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Abstract: In this study, we used retrospective dendroclimatological analyses to explore whether El
Niño Southern Oscillation (ENSO) and local precipitation patterns have an influence on tree growth
in Suriname, a country located on the Guiana Shield, as annual precipitation patterns on the Guiana
Shield are related to ENSO. Discs were taken from 20 trees of Cedrela odorata, whose stem forms
very distinct annual growth rings, for tree ring analyses. The trees grew in unmanaged tropical
wet forests of Suriname. The tree-ring series of individual trees started between 1836 and 1931 and
extended over a period of 84–180 years. The 20 dated series were utilized for constructing a tree-ring
chronology. Unlike many other studies that used local anomalies such as flood pulse, precipitation,
and drought events to describe the influence of El Niño on tree growth, we used monthly precipitation
and ENSO indices as predictors of tree growth to calculate response and correlation functions. The
study observed that tree ring growth of Cedrela odorata is influenced by precipitation in August and
June of the current year and in August of the previous year, as well as by the ENSO indices SSTA,
TSA, TNA, and NAO. Systematic increases in the strength of the El Niño southern oscillation (ENSO)
teleconnection due to climate change could affect the growth of trees on the Guiana Shield.

Keywords: dendroclimatology; neotropic; Cedera odorata L.; climate–growth relationship; global
climate change; ENSO

1. Introduction

End-of-century projections indicate declines in rainfall in the Caribbean and the Guiana
Shield during the rainy seasons under the IPCC SRES A1B scenario [1]. Located along the
northern coast of South America, the Guiana Shield encompasses 40% of the total area
of the Amazon biome. It underlies French Guiana, Suriname, Guyana, Venezuela, and
parts of Colombia and Brazil. The long-distance effects of El Niño Southern Oscillation
(ENSO) on the climate of the Guiana Shield will most likely undergo modifications, as
climate change will have impacts on the physical processes associated with ENSO [2,3].
Nurmohamed et al. [4] showed in a statistical analysis of the rainfall in Suriname that
“rainfall correlates well with sea surface temperature anomalies (SSTAs) in the tropical
North Atlantic (TNA), the tropical South Atlantic (TSA), Niño 1 + 2, Niño 3 .4, Atlantic
Niño, and the tropical Atlantic (TA) dipole region”. El Niño-related effects on freshwater
and brackish-water fishes have already been reported for Suriname [5]. Iizumi et al. [6]
highlighted the importance of ENSO for global crop production. The effects of El Niño
climate change on forest resources tend to be less dramatic than for annual crops due to the
longevity of trees. However, the sensitivity of tree growth toward climatic factors and El
Niño Southern Oscillation (ENSO) has been reported among others for Ethiopia, Panama,
Peru, Ecuador, Brazil, Chile, Argentina, Spain, Mexico, Columbia, Costa Rica, DRC, and
the Amazonian floodplains [7–19]. Tree growth alterations caused by climate change could
impact growth-dependent concurrence and species abundances on the Guiana Shield.

Atmosphere 2022, 13, 1119. https://doi.org/10.3390/atmos13071119 https://www.mdpi.com/journal/atmosphere

https://doi.org/10.3390/atmos13071119
https://doi.org/10.3390/atmos13071119
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0003-0182-7256
https://doi.org/10.3390/atmos13071119
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos13071119?type=check_update&version=1


Atmosphere 2022, 13, 1119 2 of 13

The investigation of climatic influences on the growth of trees requires long-term
time series with annual resolution. Long-term studies with the repeated recording of
individual trees have been carried out in temperate and boreal forests for more than
100 years [20–22], but are rare on the Guiana Shield. Dendrochronological methods, which
allow retrospective analysis of tree growth on the basis of tree rings, offer an alternative
for such studies. Dendroclimatology studies explore the relationship between annual tree
growth and climate. Climate-related tree-growth attributes such as tree-ring width, wood
density, or isotopic measurements can be utilized for the quantitative analysis of former
climatic patterns [23,24]. As the climate signal is confounded by many other factors that are
not related to climate such as tree species, tree age, management, concurrence, soil nutrient
characteristics, pests, or exposure to sunlight, the climate signal needs to be separated from
the remaining “background noise” [23]. This is commonly achieved by deriving a tree-ring
chronology from available individual tree-ring series, which allows identifying climate
signals that affect the growth pattern of trees.

