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Abstract: Tree growth in the tropics is strongly influenced by climate. However, reported tree growth
responses to climate are largely inconsistent, varying with geographic location, forest type, and
tree species. It is thus important to study the growth responses of tropical trees in sites and species
that are under-represented so far. Bangladesh, a country influenced by the Asian monsoon climate,
is understudied in terms of tree growth response to climate. In the present study, we developed a
121-year-long regional ring-width index chronology of Chukrasia tabularis A. Juss. sampled in two
moist forest sites in Bangladesh to investigate tree growth responses to climate in monsoon South
Asia. Standard dendrochronological methods were used to produce the ring-width chronologies.
The climate sensitivity of C. tabularis was assessed through bootstrap correlation analysis and the
stationarity and consistency of climate–growth relationships was evaluated using moving correlation
functions and comparing the regression slopes of two sub-periods (1950–1985 and 1986–2015).
Tree growth was negatively correlated with the mean, minimum, and maximum temperatures,
particularly during the early growing season (March). Likewise, precipitation negatively influenced
tree growth in the later growing season (October). Besides, radial growth of Chukrasia sharply ceased
in years following strong and moderate El Niño events. In parallel with a significant positive trend in
local temperatures, tree growth sensitivity to early growing season (March–April) mean temperatures
and July minimum temperatures increased in recent decades. Tree growth sensitivity to October
precipitation and April vapor pressure deficit also increased. Overall, climate–growth relationships
were stronger during the period 1986–2015 than during 1950–1985. Changes in climate sensitivity
might be linked to a warming trend that induced an increase in the dry season length during recent
decades. With a further predicted temperature increase at our study sites, our results suggest that
radial growth of C. tabularis will further decline in response to climate warming.

Keywords: climate change; tropical forests; tree growth; climate sensitivity; El Niño events; global
warming; Southeast monsoon Asia

1. Introduction

Terrestrial vegetation stores approximately 610 petagrams of carbon, most of which is contained
in tropical forests [1–6]. Tropical forests are thus a crucial component of the global carbon cycle because
of their high sequestration and storage of carbon. Therefore, a small change in net uptake or loss of
carbon in tropical forests has large implications for the global carbon cycle [7,8]. However, global
climate change may strongly influence growth and survival of trees and alter the dynamics of tropical
forests [9–13].
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The influence of climate on tree growth has been studied in various forest ecosystems.
A growing number of studies documented climate-related variability of tree growth across the tropics.
For example, tree growth in many tropical forests has been related to rainfall variability [14–22],
and increasing temperatures have caused growth decline in a number of tropical tree species [23–27].
The increasing frequency of El Niño events led to severe drought conditions throughout the tropical
region, causing tree growth decline [20,28–30]. However, tree growth responses to climatic changes
are often site- and species-specific, varying with geographic location, forest types, and studied tree
functional type.

Tree growth sensitivity to climate can vary over time [31,32]. For example, changes in the
temperature response of ring-width and wood density have been observed in many study areas
around the world [31,33–37], although the likely mechanisms responsible for these changes may vary
from case to case. While an increasing number of studies investigated changes in tree growth sensitivity
in the temperate and boreal forests [32,38], such studies are apparently rare in tropical forests.

The forest ecosystems of Bangladesh, a tropical region in South Asia influenced by the Asian
monsoon climate, are highly sensitive to climate change, mainly because of high vulnerability to
natural disasters like cyclones, flooding, and salt intrusion [39,40]. Regional temperature increased
by 1.19 ◦C over the last 66 years, which is higher than the global mean over 1880–2012 (0.85 ◦C) [41].
The increasing trends in temperatures [42,43] and severity of droughts in many parts of Bangladesh
and adjacent areas in monsoon Southeast Asia [44,45] may have negative effects on tree growth and
forest productivity. Higher temperatures reduced tree growth in three functionally different tree
species in Bangladesh [46]. To understand the future carbon sequestration potential of regional forests
and their resilience to future climatic changes, studying climate–growth relationships and analyzing
their stability is crucial.

Reconstruction of long term historical tree growth can be done by monitoring stem growth of
marked trees in permanent sample plots (PSPs) or by measurements of ring-width on the cross-sectional
surface of stem discs or increment cores [47]. Tree-ring analysis based on increment cores or discs offers
the opportunity to obtain individual tree growth data over a longer period and annual resolution.
Tree-ring studies are a relatively new discipline in Bangladesh compared with other South Asian
countries. The first standard ring-width chronology in Bangladesh was developed for a mangrove
species [48]. Recently, ring-width chronologies of three broadleaved rainforest species were developed
from a moist forest site in Bangladesh [46]. However, whether trees from different moist forest sites
record common environmental signals has not been explored yet.

