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Abstract Although important, phenological studies com-
paring congeneric species or the same species growing in
different habitats are still scarce for the tropics. Herein, we
integrate phylogeny, ecology and biometeorology to verify
whether the phenophases of congeneric species Myrcia
laruotteana and Myrcia amazonica or Clethra scabra differ
when their populations inhabit wetland and drained habitats
and to determine what abiotic factors affect the vegetative
and reproductive phenophases of these species in distinct
habitat patches. We collected data on phenological events
of 80 trees for 1 year in Itacolomi State Park, Brazil, and
related them to abiotic local factors. Contrary to our expec-
tation, the phenophases of the congeneric species did not
differ between habitats, but the reproductive phenophases of
C. scabra did and was greater in drained soil. Phenophases
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of C. scabra were affected by the depth of the water table
and maximum temperature in the wetland soil. Insolation,
precipitation, maximum temperature and relative humidity
influenced Myrcia and Clethra in the drained soil. The dif-
ferences between C. scabra populations suggest that this
species is phenotypically plastic and can present distinct
phenophases depending on the habitat it inhabits. On the
other hand, the congeneric Myrcia species may have similar
phenophases in distinct habitats because of their shared sim-
ilarities during their evolution. This study provides a better
understanding of the ecology of these species and their adap-
tations to different abiotic conditions. Data of this nature are
important in a changing world and can inform strategies for
adaptive management.

Keywords Abiotic factors - Forest ecology -
Phenophases - Soil types

Introduction

Phenology, the timing of recurrent seasonal biological
events, affects almost all aspects of ecology and evolu-
tion (Forrest and Miller-Rushing 2010). Phenophases (also
known as phenological events) are observable stages or
phases in the annual life cycle of a plant or animal (USA
National Phenology Network 2019). Plant phenophases
such as leaf budding, flowering and fruit ripening have
been recorded for decades and are important to verify tem-
poral changes in the species development (Gordo and Sanz
2009) and understand how plant communities are assembled
(Wolkovich et al. 2013).

Various factors such as temperature, precipitation and solar
radiation have been listed as being influential on plant phe-
nophases over time (Bradley et al. 2011; Shen et al. 2011).
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Temperature, in particular, has been linked to the phenology
of plants and insects, and studies have linked changes in the
timing of some phenophases of these organisms with global
warming (Bartomeus et al. 2011).

Another relevant but little explored issue in the search for
the drivers of phenology is the shared evolutionary history
of the species, i.e. the phylogeny (Davies et al. 2013). More
recently, some studies have compared the phenology of related
species inhabiting different habitats, and valuable information
that helps to better understand the ecology and evolution of the
species has been acquired (Alberto et al. 2013; Gugger et al.
2015). For example, phenological responses to climate change
are often shared among closely related plant species, meaning
that related species respond similarly to climate change (Davis
et al. 2010).

Although some information is known, there is still a lack
of studies linking phenophases of related species in different
habitats to environmental factors, especially in the tropics. In
the Atlantic Forest, for example, the frequency, average date
and intensity of phenophases of related species vary according
to soil type (Cambisol Vs Gleysol) (Cardoso et al. 2012). In
other communities, however, the variation in flowering time
is explained by abiotic variables, without a significant phy-
logenetic effect (Cortés-Flores et al. 2017). Further studies
comparing related species in distinct environments may help
to clarify these issues. In doing so, it is important to integrate
disciplines such as biometeorology, ecology and evolutionary
biology because multiple factors can interact and affect phe-
nology in tropical regions (Wolkovich et al. 2014).

Here we compare congeneric species (i.e., species of the
same genera) and a same species inhabiting nearby habitat
patches with different soil water conditions (wetland and
drained soils). The objectives of the study were to verify
whether the phenophases of the congeneric Myrcia laruot-
teana and Myrcia amazonica species and Clethra scabra
species differ depending on the habitat occupied as a func-
tion of environment, which abiotic factor(s) affects the phe-
nophases of the populations in wetland and drained habitats
and the nature of any effect. Our predictions were that (1)
the phenophases of congeneric species should differ because
although they share similarities in their life history, each spe-
cies is adapted to a specific habitat; (2) phenophases of the
same species should not differ because they have the same
evolutionary history; and (3) that factors affecting plant phe-
nophases should differ depending on the habitat occupied.

Materials and methods
Study areas

We performed this study in Itacolomi State Park (PEIT) in
southeast Minas Gerais state, Brazil, whose area occupies
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part of the municipalities of Ouro Preto and Mariana
(Fig. 1a). The park, created in 1967, occupies 7,543 ha in the
southern part of the Serra do Espinhago Biosphere Reserve
(IEF 2019). The tropical climate has two well-defined sea-
sons: a rainy, warm season (from October to March) and a
dry, cold season (from April to September) (Climate-Data.
org2019).

