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ABSTRACT

and Fausto Hissashi Takizawa®

Climate change is expected to increase the occurrence of severe droughts in the tropics, and little is known about its
influence on tree dynamics. Tree-ring width and remote sensing tools can help understand the impacts of climate
change on tree growth. We evaluated the applicability of NDVI to obtain phenological metrics (e.g., start, peak, end, and
length of growth season) and explored its relationship with tree-ring width of Tectona grandis (teak). The phenological
metrics and tree-ring width were correlated with each other, and with both local (temperature, precipitation, solar
insolation, Standardized Precipitation Evapotranspiration Index — SPEI) and large-scale (El Nifio) climatic variables.
The length of season and tree-ring width of teak were positively correlated with precipitation and negatively correlated
with temperature in the initial months of the growth period. Tree-ring width was negatively correlated with EI Nifio
events. Climate variables and length of season from the prior period were correlated with the tree-ring width of the
current growing period. This study demonstrated that rather than directly affecting productivity, climate might also
affect the length of the growing season, which would affect tree growth in the next season.

Keywords: Dendrochronology, El Nifio, ENSO, phenological metrics, phenology, SPEI, teak, vegetation index

Introduction

The impact of climate change on forest growth and
productivity is a matter of concern. The impact of these
changes tends to be greater in the tropics, promoting an
increase in temperature in these regions (IPCC 2014).
Recent research indicates that the intensity and frequency
of EI Nifio events tend to increase owing to climate change

(Ham 2018). The El Nifio-Southern Oscillation (ENSO)
is an atmosphere-ocean phenomenon that occurs in the
equatorial Pacific Ocean. The eastern equatorial Pacific
climate varies between anomalously cold (La Nifia) and
warm (El Nifio) periods on a timescale of 2-7 years. These
swings lead to variations in rainfall and weather patterns
in several parts of the world (Aceituno 1988; Foley et al.
2002; Collins et al. 2010), particularly in tropical forests,
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and can considerably affect large natural terrestrial carbon
sinks, such as the Amazon rainforest.

For instance, rainfall in the Amazon is strongly driven
by El Nifio events. The warm phase decreases monthly
precipitation and increases mean temperature. During
El Nifio, there is a reduction in total precipitation in the
Amazon as the main convection center shifts to the central
Pacific, and convection over the Amazon weakens (Foley
et al. 2002). The event that occurred during 2015/2016
(strong event) caused a marked change in precipitation
and temperature, compared to previous events (Moura et
al. 2019). The evaluation of these changes helps understand
the effects of this phenomenon on local and global scales.

Climate change can be evaluated using dendrochronology.
One of the fundamentals of this method is that variations in
tree-ring width are influenced by environmental variables
that affect tree growth (Speer 2012). Species that have more
prominent growth rings and show sensitivity in response
to environmental variations are suitable for these studies.

Another important tool for verifying the climate-plant
relationship is the study of phenology, given that tree-
rings are produced within the vegetative period which is
dependent on the phenological behavior of trees. Phenology
explores the stages of the plant development cycle, such as
budding, flowering, fruiting, and senescence of the leaves
(Ghosh et al. 2019). As climate affects tree growth and
development, tree phenology can be used as a climatic
change indicator (Yu et al. 2017).

The monitoring and analysis of plants on a space-time
scale can be conducted using vegetation indexes derived from
remote sensing. Previous studies have demonstrated the
association between the Normalized Difference Vegetation
Index (NDVI) and tree-ring width in some seasons (e.g., Barka
etal. 2019). Moreover, phenological metrics derived from
high-resolution NDVI data (e.g., data provided by MODIS
sensors) have the potential to improve the relationship
between tree-ring width and climate (Bhuyan et al. 2017).

Data derived from satellite spectral measurements can be
used to obtain information about the developmental period
of this species. However, only a few programs can be used
to extract and explore this information, such as TIMESAT
(Eklundh & Jénsson 2017). Several researchers have used
software to extract phenological metrics in homogeneous
and heterogeneous areas (Heumann et al. 2007; Nhongo et
al. 2017; Diém et al. 2018; Ghosh et al. 2019). Phenological
metrics are defined as the interannual changes in vegetation
interpreted by spectral observation from satellite sensors,
defining, for example, start of season (SOS), peak of season
(POS), end of season (EOS) and length of season (LOF)
(Eklundh & Jénsson 2017; Zeng et al. 2020).