Growth-ring boundary detection and crossdating within and between trees are difficult because
of the presence of wedging rings and false rings in tropical trees [49]. A recent tree-ring study
in Bangladesh revealed different levels of clarity of annual growth-ring boundary formation and
proved crossdating of ring-width series for 27 moist forest species [50]. Although trees within a site
have already been successfully crossdated in a moist forest site in Bangladesh [46], crossdating trees
between two moist forest sites has not yet been done successfully. Knowledge about the temporal
stability of climate–growth relationships is also missing. In the current study, tree-ring analysis was
performed in Chukrasia tabularis sampled from two nature reserves in Bangladesh to evaluate local
climate–growth relationships and their temporal stability. C. tabularis was selected because of its fairly
distinct growth-ring boundaries and the formation of annual tree rings, its importance as high valued
timber, and its wide distribution over the tropics [50]. The main research objectives of the present
study are as follows: (a) to investigate if the ring-width series of C. tabularis from different sites could
be crossdated between trees within and between sites; (b) to develop a regional ring-width index (RWI)
chronology of C. tabularis; (c) to investigate the sensitivity of tree growth to local climate and to the
large-scale climate drivers such as Niño 3.4 region sea surface temperature (SST) anomalies; and (d) to
evaluate the stationarity and consistency of climate–growth relationships over time. Considering the
ongoing climate changes in Bangladesh, we hypothesized that the relationships between radial growth
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of C. tabularis and climate factors might have changed in strength and with regards to seasonality in
the recent decades.

2. Materials and Methods

2.1. Study Site, Tree Species, and Local Climate

The study was conducted in two nature reserves (Rema-Kalenga Wildlife Sanctuary and
Lawachara National Park) in Bangladesh (Figure 1). The Rema-Kalenga Wildlife Sanctuary (RKWS;
24◦06′–24◦14′ N and 91◦36′–91◦39′ E) is a part of the Tarap mountain system, bounded on the east and
south by Tripura state of India and situated in the bio-ecological zone of the Sylhet Hills along the
Indo–Burma biodiversity hotspot [51]. The total area of the sanctuary is 1795 ha and consists of hills of
different elevations and low-lying valleys. The soil types vary from clay loam on the relatively level
ground or valleys to sandy loam on the hills [52]. The Lawachara National Park (LNP; 24◦18′–24◦21′ N
and 91◦45′–91◦49′ E) covers a total area of 1250 ha and is part of West Bhanugach Reserve forest, which
is one of the most suitable wildlife habitats in Bangladesh [53].
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canopy is mainly composed of Terminalia bellirica (Gaertn.) Roxb., Lagerstroemia speciosa (L.) Pers., 
Dillenia pentagyna Roxb., as well as different species of Ficus and Albizia. Figure S1 shows the studied 
forest stands including a C. tabularis tree with its crown in the canopy layer. Both study sites are 

Figure 1. Map showing two study sites: Rema-Kalenga Wildlife Sanctuary (RKWS) and Lawachara
National Park (LNP), together with the location of the Sreemangal meteorological station.

Both study sites are located between 30 and 100 m a.s.l. and are classified as moist tropical forests
based on the life zone classification of Holdridge [54]. The forests contain both deciduous canopy and
evergreen understory species. The dominant tree species include Dipterocarpus turbinatus, C.F. Gaertn,
Tectona grandis L.F., Chukrasia tabularis A. Juss., Toona ciliata M. Roem., Syzygium grandis (Wight) Walp.
The undergrowth is comprised of various types of bamboo (Bambusa sp.) species [55]. The middle
canopy is mainly composed of Terminalia bellirica (Gaertn.) Roxb., Lagerstroemia speciosa (L.) Pers.,
Dillenia pentagyna Roxb., as well as different species of Ficus and Albizia. Figure S1 shows the studied
forest stands including a C. tabularis tree with its crown in the canopy layer. Both study sites are nature
reserves and are managed under a protected area management system [56]. Hence, we assume that
the forests are not subjected to intensive human disturbances.



Forests 2018, 9, 761 4 of 22

Chukrasia tabularis is a deciduous tree growing up to 40 m in height and up to 120 cm in diameter
at breast height (dbh) [57]. It grows in both lowland evergreen and deciduous forests. C. tabularis
is a pioneer tree usually occupying the top canopy in natural forests. It is widely distributed in
tropical and subtropical regions of Southeast Asia and has been widely planted as an exotic species
in Africa, Latin America, and the USA. The species prefers well-drained soil and cannot withstand
waterlogging [58]. Leaf shedding starts at the beginning of December and new leaves appear in the
middle to end of February. C. tabularis forms distinct growth-ring boundaries delineated by marginal
parenchyma bands [26,50,59] (Figure S2). Growth-ring formation is annual, which has been confirmed
by cambial wounding experiments [60].