Itacolomi Park is composed of a transition zone between
the Atlantic Forest and Cerrado biomes, both of which are
considered priority ecosystems for conservation (biodiver-
sity hotspots) (Myers et al. 2000). Vegetation is dense and
taller in the valleys, drainages and lower slopes because of
the environmental and topographic heterogeneity than the
sparse, shorter vegetation in the higher areas that are topped
with rock fields (Fujaco et al. 2010).

We selected two adjacent areas to sample within a
fragment of montane forest of about 100 ha and an aver-
age altitude of 1,350 m above sea level (Pedreira and de
Sousa 2011). These areas are located near the Manso stream
(20 °25'37" S; 43 °30'18"” W). The area to the left of the
stream, classified as wetland forest, is flat, and the soil is
constantly flooded (Fig. 1b). Wetland forests are character-
ized by the presence of permanently soaked hydromorphic
soils with surface water flowing into small channels with a
certain drainage (Rodrigues 2004). The area to the right of
the stream (in the direction of the water flow—North), clas-
sified as montane forest, had a sloping relief and drained soil
(Fig. 1b) (Pedreira and de Sousa 2011). Montane forests are
characterized by the presence of well-drained soils such as
Nitosols, Cambisols or Latosols (Higuchi et al. 2008).

Study species

The target species of this study are the two congenerics,
Mpyrcia laruotteana Cambes and Myrcia amazonica D.C.,
and Clethra scabra Pers. M. laruotteana commonly occurs
in semi-deciduous seasonal forests, especially in wetland
places and at the edges of rivers and streams (Sobral et al.
2013). At our study sites, it only occurs in the wetland area
(Fig. 1b). M. amazonica, an evergreen tree typical of riparian
zones of the Cerrado, semi-deciduous seasonal forests, and
rock fields (Sobral et al. 2013), only grows in the drained
area (Fig. 1b). C. scabra is also an arboreal species occur-
ring in the interior of secondary forests with poor, moist,
compact soils, and shallow inclination (Lorenzi 1998). It
inhabits both study areas (wetland and drained soils).

Experimental design

We set up four 10 m transects each parallel to the Manso
stream in the study areas (wetland and drained). Then, we
identified and marked all individual trees (with DBH>5 cm)
of the target species with numbered tags within a perimeter
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Fig. 1 Aerial view of the
wetland and drained study areas
in Itacolomi State Park, Minas
Gerais state, southeast Brazil
(a) selected for characterizing
the phenology of three arboreal
species. M. laruotteana occurs
only in the wetland area (b) and
M. amazonica in the drained
area. C. scabra occurs in both
areas
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of 5 m on each side of the transects. We then randomly
selected 20 individuals of each species from the set of
marked trees in each area by picking 80 slips of papers from
a container with numbered slips for all individuals. Thus,
each study area had 40 individuals marked and selected
for the phenology study: 20 M. laruotteana trees and 20 C.
scabra trees in the wetland habitat, 20 M. amazonica trees
and 20 C. scabra trees in the drained habitat.

Data collection

We visited the study areas every 15 days from November
2013 to October 2014 to estimate the vegetative and repro-
ductive phenophases of the populations. Because the data
was collected consistent throughout the study, this frequency
is appropriate for estimating phenophases (Miller-Rushing
et al. 2008), and the progression of all phenophases can be
observed. During each visit, we observed the entire crown of
the target trees using binoculars and registered the presence
or absence of leaf budding, young leaves, mature leaves, leaf
fall, flower budding, flowering and fruiting.
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Meters

A piezometer was installed near each tree (up to 2 m)
to measure the depth of the water table. The piezometers
were made of 10 cm diameter plastic pipes with perfora-
tions throughout their length and installed 100 cm below the
soil surface (Walthall and Lngram 1984). The depth of the
water table was measured using a graduated tape during the
bimonthly visits in the study areas.

We also obtained data for monthly precipitation (mm),
maximum and minimum temperatures (°C), relative humid-
ity (%), and insolation (hours) to relate to the phenophases
for the study period from a meteorological station approxi-
mately 3.5 km from the study areas (the station belongs to
Novelis do Brasil Ltda). We calculated the region’s average
precipitation and temperature from 2004 to 2013, and those
during the study year did not deviate significantly (precipita-
tion: t=1.32, p=0.20; temperature: t=0.44, p =0.66).

