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Abstract
As dendrochronology noticeably increased in tropical regions during the last three decades, 
some general patterns could emerge from comprehensive analyses of case studies. Here, we 
investigated the state of dendrochronology’s contributions to the bioclimatology of wood spe-
cies in the Brazilian Atlantic Forest (AF). We asked: Which species and sites had cross-datable 
growth-ring series suitable for bioclimatic inference? What were the sampling and analytical 
methods applied? What do these studies tell us about plant-growth sensitivity to climate con-
ditions? Which knowledge gaps may be identified? For this, we searched for articles address-
ing climate-growth relationships by means of cross-dated growth-ring chronologies within the 
AF. We found 11 articles, covering 16 chronologies from 10 species. The average number 
of trees in chronologies was 16 individuals. 87% of chronologies suggested a positive pre-
cipitation signal, and some positive temperature signal was identified in all chronologies that 
were compared to monthly or seasonal temperature series. The findings are supported by the 
specialized literature, which points out the influence of precipitation in the tropics. However, 
making stronger conclusions about the role of climate on the growth of AF tree species will 
require greater efforts in surveying the diverse tree flora and developing rigorous cross-dated 
chronologies.

Keywords: climate-growth relationship, dendrochronological parameters, tropical forest, 
subtropical forest.

Resumo
A dendrocronologia aumentou notavelmente nas regiões tropicais durante as últimas décadas 
e alguns padrões gerais podem emergir de análises abrangentes de estudos de caso. Aqui, 
investigamos as contribuições da dendrocronologia para a bioclimatologia de espécies arbó-
reas na Floresta Atlântica brasileira (FA). Perguntamos: Quais espécies e locais dispõem de 
séries de anéis de crescimento codatáveis adequadas para inferência bioclimática? Quais são 
os métodos de amostragem e análise aplicados? O que esses estudos dizem sobre a sensibi-
lidade do crescimento das plantas às condições climáticas? Quais lacunas de conhecimento 
podem ser identificadas? Para isso, buscamos artigos abordando as relações clima-cresci-
mento por meio de cronologias de anéis. Encontramos 11 artigos, cobrindo 16 cronologias de 
10 espécies. O número médio de árvores nas cronologias foi de 16 indivíduos. Oitenta e sete 
por cento das cronologias sugeriram um sinal positivo de precipitação e algum sinal positivo 
de temperatura foi identificado em todas as cronologias comparadas às séries mensais ou sa-
zonais de temperatura. Os resultados são apoiados pela literatura especializada, que aponta 
a influência da precipitação nos trópicos. Entretanto, tirar conclusões mais sólidas sobre o pa-
pel do clima no crescimento de espécies arbóreas da FA exigirá maiores esforços no levanta-
mento da diversidade da arbórea e no desenvolvimento de rigorosas cronologias codatadas.

Palavras-chave: floresta subtropical, floresta tropical, parâmetros dendrocronológicos, 
relação clima-crescimento.
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Introduction

Dendrochronology through the rings of growth of the 
trees determines the age and studies its performance in re-
lation to the factors that led it to growth, such as climatic 
factors. Dendroclimatic studies in tropical and subtropical 
regions remain one of the major gaps for dendrochronol-
ogy, although such studies have increased in the last three 
decades (Zuidema et al., 2012). The apparent absence of 
climatic seasonality (Brienen et al., 2016; Fritts, 1976; 
Jacoby, 1989; Payette and Filion, 2010; Speer, 2010) and 
the complexity of growth rings in tropical species (Brienen 
et al., 2016; Jacoby, 1989; Stahle, 1999) have left research-
ers pessimistic about the application of dendrochronolo-
gy in these environments and hindered its development. 
Thus, recent studies have been concerned with describ-
ing species showing dendrochronological potential (e.g., 
Baker et al., 2017;  Fichtler et al., 2003; Soliz-Gamboa et 
al., 2011; Worbes and Junk, 1989; Zuidema et al., 2012). 
These studies already form a dense theoretical body that 
demonstrates the feasibility of tropical dendroclimatology, 
but also provides information on both the natural dynam-
ics of the climate and the relationship between climate and 
biological patterns. This knowledge is especially import-
ant to understand, predict, and mitigate the effect of global 
climatic changes of anthropogenic origin that is currently 
one of the greatest challenges for science. 

Current climate change stands out for the magnitude, 
intensity, and speed with which it is occurring. The pro-
cess has accelerated over the last 70 years as a result of 
emissions of atmospheric pollutants and greenhouse gas-
es (GHGs: carbon dioxide, methane and nitrous oxide) 
through the production of energy and the conversion of 
natural ecosystems into agriculture/pasture areas and urban 
areas (IPCC, 2014). Changes in climate include increased 
global average temperature (oceanic and atmospheric), 
changes in the hydrological cycle, acidification and ris-
ing of the sea levels, reduced ice cover and increased oc-
currence of extreme events such as storms and cyclones 
(IPCC, 2014). Scientists from the most diverse areas of 
knowledge have mobilized to understand the impacts of 
these changes on the fauna and flora, human health and 
socioeconomic development.

Vegetation is an important component of climate regu-
lation, which involves issues related to surface roughness, 
evapotranspiration and albedo (Anderson-Teixeira et al., 
2012; Cardoso and Justino, 2014; Shukla et al., 1990).  
According to Bonan (2008, p. 1444), “the world’s forests 
influence climate through physical, chemical, and biologi-
cal processes that affect planetary energetics, the hydrologic 
cycle, and atmospheric composition”. In this sense, tropical 
forest play a fundamental role in the terrestrial carbon cycle 
since they store approximately 54% of the total biomass car-
bon of global forests (Liu et al., 2015; Wagner et al., 2016).