The study area is influenced by the tropical monsoon climate and had a mean annual rainfall
of 2363 mm and an average annual temperature of 24.8 ◦C over 1950–2015. A distinct seasonality is
prevalent with a long wet season (April–October) and a relatively short dry season (November–March),
in which monthly rainfall amounts of less than 100 mm are recorded. Monthly precipitation from the
middle of November until the middle of February amount to <60 mm (Figure 2). Thus, we assume
that the cambium cells remain dormant during this relatively dry period [61,62] and that the growing
season starts at the end of February and lasts until the middle of November. March to April represents
pre-monsoon season (early growing season), May to August represents main monsoon season (main
growing season), and September to October represents post-monsoon season (late growing season).
Approximately 85% of total annual precipitation occurs during the wet season. There is a significant
increasing trend in temperatures, but no trend in precipitation was observed over the period 1950–2015
(Figure S3). However, variable trends in climate variables were observed between the two sub periods
from 1950 to 1985 and 1986 to 2015 (Figure 3).
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Figure 3. Trends in seasonal temperature, precipitation, and Palmer Drought Severity Index (PDSI) in
the study area. Grey trend lines represent data from 1950 to 1985 and black trend lines represent
data from 1986 to 2015. Pre-monsoon: March–April, monsoon: May–August, post-monsoon:
September–October, dry season: November–March.

Precipitation, temperature, and relative humidity data of the Sreemangal meteorological station
located 23.5 km away from the RKWS and 9 km away from the LNP (24◦30′ N and 91◦39′ E) were
obtained from Bangladesh Meteorological Department (BMD). Because there is a significant increasing
trend in annual temperature over 1950–2015 (Figure S3), we detrended them using a cubic smoothing
spline function. Sea surface temperature (SST) anomalies of the Niño 3.4 region (the region that
represents the equatorial pacific SSTs) were obtained from the Climate Prediction Center (CPC) of the
National Oceanic Atmospheric Administration (NOAA). The Hadley Centre and Climate Research Unit
(HadCRUH) relative humidity anomalies, the Standardized Precipitation Evapotranspiration Index
(SPEI), and Climate Research Unit (CRU) self-calibrating Palmer Drought Severity Index (PDSI) data
were accessed through KNMI Climate Explorer (the Royal Netherlands Meteorological Institute; http:
//climexp.knmi.nl/). Vapor pressure deficit (VPD) was calculated from the instrumental temperature
and relative humidity data using the following equation: VPD = ((100 − RH)/100) × SVP, where
saturated vapor pressure (SVP) = 0.610exp × ((17.27 × T)/(T + 237.3)), T = temperature, and RH =
relative humidity. The Indian Summer Monsoon Index (ISMI) data was obtained from the Asia-Pacific
Data Research Center (APDRC) of the International Pacific Research Center (IPRC). The ISMI data set
was normalized for the period 1950–2015.

http://climexp.knmi.nl/
http://climexp.knmi.nl/
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2.2. Wood Sample Collection and Preparation

We collected wood samples (increment cores and a stem disk) of C. tabularis from RKWS sites and
LNP sites for tree-ring analysis. From RKWS, we collected 1 stem disk and extracted 60 increment cores
from 30 trees. A total of 50 cores from 25 trees were sampled from LNP. Cores were extracted at breast
height (~1.3 m) with a 5.0 mm diameter Suunto (Vantaa, Finland) increment borer during July–August
2016. Because the tree-ring of the year 2016 was not yet complete, we limited our analysis to up to
2015. Because C. tabularis grew in patches in the core zone of the nature reserve, we collected all trees
>10 cm dbh in randomly selected patches. Trees with highly irregular stems were avoided because
growth-ring detection, measurement, and crossdating might be more difficult. Cores were stored in
plastic holders in the field and then air dried for 24 h to avoid attack by stain fungi. The increment cores
were mounted on wooden holders and sanded with increasingly fine grain paper (80–2000 grit) [63].
Afterwards, the cores were scanned on a high resolution flatbed scanner (Epson Expression 10000XL,
Epson America, Inc., Long Beach, CA, USA) at 1600–2000 dpi.

