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Abstract
Araucaria (Araucaria angustifolia (Bert.) O. Ktze) is a primarily dioecious species threatened with extinction that plays 
an important social and economic role especially in the southern region of Brazil. The aim of this work is to investigate 
the diversity and likely determinants of genetic lineages in this species for conservation management. For this, a collection 
of 30-year-old Araucaria was used. Accessions collected from 12 sites across the species range were analyzed, with ten 
individuals per site. The SSR genotyping was conducted with 15 loci and the data were analyzed using several complemen-
tary approaches. Descriptive statistics among sampling sites were used and diversity was partitioned non-hierarchically to 
estimate the size and composition of genetic clusters using a Bayesian assignment method. To explore possible biological 
implications of differences between Niche Models and habitat suitability, a series of statistical procedures were used, and 
tests were carried out using the software ENM Tools and Maxent. Populations from the southernmost zone showed higher 
genetic variation and a lower inbreeding coefficient compared to the northernmost zone, which may correlate with their 
isolation. A positive relation between genetic differentiation and geographic distance was observed. Two genetic groups 
(southernmost and northernmost zones) were evident. The Niche modelling showed separate ranges for each genetic lineage 
suggesting that differences in selection pressure may be playing a role in the apparent differentiation and may be adaptive. 
Finally, an evident correlation was observed between genetic data and habitat suitability. The two distinct groups observed 
must be considered as independent units for conservation and hybridization in breeding programs.
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Introduction

Many forest species from diverse biomes are currently 
threatened with extinction. The establishment of criteria 
for genetic conservation is a difficult task. The use of niche 
model and population genetic studies are tools currently 
applied to study the distribution and diversity of natural 
populations indicating populations for genetic conservation. 
This article aims to identify araucaria populations groups 
aiming at genetic conservation of this species.

Conservation of genetic diversity is a challenge for 
strongly fragmented species as result of anthropic activi-
ties, since the biological aspects, as diversity, phylogeny 
and reproductive pattern, among others are still unknown. 
Although Brazil is mega-biodiverse detainer, the strong 
fragmentation of forests, as a consequence of exploitation 
and change in land use, has been responsible for threats and 
extinction of thousands of animal and plant species (Pimm 
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et al. 2014). The knowledge on the quantity and distribu-
tion of genetic diversity is crucial not only to support both 
in situ and ex situ conservation programs, but also to sustain 
breeding enterprises for the potential reforestation of forest 
tree species.

Araucaria angustifolia is a primarily dioecious gymno-
sperm tree native to the Atlantic Forest domain (Ombro-
philous Mixed Forest) that plays an important social, eco-
nomic, and ecological role especially in Southern Brazil. 
araucaria occurs more continuously in Southern Brazil 
(southernmost zone), with scattered populations in high-
lands of the Southeastern Brazil (northernmost zone) and 
small populations in Argentina and Paraguay (Carvalho 
2003). This species used to be more widespread with an 
original area estimated in almost 250,000  Km2 (Lamprecht 
1989). Due to overexploitation during the 20th Century, 
araucaria experienced a reduction of 97% in its original 
area in Brazil (Enright et al. 1995) and only small forest 
remnants persist. Consequently, araucaria is listed as criti-
cally endangered (Farjon 2006) in the International Union 
for Conservation of Nature and Natural Resources (IUCN) 
Red List and as vulnerable in the MMA Official list of 
flora threatened by extinction (MMA 2014).

As A. angustifolia occurs across a geographic region, 
variation between populations is expected and has been 
observed, since the first studies with quantitative traits 
(Gurgel and Gurgel Filho 1965; Gurgel Filho 1980; 
Shimizu and Higa 1980; Kageyama and Jacob 1980; Pires 
et al. 1983; Sebbenn et al. 2004), and later using biochemi-
cal (Mazza 1997; Shimizu et al. 2000; Sousa 2001; Auler 
2002; Sousa et al. 2004; Mantovani et al. 2006) and molec-
ular markers (Hampp et al. 2000; Stefenon et al. 2003, 
2007, 2008a, b; Bittencourt and Sebbenn 2007; Souza 
et al. 2009; Patreze and Tsai 2010; Duarte 2011; Medina-
Macedo et al. 2015, 2016). Studies on population genetics 
have shown that variation among populations is mostly 
attributed to geographic distances, and consequently, 
mating isolation by distance pattern (Gurgel Filho 1980; 
Gurgel and Gurgel Filho 1965; Shimizu and Higa 1980; 
Kageyama and Jacob 1980; Pires et al. 1983). Variation in 
genetic structure patterns is today better understood from 
the historical process and evolutionary forces acting on 
this species.

Palynological studies of lakebed pollen depositions (De 
Oliveira and Colinvaeux 1992; Ledru 1993; Behling 1997, 
2002, 2003; Behling and Lichte 1997; Stefenon et al. 2008a; 
Jeske-Pieruschka et al. 2010) have been used to reconstruct 
historical dynamics in range expansion and contraction of 
this species. Historically there is evidence of the species 
occurring in the northernmost region and then expansion 
to the southernmost region, especially as a result of the cli-
matic oscillations (temperature and humidity). Recent stud-
ies based on plastid DNA sequence information revealed 

a structuring of araucaria populations with strong biogeo-
graphic patterns both at a regional sampling scale (Lauter-
jung et al. 2018) and across the whole distribution range of 
the species in South America (Stefenon et al. 2019).