The Atlantic Forest (AF) is the second largest tropi-
cal forest in South America and, because it is under high 
anthropogenic pressure and rich in species diversity and 
endemism, it was considered one of the seven priority hot-
spots for conservation in the region (Myers et al., 2000; 
Oliveira-Filho and Fontes, 2000). In its original distribu-
tion, the forest extended from the south to the northeast 
of Brazil in lowlands and highlands of the Atlantic zone, 
spreading inland to the east of Paraguay and northwest of 
Argentina (Galindo-Leal and Câmara, 2003; Lima and Ca-
pobianco, 1997). However over 93% of the forest has been 
lost to economic purposes (Galindo-Leal and Câmara, 
2003), with most remaining areas being small and isolated 
patches (<50 ha and distant more than 1000 m from other 
spots) (Ribeiro et al., 2009). Less than 9% of its total re-
maining area is currently under protection, which com-
prises less than 1% of the original forest area (Ribeiro et 
al., 2009). 

Because of its remarkable range of latitude and altitude, 
the AF has high climatic variability (Oliveira-Filho and 
Fontes, 2000) and a broader vegetation scheme, includ-
ing mangroves, coastal plain “restingas”, seasonal forests, 
evergreen forests (mixed ombrophilous and dense om-
brophilous), subtropical grasslands and wetlands (IBGE, 
2012; Víncens et al., 2003; Oliveira-Filho and Fontes, 
2000). It comprises a temperature gradient that rises to-
ward the tropics. In the south, the climate is marked by 
quite low winter temperatures and well-distributed rainfall 
throughout the year (Nimer, 1971). Northward, the intra-
annual temperature variation becomes less pronounced, 
but dry seasons also occur. Average monthly rainfall below 
60 mm occurs in the central portion of the AF from May to 
September (Sant’Anna-Neto, 2005), while in the northern 
portion even drier conditions prevail from September to 
January (Ferreira and Mello, 2005). 

Here, we explore how tree-ring studies have contribut-
ed to current understanding of growth/climate relationships 
of tree species from the AF. More specifically, we asked: 
(i) Which species and sites had cross-datable growth-ring 
series suitable for bioclimatic inference? (ii) What were 
the sampling and analytical methods applied? (iii) What do 
these studies tell us about the sensitivity of tree growth to 
climatic conditions? In order to answer such questions and 
contribute to the development of tropical dendroclimatol-
ogy, we have gathered information on dendroclimatic stud-
ies from the AF region from a literature review.

Material and methods

Literature review

As a strategy for constructing our information base, 
we searched articles indexed in three electronic databases 
(publications until December 2016): Scopus, SciELO and 
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Web of Science. We used the following keywords com-
bined in different ways using Boolean operators: “den-
dro*”, “climat*”, “Atlantic Forest”, “tree ring”, “growth 
ring”, “Brazil*”. From the articles found, we considered 
those in which the abstract or the full text noted that the 
dendrochronological series had been crossdated and re-
lated to climatic series. We read these articles in full, to 
record the below information on climate chronologies 
and relationships.

Site, taxa, location and environmental data

We reviewed on the website Tropicos (2017) the bo-
tanical family and the scientific name of each species. 
For geographical coordinates of the site, if not explicitly 
stated, we derive them inferred by the given locational 
references (i.e., name of the municipality or Conservation 
Unit). We did the same for site elevation, using it based 
on the Google Earth (2017) in the respective geographic 
location. The vegetation type (according to IBGE, 2012) 
was assigned inferring it based on the description of the 
vegetation on the vegetation map of Brazil (IBGE, 2004).

Chronologies and climatic signals

We classified the information on the sampling and de-
velopment of the chronologies by analyzing: the method 
of sampling wood (destructive or non-destructive), num-
ber of trees and cores extracted per tree, the total number 
of trees and series that composed the chronology, period 
and extension of the mean chronology. 

We also analyzed the applied analytical methods and 
the chronology descriptions, evaluating: Details of the 
cross-dating techniques, standardization and integration 
methods, series descriptions and their degree of synchro-
nization (intercorrelation – rint, mean correlation between 
series – rbar, Gleichlaufigkeit – GLK, Expressed Popula-
tion Signal – EPS, Mean Sensitivity Index – MSI). In a 
dendroclimatic context, standardization involves a mod-
eling and removal of non-climatic trends in the growth 
rings (Cook, 1985; Fritts, 1976). The autocorrelation is 
“the correlation between growth in one time interval with 
that in a subsequent interval calculated over all individuals 
of populations” (Brienen et al., 2006). 

The rint presents the correlation coefficient of each tree 
series compared against the master dating series (Grissino-
Mayer, 2001).  Rbar indicates the mean correlation coef-
ficient applied for all possible pairings of ring width series 
over a common time (Cook and Holmes, 1996). The GLK 
is a measurement of similarity (Speer, 2010). It calculates 
the sign of agreement of a sample series with a chronology 
or between two chronologies, presenting the sum of the 
equal slope intervals in percentage, generally being signif-
icant from 60% on (p < 0.5) (Rinn, 2011). Eps represents 

the expected correlation between the t-series average of a 
finite number of trees and a hypothetical population aver-
age, with a threshold of EPS ≥ 0.85 (Wigley et al., 1984). 
MSI is a measurement that informs about variation in tree-
ring year-to-year ranging from 0 to 1 (Speer, 2010).

Finally, we checked the results related to the relation-
ships between dendrochronological and climatic series to 
infer patterns of dendroclimatic signals.