2.3. Crossdating and Chronology Development

Tree-ring width (TRW) measurements were conducted on a Lintab 6 measuring system (Rinntech,
Heidelberg, Germany) and CooRecorder (Cybis Elektronik & Data AB, Saltsjöbaden, Sweden) with
a precision of 0.01 mm. Tree-ring series were visually and statistically crossdated by comparing
measurements from two or three cores/series of the same tree using TSAP-Win (RINNTECH,
Heidelberg, Germany). Crossdating within a tree allows one to measure the same number of rings
between the different radii of an individual and to identify wedging rings (rings that merge on certain
parts of the circumference of the tree) and “false” ring structures (intra-annual growth variations).
Afterwards, crossdating between trees was performed. Firstly, we synchronized three ring-width
series of the stem disk by taking the mean curve of the disk as a reference, and synchronized the
ring-width series of the remaining increment cores. For each site, the quality of crossdating was
verified by t-test statistics and Gleichläufigkeit values (GLK). The latter indicates the proportion
of agreement/disagreement of inter-annual growth tendencies among the trees [64]. Crossdating
accuracy was also checked by the computer program COFECHA [65]. Crossdated tree-ring series
were used to establish correctly dated tree-ring chronologies. In order to remove biological growth
trends from derived tree-ring chronologies, all individual tree ring series were detrended by fitting a
20-year cubic smoothing spline curve with a 67% frequency response (f = 0.67). This filter length was
chosen because it is around two-thirds of the length of the shortest time series, which spans 33 years.
The detrending was performed using Dendrochronology Program Library in R (dplR) [66] within the
R statistical programming environment [67].

Two site chronologies were developed and merged to a regional RWI chronology because of a
significant coherency among both local chronologies. To verify the coherency, we performed a principal
component analysis (PCA) with the site chronologies and found that the PC#1 explained 72% of the
common variance (Figure S5). The correlation between the score of PC#1 and our regional chronology
was 0.96 (p < 0.001), indicating that the mean chronology reliably reflects the common variance shared
between the two study sites.

The chronologies were developed with the “chron” (dplR-package) function using the detrended
ring-width index (RWI) series with a robust mean to reduce the influence of outliers [68]. The expressed
population signal (EPS) indicates the reliability of a chronology as a fraction of the common variance
of a theoretical infinite tree population [69]. EPS was calculated from the number of trees and the
effective chronology signal (rbar.eff), a statistical parameter indicating chronology strength, which
incorporates both within- and between-tree correlations [68].

In order to identify the most reliable part of the regional chronology [70], the recommended
threshold of the expressed population signal (EPS > 0.85) [68,71] was used based on a 24-year window
with a 12-year overlap. We also calculated mean sensitivity (MS), which is an indicator of the relative
changes in ring-width variance between consecutive years and used as a signal strength diagnostic [72].
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We further calculated the signal-to-noise ratio (SNR), which evaluates the signal strength of the
chronology [70]. Auto-correlation (AC) was calculated to assess the influence of the previous year’s
growth upon the current year’s growth [72].

2.4. Data Analyses

Wavelet-based spectral analysis was performed to unravel the periodicity of tree growth for the
period 1895–2015 [73]. The main purpose of using this analysis was to test if the periodicities in the
wavelet spectra of tree-ring chronologies correspond to the occurrence of El Niño Southern Oscillation
Index (ENSO) events. The climate sensitivity of C. tabularis was determined by correlating the regional
RWI with meteorological station data of a monthly, annual, and seasonal resolution. Four seasons
were classified in the study area depending on the precipitation amount, including pre-monsoon
(February–April), monsoon (May–August), post-monsoon (September–November), and dry winter
monsoon season (November–March). A 19-month window was used for monthly correlation analysis
starting from May in previous year to current year November. The previous year was included in
the analysis because the climate in the preceding growing season often influences tree growth in the
following year [72]. Such a lagged effect of the climate on tree growth is common for temperate, boreal,
and tropical tree species [15,74–77].

A bootstrap Pearson correlation function was applied to analyze local climate–growth
relationships. The method is based on a randomized extraction and replacement of data in order to
achieve meaningful confidence interval of the correlation [78]. A simple Pearson correlation analysis
was used to evaluate the relationship between tree growth and SST anomalies from the Niño 3.4 region
(representing ENSO activity). Furthermore, we applied a superposed epoch analysis (SEA) [79] to
study the influence of ENSO events on the radial growth of C. tabularis. SEA was used to test the
significance of a tree-ring chronology response to particular climate events within a certain window,
considering tree-ring values of two to three years before and after the event [79]. A seasonal correlation
analysis was performed using the “seascorr” function in the “treeclim” R-package [80]. We considered
a 14-month window in the seasonal analysis, starting in October of the previous growing season and
ending in November of the current year (termination of the current growing season). The seasonal
correlation analysis was performed only for temperature and precipitation data. In order to measure
the stationarity and the consistency of climate–growth relationships over time, we performed a
moving correlation analysis using the “treeclim” R-package [80]. For the detection of trends in tree
growth–climate associations over time, we used a simple linear regression analysis. According to
previous analyses, climate change (temperature rise, frequency of drought) in Bangladesh was most
severe in the last three decades (1986–2015) [44,81] (Figure 3). Therefore, we separated this period
(1986–2015) from the rest of the available climate data (1950–1985) to compare the climate–growth
relationships between these two periods and to test how trees’ responses to climate has been affected
by recent climate trends.

