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A B S T R A C T

Widespread savanna tree species can grow and survive at sites that diverge in water availability and seasonality,
thus these species may be able to adjust their phenology in response to site variations. Here we evaluated
vegetative and reproductive phenology in five woody species whose populations grow at two savannas sites
under divergent climatic regimes, inserted in a large transitional zone between the Amazon forest and the semi-
arid region. Patterns of leaf fall, leaf flush and flowering were recorded monthly for five woody species growing
under longer (LDS) and shorter (SDS) dry seasons. We evaluated the seasonality, the start and peak dates for
phenological events and the associations between phenophases and climatic data. We found a close relationship
between phenological events and site temperatures, with phenological peaks in the LDS occurring, in general,
about one to three months later than at the SDS site. Leaf fall coincides with warmer and drier periods when the
day length is shorter. Leaf production and flowering were associated with increased day length in some popu-
lations. Our results support the hypothesis that the conspecific populations have a high degree of association
with climatic variables, especially temperature and day length, showing distinct phenological responses asso-
ciated to the local climatic differences.

1. Introduction

Phenological events are associated with a wide variety of ecological
processes (Forrest and Miller-Rushing, 2010), and are therefore im-
portant to our understanding of species-level relationships (Goulart
et al., 2005; Zalamea et al., 2011; Dalmolin et al., 2015) and adaptive
mechanisms (Grogan and Schulze, 2012; Worbes et al., 2013; Guan
et al., 2014). Phenology can also explain the temporal organization of
plant communities (Stevenson et al., 2008; Kushwaha et al., 2011; Diez
et al., 2012; Hawes and Peres, 2016; Ryan et al., 2017), because phe-
nological events are linked to climatic and biotic factors (Pau et al.,
2011; Tang et al., 2016), affecting the capacity of plants to acquire
resources for growth and reproduction (Nord and Lynch, 2009; Nord
et al., 2011).

Phenological responses of plant communities may diverge between
sites, even if those sites are similar in species composition (Forrest et al.,
2010). This suggests that climatic parameters are a stronger influence

than species identity in determining phenological behavior (Pau et al.,
2011). This may be especially evident for plant communities of the
Brazilian savanna (Cerrado), where it is possible to find a great variety
of phenological patterns following climatic variations along an ex-
tensive latitudinal and altitudinal gradient (Bulhão and Figueiredo,
2002; Batalha and Martins, 2004; Pirani et al., 2009; Silva et al., 2011;
Rossatto 2013). The wide climatic variations in the Cerrado are due to
its occurrence in disjunctive areas in the Amazon; in a continuous strip
that runs from Brazil’s Northeast to Center-South regions; and in the
Southeast region of the country (Bridgewater et al., 2004). This con-
tinental occurrence subjects Cerrado plant communities to distinct re-
gimes of dry season duration and annual rainfall amount (Alvares et al.,
2013).

In tropical and sub-tropical regions, the amplitude in phenological
events is often correlated with different climatic variables, including
water availability (Dalmolin et al., 2015), photoperiod and light in-
tensity (Yeang, 2007; Zimmerman et al., 2007) and temperature
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variations (Pau et al., 2013). For savannas in particular, water avail-
ability − especially its decrease during the end of the wet season − is
cited as one of the main factors driving leaf fall patterns (Bulhão and
Figueiredo, 2002; Lenza and Klink, 2006; Rossatto et al., 2009; Guan
et al., 2014). Flowering and leaf renewal are concentrated during the
dry period; but especially during the transition from the late dry to the
rainy season, a time of the year when day length and temperatures
increase and first rains begin to fall (Figueiredo, 2008; Lenza and Klink,
2006; Pirani et al., 2009; Borges and Prado, 2014; Dalmolin et al., 2015;
Ryan et al., 2017). The production of leaves and flowers during this
transitional period has some advantages for savanna plants: the canopy
reaches full development and is ready for maximal carbon gain just as
the first rains start (Franco et al., 2005); an early flowering allows
sufficient time for the complete fruit production and seed dispersal,
which increases the success of seed germination and establishment
(Batalha and Martins 2004). However, if the rainy period was delayed,
and plants were not plastic enough to adapt their strategies, they would
suffer from prolonged drought.