Data analyses

An activity index (or percentage of individuals) was calcu-
lated for each phenophase in each month using the presence
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and absence data to estimate synchrony and determine the
proportion of individuals sampled that are manifesting a
certain phenophase in relation to the total individuals of the
population (Bencke and Morellato 2002). The indexes were
graphically represented for better interpretation.

We transformed the phenological data (the activity index,
in percentage) into logit following the recommendation of
Warton and Hui (2011) for transforming proportion data.
The assumption of multivariate normality was checked
through Mardia tests and homogeneity of variance—covari-
ance matrices through Box’s M tests of equality of covari-
ance (Hammer 2019). Data were normal (Mardia test (Myr-
cia): df =84, Statistic =0.05, p=0.95; (Clethra): df =84,
Statistic=0.20, p=0.83) and variance—covariance matrices
were homogeneous (Box’s M test (Myrcia): Fy; 17g0,=1.83,
p=0.22; (Clethra): F, 149,=1.63, p=0.05). Spatial auto-
correlation was also checked because the populations of both
habitats were relatively close to each other in space using the
autocorrelation function (ACF) and partial autocorrelation
function (PACF) (Davis 1986) in the SPSS 23.0 program
(IBM, Armonk, NY, USA). The results indicated that spatial
autocorrelation was not a problem for Myrcia and Clethra
populations.

We subjected the phenological data to a multivariate anal-
ysis of variance with repeated measures (repeated measures
MANOVA) to verify differences in vegetative and repro-
ductive phenophases of the congeneric Myrcia species and
C. scabra species when inhabiting different habitat patches
(study objective 1). MANOVA is used to assess the statis-
tical significance of the effect of one or more independ-
ent variables on a set of two or more dependent variables
(Weinfurt 1995). In this case, a repeated-measures approach
was used because phenological data were measured repeat-
edly over time for the same individuals. The phenophases
were used as measures of the populations in the different
habitats (dependent variables: congeneric Myrcia species
and C. scabra species in wetland and drained habitats). The
Bonferroni correction was used for pairwise comparisons
(Hammer 2019).

Multivariate multiple regression (MMR) analyses were
performed to verify what (and how) abiotic factors influ-
enced the phenophases of the populations inhabiting wetland
and drained habitats in that period (study objective 2). Multi-
ple responses (dependent variables) can be modeled using a
set of predictor (independent) variables (Ford 2017). Pheno-
phases were the dependent variables, and the abiotic factors
were the independent variables (water table depth, precipita-
tion, average maximum temperature, average minimum tem-
perature, relative humidity, and insolation). MMR analyses
were performed separately by species in each environment
to verify which factors were related to the phenophases. The
assumptions of linearity (if the residuals were normally dis-
tributed and homoscedastic) and multicollinearity (though
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variance inflation factor VIF < 10) were checked before the
MMR analysis (Hammer 2019). SPSS 23.0 (IBM, Armonk,
NY, USA) and PAST 3.26 (Hammer et al. 2001) software
were used for the statistical tests.

Results

We verified no significant differences in the vegetative and
reproductive phenophases of Myrcia inhabiting wetland
and drained habitats (study objective 1, MANOVA test:
Fs5 ;=1.88, p=0.25, Wilks’ A=0.27). M. laruotteana and
M. amazonica remained evergreen over the year, and flower
buds and flowers were produced at the end of the dry sea-
son (August and September) (Fig. 2). Fruits were produced
between September and January (Fig. 2).

On the other hand, some of the phenophases of the two C.
scabra populations differed (study objective 1, MANOVA
test: Fs ;= 76.23, p<0.001, Wilks’ A=0.09); flowering
and fruiting were greater in the population of the drained
soil (Fig. 3). Flowering mainly occurred at the beginning
of the year and fruiting occurred from March to September
(Fig. 4). The two populations had greater leaf fall from the
medium to the end of the dry season, but ripe leaves were
still present (Fig. 4).

We also verified that the phenophases of Myrcia had no
significant relation with any environmental variable in the
wetland habitat (study objective 2, MMR test: F 59 5; =0.41,
p=0.94, Wilk’s A=0.08). However, the precipitation,
maximum temperature and relative humidity influenced
some phenophases of Myrcia in the drained habitat (study
objective 2, MMR test: Fs 3 ,3=28.54, p=0.01, Wilk’s
A=8.32°"") (Table 1). We observed that the leaf budding
and young leaf phenophases decreased as relative humidity
increased (Online Appendix Fig. S1 a, b). The mature leaf
phenophase increased with increasing relative humidity, and
fruiting increased with an increase in precipitation (Online
Appendix Fig. S1 c, d).

