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102 Tropical Dry Forests in the Americas

7.1  Introduction

The study of periodic biological phenomena in relation to climatic changes 
over time is generally known as phenology (Stearns 1974). Phenology is a 
significant component of biological populations and communities because 
it affects several features of plant species; vegetation composition and struc-
ture; and ecological interactions between plants and animals such as pol-
lination, herbivory, frugivory, and seed dispersal. Hence, the research of 
phenological patterns of plant growth and reproduction is critical to under-
stand the processes related to productivity, forest succession, and the func-
tioning of ecosystems (Newstrom et al. 1994).

Tropical forests are currently exposed to several threats from human 
activities, resulting in complex landscapes of agricultural fields, grasslands, 
and forest patches under different levels of succession (Sánchez-Azofeifa 
et al. 2005). After a forest disturbance, ecological succession (i.e., the process 
of species replacement over time) modifies not only species diversity and 
abundance (Quesada et al., Chapter 2) but also the phenological dynamics of 
the community. Inferring the functional relationship between successional 
status and phenological patterns of degraded forests is especially important 
for understanding the recovery rates and dynamics of heavily transformed 
tropical ecosystems.

Tropical dry forests (TDFs) have seasonal phenological patterns driven by 
cyclical regimes of precipitation and a marked dry season. Under such con-
ditions, plant growth and reproduction are largely limited to the wet season. 
Seed germination, seedling establishment, and regeneration also respond to 
this marked climatic seasonality (Opler et al. 1976). TDFs hold remarkable 
biodiversity and have high endemism, and it is often assumed that TDFs 
can recover their functions and mature condition more quickly than wet 
tropical forests (Murphy and Lugo 1986a). However, although some studies 
indicate an apparent rapid recovery of species composition and structure, 
a functional recovery of the community in terms of physiological and mor-
phological traits may take longer (Ceccon et al. 2002; Quesada et al. 2009; 
Alvarez-Añorve et al. 2012). Destruction and degradation of tropical forests 
have an effect on biotic and abiotic factors triggering phenological patterns 
of plant species with severe consequences for populations and communities.

Factors that determine plant phenology can be divided into proximate 
and ultimate causes. Proximate causes refer to short-term environmental 
events that may activate phenological patterns, whereas evolutionary pro-
cesses underlie the ultimate causes responsible for such patterns. Short-
term environmental events (proximate causes) include changes in the level 
of water stored by plants (Reich and Borchert 1984), seasonal variations in 
rainfall (Opler et al. 1976), changes in temperature (Williams-Linera 1997), 
photoperiod (van Schaik 1986), irradiance (Wright and van Schaik 1994), 
and sporadic climatic events (Sakai et al. 1999). Changes of environmental 
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103Phenological Patterns of Tropical Dry Forests

factors in disturbed habitats under succession indicate an increase in average 
temperature, a greater exposure to wind, a reduction in soil moisture, and 
an increase in evapotranspiration (Alvim 1960; Kapos 1989; Saunders et al. 
1991; Wright 1996; Kapos et al. 1997; Wright et al. 1999; Laurance et al. 2002; 
Fuchs et al. 2003; Herrerias-Diego et al. 2006). Some of these abiotic factors are 
known to affect phenological patterns in plants, but only a few studies have 
evaluated the effect of abiotic factors on phenological patterns under dis-
turbed conditions. For example, certain levels of drought or increases in tem-
perature may trigger flowering (Alvim 1960; Wright 1999; Kudo et al. 2004). It 
has also been proposed that global warming is related to the earlier flowering 
of many species in temperate regions (Miller-Rushing and Primack 2008).

Changes in phenological patterns caused by variations in environmental 
proximate factors may also have immediate effects on the outcome of bio-
logical interactions that may have shaped those patterns. For instance, the 
disruption of flowering phenology caused by disturbance is likely to affect 
the behavior and visitation rates of pollinators, resulting in negative conse-
quences for both the reproductive success of the plants and the ability of pol-
linators to obtain resources (Rolstad 1991; Saunders et al. 1991; Quesada et al. 
2011). A shift in the flowering phenology of Ceiba aesculifolia in a Mexican TDF 
disrupted the pollination and reproduction of tree populations (Herrerias-
Diego et al. 2006). Phenological changes will also disrupt interactions with 
long-distance pollinators (e.g., bats) and trap-liners (e.g., hawkmoths) that 
follow the flowering phenology of plants like Cactaceae and Agavaceae 
(Haber and Frankie 1989; Fleming et al. 1993; Frankie et al. 1997; Haber and 
Stevenson 2002).

Intraspecific variation in the intensity, duration, frequency, regularity, 
and synchrony of vegetative and reproductive phenophases may affect 
the growth, development, productivity, reproduction, establishment, and 
genetic structure of plant populations in disturbed habitats under succession 
(Newstrom et al. 1994; Doligez and Joly 1997; Herrerias-Diego et al. 2006). 
These variables may be affected by variations in environmental conditions 
associated with the successional process. Specifically, temperature, evapo-
transpiration, and irradiance are expected to be greater in early successional 
stages compared with mature forests, whereas water soil content should be 
lower in early successional stages. If these environmental cues are proximate 
factors that trigger the different phenophases, phenological variables will 
differ during succession.