Thus, the use of tree-ring width and phenological
metrics combined with remote sensing techniques can
help understand the impact of climatic change on plant
growth. Furthermore, it offers a cost-effective method of
assessing large forest areas (Vicente-Serrano et al. 2016).
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Tectona grandis (teak) was the first species used for
dendrochronological studies in the tropics. In 1870, Dietrich
Brandis studied the growth of teak and determined the
cutting cycles from tree-rings (Jiménez 2011). T. grandis
is one of the most used species for climate reconstruction
from its growth rings due to its anatomical characteristics
(Lumyai & Duangsathaporn 2018; Zaw et al. 2020). It is
a semi-ring-porous tropical hardwood with growth ring
boundaries visually distinct by the variation in diameter
of the vessel lumen and bands of marginal parenchyma at
the limit of the growth period (Dié et al. 2015; Souza et al.
2019). Itis a deciduous/semi-deciduous tree that sheds its
leaves in the dry season (Pelissari et al. 2014). This favors
well-defined temporal coverage patterns. Therefore, remote
sensing temporal observations can accurately capture these
changes (Ghosh et al. 2019).

In this context, the main objective of this study was to
evaluate the applicability of NDVI in extracting phenological
metrics and to examine its relationship with the tree-ring
width of Tectona grandis Linn F. Additionally, we analyzed
the sensitivity of phenological metrics and tree-ring width
to climatic variables due to the occurrence of an El Nifio
event in the Amazon.

Materials and methods

Studly area

This study was conducted in 12 teak plantations aged 12
years (2007 — 2018) in the southeastern region of the state
of Pard, Brazil (Fig. 1). The plantations occupy approximately
30 hectares each. According to Képpen’s classification,
the climate is Tropical Aw. The mean temperatures of the
coldest and warmest months are 18 and 22 °C, respectively.
The precipitation in the driest month is less than 60 mm
(Alvares et al. 2013). The site experiences lower precipitation
volume from June to August (Lopes et al. 2013) (Fig. 2A).

In the time series evaluated, there were two strong El
Nifio events (2010 and 2015/2016) (Fig. 2B). During 2015
and 2016 the mean annual temperatures were 0.3 and
0.7 °C higher, respectively, compared to the mean of the
entire study period.

Climatic data

For the local scale, monthly climatic data on temperature,
precipitation, solar insolation, and evapotranspiration
were obtained from the Instituto Nacional de Meteorologia
(INMET) at the conventional station of Conceicio do
Araguaia - PA.

The monthly Standardized Precipitation-
Evapotranspiration Index (SPEI) series were calculated. The
SPEI is a multiscalar drought index based on precipitation
and temperature data. It uses the monthly differences
between precipitation and potential evapotranspiration
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Figure 1. Map highlighting the distribution of the 12 plantations of Tectona grandis Linn F.
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(Vicente-Serrano et al. 2010). The SPEI was calculated using
the SPEI package in R software (ver. 4.0.2, R Development
Core Team 2020) (Begueria & Vicente-Serrano 2017). For
the large-scale assessment, data on sea surface temperature
variations of the tropical Pacific Ocean (El Nifio influence)
were acquired from the National Oceanic and Atmospheric
Administration (NOAA). All climate data were acquired
from 2007 to 2018.

Remote sensing products and phenological metrics

Data from Normalized Difference Vegetation Index
(NDVI) of the product MOD13Q1 V006 were used, with a
temporal resolution of 16 days and a spatial resolution of
250 m. Tile h12v9 was applied, totaling 23 files per year.

The MODIS HDF files were downloaded from the NASA
servers using the MODIStsp package in R software (ver.
4.0.2, R Development Core Team 2020) (Busetto & Ranghetti
2016). The package was also used to reproject the files into
the GeoTIFF format and Datum WGS-84. The NDVI values
for the areas were extracted from each pixel. All pixels were
selected from the center of each plantation to ensure that they
represented only T. grandis trees. Only good-quality pixels

obtained by “MODIS quality control” were used. A linear
interpolation method was used to obtain the missing pixels.
These pixels, which accounted for 12.67 % of the total pixels,
were mostly non-sequential, and occurred in the months with
the highest rainfall intensity (February and March), owing to
cloud cover. As there were two observations in each month
(temporal resolution of 16 days), the interpolated data did
not affect the seasonal patterns.