Although a typical regime of alternation between dry and rainy
periods prevails in the savannas, the duration of the dry season, dis-
tribution of precipitation, average air temperatures and day length
duration are highly variable (Rivera et al., 2002; Silva et al., 2008;
Alvares et al., 2013). Temperature and day length are considered im-
portant drivers for phenological events in savanna species (Rivera et al.,
2002), especially for vegetative growth. Ascertaining how species re-
spond to such differences enables the predictions of changes in phe-
nological events and of population dynamics, and contributes im-
portantly to the assessment of how climate change affects natural
populations (Franco et al., 2014). The use of conspecific populations
(represented by individuals of the same species, but growing at dif-
ferent sites) is an interesting approach to comprehend local adaptations
to climatic aspects (Panchen and Gorelick, 2016).

In the present study, we evaluated vegetative and reproductive
phenology in five species whose populations grow at two savannas sites
(Cerrado), under distinct climatic regimes, in a large transitional zone
between the Amazon forest and the semi-arid region. These sites exhibit
differences in the duration of the dry season: one of them shows higher
total rainfall, but a longer dry season, while the other have lower
rainfall, but a shorter dry season. Additionally, short dry season site
shows the highest temperature and longest day length variations earlier
than the long dry season site. This study aimed to answer whether: 1)
differences in the seasonal climatic patterns of these sites influence the
period, start and peaks, of the phenological events, 2) phenological
events are associated with temperature and day length independently of
the dry season duration. We hypothesize that if phenological phe-
nomena are intrinsically linked to climatic variables at these sites, the
shorter dry season will promote phenological events to occur earlier in
comparison to the longer dry season. These responses will occur be-
cause leaf events and flower production are supposedly related to
temperature and day length, which increase from mid to late dry season
on each site and are indicative of the following rainy period.

2. Material and methods

2.1. Study sites and climate

We conducted our study at two savanna sites (regionally known as
Cerrado sensu stricto) in the northeastern region of Brazil: the first site is
located at Barreirinhas municipality (03°01′17″S, 43°06′28″ W) and the
second at the Mirador State Park (06°37′55″S, 45°52′38″W), both in
Maranhão State, Brazil (Fig. 1). The climate is As in Barreirinhas, and
Aw in Mirador State Park (Alvares et al., 2013), both of which are
classified as tropical with two distinct seasons − dry and rainy− but
differing in terms of total rainfall and in the dry season length, as

Fig. 1. Sites selected for phenological observations: Barreirinhas (longer dry season − LDS) and Mirador State Park (shorter dry season − SDS), Maranhão State, Brazil.
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observed during the study period (Fig. 2). For the sake of simplification
and to clearly associate each study site with its respective climate, the
Barreirinhas region will be referred to as the longer dry season (LDS)
region, and Mirador State Park, as shorter dry season (SDS) region
(Fig. 2).

The annual historical rainfall average for a 30-year period in LDS
(from 1986 to 2016) was 1,700 mm; average monthly air temperature
is around 27 °C, with a mean maximum of 34 °C, mean monthly
minimum of 23 °C, and a dry period between July and late December,
when the first rains begin to fall. The thermal amplitude, considering
mean monthly data, varies from 8 to 14 °C (INMET-Instituto Nacional
de Meteorologia/Chapadinha Station (n° 82.382), 2017). The day
length varies from 11 h and 57 min in June to 12 h and 18 min in
December (Source: http://www.sci.fi/∼benefon/sol.html). Altitudes
around 90 m are predominant and the soils are sandy yellow latosols,
with a high content of coarse sand and clay, being generally poorer than
SDS soil (Appendix A, Supplementary material).

In SDS, the annual historical average rainfall was 1,200 mm; the
monthly mean air temperature of 27 °C, monthly mean maximum of
33 °C and monthly mean minimum of 22 °C. Although SDS and LDS
sites show similar ranges of mean temperature variation, mean monthly
data show that the SDS region has a greater thermal amplitude − from
7 to 16 °C (INMET, Balsas Station (n° 82.768), 2017) −, and a dry
period extending from May to September. Despite little variation, the
day length also has greater amplitude earlier in SDS area, going from
11 h and 44 min in June, to 12 h and 31 min, in December (Source:
http://www.sci.fi/∼benefon/Sol.html). The altitude ranges from 300
to 600 m, and the predominant soils in the region are litholic and
yellow latosols, of the sandy loam type, with a high content of fine sand,
and about 10% clay (Appendix A, Supplementary material). The
monthly climatic data of total precipitation, mean maximum and mean
minimum air temperatures (Source: http://www.inmet.gov.br/portal/)
and day length (Source: http://www.sci.fi/∼benefon/sol.html), for the
period from April 2014 to March 2016, were obtained for association
with the phenological data.