Regarding leaf phenology, the amount of leaves is expected to increase in 
early successional stages compared to late successional stages (Baruah and 
Ramakrishnan 1989), due to higher irradiance. The duration of the leaf phe-
nophase should be shorter at these stages due to lower soil humidity, a conse-
quence of higher irradiance, temperature, and evapotranspiraton; therefore, 
leaf fall is expected to start earlier. The magnitude of the differences among 
successional stages should be greater in sites with lower annual precipita-
tion. Given the greater production of leaves and the shorter leaf phenophase, 
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104 Tropical Dry Forests in the Americas

plants in early successional stages should concentrate the production of flow-
ers into short periods of greater intensity. Early successional species generally 
have higher growth rates (Baruah and Ramakrishnan 1989) and shorter life 
cycles (Baker 1974), which might make them more vulnerable to temporal 
variation in pollinator service and reproductive failure; therefore, continu-
ous flowering in early succession might provide a way to ensure reproduc-
tion when pollinators are scarce (Kang and Bawa 2003). Alternatively, these 
plant species might use self-pollination, abiotic pollination, or generalist pol-
lination. Fruiting patterns are expected to parallel flowering patterns, except 
when fruit production is pollen or resource limited (Kang and Bawa 2003). 
Anemochorous plants should be favored in early successional stages due to 
the lower availability of biotic dispersers (Quesada et al. 2009, 2011); therefore, 
the proportion of species that fruit during the dry season should be higher.

The study of plant reproduction, phenology, and ecological succession in the 
tropics dates back to the 1980s (Opler et al. 1980); nonetheless, few studies have 
surveyed the changes in phenological patterns across different phases of suc-
cession in tropical forests. Most studies have only evaluated floral phenology 
among successional stages in temperate regions (e.g., the studies by Kahmen 
and Poschlod [2004]; Vile et al. [2006]; Navas et al. [2010]), and only two stud-
ies have evaluated changes in leafing phenology (Baruah and Ramakrishnan 
1989) and flowering phenology (Kang and Bawa 2003) in relation to ecological 
succession in subtropical dry and tropical wet forests, respectively. In this 
chapter, we use a replicated design to compare plant phenological patterns of 
leafing, flowering, and fruiting at three TDF sites in a latitudinal and succes-
sional gradient across four years. These sites are part of the Tropi-Dry research 
network. First, we assess the phenology of each community in relation to the 
precipitation data collected at each region and describe these patterns along 
a chronosequence of succession. Second, we analyze the flowering phenology 
of each species in the plant communities by determining the periodicity, fre-
quency, and duration of flowering at each successional stage.

7.2  Methods and Analysis of Phenological Patterns

7.2.1  Study Sites

Three sites were selected in a latitudinal gradient: (1) the Chamela–Cuixmala 
Biosphere Reserve, Mexico (Chapter 1; Figure 1.2); (2) the Santa Rosa National 
Park, Costa Rica (Chapter 1; Figure 1.3); and (3) Mata Seca, Brazil (Chapter 1; 
Figure  1.4) (see Chapter 1 for general design and site descriptions). Mean 
annual temperatures for the three sites are 25°C, 28°C, and 24°C, respec-
tively; in the same order, mean annual precipitations for the sites are 748, 
800–2600, and 916 mm. The duration of the dry season at the sites are as fol-
lows: November–June in Mexico (eight months), mid-December–mid-May in 
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105Phenological Patterns of Tropical Dry Forests

Costa Rica (six months), and May–November in Brazil (seven months). This 
climatic information is based on the studies by García-Oliva et al. (1995) for 
Mexico, Janzen (1983) for Costa Rica, and Madeira et al. (2009) for Brazil.

7.2.2  Data Collection and Analyses

Leafing, flowering, and fruiting phenological patterns were evaluated in 
three successional stages, early (3–5 years since abandonment), intermediate 
(8–12 years old), and late (more than 50 years old), with three plots surveyed 
at each successional stage (i.e., a total of nine plots). Monthly records of leaf, 
flower, and fruit production were collected in two transects of 3 m × 50 m 
laid at the edges of 20 m × 50 m plots. All individuals with a diameter at 
breast height (DBH) greater than 2.5 cm were marked and monitored for 
the following phenophases: green leaves, flowers, and fruits. For each indi-
vidual, we estimated the intensity of each phenophase as the percentage of 
coverage of leaves, flowers, and fruits according to the following categories: 
I (0%), II (1%–25%), III (26%–50%), IV (51%–75%), and V (76%–100%). Data were 
collected from June 2006 to March 2010 in Mexico, from May 2007 to March 
2010 in Costa Rica, and from May 2007 to February 2010 in Brazil.

We plotted climatic variables along with phenological variables for each 
month throughout the study period. Temperature and precipitation data 
were obtained from Chamela’s Meteorological Station at the Chamela 
Biological Station, Universidad Nacional Autónoma de México; the Santa 
Rosa Meteorological Station at the Santa Rosa National Park; and the 
Mocambinho Meteorological Station, Minas Gerais, Brazil. Day-length data 
were obtained from the Astronomical Applications Department of the U.S. 
Naval Observatory (http://www.usno.navy.mil).

We described community-level patterns of each phenophase and com-
pared these patterns among different successional stages of TDF, and among 
countries. To describe the mean monthly intensity of each phenophase, we 
averaged the score of all individuals at each plot, regardless of the species to 
which they belong, using the top value of the category in which they fell (i.e., 
0, 25%, 50%, 75%, and 100%). To describe the frequency of the phenophases in 
the community, we calculated the number and proportion of species in cat-
egories IV and V for green leaves (indicating plants with mid to full leaf cov-
erage) and in categories II–V for flowers and fruits (indicating the presence 
of flowering or fruiting) for each month of the study period. To compare the 
duration of the phenophases among different successional stages, we used 
the number of months per year that individuals and species present each 
phenophase (green leaves: categories IV and V; flowers and fruits: catego-
ries II–V). To calculate the length of a phenopase for a species, we used the 
mean number of months that the individuals of a species score in categories 
of mid to full leaf coverage (categories IV and V) and the maximum num-
ber of months that the individuals of the species were registered with flow-
ers or fruits (categories II–V). For all variables describing the phenophases 
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106 Tropical Dry Forests in the Americas

(intensity, proportion of species, and number of species), the means of the 
three plots of each successional stage and standard errors are plotted.