3. Results

3.1. Chronology Characteristics

A total of 52 tree-ring series of 33 C. tabularis trees from two sites (37 cores from RKWS and 15
cores from LNP) were successfully crossdated. Based on the well synchronized tree-ring series of each
site, two separate site chronologies were developed (Figure S4). The statistical characteristics of the site
chronologies are presented in Table S1. The two site chronologies were significantly correlated (r = 0.37,
p < 0.001). Hence, we developed a regional RWI chronology spanning 121 years (1895–2015; Figure 4a).
The regional RWI chronology shows a strong SNR (SNR = 9.13), indicating a strong common signal
among the individual series.
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Figure 4. (a) Regional ring-width index (RWI) chronology of Chukrasia tabularis from two moist forest
sites in Bangladesh; grey shaded area indicates sample depth; (b) Running expressed population signal
(EPS) (blue line) and effective chronology signal (rbar.eff) (purple line) of the regional RWI chronology.
Horizontal grey line indicates an EPS of 0.85; vertical dashed line intercepts RWI, EPS, and rbar.eff at
1927, when EPS surpasses 0.85; (c) Wavelet-based spectral analysis of regional RWI chronology; shaded
area shows the “cone of influence” where edge effects are important; black contours represent the
frequencies significant at the 99% confidence level.

The statistical characteristics of the ring-width series and the statistical parameters indicating
the signal strength of the regional RWI chronology are shown in Table 1. Mean EPS was 0.90,
which is well above the threshold value (EPS = 0.85) required to produce a statistically robust
RWI chronology [69]. However, the EPS dropped below the suggested threshold limit before 1927
(Figure 4b). Thus, the reliable part of the chronology covers the 89-year-long period of 1927–2015. Mean
series inter-correlation, MS, SNR, and other statistical parameters indicating the strength of chronology
signals were also high, indicating the suitability of our regional chronology for climate–growth analysis.
The wavelet-based spectral analysis of RWI chronology showed a significant periodicity of two to four
years during 1920–1960 (Figure 4c). However, because of low sample size and EPS in the earlier part of
the chronology, we focussed most of the following analyses on the past 66 years (1950–2015).
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Table 1. Statistical characteristics of the regional ring-width index chronology of Chukrasia tabularis
from moist forests in Bangladesh.

Parameter Values

Time span 1895–2015
Mean length of series (year) 64

Trees/cores 33/52
Mean ring width (mm) ± SD 3.85 ± 1.33

First order autocorrelation (AC1) 0.33
Mean GLK * 0.68

rbar.eff *δ 0.28
Series inter-correlation (SIC) δ 0.45

Mean expressed population signal (EPS) 0.90
Mean sensitivity (MS) 0.69

Signal-to-noise ratio (SNR) 9.13

* GLK: Gleichläufigkeit (sign test); rbar.eff: effective chronology signal. δ significance level p < 0.05.

3.2. Tree Growth Responses to Climate Variables

Tree growth was influenced by temperatures mainly during the early growing season. RWI
was significantly correlated with monthly mean (Tmean), minimum (Tmin), and maximum (Tmax)
temperatures registered at climate station Sreemangal (Figure 5a–c). Tree growth was negatively
affected by Tmean in January, March, and November (early and late growing season), with the highest
correlation of RWI with March temperature (r = −0.48, p < 0.001) occurring when evapotranspiration
was high. Likewise, Tmax reduced tree growth in March, but positively affected tree growth in
October. Negative correlations between RWI and Tmin were observed in the early and main growing
seasons, particularly in March, April, June, and July. However, the highest correlation between
RWI and Tmin was observed with mean annual Tmin (r = −0.47, p < 0.001). Current year October
precipitation also negatively influenced tree growth (Figure 5d). Ring width was not correlated with
precipitation of any other months of the year. Average annual temperatures (Tmean, Tmin) were strongly
negatively correlated with tree growth, whereas annual precipitation sum had no significant influence
on Chukrasia growth.
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Figure 5. Bootstrapped Pearson correlations between regional RWI chronology and detrended monthly
climate data: (a) mean temperature; (b) maximum temperature; (c) minimum temperature, and (d)
precipitation from previous year May to current November for the period 1950–2015. Lower case
letters indicate months of previous year. Dotted vertical lines separate previous year from current year.
AM represents annual mean, AP represents annual precipitation. Solid pink and purple bars show
significant correlations at p < 0.05 and p < 0.01 level, respectively.