The NDVIwas used as an indirect measure of phenology
as it is an indirect measure of the vegetative period of the
canopy. For each plantation, the NDVI data were organized
in ASCII files, which were used to estimate phenological
metrics (e.g., start (SOS), peak (POS), end (EOS) and
length (LOS) of the growing season) using the TIMESAT
software package (ver. 3.3) (Eklundh & Jénsson 2017).
TIMESAT implements three processing methods based
on the least-squares of the vegetation index: asymmetric
adaptive Savitzky-Golay, Gaussian, and Double Logistic.
The results of each method were compared visually and
statistically using the coefficient of determination (R?). The
asymmetric adaptive Savitzky-Golay method was used to
estimate the phenological metrics. The method is used for
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Figure 2. Average monthly (A) and annual (B) mean temperature and accumulated precipitation data of the meteorological station

Conceicao do Araguaia from 2007 to 2018.
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smoothing noise in the NDVI time series using a weighted
moving average filter (Chen et al. 2004).

The phenological dates of SOS and EOS were estimated
using 20 % of the seasonal amplitude (Ghosh et al. 2019). For
the analysis, we considered the mean of each phenological
metric from the 12 plantations. We used the period of
2015/2016 (El Nifio) as a reference to evaluate the effect
of El Nifio events on phenological metrics. The El Nifio
period was compared with 2014/2015 (pre-El Nifio) and
2016/2017 (post-El Nifio). The El Nifio event that occurred
in 2010 was not used because of the planting age, which
could influence the NDVI values.

Tree-ring analysis

For tree-ring analysis, we collected five discs, from
each plantation, taken at an approximate height of 0.50 m
from the ground. The discs were polished with a sandpaper
gradient varying between 40 and 600 grains cm™ until
the ring boundaries could be clearly identified. Discs were
scanned at a resolution of 1,200 dpi (Epson Perfection V700
Photo). Two radial lines were laid down on each polished
disc and then analyzed with Cybis CooRecorder software

The quality of the cross-dating was verified using the
COFECHA software (Holmes 1983). The annual growth
series were fitted to a cubic spline with a 50 % frequency,
with 4 years segments lagged by 2 years and a critical
correlation of 0.6581 was applied. The tree-ring width was
standardized using ARSTAN software (Cook & Holmes
1996), and detrended using a linear regression of any slope.
The mean chronology was calculated using the averaged
standardized tree-ring series (Fritts 1976).

The classic statistical parameters in dendrochronology,
i.e., average tree-ring width, standard deviation, mean
sensitivity, and series intercorrelation were used to describe
the chronology (Fritts 1976) (Tab. 1). The quality of the
chronology was analyzed by the mean correlation coefficient
for all possible pairings of ring width series over a common
time mean correlation (rBar) and the expressed population

signal (EPS) (Fig. 3).

Table 1. Descriptive statistics of the chronology of Tectona grandis.
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Figure 3. Mean radial growth of tree-ring chronologies (black line) and individual tree growth rate (gray lines) of Tectona grandis.

EPS: Expressed Population Signal; rBar: pairwise correlation.
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Data analysis

The length of season of pre-El Nifio, El Nifio and post-
El Nifio periods were tested using analysis of variance and
Tukey’s post hoc test (a0 = 0.05). The influence of local
monthly climatic variables on the length of season was
tested using Pearson’s correlation analysis (o = 0.05).

Ring widths were correlated with climatic variables (local)
from the prior periods (May to August — dry season) and current
growth periods (September to May - rainy season) by Pearson’s
correlation analysis (o0 = 0.05). To better comprehend the
results, we considered the period from September to August, as
the beginning of the growth season starts in September (start
of the rainy season). For example, with respect to 2009, the
current period runs from September 2009 to August 2010, and
the prior period runs from September 2008 to August 2009.

To assess the sensitivity of tree-ring width to large-scale
(ENSO) events, we conducted an annual correlation for
the current and prior periods using Pearson’s correlation
analysis (a0 = 0.05). The mean annual ENSO index of the
study period was considered in the analysis.
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In addition, to verify the association between tree-ring
width and NDVI (derived from phenology) with climatic
variables (monthly), we used the Redundancy Analysis
(RDA) method. The test was conducted using the vegan
package in the R software (Oksanen et al. 2019), with 999
permutations under a full permutation model.

The association between the length of season (current
and prior period) and tree-ring width was tested using
Pearson’s correlation analysis (o = 0.05). We used the
Shapiro-Wilk test (o0 = 0.05) to check for data normality.

Results

Effect of climatic variables on phenological metrics

Based on the phenological metrics (2010 - 2018)
extracted from TIMESAT, the start (SOS), peak (POS),
and end (EOS) of growing season occurred on October 08,
February 28, and August 12, respectively (Fig. 4A). The
length of the growing season (LOS) was 307 days.