 
Results 

Taxa and environmental  
characteristics of chronologies

Our search in the databases and with the selected terms 
resulted in 29 indexed articles. However, only 11 of these 
declared to be based on crossdated chronologies and related 
to climatic series, a condition for the inclusion in this study. 

Figure 1. Location of growth-ring chronologies used in dendrocli-
matic studies within the Brazilian Atlantic Forest (numeric code). 
Climatic diagrams of the modeled historical series (1901-2014) of 
mean monthly temperature and mean monthly total precipitation 
for the southern, central and northern parts of the Atlantic Forest. 
Source: CRU TS3.23 (http://ckan.data.alpha.jisc.ac.uk/).
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These publications totaled 16 chronologies, developed with 
ten different species (seven native, three exotic) and under 
various environmental conditions (Table 1, Figure 1).

The family with more taxa investigated was Fabaceae 
Lindl., with four species and three genera, while other 
families had only one species analyzed. The species with 
the highest number of chronologies was the conifer Arau-
caria angustifolia (Bertol.) Kunze (n=5), and the broad-
leaf trees Cedrela fissilis Vell. (n=2) and Schizolobium 
parahyba (Vell.) S.F. Blake (n=2). Three exotic species 
composed the sample, namely the conifers Cryptomeria 
japonica (Thunb. ex L. f.) D. Don and Pinus caribaea 
Morelet, and the broadleaf Tectona grandis L. f. One of 
the studies was developed with lianas, investigating three 
Fabaceae species (Table 1).

The chronologies were concentrated in the central-
southern and eastern portions of the AF, with no study 
in the northern and western portions. As for altitude, 11 

were in elevated areas (700-1265 m), three in medium 
elevations (200-700 m) and two in lowlands (<100 m). 
This spatial distribution of chronologies comprised four 
types of climate and three types of vegetation. The great 
majority of the chronologies (n=14) represented temper-
ate climate conditions, according to the classification of 
Köppen (Alvares et al., 2013) (i.e., with temperatures 
above 10oC in the hottest month, and between 0 and 18oC 
in the coldest month), especially in regions with no dry 
season and warm summers (Cfb, 11 chronologies) or 
hot summers (Cfa, 2 chronologies). Only two chronolo-
gies represented sites of tropical climate (i.e., with an 
average temperature of the hottest month above 18oC). 
Among the phytophysiognomies included in the biome 
AF, the chronologies included sites of mixed ombrophil-
ous (n=7), dense ombrophilous (n=6) and seasonal (n=2) 
forests, in addition to one in a commercial plantation (Ta-
ble 1; Figure 1).

Table 1. Growth-ring chronologies used for dendroclimatic studies within the Brazilian Atlantic Forest, according to taxa, leaf phenology, 
environmental setting, code number (this study) and reference.

Taxa
Leaf 

phenology
Altitude
(m asl)

Climate type
(Koppen)

Forest type
(IBGE)

Code Reference

Araucariaceae
Araucaria angustifolia 
(Bertol.) Kuntze

Evergreen 910 Cfb Mixed ombrophilous 9 Lorensi and Prestes (2016)

866 Cfb Mixed ombrophilous 10 Oliveira et al. (2010)
1265 Cfb Mixed ombrophilous 11 Oliveira  et al. (2010)
940 Cfb Mixed ombrophilous 12 Perone  et al. (2016)
800 Cfb Mixed ombrophilous 13 Perone  et al. (2016)

Cupressaceae
Cryptomeria japonica 
(L.f.) D.Don

Evergreen 970 Cfb Commercial plantation 6 Dobner-Jr  et al. (2014)

Fabaceae
Dalbergia frutescens 
(Vell.) Britton

No data 700-1100 Cfb Dense ombrophilous 4 Brandes  et al. (2011)

Piptadenia adiantoides 
(Spreng.) J.F.Macbr.

No data 700-1100 Cfb Dense ombrophilous 2 Brandes  et al. (2011)

Piptadenia 
micracantha  Benth.

No data 700-1100 Cfb Dense ombrophilous 3 Brandes  et al. (2011)

Schizolobium parahyba 
(Vell.) Blake

Deciduous 20-80 Aw Dense ombrophilous 5 Callado and Guimarães (2010)

 500 Cwb Dense ombrophilous 8 Latorraca  et al. (2015)
Meliaceae

Cedrela fissilis Vell. Deciduous 945 Cfb Dense ombrophilous 1 Andreacci and Botosso (2014)
890-940 Cfb Mixed ombrophilous 7 Dünisch (2005)

Pinaceae
Pinus caribaea var. 
hondurensis Morelet

Evergreen 546 Cfa Semideciduous 15 Venegas-González  et al. (2016)

Rhizophoraceae
Rhizophora mangle L. Evergreen <100 Aw Dense ombrophilous 14 Souza et al. (2016)

Verbenaceae
Tectona grandis Linn. F. Deciduous 546 Cfa Semideciduous 16 Venegas-González  et al. (2016)
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Sampling characteristic

The total number of trees sampling to build the chro-
nologies was 326, of which 248 (76%) were used in the 
master chronologies. The mean number of trees in each 
chronology was 16 individuals, ranging from 5 to 44 in-
dividuals (SD = 12; median = 11). The number of radii 
evaluated varied from 2 to 5 per tree, being more frequent 
the analysis of 4 radii per individual (Table 2).

The most used method for the sampling was the non-
destructive method by increment borer, used in 10 (63%) 
chronologies, while for 6 (37%) of the chronologies, the 
destructive method was used, with a section of wood discs. 
The destructive method allowed a better use of those wood 
samples collected, with an inclusion of 97% of the sam-
pled trees. In contrast, chronologies based on samples 
collected with increment borer resulted in an inclusion of 
72% of the trees (Table 2).