The phenophases of C. scabra in the wetland habitat also
had a significant relation with some abiotic factors (study
objective 2, MMR test: Fs 3 53=5.31, p=0.03, Wilk’s
A=4.40°"%) (Table 1). Leaf budding increased and mature
leaves decreased with an increase in the water table depth
(Online Appendix Fig. S2 a, b). Fruiting was negatively
influenced by an increase in the maximum temperature
(Online Appendix Fig. S2 c).

We also recorded significant relations between the
phenophases and abiotic factors in the C. scabra popu-
lation in the drained habitat (study objective 2, MMR
test: Fs 3 ,5=26.07, p<0.001, Wilk’s A=1.56°")
(Table 1). Leaf budding and young leaves decreased with
an increase in insolation (Online Appendix Fig. S3 a, b).
Leaf fall decreased with an increase in temperature and
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Fig. 3 Leaves, flowers and fruits of C. scabra in wetland and drained
habitats in Itacolomi State Park, Ouro Preto, Minas Gerais, Brazil.
Flowering and fruiting differed between habitats (an asterisk (*) indi-
cates the phenophase differed). Vertical bars represent the standard
error (SEx+1)

The differences in the phenophases between C. scabra
populations show that adaptation to the environment is an
important issue. Moreover, this species may have phenotypic
plasticity, meaning that it produces distinct phenotypes (as a
function of its genotype) in different conditions (Padilla and
Savedo 2013). Phenotypic plasticity is an important feature
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because it helps the organisms to adapt to new habitats
and can contribute to genetic differentiation and speciation
(Agrawal 2001). Specific studies, such as joint experiments
in greenhouses (Sultan 2003), are necessary to prove that C.
scabra really is phenotypically plastic.

At first, we thought that any differences in phenophases
between habitats would be seen as smaller values for popula-
tions in the drained habitat because of water scarcity. How-
ever, flowering and fruiting phenophases of C. scabra were
longer in the drained habitat. Studies have shown that roots
in the upper layers of drier soils can penetrate deeper to
take up water from deeper layers (Sharp and Davies 1985).
Thus, C. scabra in the drained habitat might not be under
hydric stress. In addition, C. scabra is known to inhabit dif-
ferent biomes (e.g., forests and grasslands) and can flour-
ish even after fires (Freitas and Sazima 2006). This species
seems to be quite resistant to various stresses (e.g., fires,
dystrophic soils, high radiation), which allows it to inhabit
several environments.
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Months

In ecological terms, the differences in the proportion
of flowers and fruits between C. scabra populations may
influence their population dynamics if such differences con-
tinue over time. For example, observations of pollinators
revealed the probability that pollinators will alternate their
visits between species that flower at the same time increases
when flower colors of the two species are similar (Jager et al.
2011). Because there was a great proportion of flowers of
the same species (of similar colors) in the drained soil, more
pollinators may be attracted to those flowers and increase
the plant reproductive success in the drained habitat. For the
congeneric Myrcia species, pollinators would be attracted
equally to both habitats because the mean number of flowers
in the two populations were equal.

We predicted that the phenophases of the species in
distinct habitats would be influenced by different factors
but this only applied for C. scabra (one species of Myr-
cia was not influenced by any factor). Temperature was a
relevant factor for both C. scabra populations. The effect
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Table 1 Results of the multivariate multiple regressions (MMR) for plant phenophases and some abiotic variables in wetland and drained habi-
tats in Itacolomi State Park, Ouro Preto, Minas Gerais, Brazil