SOS = POS mEOS

III III III II

El Nifio

Post-El Nifio General

El Nifio Post-El Nifio

Figure 4. Phenological metrics of Start (SOS), Peak (POS), End (EOS) (A) and Length (LOS) (days) (B) of growing season of the
periods Pre-El Nifio, El Nifio, Post-El Nifio and General, based on NDVI data.
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During the pre-El Nifio period, the SOS occurred 14 days
earlier and the EOS occurred 14 days later when compared
with El Nifio period (Fig. 4A). Thus, the LOS of the pre-El Nifio
period was 28 days longer than that of the El Nifio period.
During post-El Nifio period, the SOS occurred 21 days earlier,
the EOS occurred 5 days later (Fig. 4A), and the LOS was 26
days longer than the El Nifio period. The LOS of the pre-El
Nifio and post-El Nifio periods were statistically greater than
that during the El Nifio period (Fig. 4B). These results indicate
that the El Nifio event affects the vegetative period of teak.

Solar insolation (hours), maximum temperature, and
mean temperature in September were negatively correlated
with LOS (r = -0.681, p-value = 0.043; r = -0.705, p-value =
0.034; and r = -0.690, p-value = 0.039, respectively) (Fig. 5).
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Precipitation and SPEI, also in September, were positively
correlated with LOS (r = 0.670, p-value = 0.048; and r = 0.698,
p-value = 0.037, respectively) (Fig. 5). These results indicate that
September (beginning of the rainy season) is a key month for
the beginning of the growth period of T. grandis in the region.

Effect of climatic variables on tree-ring width

ENSO was negatively correlated with tree-ring width
for the current period (r =-0.647, p-value = 0.031) (Fig. 6),
highlighting that in the occurrence of a strong increase in
the sea surface temperature of the tropical Pacific Ocean,
T. grandis ring width reduced. For the prior period, the
correlation was not significant (r =-0.051, p-value = 0.889).
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Figure 5. Correlations between climatic variables and Length of growing season of Tectona grandis. Dashed lines identify the 95 %
confidence limits. Black and gray bars identify the prior and current growth periods, respectively.
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Figure 6. Tree ring width of Tectona grandis and E1 Nifio - Southern
Oscillation.
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During the current growth period, precipitation,
maximum temperature, and SPEI were not correlated with
tree-ring width. However, tree-ring width was more strongly
positively correlated with solar insolation in December (r
= 0.636, p-value = 0.035) and negatively correlated with
mean temperature in January (r = -0.660, p-value = 0.034)
(Fig. 7). Our findings showed that the largest correlations
occurred in the months at the beginning of the rainy season.

In prior periods, climatic variables (local) were significantly
correlated with tree-ring width in May. Precipitation was
negatively correlated (r = -0.619, p-value = 0.050), and the
maximum temperature and solar insolation were positively
correlated with tree-ring width (r = 0.643, p-value = 0.048; and
r=0.651, p-value = 0.041, respectively) (Fig. 7). These findings
suggest that the increase in precipitation and decrease in solar
insolation and maximum temperature in May of the prior period
reduced tree-ring width during the current growth period.
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Figure 7. Correlations between climatic variables and tree-ring width of Tectona grandis. Dashed lines identify the 95 % confidence
limits. Black and gray bars identify the prior and current growth periods, respectively.
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Effect of climatic variables on phenological metrics
and tree-ring width

Multivariate RDA showed a significant association (p =
0.001) between climatic and growth variables. RDA 1 and 2
accounted for 43.83 % of the data variability (Fig. 8). It also
shows that tree-ring width is negatively correlated with ENSO,
and to a smaller extent, is positively associated with SPEI.
The results also showed that NDVI is positively correlated
with precipitation, negatively correlated with solar insolation,
and maximum and mean temperature and almost orthogonal
with tree-ring width. These results demonstrate the influence
that climatic variables might have on teak phenology.
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Figure 8. Ordination diagram of the redundancy analysis between
NDVI and tree-ring width of Tectona grandis and climatic variables.

As previously demonstrated, both the LOS and tree-ring
width were influenced by the El Nifio event. However, the
correlation between these parameters was not significant
(r =0.263, p-value = 0.494) for the current growth period.
However, a correlation of -0.851 (p-value = 0.007) (Fig. 9)
was observed for the prior growth period.
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Figure 9. Tree-ring width and Length of growing season (days)
of Tectona grandis for prior growth period.

These results showed that LOS influences tree-ring width
during the prior growth period. Nevertheless, during the El
Nifio event, the reduction in tree-ring width was greater than
in other periods (Fig. 9), indicating the influence of the event
on the teak ring width during the current growth period.