Regarding the chronological period, trees comprised 
the years between 1790 and 2011, with analyzed period 
ranging from 6 to 218 years and mean of 68 years (SD ± 
61 years, median = 39 years). It should be noted that A. 
angustifolia has the longest chronologies, with a mean of 
140 years (SD ± 46, median = 122), while the other spe-
cies comprise chronologies with a mean extension of 35 
years (SD ± 31, median = 24). Among the angiosperms, 
the longest extension period analyzed was for C. fissilis, 
with a chronology of 110 years (Table 2).

Numerical methods

The cubic smoothing spline with a 50% frequency-
response cutoff was the most used detrending model (ap-
plied in 63% of chronologies), often preceded by an ex-
ponential or linear model. Most chronologies (54%) that 
detrended the raw series did not inform if trends were fil-
tered by ratios or residuals. Autoregressive modeling was 
not applied in most chronologies (63%), but serial auto-
correlation levels were not given for any of these chro-
nologies (or the others). The expected value function used 
to integrate the detrended series in the master chronology 
was informed for 50% of the chronologies, of which half 
used the bi-weighted robust mean and half the arithmetic 
mean (Table 3). 

In relation to synchronism and sensitivity, for all chro-
nologies at least one measure of series association was in-
formed. The most used statistic was rint (63%), followed 
by rbar (31%) and GLK (13%). The values of rint ranged 
between 0.28 up to 0.94, while the rbar were between 0.25 
up to 0.69, and GLK agreement above 60% (significance 
level at 5%). Chronologies that informed about series’ 
standard deviation showed mean values between 1.99 and 
6.46 (mm). MSI ranged between 0.16 up to 0.57, with 
higher values to the north of the AF and lower to the south. 
However, 44% of the chronologies did not inform MSI 
values. EPS was only given in one study, with two chro-
nologies, with values around 0.93 (Table 3).

Table 2. Sample and crossdate efforts of growth ring chronologies used in dendroclimatic studies within the Brazilian Atlantic Forest.

Chronology code Species
Wood 

sample type
Sampled 

individuals
Sampled radii 
per individual

Crossdated 
individuals

Crossdated 
period

Crossdated 
length (yr)

9 A. angustifolia Core 10 4 8 (80%) 1907-2009 102
10 A. angustifolia Core 30 2-5 17 (57%) 1882-2003 122
11 A. angustifolia Core 30 2-5 18 (60%) 1861-2003 142
12 A. angustifolia Core 22 2 10 (45%) 1790-2008 218
13 A. angustifolia Core 44 2 39 (89%) 1891-2008 117
15 P. caribea Core 10 4 10 (100%) 1971-2011 36
6 C. japonica Stump 30 4 29 (97%) 1987-2010 24
4 D. frustescens Stump 15 4 15 (100%) 1970-2005 35
2 P. adiantoides Stump 7 4 7 (100%) 1993-2005 12
3 P. micracantha Stump 7 4 6 (86%) 1987-2005 18
5 S. parahyba Stump 5 2-3 5 (100%) 1995-2001 6
8 S. parahyba Core 30 4 16 (53%) 1939-2011 73
1 C. fissilis Core 20 3-4 11 (55%) 1985-2009 22
7 C. fissilis Core 51 2 42 (82%) 1890-2000 110
14 R. mangle Stump 7 4 7 (100%) 2004-2011 7
16 T. grandis Core 8 4 8 (100%) 1976-2011 41

Mean 20 4 16 (81%) 68
Standard deviation 14 1 12 (20%) 61

Median 18 4 11 (87%) 39
Minimum 5 2 5 (45%) 6
Maximum 51 4 42 (100%) 218
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Climatic influence on the Atlantic Forest

Despite the differences on species and environmental 
conditions among the AF chronologies, some dendrocli-
matic patterns may be drawn. All but two chronologies 
(87%) evidenced some positive precipitation signal, and 
some positive thermal signal was identified in all chro-
nologies that were compared to monthly or seasonal tem-
perature series (n=8), e.g. mostly of A. angustifolia and C. 
fissilis in mixed ombrophilous forest under Cfb climate. 
Nevertheless, precipitation and/or temperature signals oc-
curred in quite different seasons, even among chronolo-
gies under similar climate types and/or belonging to the 
same species, as for A. angustifolia and C. fissilis (Figure 
2). Interestingly, climatic signals were more homogeneous 
in nature and schedule between pairs of chronologies re-

ported in the same paper (chronologies: 10 and 11; 12 and 
13; 4 and 2) (Figure 2; Table 1).

Discussion

Site, taxa, location and environmental data

We reviewed all available tree-ring studies from Brazil-
ian AF focused on growth-climate relationships. Only 7 of 
the 491 tree species described for the AF were found to have 
cross-datable annual growth rings, despite 235 tree species 
having some form of anatomical growth differentiation in 
their wood (Alves and Angyalossy-Alfonso, 2000). For 
example, among Lauraceae from the southern AF region, 
ten potential species were pointed out for dendrochronol-
ogy (Reis-Ávila and Oliveira, 2017), as well as Fabaceae 

Table 3. Numerical methods applied to build and describe the growth ring chronologies used in dendroclimatic studies within the Brazilian 
Atlantic Forest. Models applied to depict and remove ontogenetic and disturbance variations in raw growth ring series, statistics describ-
ing the synchronicity among indexed growth ring series (rint, intercorrelation; rbar, mean correlation between series; GLK agreement, 
Gleichlaufigkeit; EPS, expressed population signal) and their time variation degree (MSI, mean sensitivity index), and the mean function 
used to integrate indexed growth ring series. Interrogation indicates that no information was given. CRN = Chronology code number in 
the study.

