative and reproductive synchronies
were high in rainy years, but in 2010 synchrony was low, flowering was
delayed and reduced, and, despite the low fruiting, we recorded high
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density in the seed bank. Lower synchrony, temporal separation of
phenophases, and storage of fruits on the ground were risk-spreading
strategies used by the population in the dry year, which suggest in-
trapopulation variability in responses to hydric stress. We believe that
this plasticity contributes to high species density in the Caatinga.

Keyword: asynchrony; circular analysis; deciduous; phenology;risk
spreading; seasonality.

Introduction

Plant growth and reproduction in tropical arid and semi-arid
climates are limited by water availability, since rainfall is scarce
and rainfall pulses exhibit high intra- and interannual variation
(Chesson et al. 2004). Plant species that occur in these environ-
ments exhibit multiple risk-spreading strategies to assure their
persistence and reproductive success. Among them we highlight:
high reproductive rates in rainy years (Venable 2007) and stor-
age in the soil seed bank of part of the seeds produced in years of
higher rainfall (Facelli et al. 2005), in order to compensate for
unfavorable years.

Phenological processes are important components of plant fit-
ness, since the time and duration of vegetative and reproductive
cycles affect the capacity of a plant species to establish itself in a
given site (Pau et al. 2011). Therefore, when analyzing the rela-
tionship between the phenology and climatic factors, it is possi-
ble to infer how strongly the lack or abundance of resources
affects reproduction and regeneration (Kelly and Sork 2002).
This information is fundamental not only to understand the
current behavior of a species, but also to predict its responses to
future climatic changes (Walther et al. 2002), especially for
plants of dry seasonal forests, which exhibit phenological pat-
terns regulated mainly by abiotic factors (Sarmiento and Monas-
terio 1983; Van Schaik et al. 1993).

In the woody flora of these environments deciduous species
predominate, whose production of leaves, flowers, and fruits is
correlated with rainfall (Singh and Kushwaha 2005). However,
there are species whose phenophases do not respond directly to
rainfall pulses, but to variations, even slight, in photoperiod and
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temperature (Rivera et al. 2002; Borchert et al. 2005; Elliott et al.
2006). These species have deep roots, store water in the root or
have low-density wood, characteristics that confer independence
from rainfall pulses for triggering the start of phenophases
(Reich and Borchert 1984; Borchert 1994; De Bie et al. 1998;
Borchert et al. 2002).

Deciduous trees with high-density wood that occur in tropical
regions with seasonal climates respond to rainfall seasonality
with overlap between vegetative and reproductive phenophases
(Bullock and Solis-Magallanes 1990) and intrapopulation syn-
chrony of phenophases, as individuals must use quickly the
water available during short periods of rain (Williams et al. 1997;
Sayer and Newbery 2003; Mahall et al. 2010). However, these
phenological strategies may be affected by interannual rainfall
variations. Seghieri et al. (1995) observed that deciduous species
decreased their flowering synchrony in years of reduced rainfall.
Pavon and Briones (2001) and Yadav and Yadav (2008) ob-
served that, in years with below average rainfall, there was delay
and reduction in the production of leaves, flowers, and fruits, as
well as a longer periods without leaves. Asynchrony in flowering
or leaf flush appear as responses of savanna plant species to local
disturbance, such as fire or water stress (Devineau 1999). How-
ever, there is no consensus about these phenological responses,
since Seghieri et al. (2009) concluded from the production rate of
leaves, flowers, and fruits that the vegetative phenophases are
most affected by reduced rainfall.

Woody savanna (Woodward et al. 2004) is the predominant
vegetation in the Brazilian semi-arid region, where it is known as
caatinga, with physiognomies including savanna, scrubland and
woodland (Cole 1960). Corroborating studies carried out in other
seasonally dry regions, some authors have reported that, in the
caatinga, the phenophases of deciduous species with high-density
wood are triggered mainly by rainfall (Machado et al. 1997;
Lima and Rodal 2010). The question that remains is: what are the
effects of intra- and interannual rainfall variations on the pheno-
dynamics of tree populations in the caatinga that express pheno-
phases in the rainy season?

