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A morphometric study of the restinga ecotype of
Anacardium occidentale (Anacardiaceae): wild coastal
cashew populations from Piaui, Northeast Brazil
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The infraspecific taxonomy of wild Anacardium occidentale is little studied. We investigated
whether wild populations on coastal dunes in Piaui, Brazil differed from non-wild popula-
tions. Ten populations were sampled and twenty one morphological variables were mea-
sured. Variation within and between populations was investigated with univariate and
multivariate statistics. Dune populations were mostly more similar to one another than to
domesticated ones. There was significant correlation between inter-population geographi-
cal distance and morphological dissimilarity. Classification methods showed 96.4% suc-
cessful assignment to the dune category and 86% to 100% to dune populations
individually, but dune and non-dune populations overlap morphologically. Dune populations
had shorter, broader leaves, shorter drupes and fewer secondary veins. Non-dune coastal
populations showed strongest similarity to dune populations. Populations distant from the
coast were most divergent. The population from the cerrado region was most distinct, with
thicker leaf blades and narrower petioles. The dune populations are recognised as the
“restinga ecotype” of A. occidentale. Correlation of dissimilarity and distance may result
from gene flow and/or non-inherited environmental effects. Ecology and nomenclature (in-
cluding the vernacular “cajui”) of the restinga ecotype are reviewed. Further comparison of
restinga populations is needed along the Brazilian coastline and with natural cerrado popu-
lations.
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Introduction

Anacardium occidentale L., the cashew, is an impor-
tant economic plant, known mainly for its edible nut
that is marketed and enjoyed by people around the
world. Although grown commercially and naturalised
throughout the tropics today (Archak et al. 2009,
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Masawe et al. 2013, Nayak et al. 2014), this species,
like its congeners, is native only to the neotropics.
There, eleven species are currently recognised by tax-
onomists (Mitchell & Mori 1987, Mitchell 1992), eight
of which are recorded for Brazil (Luz & Pirani 2017)
(Table 1).

A. occidentale has been a domesticated plant for
longer than the European colonization of the New World
(Johnson 1973), and the associated selection and trans-
fer of forms with desirable qualities has made it difficult
to establish its natural distribution and infraspecific

89


https://orcid.org/0000-0001-6059-8540
https://orcid.org/0000-0001-6059-8540
https://orcid.org/0000-0002-1969-4984
https://orcid.org/0000-0002-1969-4984
mailto:

Table 1. Currently recognized species of Anacardium L.
and their geographical distributions.

Species Geographical distribution
A. amapaense Brazil, French Guiana
J.D.Mitch.
A. corymbosum Brazil
Barb.Rodr.

A. excelsum (Bertero & Colombia, Costa Rica, Cuba,
Balb. ex Kunth) Skeels Ecuador, Honduras, Nicaragua,
Panama, Venezuela
A. fruticosum Guyana
J.D.Mitch. & S.A.Mori
A. giganteum
W.Hancock ex Engl.

A. humile A.St-Hil.

Brazil, Colombia, Guyana,
Peru, Surinam, Venezuela

Bolivia, Brazil, Paraguay
A. microsepalum Loes. Brazil
A. nanum A.St.-Hil. Brazil
A.

occidentale L. Native to Brazil. Cultivated and
naturalized throughout tropics.
. parvifolium Ducke Brazil
A. spruceanum Bolivia, Brazil, French Guiana,
Benth. ex Engl. Surinam, Venezuela

Sources: Mitchell & Mori 1987, Mitchell 1992, Luz &
Pirani 2017

>

variation patterns (Mitchell & Mori 1987: 39, Map 2,
Paiva et al. 2003). According to Mitchell & Mori (1987)
there are two wild ecotypes of A. occidentale, one occur-
ring in coastal restinga vegetation (Araujo et al. 2018) of
eastern and north-eastern Brazil, and the other in cer-
rado, a savanna-like vegetation of central and Amazo-
nian Brazil, Colombia, Venezuela and the Guianas
(Ratter et al. 2017). They argued that cultivated geno-
types grown and naturalised in the palaeotropics today
are probably derived from the Brazilian restinga ecotype.
However, their revision did not attempt a further clarifica-
tion of the infraspecific taxonomy of this species and the
current picture remains unclear, despite an extensive lit-
erature that has since accrued on the morphological and
genetic variation of A. occidentale sensu lato, based lar-
gely on the study of germplasm collections, and focuss-
ing on the genetic diversity of domesticated cashews
(e.g. Barros et al. 1999, Pessoni 2007, Callado 2008,
Vidal Neto et al. 2013).

The cerrado ecotype has received more attention
from botanists in its natural habitat than the restinga
ecotype. Taxonomists have described a number of pre-
sumed wild taxa from Brazilian cerrado vegetation types
in Goias state: A. curatellaefolium A.St.-Hil. (1831), A.
rondonianum Machado (1949), A. amilcarianum
Machado (1949), A. kuhimannianum Machado (1949)
and A. othonianum Rizzini (1969), all of which Mitchell &
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Mori (1987) assigned to the cerrado ecotype. A. occi-
dentale var. gardneri Engler (1883) from Ceara and A.
microcarpum Ducke (1922) from Para also seem to have
been based on natural populations, from caatinga vege-
tation and “campo coberto” respectively. All these names
are now treated as synonyms of A. occidentale by Mitch-
ell & Mori (1987) and Luz & Pirani (2017).

The distinctness of the cerrado ecotype has been fur-
ther emphasised by the investigations of Brazilian plant
scientists interested primarily in the genetic resources of
the domesticated cashew (e.g. Paiva et al. 2003, Pes-
soni 2007) and some have clearly described A. othoni-
anum as a good species (e.g. Agostinho-Costa et al.
2006). Studies targeting the diversity of natural field pop-
ulations include those of Gomes et al. (2011, as A. otho-
nianum) and Ferreira et al. (2015, as A. spp). Cerrado
vegetation scientists on the other hand, e.g. Barros et al.
(2016) and Ratter et al. (2017), follow the taxonomists in
accepting a broad concept of A. occidentale (sensu
lato).

In contrast, few studies have yet been published of
wild restinga populations of Anacardium occidentale
sensu lato. Johnson (1972, 1973, 1974) reported primar-
ily ecological and physiognomic details of a range of
coastal populations in north-eastern Brazil, particularly in
Ceara state. Mitchell & Mori (1987) provided quantitative
data contrasting the leaf characters of the restinga and
cerrado ecotypes based on herbarium specimens. More
recent detailed work from genetic diversity or taxonomic
perspectives includes Pessoni (2007), whose morpho-
metric and molecular study included a subspontaneous
population from the restinga of northern Rio de Janeiro
state. Leaf shape variation in the restinga ecotype in
Piaui has been studied by Vieira et al. (2014), and
Borges (2015) studied morphometric and ISSR molecu-
lar markers. Both these authors sampled a range of pop-
ulations similar to those investigated in the present
study. Further work, as yet unpublished, has been car-
ried out on these populations and others in the coastal
region of Piaui by V.M.A. dos Santos (pers.comm. 2016)
on cytogenetics, N.C. Ribeiro (pers. comm. 2016) on the
chemistry and biological activity of leaf and bark extracts
and J.O. dos Santos (pers. comm. 2017) on genetic
diversity in these populations using ISSR molecular
markers.