CRN Trend model
Trend 

removal
Autoregressive 

model
Synchronism and 

sensitivity statistics
Expected value 

function
9 Polynomial linear model (1st to 3rd order) Ratios No rint=0.28 ?

10 Cubic spline 50% cutoff (50 yr) Ratios Yes
rint=0.49
rbar=0.25
MSI=0.24

Bi-weighted robust mean

11 Cubic spline 50% cutoff (50 yr) Ratios Yes
rint=0.57
rbar=0.34
MSI=0.16

Bi-weighted robust mean

12
Exponential or linear model (slope ≤ 0) and 
cubic spline 50% cutoff (22 yr)

? No GLK > 60% Bi-weighted robust mean

13
Exponential or linear model (slope ≤ 0) and 
cubic spline 50% cutoff (15 yr)

? No GLK > 60% Bi-weighted robust mean

15
Exponential or linear model (slope ≤ 0), Cubic 
spline 50% cutoff (67%)

Ratios Yes
rbar=0.69
EPS=0.95

?

6 ? Ratios ? rint=0.67 ?

4 Cubic spline 50% cutoff (5 yr) ? No
rint=0.5

MSI=0.51
Arithmetic mean

2 Cubic spline 50% cutoff (5 yr) ? No
rint=0.69
MSI=0.57

Arithmetic mean

3 Cubic spline 50% cutoff (5 yr) ? No rint=0.48 Arithmetic mean
5 None None No MSI=0.37 ?

8 ? ? No
rint=0.71
MSI=0.42

?

1
Exponential model (slope ≤ 0) and cubic 
spline 50% cutoff (67%)

? No
rint=0.57
MSI=0.49

?

7 Logarithmic model Residual No rbar=0.31 Arithmetic mean
14 ? ? ? rint=0.94 ?

16
Exponential or linear model, cubic spline 50% 
cutoff (67%)

Ratios Yes
rbar=0.64
EPS=0.93

?
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(and others) from the western AF region (Lisi et al., 2008). 
Furthermore, cambial activity studies confirm the annual 
growth rings in many species (Callado et al., 2014).

In addition, we did not find publications for the north-
ern region of this biome, which presents important floris-
tic and climatic differences. An area not yet investigated 
contains the “Tabuleiro” AF, considered globally as the 
area with the highest diversity of flora species per hectare 
(Thomas et al., 2008), which adds importance to research 
on issues related to the temporal development of this for-
est. It is also noticed that there are more chronologies in 
the regions of high altitude, especially in regions of mixed 
ombrophilous forest, characterized by the floristic mixture 
of Australasian and Afro-Asian genera and by the low tem-
perature in the winter (IBGE, 2012), and in mountainous 
regions of dense ombrophilous forest. It is possible that, 
during the choice of study sites, the greatest variation in 
the temperature presented in these areas is being consid-
ered. However, there is a strong theoretical framework 
demonstrating that the variation in precipitation, which 

impacts on droughts and floods, is the main variable in-
volved in the formation of growth rings in tropical regions 
(Botosso and Vetter, 1991; Brienen et al., 2016; Pagotto et 
al., 2017; Schöngart et al., 2005; Worbes, 1989). Thus, to 
contribute to the understanding of the influence of climate 
on AF, it is necessary to include more studies in coastal 
regions, as well as in the northern and inner areas of this 
biome, especially because the same species may have a 
very different growth response depending on where it oc-
curs (Baker et al., 2017).

This result is also inexpressive in comparison to the 
number of active research groups registered in the Direc-
tory of Research Groups in Brazil that includes a research 
line in dendrochronology (15 groups) (Conselho Nacion-
al de Desenvolvimento Científico e Tecnológico, 2017).  
Another finding in our data search is that there is a large ac-
ademic production in the form of theses and dissertations, 
but those were not yet published in scientific journals.  
The publications are important to give greater visibility to 
the study and its validation, as well as to contribute to a 
better understanding of the complex relationships involved 
in the growth of tropical trees. In this way, considering the 
great floristic diversity of the country (Forzza et al., 2012) 
and the number of species for which the formation of an-
nual rings has been proven to be of potential use for den-
drochronology, as well as the number of existing research 
groups, it is necessary to unite researchers and groups and 
discuss mechanisms that help to expand this field in the AF 
and how to publish these studies.

Sampling characteristic

In general, the average number of trees (16 individu-
als) used in the chronologies is in agreement with that 
indicated in the literature (Briffa and Jones, 1990; Esper 
and Gärtner, 2001; Schweingruber et al., 1990). However, 
some chronologies containing few individuals consisted of 
sampling by the destructive method, in which wood discs 
were evaluated. The difference between chronologies from 
stem discs and cores points to the presence of rings that are 
not complete around the circumference and it is better to 
identify them in discs. Thus, stem discs increases the use 
of the sampling in master chronology and allows greater 
accuracy in the dates since it facilitates the identification of 
false rings, missing rings and other anomalies of the wood. 
The chronologies with the greatest sampling, for the most 
part, consisted of cores (non-destructive method), probably 
due to the greater agility in the sampling and exemption of 
cut authorization. For Fichtler (2017), non-destructive sam-
pling methods are not indicated for most tropical broad-leaf 
species, since the anatomical inspection of the wood and 
secure identification of the ring requires a larger surface 
than that possible by radius analysis. In this context, more 
samples by individuals would help to solve this problem.