The caatinga occurs on shallow soils with low water storage
capacity and highly variable rainfall (Sampaio 1995). Taking this
into account, populations of deciduous species are expected to
exhibit low synchrony in vegetative and reproductive pheno-
phases and storage in the soil seed bank as a risk-spreading
strategy in years of drought (i.e., when rainfall is below the
historical annual average, and there are more interpulses in the
rainy period) in opposition to high synchrony and high reproduc-
tive rates in rainy years. To test this hypothesis, the phenody-
namic of an adult population of Cordia oncocalyx, a tree with
high-density wood, which is endemic, abundant and characteris-
tic of caatinga vegetation, was analyzed, aiming to answer the
following questions: (1) which abiotic variables (rainfall, tem-
perature and photoperiod) trigger the phenophases?; (2) do varia-
tions in the quantity and duration of rainfall pulses and inter-
pulses affect similarly the beginning, duration, synchrony, and
intensity of vegetative and reproductive phenophases?; and (3)
how do interannual variations in rainfall affect the reproductive
fitness of this species?
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Material and methods
Species description and study area

Cordia oncocalyx Allemdo (Boraginaceae) is a mesophanero-
phyte that occurs in lowlands (< 500 m a.s.l.) on shallow soils of
the crystalline basement in the Brazilian semi-arid region. It has
a restricted geographic distribution (3—7° S and 37-41° W), and
presents flowers arranged in inflorescences of the thyrsus type;
its fruit is of the nuculanium type (Spjut 1994), contains from
one to four seeds, and is involved by a calyx, which is developed
after the fecundation and helps in anemochoric dispersal (Silva
and Machado 1997). C. oncocalyx is one the most abundant
species in the study area (Costa and Araujo in press), has high-
density wood (0.70 grem™; Carvalho 2008), and is harvested for
its timber, energetic, foraging, medicinal, and scenic values
(Lorenzi 2009). The population analyzed is located in a caatinga
(deciduous thorny woodland) fragment of the Serra das Almas
Natural Reserve (5°6’58.1" S and 40°52719.4" W), 368 m a.s.1.

The regional climate is classified as BSh (hot semi-arid, with
rainy summer and dry winter) in the Koppen-Geiger system
(Peel et al. 2007). The climatic diagram in the historical series
(1978-2008) describes a well-defined rainy season (January to
May) and a dry season (June to December) (Fig. 1). Average
annual rainfall is 683 mm, but it varies greatly between years:
recent years with above average rainfall were 2009 (1107 mm)
and 2011 (877 mm), and years with below average rainfall were
2010 (441 mm) (Fig.1). Average annual temperature is 27 °C
with low annual variation, from 21 °C in the coldest months
(March to June) to 36 °C in the warmest months (October to
December). Annual variation in photoperiod is around 36 min.
The shortest day occurs in June (11:49 h) during winter and the
longest day occurs in December (12:25 h) during summer. Data
on rainfall and temperature were obtained from the climatologi-
cal station of the National Institute of Meteorology (INMET),
located in the municipality of Crateus, 25 km away from the
study area and at a similar altitude. The daily and monthly
photoperiods were calculated based on Lammi (2009). Water
availability in the soil was analyzed through monthly sampling
of deformed soil samples. The area of one hectare was divided in
three portions: north, center, and south; in each portion three
plots of 10 m X10 m were randomly selected in order to distrib-
ute the sampling sites so that the whole area was well repre-
sented. Water content of the aliquots taken from the center of
each plot was assessed by the difference between the fresh and
dry weights. Average soil humidity was positively correlated
with rainfall (rs = 0.8625; p < 0.001), and reached the lowest
values, below 6% water content, in the drought season.