Nowadays prioritizing populations for conservation is 
hard given the strong forest fragmentation. Furthermore, 
the history and diversity of the remaining fragments is not 
known. However, the use of niche modeling together with 
genetic analysis to guide genetic conservation programs for 
threatened species facing extinction is challenging since 
establishing rational conservation is hampered by lack of 
relevant data.

Ecological Niche Modeling (ENM) is a tool successfully 
used to delimit the potential range of a species. According 
to Wiens (2011), Holt (2009) based on the general concept 
of Hutchinson (1957), a niche is a set of biotic and abiotic 
conditions where a species can persist. Species range limits 
are essentially the expression of a species ecological niche 
in geographic space (Sexton et al. 2009), once “range limits 
create biogeographic patterns and ecological niches create 
range limits” (Wiens 2011). Niche models have been used 
successfully to guide collecting of new populations of rare 
and endangered species (Menon et al. 2010), and in under-
standing contributors to phylogenetic diversity (Alvarado-
Serrano and Knowles 2014; Stefenon et al. 2019). Niche 
modeling together with population genetic studies have also 
been helpful to estimate the environmental and geographic 
contributors to the current distribution and diversity of natu-
ral populations (Diniz-Filho et al. 2009; Reeves and Rich-
ards 2010; Temunović et al. 2012). A direct relation between 
ecological niche suitability of biotic and abiotic conditions 
has been shown, as well as the distribution of certain spe-
cies, so that the occurrence limit coincides with the niche 
limit (Lee-Yaw et al. 2016).

In this study we focused on using nuclear SSR markers 
and niche modeling in order to (i) estimate the degree of 
genetic diversity and differentiation among sampled popu-
lations, (ii) correlate these patterns with spatially explicit 
models of habitat suitability and (iii) evaluate the level of 
genetic structure retained by the Active Germplasm Collec-
tion (AGC) of EMBRAPA Florestas.

Materials and methods

Populations and sampling

Analysis was performed on 120 individuals sampled at the 
Active Germplasm Collection (AGC) of EMBRAPA Flores-
tas, Colombo, Paraná State, Brazil (25° 17′ 30″ latitude S, 
49°, 13′ 27″ W, and 1027 m above sea level). These 120 indi-
viduals comprised plants propagated from seed at the AGC. 
Seeds were randomly collected from 12 natural populations 
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located across Brazil (Fig. 1) in 1980, with 10 individuals 
sampled per population.

Populations were collected in a geographic region ranging 
from 43° 50′ 00″ W to 52° 36′ 00″ W and 21° 00′ 00″ S to 
27° 07′ 00″ S at altitudes varying between 560 and 1800 m 
above sea level. Because the distribution of populations 
naturally reaches two Brazilian geographic regions, they 
were categorized here northernmost, as and southernmost 
zone of the species occurrence (Fig. 1 and Table 1). Popula-
tions from the northernmost zone are scattered and therefore 
smaller and more isolated than those from the southernmost 
zone.

Genotyping procedure

Samples of cambium tissue were stored dry in tubes with 
silica gel at room temperature during transportation and pro-
cessing. Samples were disrupted using a Mixer Mill MM 
300 (Qiagen). Genomic DNA was extracted using DNasy 96 
Plant Kit (Qiagen) and stored at − 18 °C. Genotypes of all 
samples were scored at 15 loci: Aang01, Aang03, Aang04, 
Ang14, Aang17, Aang22, Ang23, Aang24, Ang28, Ang30, 
Ang35, Aang35, Aang37, Aang43, Aang45 and Aang47 
(Schmidt et al. 2007).

Microsatellite sizing data was collected using M13 tail-
ing and fluorescent capillary electrophoresis on an ABI 
3130xl Genetic Analyzer (Applied Biosystems, Foster City, 

Fig. 1  Blue circles represent the 
sampled populations and the red 
circle represents the location 
where the AGC was implanted 
in 1980. Populations collected 
within the northernmost zone 
of the species occurrence 
(1 = Barbacena-MG, 2 = Ipuiúna 
de Caldas-MG, 3 = Congonhal-
MG, 4 = Campos do Jordão-SP, 
5 = Itapeva-SP, 6 = Itararé-SP), 
and populations collected within 
the southernmost zone (7 = Tel-
êmaco Borba-PR, 8 = Quatro 
Barras-PR, 9 = Irati-PR, 
10 = Três Barras-SC, 11 = Caça-
dor-SC, 12 = Chapecó-SC); 
AGB = Active Germplasm 
Collection in Colombo-PR 
(AGC). The smaller blue circles 
are incidence records used for 
environmental niche models

Table 1  Geographic coordinates 
of 12 natural populations

N northern group, S southern group, MG Minas Gerais state, SP São Paulo state, PR Paraná state, SC Santa 
Catarina state