Flowering patterns were also analyzed at the species level in terms of fre-
quency, regularity, and duration of the phenophase, according to definitions 
by Newstrom et al. (1994). For species classification, data from the three plots 
of each successional stage were pooled. Frequency is the number of cycles per 
year with respect to on/off phases. Species were classified as having “continual 
flowering,” flowering year round with occasional brief gaps with no flowers; 
“subannual flowering,” multiple irregular flowering phases per year; “annual 
flowering,” one major flowering phase per year; and “supra-annual flowering,” 
multiyear cycles of flowering. Regularity is the variability in the length of cycles 
and phases. This variable was classified as “regular,” with predictable timing 
and duration of flowering, or “irregular,” with unpredictable timing and dura-
tion of flowering. Duration is the length of time in each cycle or phase. We 
classified species according to the duration of flowering in a year as “brief flow-
ering” (scoring categories II–IV in one month), “intermediate flowering” (two to 
four months), and “extended flowering” (five months or more). In this case, we 
jointly considered all individuals to calculate the flowering period of a species.

7.3  Results

The number of species and individuals that fell within the phenology tran-
sects tended to increase from early to late successional stages (Table 7.1 and 
Figure 7.11) and were significantly different between these stages for species 
(means: early 10, intermediate 26, late 31) and individuals (means: early 37, 
intermediate 84, late 92) in Mexico and for individuals in Brazil (means: early 
60, intermediate 64, late 91).

7.3.1  Mexico

During the study years, the first rainfall of the season was in either June or 
July (Figure 7.1d). Total annual rainfall was 1066 mm in 2006–2007, 1026 mm 
in 2007–2008, 956 mm in 2008–2009, and 824 mm in 2009–2010 (10 month 
sampling).

7.3.1.1  Plot-Level Phenology: Leaves, Flowers, and Fruits

Leaf production started around July with the rainy season (Figures 7.1a). 
Leafing intensity reached high levels within one month of the start of the 
rainy season when most species were recorded in full leaf (Figures 7.1a 
and 7.2b). Leaf fall started in November and December, and mean inten-
sity gradually decreased. Atypical rain events occurred in December 2009 
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107Phenological Patterns of Tropical Dry Forests
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Figure 7.1
Mean monthly intensity (±standard error [±SE]) of individuals for the phenophases of (a) leaves, 
(b) flowers, and (c) fruits for plots of three different successional stages of a tropical dry forest 
(TDF) in Chamela, Mexico, for the period of study June 2006–March 2010. (d) Monthly rainfall, 
maximum and minimum temperatures, and day length are also shown. Intensity is measured 
as the percentage coverage of leaves, flowers, and fruits.
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Figure 7.2
Proportion of species (±SE) (a) in full leaf coverage (categories IV and V), (b) with flowers (cat-
egories II–V), and (c) with fruits (categories II–V) for plots of three different successional stages 
of the TDF in Chamela, Mexico, for the period of study June 2006–March 2010. (d) Monthly 
rainfall, maximum and minimum temperatures, and day length are also shown.
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109Phenological Patterns of Tropical Dry Forests

through February 2010, which altered the frequency and regularity of leaf-
ing patterns, resulting in a leafing phase during the dry season. The lowest 
mean leafing intensity of the dry season was 30% in January 2009, compared 
to 4.5% in other years, and it was followed by leaf production that attained 
83% by March 2009 (Figure 7.1b).

In early successional stages, yearly intensity tended to be higher, leafing 
intensity decreased more slowly, and the lowest levels of intensity in May 
were higher than they were in late stages (Figure 7.1a). Correspondingly, a 
higher proportion of species maintained their leaves during the dry season 
in early successional stages (Figure 7.2a). During the period of study, mean 
leafing intensity varied between 4.5% and 92% for late stages, 10% and 94% 
for intermediate stages, and 10% and 97% for early stages. A higher propor-
tion of species had mid to full leaf coverage by June in intermediate stages 
than in early and late stages (Figure 7.2a), and this was even before the first 
rains were registered (Figures 7.2a and 7.2d, see June 2007). During the rainy 
season, the number of species with mid to full leaf coverage was generally 
highest in late successional stages and lowest in early stages (Figure 7.3a).

The overall duration of leafing tended to be higher in early successional 
stages, and a higher proportion of individuals and species had mid to full leaf 
coverage for extended periods of time (6–10 months: 62%–69% of individu-
als, 62%–67% of species for early stages; 51%–58% of individuals, 49%–58% 
of species for intermediate stages; and 39%–57% of individuals, 32%–49% 
of species for late stages). However, no evergreen species were observed 
(11–12 months in mid to full leaf). In contrast, a small proportion of individu-
als and species in later successional stages were in mid to full leaf coverage 
for 11–12 months of the year (1%–7% of individuals, 1.5%–5% of species).

Flowering intensity (Figure 7.1b) and frequency (Figures 7.2b and 7.3b) var-
ied within the year, among years, and among successional sites, but there 
were records of individual species flowering every month. When the rainy 
season starts, there is a fairly synchronous and regular peaking of flowering 
across the three stages of succession (Figures 7.1b, 7.2b, and 7.3b; June–July 2008 
and 2009). Another regular flowering peak that occurred in late successional 
stages is observed at the end of the rainy season and the start of the dry sea-
son (September–October and January–February, respectively). Frequency and 
regularity of flowering were affected by atypical rainfall at the end of 2009 to 
the start of 2010 (Figures 7.1b, 7.2b, and 7.3b; see flowering peak in February 
2010). Some species that normally flower at the start of the rainy season flow-
ered in February 2010: Capparis indica, Casearia corymbosa, Croton roxanae, Croton 
suberosus, Lonchocarpus constrictus, Ruprechtia fusca, and Thouinia paucidentata.