2.2. Phenological study

The vegetative (leaf fall and flush) and reproductive (flowering)
phenology were recorded monthly in populations of five woody species
that are common to the study sites and widely distributed in typical
savanna areas of the Brazilian territory: Byrsonima crassifolia (L.) Rich.
(Malpighiaceae), Caryocar coriaceum Wittm. (Caryocaraceae), Hirtela

ciliata Mart. & Zucc. (Chrysobalanaceae), Qualea grandiflora Mart.
(Vochysiaceae) and Plathymenia reticulata Benth. (Fabaceae). We
marked and monitored all individuals of these species in 20 plots
(20 × 20 m), covering 1.6 ha at each site. We sampled individuals with
a minimum of 10 cm of trunk circumference at the ground level.
Conspecific populations presented different densities in each area, im-
plying a different number of individuals sampled per species. The
number of individuals in LDS and SDS were, respectively: 69 and 11 for
B. crassifolia; 13 and 26 for C. coriaceum; 19 and 27 for H. ciliata; 28 and
48 for Q. grandiflora and 140 and 11 for P. reticulata. Vouchers for these
species are deposited in the Universidade Federal do Maranhão her-
barium (Herbarium MAR).

Over a period of two years (between April 2014 and March 2016),
we made monthly visual estimates of the percentage of crown area in
each individual that presented the following signs: losing brown leaves
(for leaf fall); flushing new leaves (for leaf flush); flower buds and/or
open flowers (for flowering). Estimates for leaf fall, leaf flush and
flowering were made using a scale of five categories: 0, 1, 2, 3 and 4, at
intervals of 25% (0: 0%; 1: 1–25%; 2: 26–50%; 3: 51–75% and 4:
76–100%), following the methodology described by Fournier (1974).
We calculated monthly averages of the percentage for each studied
population, using the sum of the intensity values obtained for all in-
dividuals and dividing by the maximum possible value (number of in-
dividuals multiplied by four). This value was converted into a percen-
tage.

2.3. Statistical analysis

We applied circular statistics to detect seasonal trends at the start
(the mean date in which each population manifested the phenophase
for the first time) and peak dates (the mean date in which each popu-
lation showed the highest value for intensity) for a given phenological
event. We also compared phenological patterns between the conspecific
populations at both sites. For this, the months were converted to angles
at 30° intervals. The circular parameters were estimated for each con-
specific population (mean start and peak dates and length of mean
vector (r)). To test the occurrence of seasonality, the Rayleigh Z test was
applied. If the probability value is significant, the concentration in-
tensity around the mean angle, represented by the vector r, is con-
sidered as a measure of the degree of seasonality, ranging from zero to
one. It was not possible to determine the mean date of leaf fall start,
since the activity in this phenophase was continuous in all individuals
of the evaluated species, though it differed in intensity of occurrence.

Fig. 2. Climatic data (April 2014 to March 2016) for LDS − longer dry season site (dark gray lines) and SDS − shorter dry season site (light gray lines), Maranhão State, Brazil. Rainy
season indicated by continuous lines below the x axis; dry season indicated by dashed lines below the x axis.

D.M.A. Lacerda et al. Flora 236–237 (2017) 100–106

102

http://www.sci.fi/~benefon/sol.html
http://www.sci.fi/~benefon/Sol.html
http://www.inmet.gov.br/portal/
http://www.sci.fi/~benefon/sol.html


We performed the Watson-Williams two-sample (F) test when the mean
angle was significant, to determine whether conspecific populations
exhibit a similar seasonal pattern across areas (Zar, 2010). The analyses
related to circular statistics were performed in the software ORIANA 4.0
(Kovach, 2011). The species P. reticulata had only one flowering record
in SDS and was therefore excluded from the statistical evaluations of
this phenophase. In addition, we used multiple regression analysis to
evaluate the association between phenological events (dependent
variables) and monthly climatic variables, such as total precipitation,
mean maximum and minimum air temperatures, and day length (in-
dependent variables). For these analyses, we showed only the sig-
nificant relationships and the respective beta values (the effect of the
independent variable on the dependent variable) (Zar, 2010).