Population-state Region Longitude (W) Latitude (S) Altitude (m)

Barbacena-MG N 43° 50′ 00″ 21° 00′ 00″ 1800
Ipuiúna de Caldas-MG N 46° 10′ 00″ 21° 40′ 00″ 854
Congonhal-MG N 46° 15′ 00″ 21° 42′ 00″ 983
Campos do Jordão-SP N 45° 30′ 00″ 22° 45′ 00″ 1205
Itapeva-SP N 48° 54′ 00″ 23° 58′ 56″ 915
Irararé-SP N 49° 10′ 00″ 24° 06′ 45″ 930
Telêmaco Borba-PR S 50° 38′ 00″ 24° 21′ 00″ 730
Quatro Barras-PR S 49° 14′ 00″ 25° 20′ 00′ 880
Irati-PR S 50° 36′ 00″ 25° 30′ 00″ 930
Três Barras-SC S 50° 57′ 01″ 26° 09′ 04″ 560
Caçador-SC S 51° 01′ 00″ 26° 46′ 00″ 1100
Chapecó-SC S 52° 36′ 00″ 27° 07′ 00″ 930
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CA, USA). The 5′ tailed primers were produced by adding 
the M13 sequence 5′-CAC GAC GTT GTA AAA CGA C-3′ to 
the forward primers during primer synthesis (GBT oligos, 
Brazil). The M13 primers with 5′ fluorescent dye labels 
(6-FAM, VIC, NED, or PET, Applied Biosystems) were 
used to label and detect PCR products (Steffens et al. 1993; 
Schuelke 2000). The PCR reaction mix consisted of 10 ng 
template DNA, 1X GoTaq® Flexi Buffer, 1.5 mM  MgCl2, 
0.2 mM dNTPs, 2.5 U GoTaq® Flexi DNA Polymerase (Pro-
mega), 2.0 pmol reverse primer, 0.4 pmol 5′ tailed forward 
primer, and 2.0 pmol of labelled M13 primer (CAC GAC 
GTT GTA AAA CGA C), in 10 μL total volume. Thermal 
cycling regime was carried out in Peltier Thermal Cycler 
PTC 200 (MJ Research) and consisted of a denaturing step 
at 94 °C, 3 min; followed by 10 touchdown cycles of 94 °C 
for 30 s; 65–1 °C/cycle for 30 s; 72 °C for 45 s with subse-
quent amplification of 30 cycles at 94 °C for 30 s; 55 °C for 
30 s; 72 °C for 45 s, and final extension of 72 °C for 7 min. 
The PCR products were multiplexed and diluted for analy-
sis in Hi-Di Formamide (Applied Biosystems). The internal 
molecular weight standard for the ABI3130xl was Genescan 
600-LIZ (Applied Biosystems). Fragment sizes were evalu-
ated and scored using GeneMapper Version 4.0 Software 
(Applied Biosystems).

Intrapopulation genetic diversity analysis

Hardy–Weinberg equilibrium tests were performed, as well 
as linkage disequilibrium test for individual locus and also 
for pairs of loci using GDA Software through Exact test of 
Fisher after 3200 permutations of allele among individu-
als. After, we characterized the genetic diversity within each 
collection site. Several parameters of genetic diversity were 
estimated. Mean number of alleles per locus (A), allelic 
richness per locus and sample (Rs), expected heterozygosity 
(He), observed heterozygosity (Ho), and the Weir and Cock-
erham’s (1984) estimator of inbreeding (f) were estimated 
using GDA (Lewis and Zaykin 2001) and FSTAT version 
2.9.3.2. (Goudet 2002).

Population genetic structure analysis

We assessed the genetic structure of the collection, using 
two complimentary approaches, based on (i) a priori popula-
tion designations, and (ii) on model-based clustering (Dyer 
2009). Genetic studio a suite of programs for analysis of 
genetic marker, the edges in the graph represent genetic vari-
ance among sites and the node diameter represents genetic 
variance within sites. Evidence of an isolation-by-distance 
pattern among populations of araucaria was inferred by plot-
ting estimates of pairwise genetic differentiation (estimated 
as FST/(1 − FST); Rousset 1997) against pairwise geographic 

distance. Pairwise FST estimations were performed using the 
software FSTAT version 2.9.3.2 (Goudet 2002).

Spatial analysis of molecular variance (SAMOVA) was 
used to determine the most likely number of genetic clusters 
based on the multilocus allelic frequency and the geographic 
location of each population, using the software Samova v. 
1.2 (Dupanloup et al. 2002), with the number of geographic 
groups K set from 1 to 10. The molecular distance was deter-
mined as the sum of squared size difference (RST) and 500 
computations were performed for each K. This program 
finds the best number of geographic groups (K-value) by 
maximizing FCT value between K groups of geographically 
adjacent populations. In addition, a population graph of gen-
otypes among the 12 sampling populations was performed 
using the analysis of molecular variance (AMOVA) frame-
work using the software Genetic Studio (Dyer 2009).