Figure 2. Seasonal dendroclimatic signals in growth-ring chronol-
ogies within the Brazilian Atlantic Forest. We considered evidence 
of seasonal climatic influence on plant growth if authors reported 
any meaningful association between the growth-ring chronology 
and temperature- or precipitation-related series, for any month of 
the season or for the entire season. Symbols identify positive or 
negative associations.
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The number of trees in the chronologies also depends 
on the research objectives and cannot be generically stipu-
lated (Mérian et al., 2013). Nevertheless, Briffa and Jones 
(1990) suggest at least 5 trees (1 radius per tree), but they 
emphasize that the more individuals, the better. Schwe-
ingruber et al. (1990) recommend at least 10 individuals. 
Esper and Gärtner (2001) also indicate 10 individuals and 
note that 20 trees can easily emphasize site signs. Speer 
(2010) indicates 20 trees, two radii each. Cook (1985) 
mentioned between 20-40 trees and Fritts and Swetnam 
(1989) at least 30 or 40 trees. For Fritts (1976), a large 
number of trees is important, since the variation in growth 
is related to variation in the climate, being this common 
to all trees, therefore retaining the climatic variation in 
the means. In this way, it is possible to reduce the large 
proportion of non-climatic factors involved in tree growth 
(Fritts, 1976). The author also points out that in sites sub-
jected to extreme climatic variations, less trees are needed, 
while in a site where the climate is not highly limiting, 
other environmental and ecological factors can influence 
growth, causing rings with differing marks and sizes be-
tween trees. In these cases, a large number of trees (repli-
cates) is needed to achieve dendrochronological objectives 
(Fritts, 1976).  As for the number of radii, Fritts (1976) 
points out that the reduction of errors is more dependent 
on the number of trees in the sample than the number of 
radii per tree. However, the author ponders that is possible 
to reduce standard errors. For example, 17 trees with one 
radius per tree reduce the standard error to 0.05 or less, 
while for 12 trees it is necessary to take 4 radii per tree 
to obtain the same result (Fritts, 1976). In a nutshell, it 
is preferable to have more trees than number of radii per 
tree, but if there are few trees in the field, it is advisable to 
sampling more radii per tree. This information is relevant, 
considering that in the tropical forest regions most species 
are rare (Hubbell, 2013). Studies have shown that most of 
the tree species of AF are somehow rare (Caiafa and Mar-
tins, 2010; Fontana et al., 2014, 2016). This forest feature 
demands more financial resources and time in the field, 
requiring sampling efforts in a much larger and often dif-
ficult to access area when compared to the characteristics 
of temperate forests, for example. Thus, for dendrochro-
nological studies in tropical forests, besides the annual 
ring frequency and other principles of dendrochronology 
(Fritts, 1976), it is necessary to consider the abundance of 
the species in the site while building the sample design.

In addition, there is the intense deforestation process to 
which tropical forests are subjected, reducing the area of 
primary forests, where it would be more likely to find old 
trees. In particular, the AF underwent several cutting cy-
cles that greatly reduced its coverage area (Ribeiro et al., 
2009). It is worth mentioning that A. angustifolia, a long-
lived gymnosperm with potential for study of long-term 
changes in tropical forest dynamics, had the culmination 

of its suppression process in the 20th century (Carvalho, 
2012). Precisely the trees with large diameters (> 40cm) 
were prioritized for cutting by the timber industry (Car-
valho, 2012). Thus, it can be seen that even though some 
trees in this forest genetically can live for hundreds of 
years, the selective cutting cycles to which they were sub-
jected reduce the possibility of finding old trees nowadays.  
For dendrochronology purposes, Briffa and Jones (1990) 
indicate an extension of analysis with at least 30 years, 
while Pilcher (1990) points to a minimum of 40 years and 
Stahle et al. (1999) indicate at least 50, and up to 100, 
years. In summary, it is desirable that the time-span period 
is long enough to include a few years with the climate able 
to limit plant growth (Fritts and Swetnam, 1989). Also, 
it should be taken into account that dendrochronological 
studies demonstrate that millenary trees are exceptions in 
tropical forests, and even those about 500 years old are 
rare, with an average age of about 200 years being the 
most common (Brienen et al., 2016). 

Numerical methods

The construction and interpretation of a chronology is 
an elaborate task since there are different statistical meth-
ods and decisions that are up to take (Esper and Gärtner, 
2001). In this sense, a prerequisite for the interpretation of 
chronologies of tree-rings is to have access to information 
about the main techniques applied in the studies (Esper 
and Gärtner, 2001). In our review, we observed that im-
portant classical parameters in dendrochronology (Fritts, 
1976) are often not mentioned. Data of trend model and 
correlation value are the most frequently reported in the 
AF chronologies, while data about MSI, trend removal, 
and expected value function appear in approximately 
half of the chronologies, but EPS and autocorrelation are 
among the parameters with less information available  
(Table 3). In the sequence, we discuss our main result 
groups and approach the relevance of key parameters.