Many studies investigating genetic diversity among
genotypes of A. occidentale have used multivariate anal-
ysis of morphological data, often in combination with
molecular data (Supplementary Table S1). Most used
individuals cultivated in germplasm collections, e.g. Bar-
ros (1991), Archak et al. (2003), Samal et al. (2003),
Aliyu & Awopetu (2007), Pessoni (2007), Desai (2008),
Archak et al. (2009), Chipojola et al. (2009), Dasmohap-
atra et al. (2014), Frota Junior et al. (2014), Sethi
(2015), Jena et al. (2016), Paikra (2016), Matos Filho
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(2017). A smaller number of studies used data sampled
directly from natural populations in the field, e.g. A. occi-
dentale: Lucena (2006), Gomes et al. (2011, as A. otho-
nianum); A. humile: Carvalho (2011), Santos & Santos
Junior (2015). Previous multivariate morphometric stud-
ies of plants from restinga ecotype populations of Piaui
are: Rufino et al. (2008a, as “cajuizeiro”), Maia et al.
(2012, 2016 as A. spp.), Vieira et al. (2014, as A. micro-
carpum) and Borges (2015, as A. spp.).

The present study takes a taxonomic approach to the
infra-specific variation of A. occidentale, and uses multi-
variate analysis of morphometric data sampled directly
from field populations. The primary aim was to investi-
gate whether natural coastal populations of A. occiden-
fale occurring on stabilised dune (restinga) habitats in
Piaui state form a recognizable taxonomic group when
compared to populations in other habitats which have
been transformed to a greater or lesser extent by human
activity. We started from the null hypothesis that the
populations studied were all independent of one another
and subdivided this into three study propositions: 1) The
natural (old dune) populations do not form a distinct tax-
onomic group, i.e. there is no single variable or combi-
nation of variables which clearly diagnoses them. 2)
There is no evidence to support the view that geographi-
cal proximity and morphological similarity are correlated.
3) Populations are more consistently classified by their
habitat (dune or non-dune) than by their proximity to the
coast (coast or non-coast).

Material and Methods

Access authorization — Access to genetic patrimony for
this project has been officially registered by the Universi-
dade Federal do Piaui on the data base of the Sistema
Nacional de Gestao do Patrimonio Genético e do Con-
hecimento Tradicional Associado (Ministério do Meio
Ambiente, Conselho de Gestao do Patrimonio Genético)
under the registration code A8B44BB.

Sampling and Data Sets — Morphological data from
the unpublished studies of M.V. Sousa (pers. comm.
2014) and J.D’A.O. Nascimento (pers. comm. 2016),
were analysed using univariate and multivariate meth-
ods. The samples studied were made from ten popula-
tions in two separate surveys (Table 2, Fig. 1). The
populations were chosen to contrast the restinga eco-
type — plants of clearly natural ecological status on
coastal stabilised sand dune systems — with those from
a diversity of other environments, all more or less influ-
enced by human activity. The five natural populations
(Baixao, Cal, Labino, Pedra do Sal, Tatus) are located
in Quaternary dune fields in the municipalities of llha
Grande and Parnaiba, in the extreme northwest of the
state (Castro 2007, Santos-Filho & Zickel 2013). These
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populations belong to dune vegetation communities (Fer-
nandes etal. 1996 as “Vegetagao Subperenifolia de
Dunas”, Santos-Filho et al. 2010 as “Fruticetos abertos
em areas inundaveis”) and are subject to extractive fruit
collection by local people (Rufino 2004, Rufino et al.
2007, 2008b). Three others, at Cajueiro da Praia, Flor-
iopolis and Rosapolis, are situated in extensively urba-
nised areas on Tertiary Barreiras sandstone formations
near coastal Quaternary sediments. Their original vege-
tation would probably have been some mixture of “tab-
uleiro” vegetation (Fernandes et al. 1996, “Vegetagao
Estacional do Tabuleiro) and restinga (Castro 2007) and
the Anacardium populations today appear to be a mix-
ture of domesticated and sub-spontaneous plants. The
population at Cocal (65 km from the coast) consisted of
an orchard of cultivated stocks supplied by the agro-
nomic industry in an agricultural area originally covered
by deciduous thorn forest (“caatinga”). The population at
Cabeceiras (189 km from the coast) was located in an
agriculturally modified landscape within the cerrado area
of Piaui (Castro 2007, 2013).

Two models were used to investigate whether ecol-
ogy or geography better determined the classification of
the populations. The ecological model consisted of
assignment either to “dune” or “nondune” categories,
based on the habitat. Dune populations occurred on sta-
bilised dunes and are considered as natural populations,
while nondune populations occur in other habitats and
are considered to consist, partially or completely, of
domesticated forms. The geographical model assigned
populations to “coast” or “noncoast” categories. Coast
populations were defined as situated within 10 km from
the shoreline, and noncoast as beyond. This limit was
based on the approximate maximum width of the sta-
bilised dune systems of the littoral zone of Piaui.

The two data sets differed in the the populations sam-
pled (Table 2), the variables recorded (Table 3), and the
seasons in which the fieldwork was carried out. For
these reasons they were analysed separately. Field col-
lections for data set 1 (Nascimento, pers. comm. 2016)
were made between August and October in 2014 and
2015, during the flowering and fruiting period, and in
data set 2 (Sousa, pers.comm. 2014) between June and
December in 2012 and 2013. A total of 21 quantitative
vegetative and reproductive morphological variables
(Table 3) were observed. Three fertile branches were
collected from each tree, stored in plastic bags and the
study organs then measured in the laboratory while still
fresh. Wherever possible, three separate measurements
were made for each variable from each individual and
their values averaged in the final matrix used for
analysis.

Data Analysis — All computations were carried out
using the R statistical language, version 3.5.0 (R Core
Team 2018). The scripts for the analyses, including
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Delta of the Rio Parnaiba

Fig. 1. Location of study populations. A. South America; rectangle shows area in B. B. Northern region of Piaui,
Maranhao and Ceara states; the Rio Parnaiba marks the boundary between Maranhao and Piaui; the Lengois Mara-
nhenses is a large area of active dunes in Maranhao state; rectangle shows area in C. C. Area of the Rio Parnaiba
Delta in coastal Maranhao and Piaui; rectangle shows area in D which includes llha Grande. D. Area of llha Grande and
Parnaiba municipalities in Piaui state, showing Parnaiba city and the mouth of the Rio Parnaiba; note presence of active
dunes — white crescent shapes. All base images from Google Earth (Google Earth 2018; downloaded 1 July 2018). Best

viewed in electronic version.

graphics, are available from S.J. Mayo. R packages and
non-base functions are listed in Table 4 with reference
citations. Missing data were imputed where necessary
(only in data set 2) using a random forest algorithm (Ste-
khoven 2013); as this procedure involves random mod-
elling, the setseed function was used to ensure
repeatable results. Various exploratory data analysis
operations (EDA) were carried out on the individual vari-
ables prior to multivariate analysis. Extreme values were
checked by comparing with the ranges given in the spe-
cies description of A. occidentale by Mitchell & Mori
(1987) and the variable distributions were explored using
index plots, exploratory data analysis graphics and box-
plots for each population. This was followed by univari-
ate tests for normality (Shapiro-Wilk) and homogeneity
of variances among populations (Bartlett, Fligner-Kill-
een), followed by tests for differences in their means
and medians (Anova, Kruskal-Wallis).  Multiple