A Bayesian assignment analysis, as performed in the soft-
ware Structure 2.2.3 (Pritchard et al. 2000) was used to iden-
tify distinct genetic clusters and estimate admixture analysis 
of multilocus genotypes without using a priori population 
of origin information. Bayesian analysis of population struc-
ture was performed using the admixture and allele frequency 
correlated allele models with 50,000 burn-in periods and 
500,000 Markov chain Monte Carlo Repts. Number of K 
was set from 2 to 10 and 10 replicates were run for each 
K. The most probable number of clusters (K) was selected 
by computing the second-order rate of change of the likeli-
hood function with respect to K (Evanno et al. 2005) using 
the software Structure Harvester (Earl 2012). Analysis was 
also performed by a priori defining two groups: northern-
most [municipalities of Barbacena, Ipuiúna de Caldas, Con-
gonhal in Minas Gerais state (MG), and Campos do Jordão, 
Itapeva and Itararé in São Paulo state (SP)] and southern-
most [Municipalities of Telêmaco Borba, Quatro Barras, 
Irati in Paraná state (PR), and Três Barras-SC, Caçador-SC 
and Chapecó in Santa Catarina state (SC)].

Environmental Niche modeling

Environmental niche modeling was performed using Max-
ent 3.3.3k (Phillips et al. 2006). Geographical coordinates 
were obtained from the active gene collection sites as well 
as from herbarium records of the species. A total of 126 inci-
dence records (progenies) were used to build the model, 91 
of which corresponded to a southernmost geographical group 
and 35 to a northernmost geographical group. These groups 
were proposed based on previous evidence from independent 
research on araucaria (Sousa 2001; Sousa et al. 2009; Ste-
fenon et al. 2019) species. Climatic layers included 19 bio-
logically-relevant variables (P1: Annual Mean Temperature, 
P2: Mean Diurnal Range (Mean period max–min), P3: Iso-
thermality (P2/P7); P4: Temperature Seasonality (Coefficient 
of Variation), P5: Max Temperature of Warmest Period, P6: 
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Min Temperature of Coldest Period, P7: Temperature Annual 
Range (P5–P6), P8: Mean Temperature of Wettest Quarter, P9: 
Mean Temperature of Driest Quarter, P10: Mean Temperature 
of Warmest Quarter, P11: Mean Temperature of Coldest Quar-
ter, P12: Annual Precipitation, P13: Precipitation of Wettest 
Period, P14: Precipitation of Driest Period, P15: Precipitation 
Seasonality (Coefficient of Variation), P16: Precipitation of 
Wettest Quarter, P17: Precipitation of Driest Quarter, P18: 
Precipitation of Warmest Quarter, and P19: Precipitation of 
Coldest Quarter) derived from temperature and moisture data 
(the “BioClim” layers), plus altitude. Thirty arc-second grids 
were obtained from WorldClim (http://www.world clim.org) 
and cropped to the study region. Habitat suitability models 
were calculated using all sites, and for the two geographical 
groups separately, using Maxent default settings. Twenty five 
percent of sites were set aside as test localities for model vali-
dation, which included an examination of omission rates on 
test localities and the area under the receiver operating charac-
teristic curve (AUC), as well as application of a binomial test 
meant to determine whether the model computed by Maxent 
predicts the presence at test sites better than a random model 
(Anderson et al. 2002; Phillips et al. 2006).

To explore possible biological implications of differences 
between niche models for the northernmost and southern-
most groups, a series of statistical procedures were employed, 
described in detail by Warren et al. (2008) and Glor and War-
ren (2011). Tests were carried out using the software ENM-
Tools 1.3 (Warren et al. 2010). Measures of niche overlap (I, 
D) were calculated for all tests and compared to approximate 
null distributions (generated by resampling) using one-sample 
Z-test. The “niche identity test” considers the null hypothesis 
that two niche models of interest are no more different than 
models derived by random bipartition of the sampled sites. 
The “background similarity test” considers whether the models 
are no more different than random given the habitat available 
in the regions sampled, thus providing a correction for spatial 
autocorrelation of environmental variables not offered by the 
niche identity test. Background regions were defined using 
rectangles to enclose each geographical group. Null distribu-
tions for niche identity and background similarity tests were 
established using 500 replicates.

“Range break tests” consider whether the geographic divid-
ing line between two groups is associated with a significant 
change in environment (Glor and Warren 2011). Both “linear” 
and “blob” models were used to partition data and develop a 
null distribution. The former splits the sampled sites using 
a line of random slope, while the latter uses a nucleating 
approach to partition data. Because of geographic clustering 
within groups, the number of pseudo replicate data sets that 
can be created for the null distribution is limited; bipartitions 
selected at random are often non-independent. We attempted 
to include all possible non-identical bipartitions by first gen-
erating 10,000 replicate samples at random using linear and 

blob models for data bisection, then filtering those samples to 
remove duplicated instances of the same bipartition. For the 
linear range break test, 144 unique data sets were found and 
used to construct the null distribution (blob test, 69).