Standardization (trend model, trend removal, Table 
3): An important question involved in the choice of stand-
ardization methods is related to the characteristics of the 
sampling site. Cook (1985) deal with this issue in depth. 
For example, many of the standardization methods have 
been developed for the Arizona semi-arid, where the trees 
are spaced apart. According to Cook (1985, 1987), in such 
environments, simple mathematical models are enough to 
model tree growth, such as an exponential model, linear 
regression or polynomial detrending (deterministic meth-
ods). This is possible because trees growing in the open-
canopy environment tend not to be under competition, so 
they grow well in youth and reduce growth over the years 
(negative growth curve) (Cook, 1985). Considering den-
droclimatic studies, such a growth trend that is not related 
to climatic factors should be removed from the analysis 
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through the application of standardization methods. Keep-
ing this in mind, in mesic environments (as in tropical for-
ests), the forest usually has a closed-canopy, on competi-
tion pressure and sporadic disturbances, which demands 
more elaborate mathematical models to remove noises 
from the chronology (Cook, 1985). In this sense, flexible 
empirical models (stochastics methods, such as low-pass 
digital filtering and cubic smoothing splines), rather than 
inflexible physical models (deterministic methods), ap-
pear to be better to express these complex changes (Cook, 
1987, 1985; Cook and Peters, 1997; Fritts and Swetnam, 
1989; Speer, 2010). The cubic spline standardization 
method was used in most of the studies in the AF. Never-
theless, sometimes, it was applied as a second detrending, 
after other deterministic methods, usually an exponential 
or linear model. For Speer (2010), two runs at detrending 
series are not necessary since the most cubic smoothing 
splines can remove noise such as a negative exponential 
curve. In this sense, this author recommends using an in-
teractive detrending to visualize data and choose the best 
adjustment for each series. Another advantage of the cubic 
smoothing splines is that it takes into consideration the au-
tocorrelation, i.e., “the effect of previous growth or climate 
on the current year’s growth” (Speer, 2010).

After fitting a growth curve to the ring-width series, 
it is used as the expected value of growth (Cook and Pe-
ters, 1997). Thus, giving the sequence to standardization, 
the non-stationary ring-widths are transformed into sta-
tionary tree-ring indices, whose average is defined as 1.0, 
maintaining the proportions of the ring and with the vari-
ance constant (homoscedastic) (Cook, 1987). It is used to 
stabilize the variance and allow to compare chronologies 
that previously had variance differences. There are many 
ways to standardization of series. Some of them are ap-
plied by dividing (ratio) each measured ring-width by the 
estimated curve, or by subtracting (residual) each meas-
ured ring-width by the expected value (Cook, 1987). The 
main issue in the use of ratio or residue is that in residues a 
previous transformation of data is necessary, e.g., applying 
logarithms to the series. In the AF, the most used transfor-
mation method for variance stabilization was the ratio, and 
when residue was used, no information about transforma-
tion was given.

Many chronologies in the AF applied the autoregres-
sive model but did not give any information about the au-
tocorrelation. Summarizing, the correlation reflects how 
much of the growth attributed to previous years growth. 
This accumulated growth in the year, in general, is due to 
non-climatic factors. If the data shows a large autocorre-
lation, it is recommended to apply autoregressive models 
that satisfactorily remove autocorrelation in most cases, 
which allows emphasizing the climatic signal (Brienen et 
al., 2006). For this reason, it is important to know what the 
autocorrelation in the chronology is.

Synchronism degree: The most frequent information 
in the studies is the value of the correlation (rint, rbar or 
GLK). In the crossdating, a t-value above 3.5 suggests a 
possible match, but for conclusions higher values are de-
sirable, e.g., t-value > 6.0 (Grissino-Mayer, 2001). For 
average interseries, correlation is indicated as a value 
above rint = 0.5, although it implies considerations such 
as species, geographic location, and regional climate 
(Grissino-Mayer, 2001). Since rainforests are less suscep-
tible to variations in climate, e.g., in relation to temperate 
and tree-line forests, this value may be considered high 
for these forests. It is dependent on the sample depth and 
considered a good measure of percent common variance 
(Cook et al., 2000; Speer, 2010). It compares the ratio of 
increase and decrease in growth at the same time between 
two consecutive years (Esper and Gärtner, 2001; Speer, 
2010). In synthesis, information about series correlation 
significance is fundamental to validate the chronologies, 
as it demonstrates how well a set of data is related.

Sensitivity statistics: EPS is commonly lacking in the 
searched articles. EPS is variable in the different parts of 
the chronology, being directly influenced by the number 
of replications, with a value that increases rapidly from 
one to 10 trees and gradually stabilizes from this point on 
(Cook and Kairiukstis, 1990). Mérian et al. (2013) agree 
that the increase in the number of trees increases the value 
of EPS, but this author points out that increasing the num-
ber of sites is more important than increasing the number 
of trees per site. On the other hand, two trees per site are 
preferable than one, as it reduces the noise and allows es-
timating the signals both inside and between sites (Mé-
rian et al., 2013). However, increase in sample size affects 
differently the EPS and the climate-growth relationships, 
so EPS should not be applied as a linear estimator of the 
climate-growth relationship since the common signal does 
not necessarily reflect this relationship (Cook and Kairiuk-
stis, 1990; Mérian et al., 2013). 

Almost half of the reviewed articles did not present 
mean values for MSI (the values presented were below 
0.57), while the SD is a parameter that is rarely addressed 
in the studies. It is desirable that both parameters present 
high values since in this way they indicate a greater ad-
justment to the variability in the environmental changes 
(Grissino-Mayer, 2001). For MSI considerations, it is nec-
essary to use the filtered series, and for SD one must use 
the unfiltered series (Grissino-Mayer, 2001). The MSI is 
considered low when it is between 0.10−0.19, intermediate 
between 0.20−0.29, and presents the most evident climate 
sensitivity with values above 0.30 (Grissino-Mayer, 2001). 
MSI above 0.4 is so sensitive that it greatly increases the 
difficulty in dating because of the frequency of micro or 
missing rings next to very wide rings (Speer, 2010). 