Retrospective dendroclimatological analyses can provide valuable indications for fu-
ture tree growth under climate change [18,25–27]. While, in temperate and boreal forests,
the effects of future changes in annual temperature and precipitation patterns, as well as the
length of drought periods, on tree growth are discussed intensively [28,29], comparatively
few studies are found in tropical and subtropical forest ecosystems. The reason for the
few studies might be due to the unavailability of long-term tree growth data, and climatic
records covering more than a century are rare. Natural tropical forests are by far more
heterogeneous than boreal and temperate forests [30–33], and trees growing in unman-
aged, heterogenic tropical forests show distinct growth variability caused by neighboring
effects [34,35], which make it less preferred for dendroclimatological study. Moreover, the
supply rate of required resources (light, nutrients, water, and edaphic conditions), changing
balance between photosynthesis and respiration, increased hydraulic resistance, decreased
nutrient supply, or genetic changes with meristem age [36–41], as well as the formation of
tree rings in tropical trees, is complex and can be observed only for a limited number of
tree species and climatic conditions [42,43], further hindering dendroclimatological study.

We apply the methods of dendroclimatology to retrospectively investigate possible
climate–growth relationships for trees of the Guiana Shield. In addition to monthly climate
data, we use parameters describing ENSO effects for the dendroclimatological analyses. We
investigate the impacts of local climate and ENSO effects on the growth of the tree species
Cedrela odorata. This provides important insights into tree growth under future climate
change for this region.

2. Materials and Methods
2.1. Study Site

Suriname is located in the northeast of South America between latitudes 1◦ and 6◦ N
and longitudes 54◦ and 58◦ W. About 95% (153,320 km2) of Suriname’s land area is covered
by natural tropical rainforests [44]. Suriname exhibits a low deforestation rate and is
characterized as a country with high forest cover and low deforestation (HFDL). Suriname
was selected for this study because it is located in the center of Guiana Shield, and a link has
been established between precipitation patterns and ENSO [4]. The study was conducted
in the central part of the natural rainforest belt in Suriname (5◦22′ N, 55◦55′ W) (Figure 1).
Trees used for the study came from legal commercial harvests on logging concessions in
natural forests granted by the Surinamese government. In accordance with the Forest
Management Act of 1992, the concessions are subject to sustainable forest management.
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Figure 1. Map of Suriname showing the sample collection site and the metrological station, Zanderij.
The square shows the origin of the samples.

2.2. Climate Data

According to Köppen–Geiger’s classification, Suriname has a tropical rainforest climate
(Af) with an average annual temperature of 27.5 ◦C and an average humidity of 80–90%.
Between day and night, the temperature fluctuates about 10 ◦C around the average daily
temperature. The average annual precipitation is about 2200 mm. Climate diagrams show
a clear seasonality, with a short, wet season from December to January, the beginning of a
long, wet season from March to May, the end of the long, wet season from June to August,
and a dry season from September to November (Figure 2) [4]. The seasonal cycle of the
monthly rainfall is caused by the meridional movement of the Intertropical Convergence
Zone (ITCZ). In Suriname, there are distinct regional differences in climate. The inland
regions are hotter and wetter in contrast to the coast where the climate is cooler and
dryer [45]. According to Nurmohamed, Naipal, and Becker [4], precipitation is highest in
the mountainous area in the center of Suriname (~2800 mm) and lowest in the low altitudes
in the northwest (~1650 mm). Twelve rainfall gauge stations are located in Suriname. For
our study, we utilized precipitation data that were collected by the Meteorological Service
Suriname (MDS) from the meteorological station in Zanderij, which is located closest
(~50 km) to the study site.