Phenological monitoring
Thirty reproductive adult trees, of heights between 8.5 and 12 m

and diameter at ground level between 13.7 and 70.1 cm were
randomly selected from within the 1 ha area. The area was di-
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vided in 100 contiguous plots of 10 X 10 m. The 30 trees were
monitored monthly for 24 months, from April 2009 to March
2011, using binoculars during the day, from 7:00 to 17:00. For
each individual, three vegetative phenophases were observed:
leaf flush, adult leaf, and leaf fall; and three reproductive pheno-
phases: open flower, unripe fruit, and ripe fruit. Leaf flush was
identified as the presence of small light green leaves, both in the
presence of adult leaves and after the period of total leaf fall.

Crateus 5°10'S - 40°40'W (257 m)
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Leaf fall was marked by visible canopy defoliation, presence of
yellow leaves, and ease of leaf fall in the wind. The open flower
phenophase was characterized as the period in which the tree
exhibited flowers in anthesis. The unripe fruits phase was charac-
terized by presence of developing fruits and by formation visible
and green fruits. The ripe fruit phase was when diaspores were
brown and ready to be dispersed.

Crateus 5°10'S - 40°40'W (297 m)
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Fig. 1 Climatic diagram Walter and Lieth, during the historical average (1978-2008) and the study period (2009, 2010, 2011) for Crateis, state
of Cear4, northeastern Brazil. R environment, package climatol (R Development Core Team 2010)

Data analysis

To assess which of the abiotic factors (rainfall, soil humidity,
temperature, and photoperiod) was correlated with the vegetative
and reproductive phenophases, the relationship between abiotic
factors in the month of occurrence of the phenological event and
in the month previous to the event, and the activity and intensity
of each phenophase was analyzed, using a Spearman correlation
test (rs).

To test whether the beginning, duration, synchrony, and inten-

sity of the vegetative and reproductive phenophases were simi-
larly affected by variations in duration and distribution of rainfall
pulses, Heideman was followed (1989). This author suggested
using activity and intensity indexes, since an activity peak re-
flects the maximum number of individuals that exhibit the
phenophase, but not necessarily with maximum intensity, as
maximum intensity can occur even without the phenophase being
expressed by all individuals. For the analysis of activity, we
recorded only the presence or absence of each phenophase in
each observation period. Synchrony of the phenophases was
categorized as: (a) asynchrony, when < 20% of the individuals
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were in the phenophase; (b) low synchrony, when 20%—-60% of
the individuals were in the phenophase; and (c) high synchrony,
when >60% of the individuals were in the phenophase. To ana-
lyze the intensity of each phenophase, the semi-quantitative
method of Fournier (1974) was used, which establishes five
categories in ordinal and interval scale: 0 = 0%; 1 = 1%—-25%; 2
= 26%—-50%; 3 = 51%—75%; and 4 = 76%—-100%. Activity and
intensity were analyzed with phenograms.

To test for seasonality in vegetative and reproductive pheno-
phases, circular histograms were made with the frequency distri-
bution of phenophases for the 30 individuals in the periods (1)
April 2009 to March 2010 and (2) April 2010 to March 2011.
The frequency of occurrence was considered to be the proportion
of individuals in each phenophase. The months were converted
into angles, with intervals of 30°, and then the average angle or
average date (u), the circular concentration (r), and the circular
standard deviation (sd) were calculated. The average angle (u) is
the period around which a determined phenophase was recorded
in most individuals. A Rayleigh test (z) was used to determine
the significance of the angle. When the average angle is signifi-
cant, there is seasonality of the phenophase. The intensity of
circular concentration around the average angle (r) varies from 0
(phenological activity uniformly distributed throughout the year)
to 1 (phenological activity concentrated in a period of the year).
We used the program ORIANA 3 (Kovach 2007) for these ana-
lyses.

To know if and how interannual rainfall variations affect the
reproductive fitness of the species, the number of fruits recently
dispersed in the seed rain, and the number of fruits accumulated
on the ground (soil seed bank) were counted. For estimating the
seed rain, 50 odd-numbered plots were selected. In the center of
each plot a collector of 0.5 m X 0.5 m was installed, suspended at
10 cm above the ground, and the number of fruits in each collec-
tor was counted monthly. For sampling the soil seed bank, the
remaining 50 even-numbered plots were used. In the center of
each plot, a subplot of 0.5 m X 0.5 m was marked out for the
sampling of leaf litter and soil layer of 0-2 cm depth. Two col-
lections were carried out, one in December 2009 and the other in
December 2010, before the period of seed germination.