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

comparison and significance estimates of differences
between population means were carried out graphically
with Tukey HSD. Hierarchical cluster analysis and dot-
charts of the mean population values of each variable
were used to graphically display population similarities.
The complete set of values of each variable were
graphed as boxplots using the ecological and geo-
graphic two-group models to visualise the separation of
the groups. Multivariate outliers were detected for each
population separately using procedures described by
Varmuza & Filzmoser (2009, p. 437) and Filzmoser &
Gschwandtner (2018). The outliers were deleted to form
a reduced data set. Boxplots of the scaled (standard-
ised, i.e. converted to z scores) version of this reduced
data were computed for all variables in all populations.
The replicate data vectors for each individual plant of
the unscaled reduced data set were then averaged to
produce the data set used for multivariate analysis; this
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Table 3. Quantitative measured variables used in Data
sets 1 and 2.

Variable code Variable code Variable explained

Data set 1 Data set 2
LLAMLEN LLAMLEN Leaf blade length (cm)
LLAMWID LLAMWID Leaf blade width (cm)
LLAMTHIK Leaf blade
thickness (mm)
NLATV NLATV Total number of
secondary veins
(sum of number
on each side)
PETLEN PETLEN Petiole length (mm)
PETWID PETWID Petiole width (mm)
INFLEN INFLEN Inflorescence
length (cm)
INFPEDLEN Inflorescence peduncle
length (cm)
RACLEN Rachis length (cm)
RACINTNUM Number of internodes
in inflorescence rachis
NRAMIF Number of branches
in inflorescence
PEDICLEN Pedicel length (mm)
CALXLEN Calyx length (mm)
COROLEN Corolla length (mm)
STAMNUMB Number of stamens
STAMSHORLEN Shortest stamen
length (mm)
STAMLONLEN  Longest stamen
length (mm)
DRUPLEN Drupe length (cm)
DRUPDIAM Drupe diameter,
measured at
centre (cm)
HYPLEN Hypocarp length (cm)
HYPDIAM Hypocarp width,

measured at
centre (cm)

data set is referred to henceforth as the individual
means data set. Principal component analysis (PCA)
was carried out on the individual means data set using
the scaling option of the prcomp function and the biplot
function, both in the stats package (R Core Team 2018).
The number of significant principal components was
computed by using the evplot.R function created by Bor-
card et al. (2011) and convex hulls (Takagi 2011) and
95% confidence ellipses (Claude 2008) were computed
for each population.

94

Feddes Repertorium 2019, 130, 89-116

Before carrying out linear discriminant analysis (LDA),
the homogeneity of the population covariance matrices
was tested using the function betadisper from package
vegan (Oksanen et al. 2018), as described by Borcard
et al. (2011, p. 208). The individual means data set was
tested in four conditions, 1) untransformed, 2) trans-
formed to natural logarithms, 3) scaled but not logged
and 4) scaled and logged.

The data set with the most homogeneous population
covariance matrices was then used in a linear discrimi-
nant analysis carried out with the Ida function (Ripley
2018), with the populations as the categorical variable,
and using the cross-validation option. Proportions of cor-
rect assignments to each population were computed and
bar-plotted. Barplots of the contributions of each variable
to the discriminant axes were made from scaled ver-
sions of the data, following Legendre & Legendre (2012:
675).

The individual means data set was also analysed by
the non-parametric k-nearest-neighbours (KNN) tech-
nique using the knn.cv function in the class package
(Ripley 2015), using scaled data as recommended by
Varmuza & Filzmoser (2009). This technique avoids the
need for consistency of covariance matrices. The algo-
rithm classifies each individual plant into the population
to which the majority of its k nearest neighbours belong
a priori, their proximity being determined by a distance
matrix computed from the data set of measured vari-
ables input to the function. The function carries out a
cross-validation test and the proportions of correct
assignments to each population were computed and
bar-plotted. The optimal value for the number of nearest
neighbours (k) was found by finding the average of 999
replications for each k number from 1 to 100.

Differences between populations were tested with
non-parametric multivariate analysis of variance (np-
manova) carried out on the individual means data set
using the function adonis from the vegan package
(Oksanen et al. 2018). To obtain a multiple comparison
table we used the function pairwise.perm.manova in
package RVAideMemoire (Hervé 2018), with 999
permutations.

A Mantel test was carried out comparing geographical
and morphological distances between population cen-
troids, using the mantel function of the vegan package
(Oksanen et al. 2018). The geographical distance matrix
was computed from an initial matrix of longitude and lati-
tude of the population localities using the function distm
from the package geosphere with the distance argument
fun = distVincentyEllipsoid (Hijmans et al. 2017) which
computes the great-circle distance between point pairs
using the Vincenty (ellipsoid) method. The morphological
distances were represented as a matrix of Mahalanobis
distances between the population mean scores. Follow-
ing Claude (2008, p. 115) these distances were
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Table 4. R packages and non-base functions used in statistical analyses with R (R Core Team 2018).

R package version functions authors Used for
- - evplot.R F. Gillet in Borcard compute number of significant principal
et al. (2011) components
- - Plot_ConvexHull Takagi (2011) plot convex hulls around points in a scatterplot
- - ELLI Claude (2008) plot confidence ellipses in a scatterplot
car 3.0-0 bcPower Fox et al. (2018) univariate exploratory data analysis
class 7.3-14  knn.cv Ripley (2015) computing k-nearest-neighbour classification
with cross-validation
geosphere 1.5-7  distm Hijmans (2017) compute geographical distance matrix
Hmisc 411 minor.tick Harrell (2018) univariate exploratory data analysis
lattice 0.20-35 barchart Sarkar (2017) plot multiple barcharts
MASS 7.3-49 Ida Ripley (2018) compute linear discriminant analysis
missForest 1.4 missForest Stekhoven (2013) compute missing data
mvoutlier 2.0.9 pcout Filzmoser & detection of multivariate outliers
Gschwandtner (2018)
RgoogleMaps 1.4.1 GetMap Loecher (2016) finds required map tile from Google Maps
RgoogleMaps 1.4.1 PlotOnStaticMap Loecher (2016) overlays locality points onto image of map tile
rpart 4.1-13 rpart Therneau & compute classification tree
Atkinson 2018
RVAideMemoire 0.9-69 pairwise.perm.manova Hervé (2018) compute multiple comparison table from
non-parametric multivariate analysis of
variance
StatDA 1.6.9  edaplot Filzmoser (2018) univariate exploratory data analysis
stats 3.6.0 prcomp, biplot R Core Team (2018) principal component analysis
vegan 2.4-6  betadisper Oksanen et al. (2018) test for multivariate homogeneity of variances
vegan 2.4-6 adonis Oksanen et al. (2018) compute non-parametric multivariate analysis
of variance
vegan 2.4-6  mantel Oksanen et al. (2018) Mantel test for correlation between matrices
vegan 2.4-6  spantree Oksanen et al. (2018) compute and display a minimum spanning tree

computed by projecting the population mean vectors
onto the eigenvectors of the previously computed linear
discriminant analysis and then using the resulting scores
matrix as input to the dist function (with default argu-
ments) from the stats package (R Core Team 2018),
producing a triangular matrix of Mahalanobis distances
between all pairs of population mean vectors. The Man-
tel statistic was based on Pearson’s product-moment
correlation with 999 permutations.