ENSO data were obtained from the Met Office Hadley Center’s sea ice and sea sur-
face temperature (SST) dataset [46]. As ENSO is a large, complex, and dynamic system,
several indices have been developed that use different combinations of attributes such as
air pressure or sea surface temperature of different regions. The website hosted by the
Global Climate Observing System (GCOS) Working Group on Surface Pressure (WG-SP)
gives detailed explanations of the indices (www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries,
accessed on 14 June 2022). We accessed this website to download the datasets Niño 3 .4
(1870–May 2017), Niño 1 + 2 SST Index (1870–May 2017), Multivariate ENSO Index (MEI,
1950–2017), Southern Oscillation Index (SOI, 1866–2016), and North Atlantic Oscillation

www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries
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Index (NAO, 1821–2015). NAO was included, as it has a remote influence through the
Hadley circulation on the sea surface temperature anomalies (SSTAs) [4].
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Figure 2. Walter–Lieth climate diagram for metrological station in Zanderij, Suriname. The precipita-
tion and temperature data were measured from 1960 to 2012. The left y-axis shows the temperature
(◦C), while the right y-axis shows the precipitation (mm). The x-axis shows the months. The red
curve shows the temperature, while the blue curve shows the precipitation. The climate diagram was
created by the R package Climatol [47].

2.3. Tree Species

Due to very distinct annual growth rings, the tree species Cedro Hembra (Cedrela
odorata L.) was chosen [43]. C. odorata is a deciduous, monoecious (male and female flowers
are borne on the same inflorescence) and medium-sized to large tree of the Meliaceae
family. The timber of large, mature trees is considered very valuable and is one of the
world’s most important commercial timber species. C. odorata is widespread but never very
abundant throughout moist tropical American forests; its numbers are continuing to be
reduced by exploitation without successful regeneration [47]. The International Union for
the Conservation of Nature (IUCN) listed C. odorata as a vulnerable tree species [48]. C.
odorata develops best in seasonally dry climates, as reflected by its deciduous habit which
leads to the formation of growth rings [47]. In Suriname, C. odorata flowering occurs at the
end of the rainy season, and leaves are thrown during the long, dry season.

The annual nature of ring formation in South America has been proven in several
studies [25,43,49,50]. The wood anatomy structure of C. odorata shows distinct growth ring
boundaries and ring porosity, characterized by fiber bands and vessel bands embedded
in the paratracheal parenchyma (Figure 3). The main dry season with rainfall well below
100 mm is likely to lead to the annual formation of tree rings [51].
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Figure 3. Microsection (left) and tree-ring boundaries (right) of C. odorata.

2.4. Sample Selection

Between 2014 and 2015 a total of 145 trees of the species C. odorata were legally
harvested in Suriname according to Suriname’s national record of logged trees. From
these 145 trees, we randomly selected a sample of 20 trees and extracted cross-sectional
wood discs at the lower (i.e., thicker) end of the logs. All the samples were taken from
above the buttresses (about 2 m above from the ground). The diameter of the trees varied
from 41 cm to 79 cm. With legal approval issued by the Suriname’s Foundation for Forest
Management and Production Control (SBB), the discs were shipped to Hamburg, Germany,
for further analyses.

2.5. Tree-Ring Measurement

After the samples were air-dried to avoid fungal attack, they were polished mechani-
cally with increasingly finer sandpaper (up to grain of 1000). On the sanded discs, wedging
rings and discontinuous rings (the rings which occurred only over the part of the disc) were
detected by marking each ring and interconnecting every tenth ring between the different
radii to reduce errors. For trees with several multiple wedging rings, those radii were
chosen which corresponded best to the average diameter of the disc. At least four radii
were selected, and tree-ring boundaries were marked under binoculars. Every tenth ring
was interconnected between radii to verify the correctness of marking. The widths of the
individual annual growth rings were measured to the nearest 0.01 mm and digitized using
a moving table LINTAB [52]. Before the tree-ring measurements were utilized for further
analyses, they underwent extensive validation procedures in order to detect apparent
measurement errors, such as missing or false tree rings. For the validation, we used the
TSAP-Win software [53], which allows for cross-dating the time series within individual
trees and among the entire set of trees. The procedure checks the growth patterns of indi-
vidual trees for similar characteristics which can be synchronized and assigned to a distinct
year of wood formation [54]. Following the good practice in dendrochronology, several
statistics were computed to describe the key properties of a site chronology, described
as follows:
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(1) The mean intertree correlation (rbt), which is calculated as the mean correlation
between all possible pairs of individual series for the entire series or by using the
windowing technology for a sequence of overlapping time intervals through the entire
length of the chronology strength of the signal common to all trees [55];