Results
Vegetative phenophases

As expected for deciduous species of seasonal tropical environ-
ments, the vegetative phenophases were triggered by rainfall and,
consequently, soil humidity. The phenophases ‘leaf flush’ and
‘adult leaf” were positively correlated with rainfall and soil hu-
midity, whereas ‘leaf fall’ was negatively correlated with soil
humidity (Table 1). Although ‘leaf flush’ showed a positive
correlation and ‘leaf fall’ a negative correlation with photoperiod,
the interannual variability recorded at the beginning and on the
average date (Fig. 2) exclude photoperiod as a trigger for these
phenophases.
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Table 1. Spearman correlations (r;) between the abiotic factors and
the phenophases of Cordia oncocalyx from April 2009 to March 2011.

Phenophases RO  RI HO HI TO TI PO Pl

Leafflush  0.72 044 0.71 * * * * 0 0.60
Adultleaf  0.53 072 * 053 -0.66 -044 * *
Activity Leaf fall * * 0 -040 * * * -045 -045
Index Openflower * 046 041 041 * * * *
Unripe fruit  *  0.57 047 0.63 -0.71 -0.67 -0.51 *
Ripe fruit  -0.62 -0.39 -0.45 * * * * -0.62

Leafflush  0.65 * 0.66 * * * 043 0.6l
Adultleaf  0.68 0.79 053 058 -0.59 * * *

Intensity Leaf fall * * 0 -040 * * * 2044 -045
Index Openflower * 046 041 040 * * * *
Unripe fruit ~ *  0.56 047 0.62 -0.72 -0.66 -0.54 *

Ripe fruit ~ -0.63 -0.44 -0.49 * * * *-0.60

R = rainfall; H = soil humidity; T= temperature; P = photoperiod; 0 =
month of occurrence of the phenological event; and 1 = month previous
to the occurrence of the phenological event. * Non-significant results (p
>0.05).

The beginning, duration, synchrony, and intensity of the vege-
tative phenophases were manifested according to intra- and
interannual variations in rain pulses and interpulses (Figures 2a
and 2b). In the years of higher rainfall, 2009 and 2011, leaf flush
was continuous and in high synchrony throughout the rainy
months. However, in 2010, a year with below average rainfall,
three discontinuous leaf flush events were recorded: two during
the rainy season (one in January and the other in April) that were
interrupted by an interpulse (drought) in February, and another at
the end of the dry season (November and December), coinciding
with short rain pulses outside the expected rainy season. During
this atypical leaf flush period in November 2010, low synchrony
was recorded, as only 57% of the individuals re-sprouted (Fig.
2a).

The adult leaf phenophase exhibited a high activity index and,
therefore, high synchrony during the rainy season, in both years.
In 2009, the year of highest annual total rainfall and longest
rainfall duration, intensity decreased only in August, whereas in
2010, it occurred prematurely in June; both periods coincided
with the end of rains. In 2009, leaf fall occurred from June to
October, when it reached 100%. In 2010, leaf fall occurred ear-
lier, from February to December, and trees remained in complete
defoliation for three months, from August to October (Fig.2 A;
B).

Trees that lost their leaves later in 2010 emitted leaves prema-
turely in November, triggered by an occasional rain pulse at the
end of the dry season (rs = -0.4824, p = 0.0069), and showed
higher flowering intensity in the following rainy season, in Feb-
ruary and March 2011 (rs = -0.3815, p = 0.0375; rs = -0.4251, p
=0.0191). However, there was no correlation between the size of
the tree (height and diameter) and the beginning, duration and
intensity of the phenophases (p > 0.05).