To show the similarity relationships of the populations
more clearly, an LDA of the population mean vectors
was carried out and bivariate ordinations of the discrimi-
nant scores plotted. This representation was supple-
mented by computing and plotting a minimum spanning
tree with the spantree function of the vegan package
(Oksanen et al. 2018), which differs from the LDA ordi-
nation in that the dendrogram takes account of all
dimensions of the discriminant space; the Mahalanobis
distance matrix used was obtained using the dist func-
tion (with default arguments, stats package, R Core
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Team 2018) on the matrix of discriminant scores of the
population mean vectors.

To compare the variability of the populations the indi-
vidual means data set was used. The coefficient of vari-
ation (CV) of each variable in each population was
computed and plotted in barcharts using the lattice pack-
age (Sarkar 2017). The CV’s of the variables were then
averaged for each population and for each variable
across all populations and graphed in barplots. Popula-
tion localities were mapped provisionally with the pack-
age RgoogleMaps (Loecher 2016) using the functions
GetMap and PlotOnStaticMap but final maps were pro-
duced using downloads from Google Earth (Google
Earth 2018) as base map images.

KNN analysis was applied to the ecological and geo-
graphical two-category models for classifying the popula-
tions. The purpose of these analyses was to see how
consistently plants labelled a priori (based on their popu-
lation membership), for example as “dune” or “nondune”,
would be so classified by the KNN algorithm based on
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the values of their vectors of measurements. Compar-
ison of the results of the two models would indicate
whether one yielded more consistent results than the
other, and hence better explained the data set. The data
set of scaled individual means was used with the k
parameter argument set to k = 17. The results of the
cross-validation visualised the proportion of individuals
in each population that were correctly classified in the
ecological or geographical category assigned a priori to
that population.

Classification and Regression Tree (CART) analysis
(Varmuza & Filzmoser 2009, Crawley 2013), as imple-
mented in the rmart package (Therneau & Atkinson
2018), was used to find the variables which provided the
optimal partitioning of the two categories of each of the
classification models, ecological and geographical. This
is a data-mining method that can predict the member-
ship of individuals (the rows of the data set) to the
classes (e.g. ecological category) based on the values
of the variables (columns of the data set). It works by
finding the value of the variable which splits the individu-
als into the two classes in which there is the least mis-
classification of individuals according to their original
categories (e.g. dune or nondune), and then the sub-
classes are recursively divided in the same way, using
whichever variables provide the optimal splits in each
case. Varmuza & Filzmoser (2009), Crawley (2013) and
especially Foulkes (2009) provide detailed explanations
of the method.

LDA was also applied to the ecological and geo-
graphical models using the scaled version of the individ-
ual means data set, in order to obtain estimates of the
variables with most influence in the discrimination of the
two categories of each model.

The distinctness of the natural populations as a group
was tested under the two-category ecological model
classification — the “dune” category represented these
populations treated as a single group. The individual
means data set was used for univariate tests (normality:
Shapiro-Wilk; variance homogeneity: F test, Fligner-Kill-
een; group differences: Student t, Wilcoxon rank sum),
and multivariate discriminant analysis (LDA, KNN) with
cross-validation.

Results

The first data set had greater geographical scope
(Table 2) and included leaf thickness and fruit and hypo-
carp characters (Table 3) highlighted for their taxonomic
importance in the monograph by Mitchell & Mori (1987).
The most detailed presentation of results is thus
focussed on this data set. The second data set included
a fifth coastal dune population at Baixao, but lacked data
from the Cabeceiras population, the cerrado region
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sample site furthest from the coast. The variables
included floral characters absent from data set 1, but
lacked those of the fruit and hypocarp (Table 3). The
analyses of data set 2 were used as a check on the
results from data set 1, and although less well-marked
the patterns corroborate those from the latter.

Data set 1 — Unless otherwise stated, the results pre-
sented and illustrated in the following sections are based
on data set 1. Results and discussion based on data set
2 are given in separate paragraphs.

Overall and intra-population variation — Boxplots
showed considerable variation in variables among popu-
lations (Fig. 2). Univariate tests showed that variables in
the raw data sets were almost all non-normally dis-
tributed in the overall data set, and variance in almost all
variables was significantly different among populations
(Supplementary Table S2.A). In the individual means
data set, i.e. after population multivariate outliers were
removed and the replicate data vectors of each individ-
ual were averaged, the majority of variables had similar
variance among populations. In this processed data set
(Supplementary Table S2.B), significant differences
between population pairs were detected in all variables
except number of internodes in the inflorescence rachis
(RACINTNUM).

The mean coefficient of variation across all variables
was found to be highest in the Rosapolis and Cocal pop-
ulations (Table 5A) and lowest in Labino and Cajueiro.
Mean CV varied considerably among the natural (dune)
populations, from 12.6 in Labino to 17.8 in Cal. Among
the variables, mean CV across all populations was high-
est in hypocarp length and inflorescence length, and
lowest in total number of secondary leaf veins and drupe
length (Table 5B).

The principal component analysis (PCA) of the scaled
individual means showed the main trends of variation in
the data. There were five significant principal component
axes (out of 12), which together accumulated 76.9% of
total variance. On the first principal component axis
(PC1), the ordination (Supplementary Fig. S1) showed
partial separation of the three noncoast populations
(Cabeceiras, Cocal, Rosapolis) from the coast ones.
The coast populations (which include all the dune popu-
lations) were highly superposed, but with the two non-
dune coast populations (Cajueiro, Floriépolis) showing
some overlap with the noncoast Cocal and Roséapolis
populations. On the second axis, Cabeceiras was clearly
separated from Cocal and Rosépolis, and the coast pop-
ulations were all highly superposed. The biplot (Fig. 3)
showed that lower values on the first axis were deter-
mined by lower values particularly of leaf length and
width, petiole length, number of leaf secondary veins,
drupe length and drupe diameter. High values on the
second axis (Cabeceiras population) were due to thicker
leaves, larger hypocarps and narrower petioles.
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Fig. 2. Boxplots of variables within populations using the scaled version of data set 1 after removal of population out-
liers, but before averaging replicated measurements of each individual. Black dots indicate median values.