Discussion

This study demonstrated the relationship between
climate and growth of teak trees in the Amazon region
from the perspective of climate change, which has triggered
years of atypical drought in the region. El Nifio events
are related to global atmospheric oscillations, and their
effects are more pronounced in some regions. At locations
where climatic variables are less influenced by these events
T. grandis ring width is not affected by these fluctuations
(Dié et al. 2015).

Our results indicate the significant impact of the
2015/2016 El Nifio event on the LOS of teak trees in the
Amazon region, as reported in other studies (Diém et al.
2018). Thus, during El Nifio events there is indication that
the growth period of teak trees was reduced. The event
reduced the total precipitation and increased the mean
temperature during the period. Such variables are known
to influence the development of teak trees. Variations in
cumulative precipitation and length of the rainy season
influence the phenological metrics of teak trees, such as
LOS (Ghosh et al. 2019), and consequently the tree-ring
width. Our findings suggest that these climatic variables
are the main drivers of teak phenology (Diém et al. 2016).

Additionally, the rainy season in September affected
the beginning of the growth period. T. grandis responds
positively to the first rains by producing new leaves (Tanaka
et al. 2015). One of the main factors associated is water
availability in shallow soil horizons, which is taken up by
superficial roots. Deep roots may improve resilience to inter-
and intra-seasonal drought events (Clément et al. 2019).

El Nifio event also negatively affected the tree-ring width
during the current growth period. Thus, the tree-ring width
of species sensitive to moisture, such as teak, can indicate
drought during the El Nifio events (Borgaonkar et al. 2010).
Tree-ring studies have shown positive correlations between
drought index and tree-ring width (Venegas-Gonzalez et al.
2016; Venegas-Gonzalez et al. 2018; Fontana et al. 2018;
Islam et al. 2019). Our findings agree with those studies,
indicating that greater availability of water favors an increase
in teak ring width.

The association of climatic variables with length of season
and tree-ring width in the prior period indicated that the
prolongation of favorable growth conditions (e.g., increased
precipitation and SPEI, and decreased maximum temperature
and solar insolation) also influenced the growth of teak during
the next growth season. This could be related to the semi-
deciduous phenology of teak trees. Favorable conditions may
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extend the canopy vegetative period and trigger physiological
imbalance in teak trees during the next growing season
(Venegas-Gonzalez et al. 2016). The main function of the
process of leaf drop is the recovery of nutrients before leaves
detach from the perennial organs of the plant. The extent of
LOS for the prior period could induce leaf drop before the
completion of nutrient resorption that reduces the nutrients
reserves that support growth for the current growth season
(Fracheboud et al. 2009; Estiarte & Pefiuelas 2015).

In addition, during the current growth period, solar
insolation influenced T. grandis growth. The negative
correlations between this climatic variable and tree-ring
width and phenological metrics in October and September,
respectively, may be related to variations in cloud cover. The
greater the solar insolation at the beginning of the growth
period, the lower was the precipitation (Campos & Alcantara
2016). Thus, the production of new leaves is delayed, and the
growth is reduced. Furthermore, higher insolation leads to
elevated leaf temperatures that can affect productivity both
directly, by negatively affecting photosynthesis, reducing
carbon gain, and causing irreversible thermal damage
(Fauset et al. 2018), and indirectly, by increasing vapor
pressure deficit that reduces stomatal conductance and
hence inhibits carbon assimilation (Lloyd & Farquhar 2008).

Water may be the growth-limiting resource in the region
during the beginning of the rainy season. For example, in
December, the solar insolation was positively correlated
with tree-ring width. However, during this month, there was
greater water availability and leaf density. Thus, greater solar
insolation/radiation on leaves favors high photosynthetic
activity (Taiz et al. 2017). In addition, higher soil moisture
allows the plant to carry out the transpiration process, and
this loss of water is an important cooling mechanism for the
leaves and may mitigate the negative impacts of solar radiation
on tree growth under dry conditions (Taiz et al. 2017).

Thus, our study showed the influence of climate variables
on T. grandis growth and the effect these changes have on
its physiology. Understanding forest phenological metrics
is of the utmost importance while studying the responses
of plant functions in changing environments (Ghosh et al.
2019). The correlations between phenological metrics and
climatic variables and tree-ring widths observed in this
study showed the sensitivity of teak to climatic changes
during the early years of development and demonstrated
the potential of using remote sensing techniques combined
with methods for extraction of phenological metrics to
predict the growth of teak.