Intensity peaks and peaks in the monthly proportion of species in flower 
were higher in early and intermediate stages than in late stages of succession 
(Figures 7.1b and 7.2b). However, the absolute number of species in flower 
was comparable among successional stages. The annual proportion of indi-
viduals and species recorded as flowering in early and intermediate stages 
was also higher than in late stages (early: 22%–41% of individuals, 22%–56% 
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110 Tropical Dry Forests in the Americas

of species; intermediate: 23%–30% of individuals, 27%–31% of species; late: 
5%–21% of individuals, 15%–24% of species). At the community level, flow-
ering was constant in intermediate stages; only for 2 months in the whole 
study period, no species were found flowering at this successional stage 
(December 2007 and September 2009) (Figure 7.3b).
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Figure 7.3
Number of species (±SE) (a) in full leaf (categories IV and V), (b) with flowers (categories II–V), 
and (c) with fruits (categories II–V) for plots of three different successional stages of the TDF 
in Chamela, Mexico, for the period of study June 2006–March 2010. (d) Monthly rainfall, maxi-
mum and minimum temperatures, and day length are also shown.
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111Phenological Patterns of Tropical Dry Forests

The duration of flowering was longer in early and intermediate succes-
sional stages. In late stages, individuals and species were observed flowering 
for one to two months, whereas in earlier stages some individuals (1%–5.5%) 
and species (1.5%–5.5%) flowered for up to five months. This suggests differ-
ent reproductive strategies among species of different successional stages. 
Species whose individuals flowered longer in early and intermediate suc-
cessional sites were C. suberosus (three months), Opuntia excelsa (five months), 
Acacia farnesiana (three months), Cnidosculus spinosus (five months), Caesalpinia 
caladenia (four months), and Cordia alliodora (three months).

Across successional stages, there were species in fruit throughout 
the year, but fruiting intensity was greater in early and intermediate 
successional stages (Figure 7.1c). Mean fruiting intensity varied little in 
late successional stages, whereas peaks in intensity were higher in early 
and intermediate stages  (Figure 7.1c) (range of intensity: late 0%–6%, early 
0%–17%, and intermediate 0%–11%). The mean number of species fruiting 
at any given time was variable within and between years and successional 
stages (Figure 7.3c), and there were fruiting peaks during the dry and the 
wet seasons. A very small proportion of individuals (2%–5%) and species 
(5%–12%) bore fruits for more than four months. Individuals and species that 
bore fruits for the longest periods occurred in intermediate and late succes-
sional stages.

7.3.1.2  Species-Level Flowering Patterns

Frequency: supra-annual (44%–50% of the species) flowering and annual 
(35%–50% of the species) flowering were observed in all successional 
stages (Figure 7.4a). Subannual flowering was found in 13%–16% of the 
species in intermediate and late successional stages. One species with 
continuous flowering occurred in early stages (A. farnesiana). Regularity: 
the proportion of species with irregular flowering decreased from 78% in 
early stages to 44% in late stages; consequently, the proportion of species 
with regular flowering was higher in late successional stages (Figure 7.4b). 
Duration: around 60% of the species at the three successional stages had a 
brief flowering period (Figure 7.4c). The proportion of species with extended 
flowering was lower for early successional stages than for intermediate 
and late stages. No species with intermediate flowering were observed in 
late successional stages.

7.3.2  Costa Rica

In the 35 month period that this study lasted, only one month was regis-
tered with no precipitation (Figure 7.5d). Total annual precipitation was 
806 mm in 2007–2008, 3007 mm in 2008–2009, and 1425 mm in 2009–2010 
(11 months).
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Figure 7.4
Proportion of species falling on the different categories of flowering frequency (a), regularity 
(b), and duration (c) at three different successional stages of the TDF in Chamela, Mexico (left); 
Santa Rosa, Costa Rica (central); and Mata Seca, Brazil, (right). The numbers inside the bars 
indicate the numbers of species in each category. In the figure, E = early successional stage; 
I = intermediate successional stage; and L = late successional stage.
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Figure 7.5
Mean monthly intensity (±SE) of individuals for the phenophases of (a) leaves, (b) flowers, and 
(c) fruits for the plots of three different successional stages of TDF in Santa Rosa, Costa Rica, 
for the period of study May 2007–March 2010. (d) Monthly rainfall, maximum and minimum 
temperatures, and day length are also shown. Intensity is measured as the percentage coverage 
of leaves, flowers, and fruits.
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114 Tropical Dry Forests in the Americas

7.3.2.1  Plot-Level Phenology: Leaves, Flowers, and Fruits

Leafing intensity varied less across the year in Costa Rica than it did in 
Mexico and Brazil, with higher values of intensity being registered during 
the dry season and lower values during the rainy season (Figure 7.5a). Thus, 
seasonal cycles of leafing intensity were less marked across years in the Costa 
Rican TDF (Figure 7.5a). Leafing intensity started to decline in November–
December and continued to drop during the dry season. Intermediate and 
late successional stages showed similar values of leafing intensity and num-
ber and proportion of species in mid to full leaf coverage (Figures 7.5a, 7.6a, 
and 7.7a). In contrast to the pattern observed in Mexico, early stages showed 
higher variation in leafing intensity than intermediate and late stages (late: 
30%–71%; intermediate: 32%–67%; early: 9%–73%). Early successional stages 
also had a higher proportion of deciduous individuals and species (which 
lost their leaves during the dry season) and a lower proportion of species in 
mid to full leaf during the driest months (Figure 7.6a). The duration of the 
leaf phenophase within a cycle was greater for individuals and species in 
intermediate and late successional stages; a greater proportion of individuals 
(early: 25%–41%; intermediate: 46%–67%; late: 53%–73%) and species (early: 
27%–56%; intermediate: 43%–70%; late: 45%–73%) maintained mid-to-full 
leaf coverage during 7–12 months.