Similarity relations between populations — Data set
1 was found to have homogeneous population covari-
ance matrices and so the linear discriminant analysis
(LDA) could be carried out on untransformed data. Anal-
yses of the scaled data set produced identical ordina-
tions and cross-validation results and are figured here.
The first two axes of the ordination (Fig. 4) represented
75.8% of the between-group variance. The pattern was
similar to that seen in the PCA ordination. The cluster of
strongly overlapping populations in the central part of
the first discriminant axis consisted of all the coast popu-
lations. The three noncoast populations (Cabeceiras,
Cocal, Rosdpolis) were separated into two groups on
this axis, the Cabeceiras population characterised
mainly by its thicker leaf blades and longer hypocarps,
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and the Cocal and Rosapolis populations by their longer
drupes and wider petioles (Supplementary Fig. S2.A).
The cluster of coast populations is characterised by
mostly positive values on the second axis which corre-
spond mainly to wider petioles, shorter and broader dru-
pes and thinner, shorter leaf blades (Supplementary
Fig. S2.B). Of the noncoast populations, Rosapolis
shows the most overlap with coast ones. The cross-vali-
dation results (Table 6, Supplementary Fig. S3) showed
that the noncoast populations had generally higher con-
sistencies with Cabeceiras the most (91% correct) and
Rosapolis the least (54% correct), and also that consis-
tency varied widely in the coast populations, from very
low in Tatus (27% correct) to relatively high in Cal
(73%).
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Table 5. Coefficients of variation (CV). A. Average values across all variables in each population. B. Average values for variables across all populations. C.

Average values for variables across four natural (dune) populations (Cal, Labino, Pedra, Tatus).

A.

Rosépolis

Floriépolis Tatus Cal Cocall
17.8

Pedra
15.7

Labino Cajueiro Cabeceiras

populations

Ccv

19.3

18.9

16.3

16.3

14.7

13.6

12.6

B.

INFLEN HYPLEN

NLATV DRUPLEN LLAMWID LLAMLEN DRUPDIAM PETWID RACINTNUM LLAMTHIK HYPDIAM PETLEN

variables

Ccv

22.9 23.0 235

18.7

18.0

16.0

13.8

13.0

12.6

121

10.4

9.6

C.

INFLEN PETLEN HYPLEN

DRUPLEN NLATV DRUPDIAM LLAMLEN LLAMWID PETWID RACINTNUM HYPDIAM LLAMTHIK
221

variables

Ccv

23.2

224

21.2

15.6

15.4

14.8

14.2

12.5

9.5

9.1

6.9

Feddes Repertorium 2019, 130, 89-116

The non-parametric k-nearest-neighbours (KNN) anal-
ysis of the scaled individual means data set was carried
out using the k value of 17 nearest neighbours. Although
the optimal value was k = 1, we opted for the second
best result (k = 17) because of the risk of underfitting
noted by Varmuza & Filzmoser (2009: 215). The cross-
validation results (Table 6, Fig. 5) agreed with those of
the LDA in the higher consistency of Cabeceiras (91%
correct), Cocal (73%) and Cal (73%) and low consis-
tency of Tatus (7% correct) and Cajueiro (17% correct).

In the LDA of population mean vectors, comparison
of the minimum spanning tree (Fig. 6) with the ordination
of the population centroids on the first two discriminant
axes (Supplementary Fig. S4) emphasised the similarity
of the coastal populations (both dune and nondune) on
the one hand and the separation of Cocal and Rosapolis
from Cabeceiras; the Cal population appeared more dis-
tinct in the minimum spanning tree.

Non-parametric multivariate analysis of variance
(NPMANOVA) using untransformed data produced sig-
nificant differences in most population pairs. The five
population pairs that were not significantly different con-
sisted of coast populations (Table 7), three involving
Cajueiro (nondune, coast) and one comprising only dune
populations (Tatus-Pedra).

Correlation of geographical and morphological
distance — The Mantel test showed a strong correlation
between geographical and morphological distance (Man-
tel statistic based on Pearson’s product-moment correla-
tion, r = 0.805, p = 0.007, 999 permutations).

Classification of populations by habitat or geogra-
phy — In boxplots (Fig. 7), variable values in natural pop-
ulations (category “dune”, ecological classification
model) were clearly lower than in the others (“nondune”),
with shorter and narrower leaves, fewer leaf secondary
veins and smaller drupes; drupe length and diameter
were much less variable in dune populations. Univariate
tests (Supplementary Table S2.C) showed that in all
variables except leaf thickness (LLAMTHIK) and inflores-
cence rachis internode number (RACINTNUM) the dune
category was significantly different from the nondune
category. Boxplots using the geographical model (Fig. 8)
showed strongest differences in leaf size, number of leaf
secondary veins, petiole and inflorescence length, drupe
size and hypocarp length, and lower variability in drupe
length and width in the coast category.

The cross-validation results of k-nearest-neighbour
(KNN) analyses of the two-group models of population
classification showed greater overall consistency of
assignment in the geographical model (Table 8B, coast
98.8% correct; noncoast 69.2% correct) than the ecolog-
ical model (Table 8A, dune 94.6% correct; nondune
69.2% correct). This was also true when consistency of
assignments to populations was considered. Under the
geographical model, five out of six coastal populations
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had 100% correct assignment, including all the natural
(dune) populations; here the least consistent population
was Rosapolis with 54% correct assignments
(Table 8D). With the ecological model (Table 8C) only
three populations showed 100% correct assignment —
two natural populations (Pedra, Tatus) and Cocal. In this
model Floridpolis was the least consistent (57% correct),
and Cajueiro was 83% incorrect.

Classification and regression tree analysis (CART)
prioritised leaf blade length (LLAMLEN) as the first parti-
tioning variable and resulted in 83.8% correct classifica-
tion for dune individuals and 73.8% correct for nondune.
With two successive dividing variables, leaf length and
drupe length (DRUPLEN) in that order, the proportions
of correctly classified individuals rose to 94.6% for dune
individuals but fell to 70.8% in nondune. When the geo-
graphical classification was used, however, drupe length
was prioritised as first dividing variable, and proportions
of correctly classified individuals were higher in both cat-
egories: 98.7% for coast individuals and 79.5% for non-
coast.

The variables with most influence in a linear discrimi-
nation (LDA) of the dune and nondune categories were
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LLAMLEN, DRUPLEN, NLATV and LLAMWID, in that
order of importance (Table 9A). The dune category (nat-
ural populations grouped together) was discriminated
mainly by shorter, broader leaf blades, shorter drupes
and fewer secondary leaf veins. In the geographical
model the most influential variables were DRUPLEN,
PETWID and LLAMLEN (Table 9B), the coast category
(coastal populations grouped together) therefore having
shorter drupes, broader petioles and shorter leaf blades.

The mean coefficient of variation (CV) of the cate-
gories of the two population models showed that the
populations of the dunes category were less variable
than those of the nondune (17.3 vs 21.6), and the coast
population category less variable than the noncoast
(17.8 vs. 22.0). In four natural (dune) populations
(Table 5C), the mean CVs of the variables were lowest
for drupe length (6.9), number of secondary veins (9.1),
drupe diameter (9.5) and leaf blade length (12.5), and
highest for hypocarp length (23.2), petiole length (22.4),
inflorescence length (22.1) and leaf blade thickness
(21.2).

Data set 2 — In this data set the most variable popula-
tions were Labino and Cal. PCA and LDA analyses
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cabeceiras
cajueiro
cal

cocal
floriopolis
labino
pedra
rosapolis
tatus
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Fig. 4. Ordination of a linear discriminant analysis of the scaled individual means data set (data set 1), using populations
as the categorical variable. Best viewed in electronic version.