Results

Population genetic structure

All, from 15 loci, were in Hardy–Weinberg equilibrium (at 
5% level) and the analysis of pairs of loci showed 19.0% 
in linkage disequilibrium. However, Medina-Macedo et al. 
(2014) studying Araucaria angustifolia (10 loci) after apply-
ing Bonferroni correction to observed data, obtained 51% 
of pairwise loci in genotypic disequilibrium for adult trees. 
They attributed this result to the strong spatial genetic struc-
ture of populations. Despite of this these loci were recom-
mended for genetic studies on genetic diversity and struc-
ture, mating system and gene flow of the species. Therefore, 
the proportion of 19.0% including 15 loci is much lower than 
the results observed in Medina-Macedo et al. (2014), and 
there is no reason to remake our analysis in a different way.

A total of 167 alleles were observed across the 15 loci, 
with an average of 11.13 alleles/locus. The mean number of 
alleles/locus at population level ranged from 4.33 to 6.07 
(Table 2). And the mean alleles/locus values for the south-
ernmost and northernmost groupings were 10 and 8, respec-
tively. A higher number of private alleles were detected 
for southernmost populations (22 alleles) while for north-
ernmost 11 alleles private allele was observed (Table 2). 

Table 2  Estimate of genetic diversity parameters for 12 Araucaria 
angustifolia populations in Brazil at 15 microsatellite loci from a total 
of 10 individuals per population

A mean number of alleles per locus, Rs allelic richness per locus and 
sample, He expected heterozygosity, Ho observed heterozygosity, f 
inbreeding coefficient

Population A Rs He Ho f

Barbacena 4.67 3.60 0.66 0.59 0.12
Ipuiúna de Caldas 4.87 3.51 0.65 0.59 0.09
Campos do Jordão 4.33 3.59 0.63 0.55 0.13
Congonhal 4.80 3.30 0.67 0.59 0.13
Itapeva 5.60 3.81 0.69 0.52 0.25
Itararé 5.93 3.95 0.70 0.68 0.02
Telêmaco Borba 5.40 3.95 0.69 0.67 0.04
Quatro Barras 6.07 3.98 0.69 0.70 − 0.03
Irati 5.47 3.87 0.69 0.62 0.11
Três Barras 5.80 3.96 0.67 0.60 0.12
Caçador 5.07 3.56 0.64 0.56 0.13
Chapecó 5.93 3.87 0.68 0.70 − 0.03

http://www.worldclim.org
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Chapéco, Barbacena and Itapeva populations presented more 
number of private alleles.

Most populations showed heterozygous deficit except for 
Quatro Barras-PR and Chapecó-SC, both from the southern-
most zone (Table 2). In average, observed heterozygosity 
(Ho = 0.61) was slightly lower than expected heterozygo-
sity (He= 0.67) (Table 2). Southernmost populations showed 
higher genetic variation and lower inbreeding compared to 
northernmost populations considering other parameter, such 
as average number of alleles per locus (A), Allelic Rich-
ness per locus and sample (Rs,), and gene diversity (H), Nei 
(1987).

In the SAMOVA analysis, the FCT estimations were all 
significant (p < 0.001) and continuously decreased from 
K = 2 (FCT = 0.187) up to K = 10 (FCT = 0.152), suggesting 
the existence of two main genetic groups (Fig. 2a). One 
group is formed by populations Barbacena, Ipuiúna and 
Campos do Jordão, while the other group is composed by the 
all the other populations. Although population Congonhal is 
geographically located near populations Barbacena, Ipuiúna 

and Campos do Jordão (Fig. 1), the presence of two indi-
viduals with assignment to the southernmost populations 
(Fig. 2c) grouped it in the second group in the SAMOVA 
analysis.

The highest likelihood values for the different replicates 
(10) used in Bayesian assignment analysis was observed 
for K = 2 that contributed for a high ΔK (1516.41). The Ln 
(K) and ΔK values ranged from − 163.18 (k = 8) to 462.95 
(K = 2) and 0.0063 (K = 9) to 1516.41 (K = 2), respectively. 
The populations were structured in northernmost and south-
ernmost groups, with one population (Itapeva) positioned 
as a transition population between groups, presenting a 
clear mixture of genotypes from both groups (Fig. 2c). 
The same pattern of population structuring was revealed 
by the population graph of genotypes based on the popula-
tion graph framework (Fig. 2b), with two main groups and 
population Itapeva connecting both clusters. This popula-
tion shows a higher genetic similarity to the northernmost 
region although it is geographically closer to the southern-
most region. A positive relationship was observed between 

Fig. 2  Analyses of population structure (Bayesian based). a Spatial 
Analysis of Molecular Variance (SAMOVA) for K ranging from 2 to 
10. b Population Graph of genotypes among sampling sites. Edges in 
the graph represent genetic variance among sites, and the node diam-
eters represent genetic variance within site, the blue circles represent 
populations from northern and red circles represent populations from 

southern region Bar Barbacena, Ipiu Ipuiúna de Caldas, Con Con-
gonhal, CJ Campos do Jordão, Itap Itapeva, Itara Itararé, Tele Telê-
maco Borba, Irata Irati, QB Quatro Barras, Tres Três Barras, Caca 
Caçador, Cha Chapecó. c Bayesian-bases analysis of population 
structure for K = 2 (L’(K) = 462.95 and ΔK = 1516.41)
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genetic differentiation and geographic distance (Fig. 3), sug-
gesting an isolation-by-distance pattern.