However, the lack of correlation between LOS and tree-
ring width during the current growth period may reflect the
manner in which the plant performs radiation absorption
and carbon allocation (Berner et al. 2011). This could be
explained by the way in which the plant, during the leaf
period, allocates resources differently in certain situations
(Vicente-Serrano et al. 2016). During photosynthesis, a
smaller fraction is retained in the form of non-structural
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carbohydrates (NSC) (Vilalta et al. 2016). NSCs have been
viewed as a reservoir pool to supply carbon for growth and
respiration (Dietze et al. 2014). Studies have shown that
for deciduous species, an increase in total NSC in wood
was associated with a decrease in radial growth before leaf
shedding as a response to environment changes in different
growing seasons, thus allowing the plant to maintain equal
growth and NSC dynamics during years with variations in
water availability and solar radiation (Scartazza et al. 2013).
Moreover, trees can use NSC reserves assimilated during
the previous growth season during later periods (Dietze et
al. 2014). Thus, future studies considering the dynamics of
NSC combined with the techniques covered in this study
are important to understand how this allocation occurs on
T. grandis in response to climate change, as the intensity
and frequency of El Nifio events are expected to increase.

Acknowledgements

This research was partly funded by Coordenacio de
Aperfeicoamento de Pessoal de Nivel Superior - Brasil
(CAPES) - Finance Code 001.

References

Aceituno P. 1988. On the functioning of the Southern Oscillation in the
South American Sector. Part I: surface climate. Monthly Weather
Review 116: 505-524.

Alvares CA, Stape JL, Sentelhas PC, Gongalves JLM, Sparovek G. 2013.
Képpen’s climate classification map for Brazil. Meteorologische
Zeitschrif 22: 711-728.

Barka I, Bucha T, Molnar T, Méricz N, Somogyi Z, Koren M. 2019.
Suitability of MODIS-based NDVI index for forest monitoring and its
seasonal applications in Central Europe. Central European Forestry
Journal 65: 206-217.

Begueria S, Vicente-Serrano SM. 2017. Package ‘SPET’: Calculation of
the standardized Precipitation-Evapotranspiration Index. R package
version 1.7. https://CRAN.R-project.org/package=SPEI. 14 Oct. 2020.

Berner LT, Beck PSA, Bunn AG, Lloyd AH, Goetz SJ. 2011. High-latitude
tree growth and satellite vegetation indices: Correlations and trends
in Russia and Canada (1982-2008). Journal of Geophysical Research
116: G01015. doi: 10.1029/2010JG001475

Bhuyan U, Zang C, Vicente-Serrano SM, Menzel A. 2017. Exploring
relationships among tree-ring growth, climate variability and
seasonal leaf activity on varying timescales and spatial resolutions.
Remote Sensing 9: 526. doi:10.3390/rs9060526

Borgaonkar HP, Somaru AB, Ram S, Pant GB. 2010. El Nifio related
monsoon drought signals in 523-year-long ring width records of
teak (Tectona grandis L.F.) trees from south India. Palaeogeography,
Palaeoclimatology, Palaeoecology 285: 74-84.

Busetto L, Ranghetti L. 2016. MODIStsp: An R package for automatic
preprocessing of MODIS Land Products time series. Computers &
Geosciences 97: 40-48.

Campos MS, Alcantara LDS. 2016. Interpreta¢io dos efeitos de tempo
nublado e chuvoso sobre a radiagio solar em Belém/PA para uso
em sistemas fotovoltaicos. Revista Brasileira de Meteorologia 31:
570-579.

Chen J, Jénsson P, Tamura M, Gu Z, Matsushita B, Eklundh L. 2004. A
simple method for reconstructing a high-quality NDVI time-series
data set based on the Savitzky-Golay filter. Remote Sensing of
Environment 91: 332-344.



Climate variations affect the growth period
of young Tectona grandis Linn F. in the Amazon

Clément C, Pierret A, Maeght JL, et al. 2019. Linking tree-rooting profiles
to leaf phenology: a first attempt on Tectona grandis Linn F. Trees 33:
1491-1504.

Collins M, An SI, Cai W, et al. 2010. The impact of global warming on the
tropical Pacific Ocean and El Nifio. Nature Geoscience 3: 391-397.
Cook ER, Holmes RL. 1996. Guide for computer program ARSTAN. In: Grissino-
Mayer HD, Holmes RL, Fritts HC. (eds.) The international tree-ring data
bank program library version 2.0 user’s manual. Tucson, Laboratory of

Tree-Ring Research, University of Arizona. p. 75-87.