The seasonal correlation analysis showed strong negative correlations of RWI with pre-monsoon
and monsoon temperatures (r = −0.34, p < 0.01) (Figure 6). Significant tree growth temperature
relationships were observed during the pre-monsoon, monsoon, and post-monsoon season.
Nevertheless, no significant correlations were found between RWI and seasonalized precipitation.
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Figure 6. Seasonal correlations of RWI with mean temperature and precipitation for the period
1950–2015. Simple correlations with monthly mean temperature (top) and partial correlations with
monthly precipitation (bottom). Each bar in the upper panel represents correlation of RWI with the
average temperature of that month and two months before in case of three months’ seasonalized
correlation and so on. Solid dark bars show significant correlation at p < 0.05 level.

We did not find significant correlations between tree growth and relative humidity, PDSI, SPEI,
and ISMI (data not shown). However, VPD was significantly negatively related to radial growth
particularly in the early growing season (April) (r = −0.25, p < 0.05). SST anomalies of the Niño 3.4
region over 1950–2015 also showed a significant negative correlation (r = −0.37, p < 0.01) with tree
growth in the following year. The influence of ENSO on tree growth is lagged by one year, likely
because ENSO had an indirect effect on tree growth. We observed a clear positive relationship between
previous year ENSO and current year mean temperature (r = 0.40, p < 0.001) (Figure S6). Thus, ENSO
induced temperature rise might have reduced ring-width in our studied species. A superposed epoch
analysis (SEA) confirmed the significant relationship of ENSO events and tree growth of C. tabularis in
the following year (Figure 7).
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Figure 7. Superposed epoch analysis (SEA) result showing the significant influence of ENSO events
on tree growth. In the figure, 0 indicates the event year, −1 and −2 and +1 and +2 indicate one year
and two years before and following the ENSO events, respectively. The dark colored bar indicates
significant growth reduction (p < 0.05).

3.3. Trends in Tree Growth Sensitivity to Climate Forcing

The moving correlation analysis showed an increasing trend in the tree growth sensitivity to
climate factors (Figure 8). Tree growth response to March Tmean remained consistent throughout
the analyzed period (1950–2015) (Figure 8a). In contrast, tree growth sensitivity to dry season
(January–February) and pre-monsoon season (February–April) Tmean increased. The relationship
between tree growth and Tmin in the drier months (January and November) was not stable, although
the relations remained almost consistent during the wetter months (June–July) (Figure 8b). Overall,
the relationships between temperatures (Tmean, Tmin) and tree growth calculated over 1986–2015
were more significant than the relationships calculated over 1950–1985 (Figure 9a,b). Tree growth
sensitivity to March Tmax was consistent up to the year 1987 and disappeared afterwards, whereas
tree growth/January Tmax correlations during the recent decades became stronger (Figure 8c). Overall,
tree growth became more sensitive to Jan Tmax for the period 1986–2015 than for the period 1950–1985
(Figure 9c).

The positive influence of June precipitation on tree growth disappeared, while the positive
relationship between tree growth and September precipitation became prominent during the recent
years. On the other hand, the negative correlations between tree growth and October precipitation
were variable throughout the analyzed period (Figure 8d). Overall, growth sensitivity to October
precipitation increased during the recent decades, as illustrated by the more significant relationships
in regression analysis (Figure 9d). Growth sensitivity to VPD in March disappeared, but sensitivity to
April VPD recently became significant (Figure S7 and Figure 9e).
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4. Discussion 

4.1. Signal Strength of the RWI Chronology 

Figure 9. Changes in growth sensitivity of C. tabularis to climate forcing in Bangladesh. (a) Linear
relationships between RWI and March to April mean temperatures. (b) Linear relationships between
RWI and July minimum temperatures. (c) Linear relationship between RWI and Jan maximum
temperatures. (d) Linear relationships between RWI and October precipitation. (e) Linear relationship
between RWI and April vapor pressure deficit (VPD). Blue points represent the period 1950–1985 and
red points represent the period 1986–2015. Solid lines indicate significant trends and dashed lines
represent non-significant trends. The slopes of trend lines indicate the sensitivity of Chukrasia growth
to climate.
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4. Discussion

4.1. Signal Strength of the RWI Chronology

Chukrasia tabularis trees from two sites were successfully crossdated. Particularly for tropical trees,
crossdating is essential to assure annual growth structures rather than tree-ring alike structural xylem
features. Crossdating of ring-width time-series between individual trees and between multiple sites
in a region provides strong evidence that the growth rings are indeed annual and are not arbitrary
structural features of the xylem [82]. Our results are in line with the previous study confirming the
annual growth-ring formation of this species [60]. The derived regional RWI chronology contains a
strong common environmental signal, as indicated by the statistical parameters series inter-correlation
(SIC), EPS, MS, and SNR (Table 1).