Table 6. Cross validations of linear discriminant (LDA) and k-nearest-neighbour (KNN) analyses expressed as

proportions of correct assignments. Populations in order of increasing values in LDA.

tatus cajueiro pedra floriopolis labino rosapolis cal cocal cabeceiras
LDA 0.27 0.33 0.42 0.43 0.5 0.54 0.73 0.73 0.91
KNN 0.07 0.17 0.33 0.21 0.57 0.38 0.73 0.73 0.91

showed no clear separation of the populations; ordina-
tion of the population mean vectors of discriminant
scores showed weak clustering of most of the coast
populations (Baixao, Floridpolis, Labino, Pedra, Tatus).
Cocal differed somewhat from the other populations in
its larger leaves and floral structures and Cal emerged
as the most divergent of the dune populations. In cross-
validation tests of the LDA and KNN analyses, Cocal
(55.6%, 44.4% correct) was the most consistent popula-
tion overall. Non-parametric MANOVA showed non-sig-
nificant differences between four dune population pairs
and in two cases between dune populations and non-
dune (Cal-Cocal, Tatus-Floridpolis). There was a highly
significant correlation between geographical distance
and morphological difference (Mantel r = 0.712, p =
0.006). KNN classification of individuals under the eco-
logical model produced less clear-cut results, with only
75.6% correct assignment of dune individuals and

100

65.6% correct for nondune. The greatest proportion of
misclassification was found in the Floridpolis population.
Classification under the geographical model was some-
what better for coast populations (88.2% correct) but
worse for noncoast (48.6% correct). All the dune coast
populations Baixao (100% correct), Labino (94% cor-
rect), Pedra (94% correct), Cal (89% correct) and Tatus
(88%) had high consistency of assignment. Overall coef-
ficients of variation of coast (CV= 25.4) and dune (25.8)
categories were slightly greater that noncoast (24.7) and
nondune (23.9).

Discussion
Differentiation between natural and domesticated

populations — Our working definition of the natural pop-
ulations of the restinga ecotype corresponds to the
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“dune” category of the ecological model. In this case the
univariate analyses showed that from a statistical stand-
point the dune populations were significantly different
from the others (nondune) in most variables measured
(Supplementary Table S2.C). There was, however, con-
siderable overlap in the values of all variables (Fig. 7),
making it impossible to diagnose reliably the natural
populations as a whole using any single character.
Cross-validation tests of the KNN analyses using the
ecological model showed that most natural (dune) indi-
viduals could be correctly assigned to that category
(Table 8A, 94.6% success). Under linear discriminant
analysis (LDA), dune individuals were discriminated from
non-dune ones most strongly by their shorter and rela-
tively broader leaves, shorter drupes and fewer leaf sec-
ondary veins and these were also the variables with the
least overall variation in the study (Table 9A). However,
a high proportion of nondune individuals (Table 8A,
30.8% error) were misclassified as belonging to the
dune category. When the cross-validation results were
subdivided into their respective populations, it became
evident that most of the misclassification between dune
and nondune categories emanated from the Cajueiro,
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Floridpolis and Rosapolis populations (Table 8C), which
are the semi-domesticated populations geographically
nearest to those we have defined as natural. Cross-vali-
dation under the ecological model effectively classified
(83% of individuals) the Cajueiro population, the semi-
domesticated population nearest the coast, as a dune
population, indicating a strong similarity to that category
(Table 8C).

The geographical model yielded better discrimination
(Table 8B) and this appears to be a consequence of the
fact that under this model, the Cajueiro and Floridpolis
populations were grouped a priori with the natural popu-
lations into the same category (Table 8D). These results
therefore point to the conclusion that distance from the
coast is a more effective explicator of inter-population
similarity than the ecological distinction between natural
(dune) and domesticated (nondune) status. Support for
this idea is also provided by the significant correlation
found between inter-population geographical and mor-
phological distance, resulting from the Mantel test.

The CART analyses showed that the group of natural
populations (dune category) was distinguished most
effectively from domesticated ones (nondune) by shorter
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Fig. 6. Linear discriminant analysis of mean vectors of populations. Minimum spanning tree (MST) computed from a
matrix of Mahalanobis distances between population means.

Table 7. Multiple comparison of population pairs using permutation multivariate analysis of variance (NP-MANOVA),
showing the p-values of the Pillai test results. Computed in R using the RVAideMemoire package and the function

pairwise.perm.manova with untransformed data.

cabeceiras cajueiro cal cocal floriopolis labino pedra rosapolis
cajueiro 0.002 - - - - - - -
cal 0.002 0.002 - - - - - -
cocal 0.002 0.002 0.002 - - - - -
floriopolis 0.002 0.022 0.002 0.002 - - - -
labino 0.002 0.138 n.s. 0.002 0.002 0.165 n.s. - - -
pedra 0.002 0.070 n.s. 0.007 0.002 0.016 0.003 - -
rosapolis 0.002 0.003 0.002 0.028 0.028 0.003 0.002 -
tatus 0.002 0.323 n.s. 0.026 0.002 0.016 0.006 0.323 n.s. 0.002

n.s. : not significant

leaf blade length, whereas populations within 10km of
the coastline (coast category) were discriminated most
from the others (noncoast) by shorter drupes. Further-
more, the discrimination provided by drupe length in the
geographical model was greater, in terms of the propor-
tion of correct assignments, than that achieved by leaf
length under the ecological model. In linear discriminant
analysis, these two variables were the most influential
discriminators in the ecological model, but in the
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geographical model petiole width was the second-most
influential variable (Table 9).

The restinga ecotype, at least in Piaui and Cear3, is
also characterised by its habit and architecture, although
we did not include these features in our study. Johnson
(1972) described and illustrated the low stature and
spreading, partially prostrate growth, which we also
observed (Fig. 9B, D-E); major branches are often par-
tially buried in the sand and can maintain the growth of
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Fig. 7. Boxplots of the scaled individual means data set comparing variables in the ecological model; “dune” represents

the category of natural populations.