Environmental Niche modeling

Niche models were able to capture the fundamental environ-
mental factors driving the distribution of sampled araucaria 
populations (Fig. 4a). Omission rates on test sites across 
cumulative threshold values were comparable to predicted 
values for the northernmost data set and the data set contain-
ing all sites.

Rainfall and temperature are the two main climatic dif-
ferences between both region (northern and southern). Soil 
also differs greatly between them. Rainfalls amount is higher 
in the southern, as well as its distribution. It’s rain more 
in winter than in summer, while in northern rainfalls are 
more concentrated in the summer. In addition, the minimum 
temperatures are lower in the Southern, in comparing with 
northern boundaries. Occurrence of frost is also higher in 
the southern. The summer water deficit in the southern is 
higher than the rest of the region. The soils of the southern 
half are sandy and shallow.

The northernmost group omission rates were much 
lower than expected across a broad range of threshold val-
ues, most likely because of the small sample size and few 
geographically clustered sites, leading to non-independ-
ence between test and training sites. The AUC values for 
test data were high across data sets (overall = 0.866, north-
ernmost = 0.971, southernmost = 0.869) and the binomial 
test of omission indicated that models performed signifi-
cantly better than random, regardless of threshold applied 
(p < 1.7 × 10−5).

The niche identity test indicated that niche models 
generated by northernmost and southernmost groups 
were significantly less similar to one another than paired 
models generated by random sampling of occupied sites 
(p < 1 × 10−9). The test is trivial, however, when the ranges 
under consideration are allopatric. The background simi-
larity test compensates for the spatial autocorrelation of 
environmental variables. Using this test, northernmost 
and southernmost niche predictions were found to be 
no more different than expected given random sampling 
of the underlying geographic ranges (p > 0.14 for all 

Fig. 3  Differentiation among populations plotting Rousset’s distance 
(FST/(1 − FST)) and geographic distance (Km). Regression R2 = 0.53, 
P < 0.0001. FST estimated according to Weir and Cockerham (1984)

Fig. 4  Niche model showing two different groups of suitability araucaria for northern and southernmost populations. Warmer color show areas 
with better predicted conditions. a Northern and southern populations correlated with an. b Environmental discontinuity between regions
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comparisons). Given that the groups originate from dif-
ferent geographic regions with associated differences in 
environmental conditions, this result was expected.

Range break tests indicate that the geographic line sepa-
rating the northernmost and southernmost groups marks a 
region of significant environmental change (Fig. 4b). Null 
distributions for range break tests were computed using 
all possible unique bipartitions of the data. However, all 
distributions, except that calculated for the blob range 
break test using D, were non-normal (Shapiro–Wilk test, 
p < 0.009). Nevertheless, the overlap value for the two geo-
graphic groups was always the lowest value observed for 
a given distribution.

Finally, an evident relation was observed between genetic 
data and habitat suitability (Fig. 5). The overall pattern is 
likely the result of the interplay between a known biogeo-
graphic process (the recent suitability of the southernmost 
highlands, 3000 years BP) and barriers to gene flow.

Discussion

Genetic diversity and differentiation 
among sampled populations

Our estimates of genetic diversity from these ex situ prov-
enance trial collections is similar to estimates of diversity 

from samples taken directly from the field (Inza et al. 2018; 
Patreze and Tsai 2010; Medina-Macedo et al. 2015; Bit-
tencourt and Sebbenn 2007). The levels of genetic diver-
sity measured as expected heterozygosity (mean multilocus 
He = 0.67; Table 2) is quite similar to values estimated for 
natural populations (mean multilocus estimations rang-
ing from He = 0.59 to He = 0.74). Stefenon et al. (2008b) 
suggested that planted forests may have abundant genetic 
diversity for species conservation when comparing natural 
populations and commercial plantations of A. angustifolia 
with SSR and AFLP markers. Analogously, the estimations 
obtained in this study suggest that the EMBRAPA’s AGC 
can be considered an important repository of the genetic 
resources of araucaria from the populations where samples 
were collected to establish this active germplasm collection.

Estimates of regional differentiation derived from three 
complementary analytical approaches confirmed that the 
species is split into two genetic groups. This discontinuity 
in genetic structure was estimated from SAMOVA analysis 
where K = 2 was the most likely, Structure analysis where 
K = 2 had the highest change in posterior probability and in 
a visual rendering of genetic structure though a reticulate 
network (a population graph). In the latter case, the pivotal 
population that had the most admixture among two genetic 
groups was the population identified as the link uniting 
two separate subnetworks (Fig. 2b). This overall pattern of 
genetic structure is congruent with studies reported for natu-
ral populations evaluated with isozymes (Sousa et al. 2004), 

Barbacena - MG

Ipuiúna de Caldas - MG

Congonhal - MG

Campos do Jordão - SP

Itapeva - SP

Itararé - SP

Telêmaco Borba  - PR

Irati- PR

Quatro Barras-PR

Três Barras- SC

Caçador - SC

Chapecó - SC

Fig. 5  Genetic data pattern correlated with habitat suitability (Niche model). The grey line represent the transition area between groups (Itapeva-
SP population)
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nuclear SSR and AFLP markers (Stefenon et al. 2007; Souza 
et al. 2009). In addition, the structure estimated in this study 
using polymorphic nuclear SSR markers correlated broadly 
to genetic structure inferred for cpDNA haplotype (Stefenon 
et al. 2019).