All vegetative phenophases were seasonal (Rayleigh Z, p
<0.01), and ‘leaf flush’ was the phenophase with highest season-
ality and shortest duration compared to the phenophases ‘adult



Journal of Forestry Research

leaf” and ‘leaf fall’. The phenophase adult leaf in 2009, a year (r=0.21) among vegetative phenophases (Fig. 2 C).
with above averag rainfall, exhibited the lowest seasonality index

A C—IRain 2009-2011 EZZ3Leaf flush M Adult leat’ T—__JLeaf fall ------- Rain 1978-2008
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30 - - 500 =
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Fig. 2 (A) Activity index and (B) intensity index of Fournier measured for the vegetative phenophases, and monthly rainfall during the study and
the historical average. (C) Circular histograms of the phenophases indicating the average date. Leaf flush (2009-2010: r = 0.62, sd = 56.50°; 2010-
2011: r = 0.69, sd = 49.72°), adult leaf (2009-2010: r = 0.21, sd = 100.54°; 2010-2011: r = 0.54, sd = 63.67°) and leaf fall (2009-2010: r = 0.46, sd =
71.23°;2010-2011: r = 0.84, sd = 32.83°), where r = length of the average vector and sd = circular standard deviation

Reproductive phenophases were positively correlated with rainfall in the month previous to

the event and with soil humidity both in the month of the event
The reproductive phenophases of this species were also triggered and in the previous month. As expected, the phenophase ‘ripe
by rainfall. The phenophases ‘open flower’ and ‘unripe fruit’ fruit” was negatively correlated with rainfall and soil humidity
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(Table 1), since fruit ripening occurs at the end of the rainy 3c). Flowering and fruiting exhibited high synchrony and inten-
season and anemochoric dispersal occurs in the dry season. sity in the rainy years 2011 and 2009, but in 2010, the year with

The phenophases ‘flowering’ and ‘fruiting’ (unripe fruit) were shortest duration of rain pulses and lowest total rainfall, there
short (Rayleigh Z, p < 0.01); the open flower lasted two months was delay in the beginning of flowering and fruiting, low in-
and the unripe fruit, from two to four months, but the occurrence trapopulation synchrony, and low intensity (Fig. 3 A, B).

of ripe fruits was more evenly distributed during the year (Fig.

A C— Rain 2009-2011 C—3 Open flower Unripe fruit I Ripe froit ------- Rain 1978-2008
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A
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] 2 - N -
1o ) 2009-2010 ;L1 2010-2011
Fig. 3 (A) Activity index and (B) intensity index of Fournier measured for reproductive phenophases, and monthly rainfall during the study and
the historical average. (C) Circular histograms of the phenophases indicating the average date. Open flower (2010-2011: r = 0.85, sd = 32.77°),
unripe fruit (2009-2010: r = 0.85, sd = 33.12°; 2010-2011: r = 0.72, sd = 46.65°), and ripe fruit (2009-2010: r = 0.52, sd = 65.40°; 2010-2011: r = 0.59, sd

= 58.03°), where r = length of the average vector and sd = circular standard deviation.

In total 429 fruits were counted in the seed rain of 2009 (17 fruits/m?). In 2009, 1,330 fruits (53 fruits/m?) were counted in
fruits/m?) and only four fruits were counted in 2010 (0.16 the leaf litter and 228 fruits (9 fruits/m?) in the soil layer of 0-2
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cm. In 2010, despite the low fruit production, 762 fruits were
counted in the leaf litter (30 fruits/m?) and 268 fruits (10
fruits/m?) in the soil layer at 0—-2 cm depth.

In the dry year of 2010, lower overlap between reproductive
phenophases (flowering and fruiting) and between vegetative
phenophases was observed (Figs. 2 and 3). In the rainy year of
2009, a longer period of overlap of unripe and ripe fruits (three
months) was observed compared to the dry year (two months). In
the rainy year of 2011, overlap was also recorded between the
phenophases ‘open flower’ and ‘unripe fruit’, and between ‘leaf
flush’, ‘flowering’, and ‘beginning of fruiting’ (in February and
March). However, in the dry year of 2010, overlap was not ob-
served between the phenophases ‘leaf flush’ (January and April),
‘open flower’ (May), and ‘beginning of fruiting’ (June).