terminal shoots above the surface of an advancing dune
(Fig. 9C). Johnson (1972) also stated that when growing
further inland on more fertile soils the cashew tree is
more upright, but the major branches still emerge low
down on the trunk and spread widely. Callado (2008)
refers to the extensive lateral root system (Fig. 9B). All
these features suggest the possibility of adaptation to
the stabilised dune habitat, but no studies are known to
us which provide evidence for their genetic determina-
tion.
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Various causal factors for these results can be
adduced, including: i) the influence of windborne salt,
which could be expected to increase towards the
shoreline and reduce growth rates; ii) growth reduction
produced by increasingly nutrient-poor soils when pass-
ing from the Tertiary continental geology to the Quater-
nary sands of the coast; iii) gene flow between natural
dune populations and neighbouring domesticated or
semi-domesticated ones. Experimental design could
also have contributed. Thus, the nondune and noncoast
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Fig. 8. Boxplots of the scaled individual means data set comparing variables in the geographical model; “coast” repre-
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groups were much more heterogeneous, in terms of
their much wider geographical dispersion and their dif-
ferences in genetic status, ranging from semi-natura-
lised stands, as in Rosapolis, Floriopolis, Cajueiro and
Cabeceiras, to cultivated orchards raised from agro-
nomically developed stocks in the case of Cocal. These
differences are reflected in the greater morphological
variability of the nondune and noncoast categories, as
shown by their mean coefficients of variation, and in
the results of multivariate analyses using the popula-
tions as grouping categories. Borges (2015), in a study
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using morphometric and molecular markers which
included restinga ecotype plants identified as “cajui”
(Anacardium spp.), found no significant difference
between samples from the municipalities of llha Grande
and Parnaiba. She suggested that fruit bat dispersal
(Mitchell & Mori 1987), bee pollination (Freitas &
Paxton 1998) and high germination rates (Corréa et al.
2002) would promote considerable inter-
population gene flow, high within-population genetic
diversity, and hybridization with domesticated forms of
A. occidentale.
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Table 8. Cross-validation results of k-nearest-neighbour analyses (KNN) of two models of population classification
expressed as percentages. A. Ecological categories as grouping factors. B. Geographical categories as grouping
factors. C. Cross-validation assignments of ecological categories plotted by population. D. Cross-validation assignments

of geographical categories plotted by population.

A. assigned to dune assigned to nondune

dune 94.6 5.4

nondune 30.8 69.2

B. assigned to coast assigned to noncoast

coast 98.8 1.2

noncoast 30.8 69.2

C. Population cabeceiras cajueiro  cal cocal floriopolis labino pedra rosapolis tatus
a priori nondune nondune dune nondune nondune  dune dune nondune dune
category

assigned to:  dune 9 83 93 0 43 86 100 23 100

assigned to:  nondune 91 17 7 100 57 14 0 77 0

D. Population cabeceiras cajueiro cal cocal floriopolis  labino pedra rosapolis tatus
a priori noncoast coast coast noncoast coast coast coast noncoast coast
category

assigned to:  coast 27 100 100 20 93 100 100 46 100

assigned to:  noncoast 73 0 0 80 7 0 0 54 0

Inter-population similarity relationships — When
the focus shifts to the interrelations between the individ-
ual populations, principal component analysis and linear
discriminant analysis showed similar patterns. The coast
populations form a single cluster and the noncoast popu-
lations form two further groups. One of the latter groups
is linked by the overlapping Rosapolis and Floriopolis
populations to the coast cluster, and the other, consist-
ing of Cabeceiras (geographically the most distant popu-
lation) is quite distinct from all the rest (Fig. 4). These
relationships are shown more clearly by the minimum
spanning tree and ordination of the LDA of population
mean vectors (Fig. 6, Supplementary Fig. S4). In
Table 7, all non-significant pairwise differences were
between coast populations, which is in concordance with
the overall significant positive correlation between inter-
population geographical distance and morphological dis-
similarity. Together, the results agree with the analysis
of the coast-noncoast model of population classification
in pointing to geography as the main explanatory factor
for the patterns observed.

The natural (dune) populations, despite their similar-
ity, were also heterogeneous in other respects. They dif-
fered from one another in their consistency almost as
much as the domesticated and semi-domesticated ones
(nondune). The KNN cross-validation results (Table 6,
Fig. 5) showed a range of consistency within four natural
populations, from 7% correct assignment in Tatus to
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73% in Cal, while in the nondune populations the range
was 17% in Cajueiro to 91% in Cabeceiras. A similar
wide range was shown in mean population coefficients
of variation (CV), i.e. overall within-population morpho-
logical variability (Table 5A). CV varied in the natural
populations between 12.6 (Labino) and 17.8 (Cal), and
in domesticated ones from 13.6 (Cajueiro) to 19.3
(Rosapolis). The relatively high variability of the natural
populations is consistent with that previously reported by
authors from natural and spontaneous populations in
coastal areas of north-eastern Brazil (e.g. Paiva et al.
2003, Pessoni 2007, Borges 2015). Studies of wild cer-
rado populations have also reported high within- and
between-population variability, e.g. Gomes et al. (2011)
for A. othonianum, Carvalho (2011), Carvalho et al.
(2012) and Santos & Santos Junior (2015) for A. humile,
and Ferreira et al. (2015) for A. spp.

The second data set showed less structure overall
both in inter-population similarity and between the cate-
gories of the two classification models. This is likely due
to a more unequal balance in populations representing
the categories (more dune and coast populations and
less nondune and noncoast), the absence of the very
divergent and distant Cabeceiras population, and the
lack of leaf thickness, drupe and hypocarp variables,
which were important discriminators in data set 1. How-
ever, there are also similarities in the two results. Cocal,
the most agronomic population from the interior, is the
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E E most divergent population overall, Cal the most diver-
@ § g T @° gent of the dune populations, Floridpolis the most inter-
P < ol D - mediate population between dune and nondune
_5 3 g categories, the geographical (coast-noncoast) classifica-
g § = > tion has the highest consistency, and there is a signifi-
gg w o| W I~ cant correlation between inter-population geographical
3 g % 3 <§( g- and morphological distances. This supports the conclu-
£ § g - sion that in addition to fruit size, leaf and floral variables
5O also play a part in differentiating coastal and natural
% @ |2 3 I2 Q populations from those of the interior and of domesti-
82 ; o ; = cated origin.
E § Critique of the ecological status of restinga eco-
-% e % o E o type populations — Various authors have concluded
£ S [ g 5 g that natural populations of A. occidentale from coastal
a 0 E o regions in north-eastern Brazil are unlikely to exist today
3 = > = other than in restinga/stabilised dune habitats where
g 8 w 10 < © they form part of distinct vegetational associations
o 2 & o E S (Fig. 9A). Johnson (1972) was of the opinion that the
= g I E only natural populations of Anacardium occidentale in
g’@ = > the coastal region of north-eastern Brazil were those
E 2 g ﬁ - o from the restinga. He commented (Johnson 1972: 105):
g =l = © % o “The previous chapter dealt with the natural growth of
) 'é @ - = cashew in the littoral. In the remainder of the coastal
§ 32|z © <§( region, contemporary natural occurrence of the plant is
>5 e E s o) Q questionable, and it is the writer's opinion that none
% "q;, S E % o exists. Cashews may have been present in the past, but
£ Q DD: natural vegetation has been modified to such an extent
_g E <§( that it is difficult if not impossible to find an undisturbed
£ 8|0 o % site today to resolve the question with certainty.”
2 *g g % o E 9 This interpretation is at least partly supported by sci-
= g QD: Z o entists working on breeding and genetic improvement of
8 g Tg (<'.;) cashew in north-eastern Brazil. Barros et al. (1999), for
£ 8 ";3 % U: example, stated that [translated from Portuguese]: “It is
g g'g E 8_ E o important to emphasise that although the cashew is
2 g 215 e T p found most abundantly in the coastal region of north-
X g (- ; \ eastern Brazil, where it grows apparently in a sponta-
' g o1z neous state, above all in the vegetation of the beaches
c oL (W Tol ) " ;
< ? 'y |:l o = ~ and dunest the cgsheyv cgnnot tolerate competltlon with
£ g2 (W el = S other species, which is different from what is observed
8 5 % S ! in other species of the genus, such as those of the cer-
g £ < % - rado and the Amazon forest, which grow normally as
= % %‘ E vl = components of the local floras.” Paiva et al. (2003) sta-
& cglz <~|‘? = = ted that the area of natural distribution of A. occidentale
E _S g 9; <§,; Cf is completely confused by the dispersal of the cultivated
= 88 o - form and that its greatest diversity is concentrated in
§ ch? 3 o ol o 5 the coastal zones of north-eastern Brazil where great
:':j < g, % g E g variability in the characters of most agronomic interest,
S g ool T E [ such as productivity, drupe and hypocarp weight, is
2 % g - observed in genotypes from the restinga and dune veg-
£33 ™ = @ etation.
§ g g T cS % c § This supports our observations that the “non-dune”
-8 = > '% g ® © '(% 5 » category of A. occidentale is a heterogeneous mixture of
oso|l2ccolg oL olf lanted and subspontaneous orchards derived from
235|858 || o5 Ba|< P . Pe )
2 % oW o = £ S (D a8 = S domesticated A. occidentale genotypes, some of which
Fool<ocls5I8lmocl35]8 were acquired as commercially marketed improved
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Fig. 9. Ecology of wild populations of Anacardium occidentale restinga ecotype. A. Restinga thicket with A. occidentale
on the right (arrowhead) and individuals of Cereus jamacaru and Myrtaceae. B. A. occidentale on a stabilised dune
which is undergoing erosion, showing superficial roots (arrowheads). C. Active dune engulfing A. occidentale with branch
tips maintaining growth above dune surface (arrowhead). D. A. occidentale on stabilised dune in background (arrow-
head) with dune slack in foreground on right, during the dry season. E. A. occidentale showing semi-prostrate growth on
low sand hillocks. A, B, D, E, Labino population; C, Tatus population. Best viewed in electronic version.