Dié A, De Ridder M, Cherubini P, et al. 2015. Tree rings show a different
climatic response in a managed and non-managed plantation of teak
(Tectona grandis) in West Africa. IAWA Journal 36: 409-427.

Diém PK, Kaewthongrach R, Sitthi A, et al. 2016. Teak plantation phenology
changes and its relationships to climate variability in Lampang Province,
North Thailand. Proceedings of the International Conference on Climate
Change, Biodiversity and Ecosystem Services for the Sustainable
Development Goals: Policy and Practice 274-282. https://www.
researchgate.net/profile/Phan-Kieu-Diem/publication/327762784_
Teak_Plantation_Phenology_Changes_and_its_Relationships_to_
Climate_Variability_in_Lampang Province_North_of Thailand/
links/5ba2f6d1299bf13e603e40dc/ Teak-Plantation-Phenology-Changes-
and-its-Relationships-to-Climate-Variability-in-Lampang-Province-
North-of-Thailand.pdf.

Diém PK, Pimple U, Sitthi A, et al. 2018. Shifts in growing season of tropical
deciduous forests as driven by El Nifio and La Nifia during 2001-2016.
Forests 9: 448. doi: 10.3390/f9080448

Dietze MC, Sala A, Carbone MS, et al. 2014. Nonstructural carbon in woody
plants. Annual Review of Plant Biology 65: 667-687.

Eklundh L, Jonsson P. 2017. TIMESAT 3.3 with seasonal trend decomposition
and parallel processing: Software Manual.

Estiarte M, Pefiuelas J. 2015. Alteration of the phenology of leaf senescence
and fall in winter deciduous species by climate change: effects on nutrient
proficiency. Global Change Biology 21: 1005-1017.

Fauset S, Freitas HC, Galbraith DR, et al. 2018. Differences in leaf
thermoregulation and water use strategies between three co-occurring
Atlantic forest tree species. Plant, Cell & Environment 41: 1618-1631.

Foley JA, Botta A, Coe MT, et al. 2002. El Nifio-Southern oscillation and the
climate, ecosystems and rivers of Amazonia. Global Biogeochemical
Cycles 16:1132. doi: 10.1029/2002GB001872

Fontana C, Pérez-de-Lis G, Nabais C, et al. 2018. Climatic signal in growth-
rings of Copaifera lucens: Na endemic species of a Brazilian Atlantic forest
hotspot, southeastern Brazil. Dendrochronologia 50: 23-32.

Fracheboud Y, Luquez V, Bjérkén L, Sjédin A, Tuominen H, Jansson S. 2009.
The control of autumn senescence in European Aspen. Plant Physiology
149:1982-1991.

Fritts HC. 1976. Tree ring and climate. London, Academic Press.

Ghosh S, Nandy S, Mohanty S, Subba R, Kushwaha SPS. 2019. Are phenological
variations in natural teak (Tectona grandis) forests of India governed by
rainfall? A remote sensing based investigation. Environmental Monitoring
and Assessment 191: 786. doi: 10.1007/s10661-019-7680-0

Ham YG. 2018. El Nifio events will intensify under global warming. Nature
564:192-193.

Heumann BW, Seaquist JW, Eklundh L, Jénsson P. 2007. AVHRR derived
phenological change in the Sahel and Soudan, Africa, 1982-2005. Remote
Sensing of Environment 108: 385-392.

Holmes RL. 1983. Computer-assisted quality control in tree-ring dating and
measurement. Tree-Ring Bulletin 43: 69-78.

IPCC - Intergovernmental Panel on Climate Change. 2014. Climate change
2014: Synthesis Report. Geneva, Switzerland.

Islam M, Rahman M, Brauning A. 2019. Impact of extreme drought on
tree-ring width and vessel anatomical features of Chukrasia tabularis.
Dendrochronologia 53: 63-72.

Jiménez JAG. 2011. Dendrocronologia en el trépico: aplicaciones actuales y
potenciales. Colombia Forestal 14: 97-111.

Larsson L. 2014. Cybis CooRecord. Cybis Elektronik & Data AB. http://www.
cybis.se. 14 Oct. 2020.

Lloyd J, Farquhar GD. 2008. Effects of rising temperatures and [CO,] on the
physiology of tropical forest trees. Philosophical Transactions of the
Royal Society B: Biological Sciences 363: 1811-1817.

Lopes MNG, Souza EB, Ferreira DBS. 2013. Climatologia regional da
precipitacdo no estado do Para. Revista Brasileira de Climatologia 12:
84-102.