Habitat Species Phenophase  Abiotic variable
Water table Precipita- Average maxi- Relative humid-  Insolation (hours)
depth (cm) tion (mm) mum tempera- ity (%)
ture (°C)
Wetland Myrcia laruot- Leaf budding — p=0.81 p=0.32 - p=0.67
teana Young leaves — p=0.30 p=0.56 - p=0.37
Mature leaves — p=0.76 p=0.53 - p=0.97
Leaf fall - p=093 p=0.60 - p=0.10
Flower buds - p=0.64 p=0.78 - p=091
Flowering - p=0.72 p=0.61 - p=0.88
Fruiting - p=0.29 p=0.67 p=0.54
Drained Myrcia ama- Leaf budding — p=0.08 p=0.004%, p<0.001%, p=0.44
zonica R*=0.04 R*=0.48"
Young leaves — p=0.09 p=0.03%, p<0.001%, p=0.56
R*=0.006 R*=0.65"
Mature leaves — p=0.16 p=0.05%, p<0.003%, p=0.52
R?=0.0001 R*=0.55"
Leaf fall - p=0.76 p=0.51 p=0.72 p=0.67
Flower buds  — p=0.35 p=0.83 p=0.01%, p=0.14
R*=0.09
Flowering - p=0.61 p=0.42 p=0.60 p=0.38
Fruiting - p<0.001%, p=0.30 p=0.95 p=0.02%,
R*=047" R*=0.007
Wetland Clethra scabra Leaf budding p<0.001%, p=0.04%, p=0.012%, - p=0.007%,
R*=0.27" R?=0.002 R*=0.04 R*=0.02
Young leaves p=0.28 p=0.60 p=0.18 - p=0.23
Mature leaves p=0.01%, p=0.29 p=0.31 - p=0.04*% R*=0.07
R*=0.33"
Leaf fall p=0.13 p=0.75 p=0.53 - p=0.92
Flower buds  p=0.03%, p=0.53 p=0.06 - p=0.31
R*=0.08
Flowering p=0.28 p=0.28 p=0.13 - p=0.50
Fruiting p=0.16 p=0.77 p=0.05%, - p=0.54
R*=0.50
Drained Clethra scabra Leaf budding — p=0.82 p=0.46 p=0.06 p=0.03%,
R*=0.37"
Young leaves — p=041 p=0.59 p=0.06 p=0.03%,
R*=0.497
Mature leaves — p=0.73 p=0.67 p=0.11 p=0.21
Leaf fall - p=0.77 p=0.04%, p=0.004%, p=0.20
R*=0.21" R*=0.21"
Flower buds — p=0.12 p=0.56 p=0.92 p=0.09
Flowering - p=0.08 p=0.01%, p=0.003%, p=0.14
R*=0.22 R*=0.001
Fruiting - p=0.26 p=0.31 p=0.040%, p=0.68
R*=0.27"

The dash (-) indicates that the independent variable was not used in the regression analysis because of collinearity; an asterisk (*) indicates sig-
nificant relation between variables (p <0.05); fidentifies relations with coefficients of determination >20% (see graphs in the Appendices)

of temperature on plant phenophases has been explored in ~ global warming (Ibafez et al. 2010). In the present study,
many ecosystems (Caffarra and Donnelly 2011; Shen et al.  the temperature increase influenced some phenophases of
2011) and is gaining more attention because of increasing C. scabra (leaf fall, flowering and fruiting) suggesting that
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future increases in global temperatures are likely to affect at
least some phenophases of C. scabra.

We found that an increase in the water table depth increased
the production of leaf budding but decreased mature leaves of
C. scabra in the wetland habitat. This finding is opposite of
a study on a wetland in Germany where changes in the water
table did not affect the grassland phenology (Cornelius et al.
2014). An increase in insolation negatively affected the leaf
budding and young leaves of C. scabra in the drained habitat,
perhaps because insolation is directly related to temperature
(Kaufmann et al. 2011) and the stress caused by high tempera-
tures inhibits photosynthesis (Mathur et al. 2014). In addition,
the soil in the drained habitat is drier, and water uptake should
occur at greater depths.

The relative humidity was one of the main factors affect-
ing the phenophases of Clethra and Myrcia in the drained
habitat. A study on species in temperate regions showed that
drier air significantly delays the start of the budburst in some
arboreal species (Laube et al. 2014). Contrary to leaf budding
and young leaves of tree species in temperate regions, leaf
budding and young leaves of tropical trees may not benefit
from high humidity because we verified that the increase in
relative humidity was related to a decrease in leaf budding and
young leaves of M. amazonica. Moreover, relative humidity
has not been found to be an important trigger of changes in the
reproductive phenophases of tropical species (Wright 1991).

With greater climate change, it is likely that known rela-
tionships or phenophases are also likely to change. Work
in temperate regions has shown that climate change has
affected the start of the tree growing season (Chmielewski
and Rotzer 2001). Studies of this nature should inform
planning strategies for the management and conservation of
tropical forest species.

Conclusions

We verified that phenophases of congeneric Myrcia species
in the wetland and drained habitats did not differ during the
study but those of C. scabra in the two habitats did. C. scabra
thus seems to have phenotypic plasticity, which should be
further studied. Even in habitats near to each other, differ-
ent factors affect the phenophases of the species: humidity,
precipitation, insolation, and temperature were influential in
the drained habitat, and temperature and water table depth
were influential in the wetland. These findings help us better
understand the role of habitat and abiotic factors on the phe-
nophases of tropical tree species and are a starting point for
designing conservation actions in a changing world.
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