(2) The first-order autocorrelation (AC) within the series, which describes the influence
of the previous year’s conditions on ring formation [23];

(3) The expressed population signal (EPS), which quantifies the degree to which the
chronology expresses the population chronology [56];

(4) The degree of synchronicity (Gleichläufigkeit), which is a classical agreement test
based on sign tests between the pairwise comparison of all records in a dataset for the
conformity of slopes between successive years [57];

(5) The t-value based on 5 year moving averages for the estimation of the cross-correlation
between the sample and the reference [58].

The raw tree-ring series were checked for measurement errors with the software
COFECHA [59] and the R-package dplR [60], which calculate correlation coefficients
between individual tree-ring series to identify missing and false rings.

2.6. Chronology Construction

Climate is one among a variety of factors that influence tree growth. In order to extract
the climate signal from tree-ring series, those other factors have to be removed as best as
possible, which is commonly realized by detrending. Bunn et al. [60] described detrending
as “the estimation and removal of the low-frequency variability that is due to biological
or stand effects”. We removed long-term growth trends from the raw measurements by
applying a cubic spline with a frequency response of 0.5 at a wavelength of 0.67 times
the series length. For trees from closed-canopy stands, spline functions are the most
appropriate method for detrending tree-ring series [25,61]. Standardization was performed
by calculating the dimensionless ring-width index (rwi), which results from dividing each
series by the growth trend. On the basis of the detrended and standardized tree-ring series,
a residual master chronology was built by averaging across the years utilizing the residuals
of an AR process [60]. For each tree-ring series, the correlation with the master series was
calculated. The correlations were performed for 50 year segments, and segments lagged by
25 years. All calculations were realized by the R-package dplR [60,62,63].

2.7. Dendroclimatological Analysis

Dendroclimatological analyses focus on the detection of relationships between an-
nually resolved tree-ring data and climatic data, which usually show monthly resolution.
These relationships can either be calculated as correlation functions that are mainly based
on Pearson’s linear correlation estimates or as response functions that apply indirect regres-
sion techniques. Climatic data are subject to multicollinearity, which limits the application
of simple correlation and regression techniques. An alternative to deal with multicollinear-
ity is offered by principal component regression techniques that regress the proxy record
against principal components of climatic data. Zang and Biondi [59] implemented this
approach in the R-package “treeclim”. The regression is performed against principal com-
ponents of an orthogonalized design matrix. Principal components are retained according
to the cumulative eigenvalue product [64]. After the estimated regression coefficients are
transformed into the original parameter space, Pearson’s linear correlation is computed
between the response variable and the climate data [65]. To test for significant correlations,
bootstrap resampling with 1000 iterations is applied. Zang and Biondi [66] gave further
details on the statistical procedures implemented in the R-package “treeclim”.

3. Results
3.1. Tree-Ring Chronology

The 20 dated series with 2751 measurements in total (Figure 4) were utilized for
constructing the tree-ring chronology. The tree-ring series of individual trees started



Atmosphere 2022, 13, 1119 7 of 13

between 1836 and 1931, extending over a period of 84 to 180 years, with an average
time length of 137.55 years. The mean annual radial increment between the trees varied
from 0.12 cm to 0.27 cm with an overall average of 0.2 cm. The series had a mean series
intercorrelation of 0.353 and a mean first-order autocorrelation of 0.066 (SD = 0.135), which
shows that the annual ring growth is subject to pronounced fluctuations. The degree of
synchronicity (Gleichläufigkeit) between all pairwise combinations of trees ranged between
0.49 and 0.86 with an overall mean of 0.65, indicating a moderate agreement of the direction
of slopes between adjacent years among the tested tree-ring series.
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Figure 4. Tree-ring series of the 20 samples.