Lumyai P, Duangsathaporn K. 2018. Climate reconstruction on the growth of
teak in Umphang wildlife sanctuary, Thailand. Environment and Natural
Resources Journal 16: 21-30.

Moura MM, Santos AR, Pezzopane JEM, et al. 2019. Relation of El Nifio and
La Nifia phenomena to precipitation, evapotranspiration and temperature
in the Amazon basin. Science of the Total Environment 651: 1639-1651.

Nhongo EJS, Fontana DC, Guasselli LA, Esquerdo JCDM. 2017. Caracterizagio
fenoldgica da cobertura vegetal com base em série temporal NDVI/MODIS
na reserva do Niassa — Mocambique. Revista Brasileira de Cartografia
69:1175-1187.

Oksanen J, Blanchet FG, Friendly M, et al. 2019. vegan: Community
ecology package. R package version 2.5-7. https://CRAN.R-project.org/
package=vegan. 14 Oct. 2020.

Pelissari AL, Guimaries PP, Behling A, Ebling AA. 2014. Cultivo da teca:
Caracteristicas da espécie para implantacio e condug¢io de povoamentos
florestais. Agrarian Academy 1: 127-145.

R Development Core Team 2020. R: Alanguage and environment for statistical
computing. R Foundation for Statistical Computing. Vienna, Austria.
http://www.R-project.org.

Scartazza A, Moscatello S, Matteucci G, Battistelli A, Brugnoli E. 2013. Seasonal
and inter-annual dynamics of growth, non-structural carbohydrates
and C stable isotopes in a Mediterranean beech forest. Tree Physiology
33:730-742.

Souza RS, Gongalez JC, Ribeiro ES, Gontijo AB. 2019. Anatomical characteristics
of Tectona grandis L.f. from different sites in Mato Grosso state. Ciéncia
Florestal 29: 1528-1537.

Speer JH. 2012. Fundamentals of tree-ring research. Tucson, University of
Arizona Press.

Taiz L, Zeiger E, Moller IM, Murphy A. 2017. Fisiologia e desenvolvimento
vegetal. 6th edn. Porto Alegre, Artmed.

Tanaka K, Tantasirin C, Wiwatwittaya D, et al. 2015. Earlier leaf flush associated
with increased teak defoliation. Forest Science 61: 1009-1020.

Venegas-Gonzalez A, Chagas MP, Junior CRA, Alvares CA, Roig FA, Tomazello-
Filho M. 2016. Sensitivity of tree ring growth to local and large-scale
climate variability in a region of Southeastern Brazil. Theoretical and
Applied Climatology 123: 233-245.

Venegas-Gonzélez A, Roig FA, Lisi CS, Albiero-Junior A, Alvares CA, Tomazello-
Filho M. 2018. Drought and climate change incidence on hotspot Cedrela
forests from the Mata Atlantica biome in southeastern Brazil. Global
Ecology and Conservation 15: e00408. doi: 10.1016/j.gecco.2018.e00408

Vicente-Serrano SM, Begueria S, Lépez-Moreno JI. 2010. A Multiscalar Drought
Index Sensitive to Global Warming: The Standardized Precipitation
Evapotranspiration Index. Journal of Climate 23: 1696-1718.

Vicente-Serrano SM, Camareno JJ, Olano JM, et al. 2016. Diverse relationships
between forest growth and the Normalized Difference Vegetation Index
at global scale. Remote Sensing of Environment 187: 14-29.

Vilalta JM, Sala A, Asensio D, et al. 2016. Dynamics of non-structural
carbohydrates in terrestrial plants: a global synthesis. Ecological
Monographs 86: 495-516.

YuL, LiuT, BuK, et al. 2017. Monitoring the long term vegetation phenology
change in Northeast China from 1982 to 2015. Scientific Reports 7:
14770. doi: 10.1038/541598-017-14918-4

Zaw Z, Fan ZX, Brauning A, et al. 2020. Drought reconstruction over the
past two centuries in southern Myanmar using teak tree-rings: linkages
to the Pacific and Indian Oceans. Geophysical Research Letters 47:
€2020GL087627. doi: 10.1029/2020GL087627

Zeng L, Wardlow BD, Xiang D, Hu S, Li D. 2020. A review of vegetation
phenological metrics extraction using time-series, multispectral satellite
data. Remote Sensing of Environment 237: 111511. doi: 10.1016/j.
rse.2019.111511

Acta Botanica Brasilica, 2022, 36: e2020abb0525 11