3. Results

All species exhibited seasonal behavior on their peak dates of leaf
fall as well on the start and peak dates of leaf flushing and flowering
(Fig. 3 Table 1). In LDS, these phenomena were concentrated between
July and December, whereas in SDS, they occurred from August to
October, predominantly in the driest months. Independently of the
species, the phenological phenomena tended to occur about one to
three months earlier in SDS than in LDS (Fig. 3 Table 1).

For B. crassifolia, the mean start and peak dates occurred from

October to December at LDS, and from August to October in SDS. The
events showed significantly different start and peak dates (Table 2),
with a delay of few days to two months at LDS (Table 1). The intensity
of events exhibited the same trend, with uneven distribution between
sites and higher proportions occurring earlier in SDS than in LDS. The
duration of leaf flushing and flowering was longer in LDS than in SDS
(Fig. 3).

For C. coriaceum, the mean dates of phenophases occurred from
September to November in LDS, and from August to September in SDS
(Table 1), with all phenophases showing significant differences be-
tween sites (Table 2). In LDS, start and peak events for this species
occurred about one to two months later than in SDS (Table 1), and the
duration of leaf flushing and flowering was longer. In SDS, higher in-
tensity percentages of all phenophases occurred earlier than in LDS
(Fig. 3).

For H. ciliata, the mean dates occurred from July to October in LDS,
and from June to August in SDS. The events followed a pattern similar
to those reported for the previous species, with a delay of one to two
months in LDS (Table 1), except to leaf flushing start. As for the dis-
tribution of the phenophases percentages, leaf fall had the most irre-
gular pattern throughout the year. The highest proportions of leaf
flushing and flowering intensities in SDS preceded those in LDS, where
their duration was prolonged (Fig. 3).

Between Q. grandiflora populations, the mean dates of phenophases

Fig. 3. Fournier intensity (percentage) for leaf fall, leaf flushing and flowering in the species B. crassifolia, C. coriaceum, H. ciliata, Q. grandiflora and P. reticulata, for LDS − longer dry
season site (dark gray lines) and SDS − shorter dry season site (light gray lines), Maranhão State, Brazil. Rainy season indicated by continuous lines below the x axis; dry season indicated
by dotted lines below the x axis.
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were concentrated between November and February in LDS, and be-
tween September and December in SDS. The delay for this species was
about two to almost three months (Table 1), with different mean start
and peak dates (Table 2). The highest proportions of all SDS pheno-
phases preceded those of LDS (Fig. 3). The leaf flushing and flowering
pattern in LDS, referring to the phenophases duration, was not verified
for this species (Fig. 3).

Phenological events in P. reticulata differed between sites (Table 2),
with start and peak dates distributed from November to January in LDS
and from August to October in SDS, with a delay of three months for all
phenophases in LDS (except to Flow-S and Flow-P) (Table 1). Con-
sidering the intensity of events, we observed the same pattern of earlier
occurrence in SDS and a longer leaf flushing duration in LDS (Fig. 3).

We found that maximum (positive trend) or minimum air tem-
peratures (mostly negative trend) and day length were significantly
associated with the intensity of the phenophases (Table 3). For most
species, leaf fall, increased as maximum temperature increase at both
sites, but it was also associated with a decrease of minimum tempera-
tures in SDS. Day length also had a negative association with leaf fall in
C. coriaceum and H. ciliata, for both sites (Table 3). For all species in
SDS, except to H. ciliata, leaf flushing was related to the temperature
(positive trend). In LDS, B. crassifolia, Q. grandiflora and P. reticulata

showed association between leaf flushing and day length (positive
trend), while for C. coriaceum and H. ciliata, maximum temperature
(positive trend) and precipitation (negative trend) were, respectively,
more associated with leaf flushing (Table 3). Flowering was not asso-
ciated with climatic variables in C. coriaceum and P. reticulata (Table 3).
For B. crassifolia, flowering was related to increases in maximum tem-
perature at both sites. For H. ciliata, this event was associated with the
decrease of the minimum temperature in SDS and an increase of the
maximum temperature in LDS. Q. grandiflora exhibited significant re-
lationship between flowering and day length in SDS (Table 3).