The chronology signals, such as SIC, MS, and SNR, reported in this study are of similar magnitude
to those reported for other tropical tree species [15,19,20,23,83,84]. However, the running EPS dropped
below 0.85 before 1927, thus currently limiting the suitability of our chronology for longer paleoclimatic
reconstruction. Because the most important source of variation in EPS is series replication, the reliable
part of the chronology could be extended back by adding more old trees to the chronology.

4.2. Climate–Growth Relationships

We observed significant negative correlations between tree growth and temperatures (Tmean, Tmin,
and Tmax). Mean and maximum temperatures influenced tree growth mainly in the early growing
season (Figure 5). In contrast, tree growth was influenced by Tmin throughout the growing season.
A strong growth response to the temperatures (Tmean, Tmax) in the early and later growing season
could be explained by the higher evapotranspiration outside the main monsoon season. At the end of
the dry season, the environment becomes extremely dry and is characterized by low relative humidity,
higher vapor pressure deficit, and low soil moisture content. An increase in temperature during
that time further increases water stress, which might limit tree growth [27]. Temperature-driven
higher evapotranspiration was reported to cause growth decline in some earlier studies of the same
species [26,59]. Negative associations between tree growth and temperatures were reported for many
tropical forest sites [19,25,75,85], as well as for circumboreal forests [76,77].

Higher temperatures may reduce air–water potential and increase evapotranspiration and
autotrophic respiration [86,87]. All these physiological processes have the potential to reduce carbon
assimilation in higher plants [27,86–88]. It is claimed that the respiration rate in tropical forests
multiplies twice as a response to an increase in temperature of 10 ◦C [89], and that higher temperatures
increase maintenance costs of plant tissue [90]. A very strong negative correlation of ring-width with
minimum temperature (night time temperature) indicates evidence of respiration-related growth
reduction in our studied species. However, the respiration theory of carbon loss due to higher
temperatures is controversially discussed in some studies, concluding that plants can acclimate
relatively quickly to such changes [91,92]. Also, higher VPD increases evapotranspiration, creating a
drier environment, especially during the pre-monsoon season [93]. It is thus reasonable that with an
increase in VPD, radial growth of C. tabularis declined in the early growing season.

We found a significant correlation between tree growth and current year October precipitation.
At the end of the monsoon season, the soils are moisture saturated. An increase in precipitation in
October may further increases soil moisture in our study sites. C. tabularis trees prefer well drained soils
and cannot withstand water saturation due to anoxic root conditions [58]. However, these findings are
in contrast with the results of other studies from tropical dry forest ecosystems [15,18–22,94,95] and
north latitudinal boreal forests [76,77]. Our study sites are influenced by the tropical monsoon climate
with a mean annual rainfall of 2367 mm, and do not allow direct comparison with findings reported in
tropical dry forest sites.

Large-scale climate drivers, such as SST anomalies of the Niño 3.4 region, negatively affected tree
growth in the year following strong and moderate El Niño events (Figure 7). This result generally
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implies that El Niño events have a long lasting influence on C. tabularis growth. Such lag effects of
ENSO events were also observed in other tropical regions [20]. A significant periodicity of two to four
years in the wavelet spectra of tree-ring chronology also provides indirect evidence of a significant
influence of the SSTs in the Niño 3.4 region [96]. During the period 1910–1940, a prominent ~6–12 years
periodicity was observed, but because of low sample size (<10 cores) and low EPS values, before 1927,
we interpret this early part of the chronology with great caution. It is interesting to note that a study
on Heritiera fomes in Bangladesh observed no links between tree growth and ENSO events [48]. These
contrasting results call for developing additional tree-ring chronologies of different tree functional
types and for developing a tree-ring network in the humid tropics to understand spatial variations in
the tree-ring climate response patterns.