The first step of the statistical analysis was to check the quality of the 20 tree-ring series
in order to detect measurement errors, such as interannual growth zones or wedging rings.
For this purpose, we detrended and standardized the tree-ring series [62,67]. Detrending
removes the variation of tree-ring width corresponding to biological growth trends and cer-
tain growth disturbances from the tree-ring series, which was achieved via pre-whitening,
which adds the residuals of an AR model to the series mean. A master series was derived
from all series, and then the correlation with the master series was calculated for each series.
The analyses were conducted using the R-package diplR [60,62].

The correlation of each series with the master series is presented in Table 1 for time
segments of 50 years. Nonsignificant correlations were observed for three segments (CE-
DRO16M: 1875–1924; CEDRO17M: 1875–1924; CEDRO4MV: 1925–1974). In dendrochronol-
ogy, it is good practice to remove tree-ring series that show low correlations with the master
series to maximize the common signal of the series used for building the chronology [25,68].
We decided not to truncate the tree-ring series by eliminating series with low correlations.
This maintains the variability of tree growth and results in conservative estimations of
climate–growth relationships [27].
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Table 1. Correlation (Spearman’s rho) of tree-ring series with master series.

Tree 1850–1899 1875–1924 1900–1949 1925–1974 1950–1999 Overall

CEDRO16M 0.62 0.21 0.34 0.49 0.30 0.39
CEDRO60M 0.67 0.53 0.36 0.32 0.47 0.52
CEDRO17M 0.19 0.26 0.50 0.32 0.29
CEDRO19M 0.73 0.60 0.63 0.53 0.49 0.65
CEDR03MV 0.26 0.39 0.49 0.45 0.39
CEDRO10M 0.25 0.23 0.44 0.49 0.40
CEDRO80M 0.62 0.57 0.48 0.52
CEDRO24M 0.58 0.56 0.54 0.60
CEDRO25M 0.40 0.38 0.61 0.54
CEDRO15M 0.64 0.56 0.53 0.57
CEDRO26M 0.55 0.42 0.49 0.55
CEDRO90M 0.45 0.53 0.50 0.48
CEDRO22M 0.46 0.26 0.33 0.44
CEDRO50M 0.60 0.53 0.36 0.44
CEDRO13M 0.33 0.46 0.37
CEDRO21M 0.46 0.55 0.46
CEDRO4MV 0.07 0.24 0.20
CEDRO20M 0.43 0.55 0.47
CEDRO23M 0.43 0.24 0.50
CEDRO70M 0.57 0.62

In order to eliminate the impact of biological factors on tree-ring growth pattern, the
raw tree-ring series were detrended and standardized, and the residual master chronology
was built [60]. Figure 5 shows the standard chronology using Tuckey’s biweight robust
mean [69] and the residual chronology using the residuals of an AR process. Values
presented are the dimensionless ring-width index (RWI) and the sample depth over time.
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The chronology showed an overall EPS of 0.827 and an overall rbt of 0.193. For
building a chronology, Wigley, Briffa, and Jones [56] recommend an EPS threshold value of
0.85, which is slightly higher than the EPS realized in our data. However, the threshold
recommendation is rather arbitrary and has fallen short in other studies [10].

3.2. Impact of Precipitation and El Niño on Tree Growth

Monthly precipitation and the climate indices Niño 1 + 2 (Extreme Eastern Tropical
Pacific SST), Niño 3 .4 (East Central Tropical Pacific SST), MEI (Multivariate ENSO Index),
SOI (Southern Oscillation Index), NAO (Northern Atlantic Oscillation), TNA (Tropical
North Atlantic Index), and TSA (Tropical South Atlantic Index) values from January of the
previous year to December of the current year were used as predictors of tree growth to
calculate response and correlation functions by applying the function dcc of the R-package
treeclim [66].

When considering the entire time series, a significant influence on annual ring forma-
tion was found for the precipitation of the months August of the previous year, as well as
of the months June and August of the current year. Thus, not only the precipitation in the
respective year under consideration, but also the precipitation of the previous year has an
influence on the formation of annual rings. With the exception of SOI, for all ENSO indices,
months with a significant influence on annual ring growth were found (Table 2).

Table 2. Precipitation and ENSO indices.