4. Discussion

Our results support the hypothesis that phenological phenomena are
intrinsically linked to climatic variables, especially temperature and
day length, independent of the site. We also confirm that a shorter dry
season, in comparison to a longer dry season, promotes earlier occur-
rence of phenological patterns, because temperature and day length
reaches a greater variation earlier at SDS site than at the LDS. The
conspecific populations of the five evaluated species showed distinct
behavior for all phenological events between the two sites, with dif-
ferences in the start and peak dates. Peak dates generally occurred
about one to three months later in LDS. This difference may represent
levels of local adaptation and a high degree of phenotypic plasticity
related to adjustments for the selective abiotic pressures driving leaf
and flower production (Pellissier et al., 2014; Panchen and Gorelick,
2016; Silva Moraes et al., 2017).

The start and peak dates and the highest proportions of leaf fall
intensity for the conspecific populations occurred at different times
during drought in each area, accompanying the variations in tem-
perature and/or decrease in day length at both sites. The association
between temperature and leaf fall is presumably related to the increase
in evaporative demand and water stress, with consequent loss of leaves,
which was already reported for some savanna areas in Brazil (Bulhão
and Figueiredo, 2002; Silvério and Lenza, 2010). As for the relationship
with day length, this variable decreases during the early dry period, and
may also function as a factor associated with leaf fall (Garcia et al.,
2017), signaling climatic changes. Day lengh is the only variable cor-
related with leaf fall in H. ciliata at both sites, and was included among
the variables related to leaf fall in C.coriaceum. The species B. crassifolia

Table 1
Circular statistics for seasonality occurrence and mean dates for leaf fall peak and the start and peak for leaf flushing and flowering in savanna woody species subjected to longer dry
season (LDS) and shoter dry season (SDS), Maranhão State, Brazil. LMV: length of the mean vector; LF = leaf fall; LFl = leaf flushing; Flw = flowering; P = peak; S = start; na = not
available. Significance levels: * P < 0.001.

Sites Statistics LDS SDS

Species LF-P LFl-S LFL-P Flw-S Flw-P LF-P LFl-S LFL-P Flw-S Flw-P

B. crassifolia Mean date Oct (295.8°) Oct (270.1°) Dec (330.2°) Oct (284°) Nov (308.7°) Aug (233.6°) Sep (263.9°) Oct (279.5°) Oct (269.9°) Oct (282.8°)
LMV (r) 0.92 0.72 0.84 0.89 0.89 0.82 0.83 0.82 0.9 0.93
Rayleigh
Test (Z)

17.74* 11.37* 15.54* 16.81* 16.62* 72.04* 91.13* 87.68* 66.78* 71.85*

C. coriaceum Mean date Sep (268.5°) Sep (263.6°) Nov (304.1°) Oct (279°) Oct (287.5°) Aug (210.9°) Aug (220.4°) Sep (244.5°) Aug (225.2°) Aug (220.8°)
LMV (r) 0.86 0.75 0.65 0.87 0.92 0.85 0.71 0.75 0.96 0.99
Rayleigh
Test (Z)

17.86* 14.74* 9.59* 8.89* 10.07* 31.6* 24.08* 26.8* 6.49* 6.92*

H. ciliata Mean date Jul (199.6°) Jul (197.6°) Sep (252.6°) Sep (249.7°) Out (274.7°) Jun (176.6°) Aug (212.4°) Aug (222.4°) Aug (223.3°) Aug (236.9°)
LMV (r) 0.45 0.67 0.8 0.96 0.91 0.94 0.87 0.92 0.94 0.96
Rayleigh
Test (Z)

6.02* 17.86* 23.02* 29.51* 25.77* 7.95* 32.72* 35.66* 30* 32.36*

Q. grandiflora Mean date Nov (317.9°) Dec (348.9°) Jan (8.1°) Feb (53.7°) Feb (55.12°) Sep (261.5°) Oct (269.9°) Nov (312.3°) Dec (345.8°) Dec (339.7°)
LMV (r) 0.89 0.81 0.86 0.91 0.9 0.88 0.72 0.79 0.93 0.52
Rayleigh
Test (Z)