As in Mexico, flowering intensity varied in time, and species could be found 
flowering almost every month of the year (Figures 7.5b and 7.7b). Flowering 
intensity and the proportion of species in flower were also higher in early and 
intermediate successional stages than in late stages (Figures 7.5b, 7.6b, and 7.7b). 
Flowering peaks are fairly synchronous among successional stages, with main 
peaks occurring during the dry season (Figures 7.5b, 7.6b, and 7.7b). Flowering 
peaks that occur during the rainy season are more evident in early succes-
sional stages. As in Mexico, the annual proportions of flowering individuals 
(early: 15%–35%; intermediate: 6%–17%; late: 3%–9%) and species (early: 27%–
65%; intermediate: 10%–22%; late: 7%–20%) were higher in early stages. Longer 
flowering periods (three to five months) at the individual or the species level 
only occurred in early and intermediate stages. Species with more extended 
flowering periods in these sites include Acacia collinssi (three months), Euphorbia 
schlechtendalii (three months), Semialarium mexicanum (three months), Byrsonima 
crassifolia (four months), Cordia guanacastensis (five months), Lippia oxyphyllaria 
(three months), Calycophyllum candidissimum (three months), C. alliodora (three 
months), Malvaviscus arborea (five months), Trichilia hirta (three months), Trophis 
racemosa (four months), and Gliricidia sepium (three months).

Fruiting intensity varied between years and successional stages, but it was 
generally higher in 2009–2010. Early stages had peaks of fruiting intensity 
every year (Figure 7.5c). Species were recorded to fruit in both the dry and 
wet seasons, but in early successional stages the highest fruiting peaks tended 
to occur during the months with lower rainfall. Early stages also showed 
the greatest peaks of fruiting intensity, the greatest monthly percentage and 
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Figure 7.6
Proportion of species (±SE) (a) in full leaf (categories IV and V), (b) with flowers (categories 
II–V), and (c) with fruits (categories II–V) for plots of three different successional stages of TDF 
in Santa Rosa, Costa Rica, for the period of study May 2007–March 2010. (d) Monthly rainfall, 
maximum and minimum temperatures, and day length are shown.
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Figure 7.7
Number of species (±SE) (a) in full leaf (categories IV and V), (b) with flowers (categories II–V), 
and (c) with fruits (categories II–V) for plots of three different successional stages of TDF in 
Santa Rosa, Costa Rica, for the period of study May 2007–March 2010. (d) Monthly rainfall, 
maximum and minimum temperatures, and day length are shown.
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117Phenological Patterns of Tropical Dry Forests

number of species that fruited (Figures 7.5c, 7.6c, and 7.7c), and the highest 
annual proportion of individuals (early: 11%–21%; intermediate: 4%–15%; late: 
1%–10%) and species (early: 23%–42%; intermediate: 5%–22%; late: 3%–22%) 
that fruited. Plants in early stages bore fruits for longer periods of time than 
in later stages (proportion of individuals that bore fruits for three to seven 
months: early 5%–8%, and intermediate and late 0%–3%; proportion of spe-
cies: early 10%–22%, intermediate 0%–5%, and late 0%–5.5%) (in year two, no 
individuals bore fruits for more than two months in any stage).

7.3.2.2  Species-Level Flowering Patterns

Frequency: the proportion of supra-annual species increased from 46% in 
early stages to 61% and 89% in intermediate and late successional stages, 
respectively (Figure 7.4a). The remainder of the species was annual, except 
for one species (S. mexicanum) with subannual flowering in early stages. 
Regularity: the opposite pattern to the one found in Mexico was found in 
Costa Rica. The proportion of species with irregular flowering increased 
from 38% in early stages to 83% in late stages (Figure 7.4b). Duration: the 
proportion of species with brief flowering increased from 23% in early to 
44% in intermediate and 89% in late stages (Figure 7.4c). The remainder of the 
species has intermediate periods of flowering, and one species (M. arborea) 
presented extended flowering in intermediate stages.

7.3.3  Brazil

Rainfall (Figure 7.8d) was 663 mm in 2007–2008, 1025 mm in 2008–2009 (data 
available for 11 months), and 563 mm in 2009–2010 (data for 10 months).

7.3.3.1  Plot-Level Phenology: Leaves, Flowers, and Fruits

Seasonal cycles of leafing intensity were well marked in the TDF sites in 
Brazil. The three successional stages had similar high and low levels of leaf-
ing intensity (late: 2%–76%; intermediate: 1%–72%; early: 1%–76%) in contrast 
to what happened in the TDFs in Mexico and Costa Rica. Leaf production 
started with the rainy season around October, with a tendency to occur at 
an earlier time in early stages of succession (Figures 7.8a, 7.9a, and 7.10a). The 
following species from early successional stages had leafing intensity val-
ues above 50% during October 2007, September 2008, and September 2009, 
coinciding with low precipitation values (Figure 7.9a and 7.9d): Enterolobium 
contortisiliquum, Manihot anomala, Platypodium elegans, Zanthoxylum continifo-
lium, and Zyziphus joazeiro. During the rainy season, the proportion of species 
in full leaf tended to be lower in early stages than in late stages (Figure 7.9a).