Month Precipitation
Index

Niño 1 + 2 Niño 3 .4 MEI SOI NAO TSA TNA

Previous year

January

February

March X

April X

May

June X X X

July X

August X X

September X

October X X

November X X

December X

Current year

January X

February X X

March

April

May X

June X

July X

August X X

September

October

November

December

X: significant at p < 0.05.
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4. Discussion

We present the first tree-ring chronology for C. odorata on the Guiana Shield. The
growth period shown in the tree rings extends from October of the previous year to August
of the current year. The growth of the trees is interrupted by the long, dry season from
mid-August to October. A first question was whether the monthly rainfall and the SSTAs
are related to the tree-ring widths of the trees investigated. For our dataset, we found
dependencies of annual tree ring growth on precipitation in the months June and August
of the current year and August of the previous year, thus indicating the influence of the
amount of precipitation in the current long, wet season, i.e., at the beginning and during the
month with the highest precipitation. Since the trees grow mainly during the rainy season,
these dependencies are obvious. However, what explains the dependence on precipitation
in August of the previous year? The amount of precipitation in August determines the
length of the long, wet season and causes higher soil water potential and water storage in
the stem of trees [49]. Some tropical deciduous tree species such a C. odorata shed the leaves
in response to rainfall reduction during the dry season to establish high solute content and
high water potential of stem tissue as prerequisites for flowering and bud break during
drought [70,71]. Our results correspond to findings from other studies on C. ordorata in
Brazilian wet tropical forest [50], as well as dry tropical forest in Venezuela [49] and in
Bolivia [25]. Dünisch Bauch, and Gasparotto [50] explained this high sensitivity of C. odorata
to soil water potential by the root system in the upper soil.

Nurmohamed, Naipal, and Becker [4] studied the influence of sea surface temperature
anomalies (SSTAs) in the tropical Atlantic and the tropical Pacific on the seasonal distribu-
tion of precipitation in Suriname. They showed that the rainfall anomalies are fairly evenly
distributed throughout the country. In the short, wet season (December to January) and
the beginning of the long, wet season (March to May), they found the strongest correlation
with the SSTAs in the Pacific region (Niño 1 + 2 at a lag of 1 month and Niño 1 + 2 at a lag
of 3 months, respectively). For the rainfall in the end part of the long, wet season (June to
August) and in the long, dry season (September to November), they observed correlations
with the SSTAs in the tropical south Atlantic (TSA at a lag of 0 months and TSA at a lag of
3 months, respectively). They explained the spatial and temporal variability of precipitation
by the meridional movement of the ITCZ. The rainfall from August to December of the
previous year determines the end of the long, wet season, the length of the long, dry season,
and the beginning of the short, wet season. This explains the connection with the SSTAs
of the tropical Pacific (Niño 1 + 2 and Niño 3 .4) and the tropical South Atlantic (TSA).
The SSTAs of the tropical Atlantic from February to April determine the end of the short,
wet season, the length and precipitation of the short, dry season, and the beginning of
the long, wet season, which explains the dependencies of the annual tree-ring growth on
the TSA and TNA of the respective months. The precipitation in the long, wet season of
the previous year again determines the higher soil water potential and water storage in
the stem of trees and is reflected in the dependencies on NAO, TSA, and TNA. Thus, the
direct dependence of the increase in the precipitation distribution can be transferred to the
SSTAs. This provides the basis for the growth of the annual ring to be dependent on El
Niño events.

Commonly, anomalies of local conditions related to El Niño events, such as flood
pulse [7], precipitation [7,8,12], or drought events [9,15,19] are used to derive the influ-
ence of El Niño on annual growth. Rodriguez, Mabres, Luckman, Evans, Masiokas, and
Ektvedt [8] found a negative correlation of ring width with a mean November–April South-
ern Oscillation Index (SOI). We applied a dendroclimatic approach directly to various
ENSO indices to derive dependencies on annual tree growth.

5. Conclusions

Our study suggests that the annual tree-ring growth of C. odorata is influenced by
the climate and, thus, provides further evidence for the annual nature of growth rings for
trees growing in the Neotropics. Using ENSO indices allows analyses to be carried out
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independently of local weather recordings, thus significantly expanding the use of existing
datasets to describe tree growth. In addition, the importance of dendroclimatology for
the study of the impacts of climate change on tropical forest ecosystems could once again
be demonstrated.
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