4.3. Stationarity and Consistency in Tree Growth Sensitivity to Climatic Changes

Tree growth was found to be more sensitive to mean and minimum temperatures during recent
decades (1986–2015) when compared with early decades of the last half of the 20th century (1950–1985).
We also found a shift in tree growth sensitivity to maximum temperatures and annual precipitation
during the recent decades, although these trends were not statistically significant. A clear increasing
trend in growth sensitivity to VPD was also observed. Moving correlation functions suggest consistent
tree growth sensitivity to March Tmean, but increasing sensitivity to dry periods and pre-monsoon
Tmean and Tmin. A trend analysis of the rainfall variability and the length of wet and dry periods in
Bangladesh confirmed the increasing trend in the length of dry months in most parts of Bangladesh,
including our study region [45]. Increasing dry season length is also obvious in the climate diagram
of the two sub-periods (Figure 2). Long-term data on leaf phenology are useful to get insights into
possible shifts of the growing season. Unfortunately, such data are absent in our study area. However,
according to the observation of forest managers and local people, it is evident that leaf shedding
behavior has changed in our studied forests and that the unfolding of new leaves in recent years sets
in earlier than before. The evolution of the growth response to Jan Tmax and the disappearance of the
correlation with March temperature during the recent decades may also be explained by these seasonal
shifts and their influence on tree growth. Thus, the warmer temperatures during the second half of the
20th century seemed to trigger a temperature sensitive period, as well as a moderate lengthening of
the growing season.

Increasing tree growth sensitivity to climate reported in our study is consistent with the findings
for white spruce in Alaska [36]; Douglas fir in Salmon River valley, Idaho [33]; Abies alba in northern
Spain [97]; European larch in the Italian Alps; and pine in Iberian Peninsula [98], but contrasts with
the hemisphere-wide decrease in the sensitivity of northern tree growth to summer temperatures in
recent decades [31]. In moist tropical forests, change in climatic response has not yet been studied,
which does not permit comparison of our results with similar forest types or species. Nevertheless,
increasing tree growth sensitivity to average annual mean, minimum, and maximum temperatures
reported in this study are in agreement with the increasing trend of these local climate variables
(Figure S3). Our study highlights that significantly increasing temperatures may increase the water
stress particularly during the early growing season, leading to increasing tree growth sensitivity to
recent climate conditions. Investigations of the temporal stability of climate–growth relationships in
tropical humid environments are rare, but very important for predicting tree-growth under future
climate change. Future modelling studies should consider the stability of climate–growth relationships
to reduce the uncertainty of the model output, particularly if prediction of species-specific radial
growth is the main objective.

5. Conclusions

Overall, the growth sensitivity of C. tabularis to climate forcing tends to increase over time.
Likewise, the trend analysis of climate variables in our study sites showed statistically significant
increasing trends in mean, minimum, and maximum temperatures (Figure S3), which is consistent with
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the observed global temperature trend. As this trend is expected to continue throughout the current
century [41], our results suggest that radial growth of C. tabularis will decline in future in Bangladeshi
moist tropical forests. This is supported by reports of a warming-induced growth decline in C. tabularis
in dry tropical forests in western Thailand [59]. If the declining growth trend continues throughout the
current century, it would have influence on the global carbon cycle as a result of reduced atmospheric
carbon uptake by tropical trees in the monsoon region. Our study conducted in two South Asian
moist tropical forests clearly shows that dendroclimatic studies have the potential to infer long-term
tree-growth response to climate change. Such studies should be extended to other moist forest sites to
explore how the same species responds to climate change in different tropical environments. In similar
ways, growth response of other widely distributed tree species occurring across the tropics should also
be tested to get insights into the long-term growth trends of tropical trees in a climate change context.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/9/12/761/s1,
Figure S1: Photographs showing the forest stands of study sites. (a) A forest stand close to the forest boundary
in RKWS (b) Forest interior in RKWS (c) A mature C. tabularis tree with the canopy in LNP, Figure S2: (a) High
magnification digital microscopic images of C. tabularis showing characteristic wood anatomical features. (b) A
portion of stem disk of a C. tabularis tree showing growth ring boundaries and the measurement areas (Darker
zones). (c) Scanned sample of an increment core of C. tabularis. White triangles indicate growth-ring boundaries.
Arrows indicate growth directions, Figure S3: Trends in climate variables over the period 1950 to 2001, Figure
S4: Site chronologies (right panels) and raw ring-width time series (left panels) of C. tabularis from two moist
forest sites in Bangladesh. RKWS = Rema-Kalenga Wildlife Sanctuary, LNP = Lawachara National Park, Figure
S5: Principal Component Analysis (PCA) of the two site chronologies, Figure S6: Relationship between Nino 3.4
SST anomalies and mean temperatures of years following an ENSO event in the study area, Figure S7: Moving
correlations (30 years window) of RWI chronology and vapor pressure deficit (VPD) for the period over 1950–2015,
Table S1: Characteristics of Chukrasia tabularis site chronologies from two moist forest sites in Bangladesh.
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