34.6* 37.01* 38.93* 19.03* 18.86* 72.8* 50.26* 54.83* 12.05* 3.84*

P. reticulata Mean date Nov (304.8°) Dec (350.6°) Jan (0.9°) Dec (356.9°) Dec (358.2°) Ago (26.9°) Set (257.4°) Oct (276.7°) na na
LMV (r) 0.95 0.86 0.85 0.93 0.98 0.94 0.84 0.91
Rayleigh
Test (Z)

64.09* 52.98* 51.35* 62.51* 69.50* 23.43* 17.87* 21.72*

Table 2
Watson Williams test results for comparisons among the mean start and peak dates for
leaf fall, leaf flushing and flowering in savanna species subjected to longer (LDS) and
shorter dry season (SDS), Maranhão State, Brazil. LF = leaf fall; LFl = leaf flushing;
Flw = flowering; S = start; P = peak; na = not available. F = circular statistical value;
p = probability value.

Species Statistics LF-P LFl-S LFl-P Flw-S Flw-P

B. crassifolia F 61.219 0.45 36.856 3.528 20.243
p <0.001 0.503 < 0.001 0.063 < 0.001

C. coriaceum F 47.601 14.405 22.015 16.67 16.096
p <0.001 <0.001 <0.001 <0.001 <0.001

H. ciliata F 1.155 2.584 18.046 33.029 54.258
p 0.289 0.112 < 0.001 <0.001 <0.001

Q. grandiflora F 115.156 116.974 78.434 65.327 20.071
p <0.001 <0.001 <0.001 <0.001 <0.001

P. reticulata F 76.517 63.753 67.109 na na
p < 0.001 <0.001 <0.001
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shows different degrees of leaf deciduousness, with greater crown cover
and smaller variations in the proportions of leaf fall in LDS. The H.
ciliata species also showed lower seasonality for this event (shorter
length of vector r) in this area. We can postulate that these differences
in the degree of intraspecific deciduousness among Cerrado species are
indicative of high levels of plasticity against climatic aspects (Kuster
et al., 2017), which allows them to cope with very distinct climatic
regions of the Brazilian territory.

Leaf flushing showed generally consistent differences in the start
and peak dates with distinct distribution of the intensity percentage
throughout the year for both sites. This confirms the occurrence of the
pre-rain green-up phenomenon reported for some savanna species in
Central Brazil (Rivera et al., 2002; Franco et al., 2005; Silvério and
Lenza, 2010; Dalmolin et al., 2015). This phenomenon is characterized
by the appearance of new leaves before the rainy season. This strategy
is reported to avoid plant nutrient losses due to herbivory or leaching
(Van Schaik et al., 1993); to maximize carbon gain by increasing CO2

assimilation (Rossatto et al, 2009; Dalmolin et al., 2015) and to make
the best use of available nutrients in the soil as rainfall increases
(Scholes and Walker, 2004; Nord and Lynch, 2009). During the pre-rain
green-up, plants take advantage of the higher temperatures to quickly
produce and expand their leaves. The influence of temperature on leaf
flushing has been reported in tropical seasonally dry regions, such as
savannas in Brazil (Pirani et al., 2009; Silvério and Lenza, 2010) and
Africa (Seghieri et al., 2012) and may be a key variable for this process
(Chambers et al., 2013). The delayed leaf production at LDS site
(compared to plants in SDS) may be an adjustment to avoid over-
exposure of leaves produced during the dry season, which can decrease
productivity in savanna plants.

The influence of day length has been reported as a trigger factor for
leaf flush and flowering events in tropical regions, including savanna
areas (Rivera et al., 2002; Yeang, 2007; Renner, 2007; Zimmerman
et al., 2007; Pau et al., 2013; Borchert et al., 2015; Ryan et al., 2017).
Although the results of the multiple regression did not show a clear
relationship between the phenophases and day length, the leaf flush for
all the species in LDS, except H. ciliata, increased considerably during
the end of the dry period, when day length increases. In SDS, the in-
crease in leaf flushing during the middle and end of the dry period
occurs when there is a decrease in clouds and a higher incidence of
solar radiation. Thus, as photosynthetic rates are higher in young
leaves, the production of new leaves during the period of greater day
length and/or irradiance favors photosynthesis and carbon gain (Wright
and Van Schaik, 1994), since savanna plants has specific mechanisms to
use and store water during the dry season (Goldstein et al., 2008).
Therefore, the occurrence of production and growth phenophases

during the period of low or no precipitation, indicates the existence of
mechanisms that allow plants to rehydrate or maintain internal water
levels (Worbes et al., 2013) and are favored by the transfer of assimi-
lated products, which link directly to the growth organs and promote
the production of leaves (Ryan et al., 2017) flowers and fruits (Pau
et al., 2013; Zimmerman et al., 2007; Camargo et al., 2011; Borchert
et al., 2015).