The properties of this latitudinal split in genetic linages 
are also broadly supported by the partition of environmen-
tal parameters by niche modeling. The region where most 
genetic divergence occurs is also a region where the envi-
ronmental gradients are diverging. It’s especially, fraught 
to support a set of statistical metrics supporting this envi-
ronmental split since at this spatial scale geography and cli-
mate are confounded. However, the overlap value for the two 
geographic groups was always the lowest value observed 
for a given distribution. Our results indicate that the pat-
tern is likely the result of the interplay between a known 
biogeographic process (the recent suitability of the South-
ern highlands, 3000 years BP) and barriers to gene flow. If 
the northernmost regions are considered the refugia during 
interglacial periods, the southernmost highlands may be 
the location of an expanding species range. Contemporary 
genetic structure may reflect processes that involve biogeo-
graphic range expansion and contraction including fluctua-
tions in effective population size leading and differences 
in inbreeding and diversity between the two lineages. Our 
data suggest that the two genetic groups do differ in genetic 
diversity and in average inbreeding. However, it is clear that 
the current levels of genetic diversity are greatly affected by 
ongoing anthropogenic impacts on the species range and 
demographic dynamics.

Since A. angustifolia occurs with many related species 
in the Atlantic Forest Biome, such as broad-leaved tree spe-
cies and Podocarpus, the only other coniferous genera native 
to Brazil, it might be possible to apply these results more 
generally at the community scale. For instance, the Mixed 
Rain Forest or Ombrophilous Mixed Forest, is composed 
of a number of key forest species whose genetic differen-
tiation has been shaped by paleo climatic dynamics. Using 
palynological surveys, which serve as markers of past spe-
cies distributions, it is clear that a pattern of expansion and 
contraction have occurred in the interglacial periods of the 
last 50,000 years BP. Such patterns have been described for 
Podocarpus spp. (Ledru et al. 2007). In Ledru et al. (2007) 
study, evidence gleaned from palynological data and molec-
ular markers defined three main region groups composed of 
mixtures of diversifying species. In this particular case two 
of the main group (the southernmost 2) correspond closely 
with the genetic and environmental data in this study, lend-
ing support to the application of these groups across species 
and possibly ecologically defined community types.

Although Podocarpus spp and Araucaria angustifolia 
occurs in the Forest Atlantic Domain (which comprises the 
Ombrophilous Mixed Forest, Atlantic Rainforest, and Semi 

Seasonal Forest), Podocarpus has a wider natural area, also 
occurring in the northernmost region of Brazil, especially 
in the Atlantic Rainforest. Ledru et al. (2007), using botany, 
palynology, and genetics to characterize the current and past 
distribution of these genera, observed three groups: one in 
the southeastern geographic region, a Central group (which 
matches the northernmost group proposed in this study for 
A. angustifolia); and a southern group (which matches the 
southernmost group of A. angustifolia). Therefore, the two 
large groups observed for the A. angustifolia clearly match 
Podocarpus. In addition, Ledru et al. (2007) have found a 
small subgroup within the Central group (northernmost in 
our work), compatible with the Campos do Jordão region, 
which is already reported here as a controversial and differ-
ent population

The levels of inbreeding of the EMBRAPA’s AGC (mean 
multilocus f (c)= 0.09; Table 2) are within the values esti-
mated for natural populations (mean multilocus estimations 
ranging from f = − 0.09 to f = 0.17). Positive inbreeding coef-
ficient has been detected by many researchers for northern-
most and southernmost populations as well (Bittencourt and 
Sebbenn 2007).

In this work, the southernmost group had clearly higher 
values of genetic variation. On the other hand, higher 
inbreeding coefficients and higher fixation index (Fis) were 
present for northernmost populations. It reflects the current 
conditions of fragmented and isolated populations with a 
supposed smaller effective population size, thus character-
ized as peripheral population. According to Eckert et al. 
(2008), although several studies have shown that the dif-
ference in genetic diversity between central and peripheral 
populations may not be large, on average; there is a diversity 
decline and increased differentiation, besides the association 
of these trends.

Patterns of genetic structure and spatially explicit 
models of habitat suitability

Because araucaria occurs in a wide geographic range, vari-
ation between populations was expected, considering dif-
ferent environmental conditions as soil, climate, and other 
variables, continuously acting on populations in its natural 
occurrence range.