Discussion
Vegetative phenology

The beginning of ‘leaf flush’ in C. oncocalyx after the leaf-fall
period and in positive correlation with rainfall and soil humidity
suggests that the first rains activated the vegetative buds and
triggered the production of new leaves. In addition, the sporadic
leaf flush associated with an occasional rain pulse at the end of
the dry season in 2010 might have been a response to increased
soil moisture resulting from occasional rains, as reported by
Sarmiento and Monasterio (1983), Borchert (1994), De Bie et al.
(1998), Singh and Kushwaha (2005) and Elliot et al. (2006).
Although in 2010 leaf flush coincided with an increase in photo-
period, in 2009 there was no sporadic rain in the dry season and
no leaf flush was observed; hence, a possible influence of the
photoperiod was excluded. These results corroborate those of
Rivera et al. (2002), who reported variations in photoperiod
triggered ‘leaf flush’ and ‘leaf fall’ at low latitudes only when
there were no interannual variations in the timing of these
phenophases.

The fact that leaf flush in C. oncocalyx occurred
throughout the rainy months indicates that, despite the quick leaf
flush and development of adult leaves during the first rains, trees
produce new leaves sequentially. This sequential leaf production
in deciduous species occurs due to the low production cost and
the high initial photosynthetic capacity, the latter decreasing with
leaf aging (Kikuzawa 1995). According to the same author, the
non-simultaneous development of leaves minimizes shading and
increases photosynthetic production. Therefore, the sequential
leaf production in C. oncocalyx, associated with spiral phyllotaxy,
should minimize shading and maximize photosynthesis during
the short rainy season.

In C. oncocalyx, the relationship between leaf fall and in-
creased duration and severity of the dry season results in leafless
trees for progressively longer periods, as reported by Pavon and
Briones (2001), Elliott et al. (2006) and Yadav and Yadav (2008)
for other species of seasonally dry tropical environments. How-
ever, Borchert et al. (2002) showed that, in deciduous species
with high-density wood, severe drought reduced the lifespan of

older leaves from eight to four months. Although leaf lifespan
was not monitored here, the leaf fall recorded in February 2010,
one month after leaf flush, resulting from a drought pulse during
the rainy season, indicates that hydric stress and not leaf age was
the main trigger of leaf abscission in C. oncocalyx.

Although high synchrony in vegetative phenophases among
deciduous species of dry seasonal climates is expected (Williams
et al. 1997; Devineau 1999; Mahall et al. 2010), we observed that
this synchrony varied in C. oncocalyx according to interannual
rainfall variations. The low synchrony recorded at the beginning
of leaf fall and in the sporadic leaf flush at the end of the dry
season in 2010 caused intrapopulation variations in response to
hydric stress, as reported by De Bie et al. (1998) and Singh and
Kushwaha (2005). They stated that early leaf production in-
creases fitness because the production of new leaves at the end of
the dry season probably provides a photosysthetic apparatus
ready to work in the following rainy season. Hence, this in-
trapopulational plasticity recorded in C. oncocalyx may confer an
adaptive advantage to this species that faces variable and unpre-
dictable conditions of water availability.

Our results show that the timing of vegetative phenophases is
correlated with seasonal variations in rainfall, including a longer
duration of adult leaves in the rainy year compared with the dry
year. Our results corroborate those of Borchert et al. (2002), who
considered the expression of vegetative phenophases in decidu-
ous species with hard wood to be opportunistic.

Reproductive phenology

The high flowering synchrony in the rainy year recorded for C.
oncocalyx should favor allogamy, as reported by Borchert et al.
(2005) for species of different functional types. However, in the
dry year, fitness was reduced, considering the synchrony and
quantity of fruits produced. This refutes Seghieri et al. (2009),
who concluded that, in savannas, a reduction in rainfall more
strongly affected leaf production than flower and fruit production.
However, these results corroborate those of Pavon and Briones
(2001), Borchert et al. (2004) and Singh and Kushwaha (2005),
who observed that the timing of flowering is determined by
rainfall and water availability in the soil. These results suggest
that the endogenous processes that regulate the timing of vegeta-
tive and reproductive phenophases in C. oncocalyx are similarly
affected by a decrease in rainfall and soil humidity.