Autocorrelation value does not prove to be a parameter 
considered in the surveys in the AF since no study provided 
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this information (data not shown). It is strongly influenced 
by the relationship between size and rate of growth, e.g.: 
small trees grow more slowly than large trees; juvenile trees 
have higher growth rate (Brienen et al., 2006). The closer to 
zero, the smaller is the autocorrelation between the years, 
indicating that the series is random in time (Grissino-Mayer, 
2001). In this way, a series with low autocorrelation tends 
to put more emphasis on the climatic signal. Autocorrela-
tion can be removed from the data by standardization tech-
niques, especially applying autoregressive models.

Expected value function: Almost half of the chronolo-
gies did not explain the expected value function. However, 
among the studies that presented this parameter, half ap-
plied arithmetic mean and another half used bi-weighted 
robust mean. The arithmetic mean is a widely used central 
trend measure. It represents the expected value of a varia-
ble when calculated for the population (Callegari-Jacques, 
2003). It is indicated when the individuals in the sample 
have the same variance (Bi, 2006). Therefore, the main 
issue of arithmetic mean is when there are many outliers in 
the data. The outlier is a rare data and its discrepant value 
affects the mean and may cover some general phenomena 
expressed from the sample (Volpato and Barreto, 2016).  
In dendrochronology, in general, a ring can be considered 
an outlier if it is greater than +3.0 SD or -4.5 SD of the 
mean of the other series for that year (Cook and Holmes, 
1996; Grissino-Mayer, 2001). If there are many outliers 
in the series, the bi-weighted robust mean is the most ap-
propriate choice (Bi, 2006). In weighted robust mean, low 
weights are attributed to observations with great variation 
(Bi, 2006), and this minimizes the bias caused by outli-
ers. Bi-weight mean is strongly recommended to remove 
endogenous effects and to emphasize the common signal 
contained in the data (Cook and Holmes, 1996).

Climatic influence on the Atlantic Forest

In the tropics, the main factor that acts on the annual 
growth is the variation in precipitation that is involved 
in annual droughts or floods depending on the region 
(Brienen et al., 2016; Worbes, 2002, 1989). In subtropical 
regions, the temperature happens to be a regulating fac-
tor of the biological processes in the plants (Evert, 2013; 
Fritts, 1976). In part, our data supports these points, but 
add that the precipitation in subtropical AF also affects 
plant growth, even though precipitation is well distributed 
throughout the year in this region. Observing the distribu-
tion of the sites considered in this research, one can notice 
that the set of sites with chronologies generated in the cen-
tral part of AF (codes 2, 3, 4, 5, 8, 14, 15 and 16) show 
positive associations with precipitation (climatic signal), 
while the set of sites with chronologies generated in the 
south (codes 1, 6, 7, 9, 10, 11, 12 and 13), under subtropi-
cal climate, indicate positive and negative associations 

with temperature and precipitation. In general, both sets of 
data match the findings of Wagner et al. (2016), who clas-
sify the central portion of AF as “water-limited sites” and 
the southern one as “light-limited sites”. According to the 
authors, the first one is characterized by the relationship 
between photosynthetic capacity and precipitation, and 
the second one by the relationship between photosynthetic 
capacity and maximal temperature. However, regardless 
of climate limitations, wood productivity is driven by sea-
sonal variation in precipitation (Wagner et al., 2016).  

Considering A. angustifolia, the most studied species, 
one can notice that the previous growth season influences 
the current growth in the region of southern distribution of 
the species, whereas in the centermost region of the distri-
bution there is influence only of the current season (Fig-
ure 2). One of the principles of dendrochronology is pre-
cisely about the greater climatic sensibility of the species 
the closer they are to the natural distribution limit (Fritts, 
1976). This situation is possibly the case of A. angustifo-
lia, when presenting climatic signs also for the previous 
growing season. Besides that, this species presents an op-
posite signal for precipitation even in the closer sites, as 
the case of the site located near Curitiba and two sites in 
Rio Grande do Sul (codes 9 and 12; 10 and 11, respec-
tively). For the latter case, the authors suggest that the oc-
currence of annual anthropogenic fires (exogenous distur-
bance) may interfere with the growth for up to two years 
and, consequently, correlations with precipitation were 
negative (Oliveira et al., 2010). In addition to exogenous 
and endogenous disturbances that may affect the climatic 
signal in the trees, issues related to plant age and random 
site events should also be considered (Cook, 1987; Fritts, 
1976; Speer, 2010). In this sense, a more precise charac-
terization of the sampling, with the focus on parameters 
that matter for dendrochronology, may be important for 
future comparisons and predictions.

Finally, modeling climate scenarios indicates a change 
in precipitation patterns and an increase in temperature in 
the AF region (IPCC, 2014). In our research, the deficien-
cy in water supply clearly affects negatively most of the 
analyzed species. It may mean that this forest will retain 
less carbon in the future. 

Final remarks and conclusions

In general, there is a large number of missing informa-
tion in the descriptions of the chronologies developed in the 
AF, especially regarding methods of trend removal. It was 
also noticed that many authors chose not to apply autore-
gressive models, but did not even inform the autocorrelation 
level of the series. This information is important for con-
clusions about chronology, because if the chronology has a 
moderate or strong autocorrelation level, this may affect the 
power of the significance test of the climatic signals.
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Regarding the climatic signals in the AF, to make 
stronger conclusions about the evidence of climate influ-
ence on the growth of AF species, it is necessary to in-
tensify efforts on building chronologies. The increase in 
replication is fundamental to contribute to understand the 
climatic past and to infer about the future development of 
this forest in relation to climatic changes.
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