In early successional stages, a greater proportion of individuals (early: 
61%–73%; intermediate: 31%–47%; late: 41%–62%) and species (early: 
54%–64%; intermediate: 23%–47%; late: 32%–60%) maintained mid-to-full leaf 
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Figure 7.8
Mean monthly intensity (±SE) of individuals for the phenophases of (a) leaves, (b) flowers, 
and (c) fruits for plots of three different successional stages of TDF in Mata Seca, Brazil, for 
the period of study May 2007–February 2010. (d) Monthly rainfall, maximum and minimum 
temperatures, and day length are shown. Intensity is measured as the percentage of coverage 
of leaves, flowers, and fruits.
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Figure 7.9
Proportion of species (±SE) (a) in full leaf (categories IV and V), (b) with flowers (categories 
II–V), and (c) with fruits (categories II–V) for plots of three different successional stages of TDF 
in Mata Seca, Brazil, for the period of study May 2007–February 2010. (d) Monthly rainfall, 
maximum and minimum temperatures, and day length are shown.
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Figure 7.10
Number of species (±SE) (a) in full leaf (categories IV and V), (b) with flowers (categories II–V), 
and (c) with fruits (categories II–V) for plots of three different successional stages of TDF in 
Mata Seca, Brazil, for the period of study May 2007–February 2010. (d) Monthly rainfall, maxi-
mum and minimum temperatures, and day length are shown.
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coverage for longer periods (6–12 months) than in later stages. The longer dura-
tion of the leaf phenophase in early successional stages is due to the earlier 
start in leaf production (Figure 7.9a). The start of leaf fall varied among years, 
and the pattern was similar across the three successional stages (Figure 7.8a).

As for the other sites, some species were recorded in flower most months, and 
flowering intensity varied within and among years (Figure 7.8b). Flowering was 
more regular across years and synchronous among successional stages during 
the dry season and the first half of the rainy season and more variable during 
the rainy season (Figures 7.8b, 7.9b, and 7.10b). The highest peaks in flowering 
intensity occurred in the intermediate stages of succession. Peaks in the monthly 
proportion and number of species in flower were of similar magnitude among 
successional stages (Figures 7.9b and 7.10b). A similar proportion of individuals 
(8%–29%) and species (17%–44%) flowered within years among successional 
stages. The duration of flowering was also similar among individuals and spe-
cies of different successional stages; most flowered for one month and a few 
up to three months. In late stages, two species flowered for four months in the 
first year. The species with longest flowering were Auxemma oncocalyx (four 
months), Cochlospermum vitifolium (three months), M. anomala (three months), 
Myracrodruon urundeuva (four months), Sapium sp. (three months), Senna specta-
bilis (three months), and Spondias tuberosa (three months).

Mean fruiting intensity was highest during the first year (2007–2008) and 
during the dry season (Figure 7.8c). The proportion of fruiting species was 
highest for early successional stages in the dry season of the first two years of 
the study (Figure 7.9c). Furthermore, there was greater variability in fruiting 
intensity and frequency during the wet season across years and successional 
stages (Figures 7.8c and 7.9c). Synchrony and regularity in fruiting across the 
three successional stages occurs primarily at the end of the dry season in 
August, September, or October (Figure 7.10c). The highest proportion of fruit-
ing individuals (45%–56%) and species (53%–63%) was recorded during the 
first year, and early successional stages consistently had the highest propor-
tion of fruiting species across years (early: 63%, 35%, and 16%; intermediate: 
59%, 13%, and 13%; and late: 53%, 9%, and 12% for years one, two, and three, 
respectively) and fruited for up to eight months in the first year.

7.3.3.2  Species-Level Flowering Patterns

Supra-annual flowering and annual flowering were the most common cat-
egories in the three successional stages, with the proportion of supra-annual 
species being higher for early stages (Figure 7.4a). One species with suban-
nual flowering was observed in early stages (Acacia polyphylla). Most spe-
cies presented irregular flowering in the three successional stages (67%–82%; 
Figure 7.4b). Most species had a brief flowering period (48%–62%; Figure 7.4c). 
Two species with extended flowering (Calotropis procera and M. urundeuva) 
were observed in early stages, and the remaining species in all the stages had 
intermediate flowering periods.
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7.4  Discussion

7.4.1 � Phenological Patterns of Tropical Dry Forests 
in a Latitudinal Gradient: A Synthesis

Leaf phenology patterns were similar across countries at different latitudes 
and across successional stages. In all sites, leaf flushing occurred immedi-
ately after rainfall accumulated for over 100 mm in the first month of the 
wet season and leaves persisted for several months until the precipitation 
dropped below 50 mm/month. Therefore, a precipitation threshold is neces-
sary to maintain primary productivity and growth in TDFs. Rare, isolated 
rain events during the dry season may trigger leaf flushing, as shown in 
Mexico in 2010. Similarly, experimental irrigation studies in TDF trees have 
demonstrated that leaf production can be induced during the dry season for 
short periods of time (Borchert 1994; Hayden et al. 2010). However, if water-
ing is not maintained these ephemeral leafing events do not lead to tree 
growth (Hayden et al. 2010).

Leafing intensity patterns were similar in the TDFs of Mexico and Brazil, 
whereas in Costa Rica leafing intensity was less variable and maintained 
higher levels over time. Similarities in the leafing intensities of Mexico and 
Brazil followed the average annual rainfall and seasonal precipitation epi-
sodes of these two countries. In Costa Rica, despite the seasonality of rainfall, 
greenness may be maintained for longer periods due to the higher annual 
precipitation.