Negative effects of years of drought on flowering have been
observed in several species in environments subject to water
stochasticity. These negative effects include: abscission of flower
buds before anthesis (Borchert et al. 2002), reduction in the
number of flowers produced (Pavon and Briones 2001), flower-
ing delay (Yadav and Yadav 2008), reduction in the proportion
of flowering individuals, and flowering inhibition (Seghieri et al.
1995). However, the high flowering and fruiting rates in rainy
years, together with seed storage in the soil seed bank in the dry
year, derived from a part of the fruits produced in rainy years as
observed in C. oncocalyx, corroborate Venable (2007) and Pau et
al. (2011), who concluded that this is a risk-spreading strategy,
since in species that occur in environments with high interannual
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resource variations, high reproductive rates in years of higher
water availability can compensate low rates in years of scarcity.

A sequence of several dry years (Seghieri et al. 1995) or of
several pulses of drought during the rainy season, which is com-
mon in seasonal dry forests (Vieira and Scariot 2006), can cause
population decline due to seedling death. In this case, even a
seed stock in the soil may not be enough to lessen the effects of
frequent drought periods. Hence, if the forecasts of climate
change in arid and semi-arid ecosystems in the southern hemi-
sphere result in even drier climates (Walther et al. 2002; Miles et
al. 2006), a reduction in the rates of fruit and seed production
may cause population decline and compromise the recruitment
and maintenance of endemic species such as C. oncocalyx. To
make more conclusive forecasts, however, our study needs to be
complemented by study of population dynamics.

Whereas the high synchrony of vegetative and reproductive
phenophases in rainy years (2009 and 2011) suggests an adapta-
tion of C. oncocalyx to water seasonality, a decrease in syn-
chrony in the dry year (2010), during interpulses of drought in
the rainy season and during rainfall pulses at the end of the dry
season, reflects intrapopulation variability. In this case, the indi-
viduals that express the phenophases under these conditions are
probably the least demanding in terms of water availability.
However, this result was not related to the size of the tree as
there was no correlation between tree size (height and diameter)
and the beginning, duration and intensity of the phenophases,
similar to the findings of Sayer and Newbery (2003) and Singh
and Kushwaha (2005), but was probably due to the genetic het-
erogeneity of this population in a highly variable environment.

It is important to note that the vegetative and reproductive
phenophases of C. oncocalyx respond similarly to annual and
interannual variations in rainfall pulses and interpulses, with high
synchrony and overlap of phenophases in rainy years, whereas in
dry years there is low intrapopulation synchrony of phenophases,
reduction in reproductive rates, and smaller overlap of pheno-
phases. This corroborates the results of Singh and Kushwaha
(2005), who stated that hydric stress is not only reflected in
longer leaf-fall periods, but also in the temporal segregation
between the vegetative and reproductive phenophases.

Hence, the plasticity recorded in C. oncocalyx in terms of ad-
justments in the beginning, duration, synchrony, and intensity of
the vegetative and reproductive phenophases in response to
interannual variations in rainfall, and intrapopulation variations
in phenology in the dry year, support our hypothesis that, in
deciduous species, both the vegetative and the reproductive
phenophases are adjusted to variations in rainfall pulses. We
believe that this phenological variation confers an adaptive ad-
vantage to these plants, mainly under variable and unpredictable
conditions of water availability, and contributes to the high
density of this species in the caatinga of northeastern Brazil.
However, despite the phenological plasticity and the current
local abundance of C. oncocalyx, if the climate of the Brazilian
semi-arid region becomes even drier as predicted due to climatic
change, the soil seed bank, together with the asynchrony and
smaller overlap in phenophases, considered as risk-spreading
strategies in dry years, and recorded in the present study, may be
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not enough to maintain population sizes or distributions.
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