Since the first observations on the genetic variation of 
araucaria (Gurgel and Gurgel Filho 1965; Gurgel Filho 
1980; Shimizu and Higa 1980; Kageyama and Jacob 1980), 
isolation-by-distance has been identified even before the use 
of molecular markers. Later, the use of this new tool allowed 
inferring the relation between genetic data and geographic 
distance (Stefenon et al. 2008b). Beyond the great distances 
between the populations of A. angustifolia, this species has 
a low potential gene flow, flotation ratio was demonstrated 
to be the principal reason for it (Sousa and Hattemer 2003), 
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which hinders its dispersion and contribute with a spatial 
genetic structure, intensifying the differentiation between 
them. This is an unusual situation for this conifer species 
since pollen is normally more easily dispersed. Moreover, 
spatial genetic structure has been described using isoen-
zymes (Mantovani et al. 2006), as well as for microsatel-
lite markers (Bittencourt and Sebbenn 2007; Stefenon et al. 
2008a), contributing with an unequal variability distribution, 
as well as related individuals in a short distance.

Given that all possible random bipartitions were included 
in the niche modeling analysis, we can conclude that niche 
similarity between geographic groups is less than the ran-
dom expectation. In other words, niche divergence is maxi-
mized when sampled sites are split into the northernmost 
and southernmost groups. This suggests that selection pres-
sures may likely be different in the distinct genetic lineages, 
leading to the potential for adaptive differentiation.

Analyzing Itapeva population (Fig. 5) by several genetic 
parameters, it seems a transition between the two large 
detected groups. Floristic studies from this region corrobo-
rate this transition assumption. In fact, studies show that 
various floristic types are found, including species from the 
Cerrado (Brazilian Savannah), Pantanal (Wetlands), and 
Mixed Rain Forest or Ombrophilous Mixed Forest. Accord-
ing to Garcia et al. (2015), floristic surveys of Itapeva Station 
(Forestry Institute of São Paulo) have shown predominance 
of the Fabaceae family, typical of the Brazilian Savannah 
regions. Both populations are no contiguous they are located 
almost 25 km away. They appear in scattered populations. 
Itararé correspond better to populations from colder altitude 
areas of the Southeast and may come from the edge of the 
Devonian Escarpment. Itapeva population seems to belong 
to the araucaria transition where appear more frequently, but 
sparingly, under a slightly higher thermal regime and more 
severe winter drought conditions. Furthermore, Garcia et al. 
(2015) mention the species Clethra scabra Pers. reported by 
other researchers (Torres et al. 1994; Toniato et al. 1998) in 
Pantanal (associated vegetation formation or a mix of veg-
etation) or species from typical formations of Mixed Rain 
Forest (Ilex paraguariensis, Sanquetta et al. 2002).

Based on cpDNA and a wide sample covering the whole 
distribution range of the species, Stefenon et al. (2019) 
demonstrated the existence of three main genetic groups 
of araucaria: a Northern group (matching the northernmost 
group observed in this study), a central group and a south-
ernmost group. Besides to southward forest expansion, the 
presence of glacial refugia in the northernmost and south-
ernmost zones of araucaria distribution was the argument 
for explaining the species genetic structuring, although the 
anthropogenic influence in araucaria populations cannot be 
discarded (Stefenon et al. 2008b; Lauterjung et al. 2018).

Environmental characteristics directly influence the habi-
tats of species and the distribution of genetic variation. Gene 

flow and consequently spatial structure of genetic variation 
could be affected. In this work, two different niche models 
could historically explain the observed genetic differences 
among groups since a strong fragmentation is recent com-
pared to the long history and longevity of A. angustifolia. 
Thus, the genetic structure will be more affected in future 
generations than the old generation analyzed in this work. 
Based on these models, it is clear that, even before the set-
tling, a gene flow between of the two large regions was very 
difficult. Therefore, the main barrier between population 
groups was niche suitability. Methods combining GIS (geo-
graphic information system) and genetic data are critical 
in linking patterns with process and support conservation 
efforts for other important species of the Ombrophilous 
Mixed Forest in Brazil.

Araucaria angustifolia is associated with other tree spe-
cies of economic interest (Ocotea porosa, Ocotea catharin-
ensis, Ocotea odorifera, and Ilex paraguariensis, among 
others) whose conservation is critical for most of them. The 
historic past for these populations is related in some degree 
to the history of the A. angustifolia. However, broad-leaved 
species have a very recent origin compared to A. angusti-
folia, which are more competitive and efficient in general. 
The understanding of two different niches for the Araucaria 
Forest can be helpful in an effort of genetic conservation 
for those associated species in Ombrophilous Mixed Forest. 
Currently, global warming is a great threat to the remnants 
of the species, besides the anthropogenic effect that still per-
sists. Global climate change could change the natural occur-
rence, strongly limiting and reducing it to small areas where 
conditions remain favorable (Wrege et al. 2009, 2017). The 
temperature and humidity will be the variable climatic more 
limiting.

From the assessment of genetic data and Niche model 
analysis (suitability of habitat), the importance of environ-
mental effects is evident, as well as genetic forces (gene 
flow, migration, drift, mutation, and selection), in the shap-
ing of these populations along their history. The two distinct 
groups observed must be considered as independent units 
for conservation and intraspecific hybridization in breeding 
programs.
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