Flowering, which followed the trend of earlier occurrence in SDS,
was less related to the climatic variables of each site. However, in B.
crassifolia and H. ciliata, flowering was associated with variations in
temperature during the dry period, and in Q. grandiflora, it was asso-
ciated with the increased day length in SDS during the early rainy
season. Although the populations of other species did not show sig-
nificant results in relation to climatic variables, they showed a degree of
seasonality compatible with different flowering strategies. Flowering
occurred in C. coriaceum at both sites during the dry period, under
higher irradiance and temperatures, and in Q. grandiflora in LDS, during
early rainy season, with increased day length. P. reticulata in LDS had its
flowering peak in the final days of the dry period. Thus, for both the
evergreen species and the deciduous species, the water restriction in the
environment does not limit flowering in general (Lenza and Klink,
2006; Tannus et al., 2006; Figueiredo, 2008; Pirani et al., 2009;
Camargo et al., 2011; Silva et al., 2011; Barbosa et al., 2012). Re-
garding temperature, it is widely recognized as a variable that affects
plant distribution and metabolism, and is an important requirement for
flowering (Grace, 1987). Its influence on leaf production and flowering
in savannas appears to be more important than the influence of water
availability in dry and wet season (Seghieri et al., 2012).

In summary, we characterized the phenological responses in con-
specific populations under distinct climates, showing that temperature
and day length are the major drivers for phenological events, in-
dependent of the site. The duration of the dry season does not limit
growth phenomena, but shorter dry seasons allows plants to produce
leaves and flowers earlier than under longer dry seasons, because
temperature and day length start to increase earlier in SDS site. This
strategy indicates higher phenotypic plasticity in savanna woody
plants, aligned with adjustments to maximize carbon gain and re-
productive success.
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Species LDS SDS

Leaf fall Leaf flushing Flowering Leaf fall Leaf flushing Flowering

B. crassifolia R2 = 0.70 p ≤ 0.01 R2 = 0.71 p ≤ 0.01 R2 = 0.74 p ≤ 0.01 R2 = 0.77 p ≤ 0.01 R2 = 0.63 p ≤ 0.01 R2 = 0.62 p ≤ 0.01
MaxT β= 4.3 DL β = 97.27 MaxT β = 7.3 MaxT β = 2.82 MaxT β = 2.65 MaxT β = 2.69
MinT β = 7.3 MinT β= −4.35

C. coriaceum R2 = 0.57 p ≤ 0.01 R2 = 0.75 p ≤ 0.01 NS R2 = 0.77 p ≤ 0.01 R2 = 0.72 p ≤ 0.01 NS
MaxT β= 6.0 MaxT β= 4.4 MinT β= −3.23 MaxT β = 4⋅7
DL β =−13.2 DL β= −26.61 MinT β = −4⋅6

H. ciliata R2 = 0.44 p ≤ 0.05 R2 = 0.55 p ≤ 0.01 R2 = 0.61 p ≤ 0.01 R2 = 0.62 p ≤ 0.01 NS R2 = 0.47 p ≤ 0.05
DL β =−81.56 Ppt β = −0.01 MaxT β = 4.12 DL β= −31.64 MinT β =−5.02

Q. grandiflora R2 = 0.67 p ≤ 0.01 R2 = 0.71 p ≤ 0.01 NS R2 = 0.67 p ≤ 0.01 R2 = 0.73 p ≤ 0.01 R2 = 0.65 p ≤ 0.01
MaxT β= 5.57 DL β = 178.3 – MaxT β = 11.52 MaxT β = 4.44 DL β = 0.45

P. reticulata R2 = 0.92 p ≤ 0.01 R2 = 0.91 p ≤ 0.01 NS R2 = 0.92 p ≤ 0.01 R2 = 0.59 p ≤ 0.01 NA
MaxT β= 11.32 DL β = 0.55 MaxT β = 7.66 MaxT β = 4.64

MinT β= −10.9

NS = not significant.
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