Similar patterns of leaf phenology were described in previous studies in 
mature forests of Costa Rica and Mexico (Frankie et al. 1974; Bullock and 
Solis-Magallanes 1990), but our study is the first to describe phenological pat-
terns in different successional stages in TDFs. Differences in leafing inten-
sity patterns among successional stages were not consistent among TDFs. In 
Mexico, individuals retained their leaves longer in early successional stages 
during the first two years of the study; but this pattern disappeared dur-
ing the last two years, after vegetation structure and species composition 
changed over time. A study in the TDF site of Mexico demonstrated that 
plants in early successional stages have adapted to high temperatures and 
high radiation loads by maximizing heat dissipation and minimizing water 
loss while maintaining photosynthetic performance (Alvarez-Añorve et al. 
2012); furthermore, in species common to all successional sites leaf longev-
ity is greater in early successional stages (Alvarez-Añorve et al. 2012). These 
functional adaptations may explain the leaf phenological patterns observed 
in Mexico and Brazil. In contrast, in early successional stages in Costa Rica 
individuals retained their leaves for a shorter period than in other stages. 
These results might be associated with the higher precipitation regime of 
Costa Rica, which is almost twice as high as the precipitation of the other 
two countries.
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Flowering intensity patterns varied across countries, successional stages, 
and years. There were flowering peaks in the dry and the wet seasons in 
all sites and in all successional stages. Early and intermediate stages had 
higher levels of flowering intensity in all sites across years. Several studies 
of TDF trees have indicated that flowering intensity is greater in disturbed 
open sites—similar to early and intermediate successional stages—than 
in mature late successional forests (Cascante et al. 2002; Fuchs et al. 2003; 
Quesada et al. 2003; Herrerías-Diego et al. 2006; Rojas-Sandoval et al. 2008). 
Analyses of climatic environmental variables have indicated that disturbed 
habitats under succession have higher average temperatures, greater expo-
sure to wind, lower soil moisture, and greater evapotranspiration than the 
understory of mature forests (Alvim 1960; Kapos 1989; Saunders et al. 1991; 
Wright 1996; Kapos 1997; Wright 1999; Laurance et al. 2002; Fuchs et al. 2003; 
Herrerias-Diego et al. 2006). However, little is known about the ecological 
and physiological processes that control flowering and fruiting phenology in 
tropical plants (Chapotin et al. 2003). Only a few studies have demonstrated 
that drought may trigger flowering (Alvim 1960; Wright et al. 1999) and that 
higher light conditions may prolong flowering in tropical plants (Marquis 
1988). Therefore, these are fields of study that require more research to 
understand how environmental factors affect TDF regeneration processes.

The analysis of flowering frequency indicates that most species presented 
supra-annual or annual flowering at the three sites (Figure 7.4a). Overall, 
supra-annual flowering was found in a large percentage of the species (at 
least 43%), which is greater than that found in the wet tropical forest of La 
Selva Biological Station (10%–14%) (Newstrom et al. 1994; Bawa et al. 2003) 
or the TDF of Comelco in Costa Rica (11%) (Frankie et al. 1974). Every year, a 
large proportion of individuals and species did not flower. The high repre-
sentation of supra-annual species may be due to the presence of juveniles in 
the samples, which might be more pronounced at early successional stages. 
Instead, the monthly censuses conducted in this study may have missed the 
flowering events of species with brief flowering periods of less than three 
weeks. Alternatively, water availability of TDFs may limit resources for 
individuals to reproduce annually, particularly for younger reproductive 
individuals. The representation of species with supra-annual flowering was 
lower at early successional sites only in Costa Rica, as would be expected 
due to the selection for rapid growth and early reproduction in early suc-
cessional species (Baker 1974; Bazzaz 1979; Bawa et al. 2003). Consistent with 
this hypothesis, early successional stages showed continuous flowering in 
Mexico and subannual flowering in Costa Rica and Brazil. A higher abun-
dance of species with continuous and subannual flowering in early and 
intermediate successional communities may contribute to the higher flower-
ing intensity in these stages, described in the aforementioned results.

The analysis of flowering regularity showed that irregular flowering was 
common in all successional stages in Brazil, in late stages in Costa Rica, and 
in early stages in Mexico (Figure 7.4b). Irregular flowering should be more 
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124 Tropical Dry Forests in the Americas

common in early successional stages because short-lived early successional 
species (r-selected species) should have been selected to flower or fruit at 
any time of the year (Kang and Bawa 2003). This hypothesis was true for 
Mexico, where 78% of the species had irregular flowering and the propor-
tion decreased toward the late successional stage. However, the opposite 
pattern was observed in Costa Rica and no differences among successional 
stages were observed in Brazil where irregular flowering was predominant. 
Interestingly, the ratio of the number of regular to the number of irregular 
species was similar at the intermediate stages of all countries (Figure 7.4b), 
suggesting that flowering frequency strategies converge at these sites, pos-
sibly because they share species from early and late successional stages.

Flowering duration varied across countries (Figure 7.4c). In Mexico and 
Brazil, most species (between 48% and 66%) flowered for a brief period of 
time across all successional stages. Species with extended flowering were 
mainly found in the intermediate and late stages in Mexico. In Costa Rica, 
77% of species showed intermediate flowering at the early stages and the 
proportion decreased toward the late successional stages. At the individual 
level, the duration of flowering was greater in earlier successional stages at 
all sites. In Mexico and Costa Rica, individuals in late stages flowered only 
for one or two months, whereas in early and intermediate stages some indi-
viduals flowered for up to five months. In Brazil, longer flowering periods 
were also more common in early and intermediate sites than in late sites. 
Therefore, the representation of species in the categories of frequency, reg-
ularity, and duration of flowering phenology of the communities was not 
always consistent with the higher flowering intensity observed in the early 
and intermediate stages. A high abundance of species with long and/or con-
tinuous flowering may contribute to the intensity patterns observed.

Variations in flowering intensity and phenological patterns associated 
with succession should also reflect variations in pollinator communities. 
Extended, continuous, and intense flowering may be associated with gener-
alist pollination in early succession to ensure reproduction. Pollination sys-
tems are unexplored in this chapter, but a plant–pollination network study 
in Mexico (Lopezaraiza and Quesada, unpublished data) indicates that the 
abundance and species richness of pollinators is higher in early succession 
and is explained by a higher floral abundance at this stage. The network anal-
ysis shows that the pollinator community is generalist at early and intermedi-
ate successional stages, and more specialized at late stages, and consequently 
pollinator assemblages are more similar among plant species at early stages 
than at late successional stages. Variations in the synchrony and intensity 
of flowering associated with pollination at different successional stages will 
affect the reproduction, genetic structure, and mating patterns of tropical 
plant populations in disturbed and mature TDFs (Quesada et al. 2004, 2011).

Timing of fruit and seed production is key to understanding the dis-
persal, regeneration, and establishment of natural populations along suc-
cession. The phenological intensity and timing of flowering patterns will 
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125Phenological Patterns of Tropical Dry Forests

directly affect fruiting and seed dispersal patterns. Fruiting intensity var-
ied across countries, successional stages, and years. If reproduction was 
successful, the higher intensity of flowering at early and intermediate 
stages should be reflected in fruiting patterns and fruiting peaks should 
lag behind flowering peaks. Early and intermediate stages did have higher 
fruiting intensities than late successional stages in Mexico, and in Costa 
Rica early stages had the highest intensity. By contrast, fruiting intensi-
ties in Brazil were similar for all successional stages. Fruiting peaks did 
not necessarily follow flowering peaks. However, a higher proportion of 
species fruited during the dry season across countries and successional 
stages (Figures 7.2c, 7.6c, and 7.9c), and fruiting peaks were greater for the 
early successional stages. Frankie et al. (1974) found for the Comelco TDF 
in Costa Rica that most species fruit during the dry season regardless of 
their flowering season and dispersal syndrome, although anemochory 
(42% of species) is slightly more common than endozoochory (36%) during 
this season. In TDFs, a large proportion of species are wind dispersed and 
depend on high temperature and low relative humidity for abscission and 
dispersal (Greene et al. 2008). Variations in such environmental conditions 
in disturbed habitats will change fruit maturation and seed dispersal pat-
terns in successional environments.

Seed dispersal is an integral part of successional and regenerative pro-
cesses in tropical ecosystems (Hardwick et al. 2004). Successful colonization 
by particular species within early successional areas depends not only on 
many microclimatic factors (Maluf de Souza and Ferreria Batista 2004; Holl 
1999) but also on species’ ability to disperse. If no nuclear trees (isolated trees 
that can attract animal dispersers) were found in disturbed areas, early suc-
cessional stages should be more successfully colonized by wind-dispersed 
species (Janzen 1988). The higher proportion of species dispersing during the 
dry season at early successional stages suggests that more wind-dispersed 
species are successfully colonizing these stages. Once some vegetation is 
established within areas of early succession, these areas may be used by ani-
mals as resting or feeding areas, bringing seeds of endozoochorous plants. 
In intermediate stages, the proportion of species dispersed during the dry 
season is lower than that during the early stages. Further analysis on differ-
ences in dispersal syndromes among successional stages will shed light on 
how seed dispersal affects TDF ecological succession.

7.5  Conclusions

Despite there being differences in phenological patterns among countries, 
we found differences among successional stages within countries, and 
some general patterns across countries. The intensity of the leaf phenophase 
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126 Tropical Dry Forests in the Americas

differed between stages. In Costa Rica leafing intensity was lower along the 
dry season in early successional stages, whereas in Mexico it was higher 
during the dry season. In Brazil, leafing intensity tended to be higher at the 
start of the rainy season in early successional stages. We propose that these 
differences may be explained by different functional responses of the plant 
communities that follow differences in precipitation regimes among coun-
tries. Flowering phenological patterns consistently differed among succes-
sional stages, being more intense in early and intermediate stages than in 
late stages. This higher intensity is partly explained by a consistently lon-
ger flowering duration of individuals at earlier stages and partly by plant 
species traits (flowering frequency, regularity, and duration) at different 
successional stages. Nevertheless, different traits contribute to explain the 
higher intensity for the different countries. Finally, following flowering 
intensity patterns, fruiting intensity tended to be higher for early and inter-
mediate stages, but only in Mexico and Costa Rica. A  higher proportion 
of species fruited during the dry season across countries, and the highest 
peaks were in this season for early stages, suggesting a higher proportion 
of wind-dispersed species at these sites. An analysis of the phenological 
responses and abundance of common species and of species exclusive to 
the different successional stages should unravel the extent to which dif-
ferences in phenological patterns are associated with species replacement 
along successional gradients and with species plasticity. Further work is 
needed regarding the physiological processes and environmental cues 
responsible for the observed differences in phenological patterns along 
succession.

Appendix

Table 7.1

Results of the Analysis of Variance Comparing the Number of Individuals and 
Species Falling on the Phenology Transects on Three TDFs in a Latitudinal 
Gradient: Chamela, Mexico; Santa Rosa, Costa Rica; and Mata Seca, Brazil.

Response Variable F Model d.f., Error d.f. p Value

Mexico Number of species 23.79 2, 6 0.0014
Number of individuals 56.64 2, 6 0.0001

Costa Rica Number of individuals 0.57 2, 6 0.5914
Number of species 6.40 2, 6 0.0326

Brazil Number of individuals 21.64 2, 6 0.0018
Number of species 2.90 2, 6 0.1316
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Figure 7.11
Mean (±SE) number of individuals (a, c, e) and species (b, d, f) at the phenology transects of 
different successional stages for Chamela, Mexico (a, b), Santa Rosa, Costa Rica (c, d), and Mata 
Seca, Brazil (e, f): different letters above the bars denote significant differences among succes-
sional stages.
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128 Tropical Dry Forests in the Americas

Figure 7.12
(See color insert.) Photographs of the TDF of Chamela, Mexico, taken from the same position 
on 6 consecutive days at the start of the rainy season in 2009. Leaf expansion of the closest trees 
happening within a few days can be appreciated; in a week’s time, the forest turned green.
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