varieties (e.g. Cocal, according to the owner). The dune
populations may with more reason be viewed as a natu-
ral group, given their specialised ecology and status as
components of characteristic vegetational associations
(discussed below, Fig. 9A, Fig. 10C).

If a stronger morphological characterization of the
restinga ecotype existed in the past, it is likely to have
been blurred by intercrossing with nearby domesticated
populations and their spontaneous derivatives in the
coastal region. The restinga ecotype is known to have
out-crossing floral biology (e.g. Freitas & Paxton 1998,
Freitas et al. 2002, Ribeiro et al. 2008, Freitas et al.
2014) and the practice of planting new individuals in
orchards from locally produced seed (Paiva et al. 2003,
Matos Filho 2017) may result in trees which are genetic
mixtures of natural and domesticated genotypes, espe-
cially in localities closest to the dune habitat. There is
also the possibility of gene flow from domesticated forms
into natural dune populations.
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The characteristic ecology of the dune populations
(Figs. 9, 10C) is an important part of the argument for
recognizing them as a natural entity, e.g. as an ecotype.
The populations growing on stabilised dunes in the
region of the Rio Parnaiba Delta form part of natural
vegetation assemblages that have been studied by Fer-
nandes et al. (1996) and more recently and in greater
detail by Santos-Filho (2009) and Santos-Filho et al.
(2010). The latter authors described the structure and
floristics of the plant communities of which A. occiden-
tale is a major component. They described the restinga
vegetation as occurring on sandy substrates over Qua-
ternary geological surfaces and highlighted the impor-
tance of A. occidentale as a core species of a
vegetation component termed “Fruticetos abertos
inundaveis” — reticulated or isolated thickets of woody
vegetation occurring on raised ground, between which
lie depressions subject to flooding in the rainy season
(Figs. 9A, B, D, 10C). They noted (translation from
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Fig. 10. Wild populations of Anacardium occidentale. A. Developing fruits at Labino. B. Mature fruits and flowers at
Pedra do Sal. C. Image showing stabilised dune fields at llha Grande, Piaui, during the rainy season, showing their reg-
ular orientation in the direction of the prevailing trade winds, the flooded dune slacks, and on the higher relief the mosaic
of restinga thickets in which wild A. occidentale is a prominent component. D. Fruiting individual at Pedra do Sal. C,
image from Google Earth 2018; downloaded 1 July 2018. Best viewed in electronic version.

Portuguese): “Based on our field observations, the most
frequently observed facilitating species in this facies is
the cajueiro (Anacardium occidentale L.). In the restinga
of llha Grande these vegetation islands almost invariably
have a core association of a cajueiro and some associ-
ated species such as mandacaru (Cereus jamacaru
DC.), puga (Mouriri pusa Gardner), carnauba (Coperni-
cia prunifera), tucum (Astrocaryum vulgare Mart.), muri-
cis (Byrsonima spp.) and Ouratea fieldingiana (Gardner)
Engl.” Santos-Filho (2009: 43) reported that the woody
plants of these thickets do not exceed 3m in height. Fer-
nandes et al. (1996) described this vegetation type as
semi-deciduous dune vegetation (“Vegetagao Subperéni-
folia de Dunas”) on stabilised dunes (“dunas fixas”), not-
ing that its greatest extent was in Illha Grande, where
these dunes achieve their greatest extent in Piaui.
These authors recorded the following as the most com-
mon species: the windward side is occupied mainly by
shrubs up to 4 m tall: murici (Byrsonima verbascifolia),
cajui (Anacardium microcarpum), guajiri (Chrysobalanus
icaco), puga (Mouriri guianensis), ubaia (Eugenia sp.),
batiputd (Ouratea fieldingiana), Coccoloba sp., and
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angélica (Guettarda angelica); and the leeward side
mainly by trees up to 6 m tall: cajueiro (Anacardium
occidentale), jatoba (Hymenaea courbaril), pau d’éleo
(Copaifera langsdorffi) and pereiro (Aspidosperma
pyrifolium).

In the neighbouring state of Ceara, Johnson (1972,
1973) described populations of A. occidentale and asso-
ciated vegetation which strongly resemble those of the
stabilised dunes of Parnaiba and Illha Grande municipali-
ties in Piaui (see our Figs. 9, 10). Johnson’s study
included seven coastal sites in north-eastern Brazil, and
his most detailed observations are from Ceara. He char-
acterised natural populations of A. occidentale as com-
ponents of restinga vegetation on dunes or beach ridges
growing in association with both stabilised and active
sand dunes. Features of these populations were con-
stant exposure to salt-laden winds, a low, semi-prostrate
surface growth habit with the main branches appearing
low on the trunk, often becoming prostrate and even
rooting adventitiously, and the capacity to resist burial
by sand dunes by the subterranean development of the
trunk and branch system so that the leafing shoots
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remain exposed above the dune surface (see our
Fig. 9C). He described the woody plant associations in
which natural restinga populations of A. occidentale
occur, characterising them as thickets usually up to 2 m
high, occurring as discrete units separated by more
open ground (our Fig. 9E). He listed 29 species in 16
families as woody elements of this community, including
Byrsonima crassifolia, Cereus jamacaru, Coccoloba, and
species of Myrtaceae, Dilleniaceae, and Melastomat-
aceae, among other families.

More general discussions in the literature record that
the cashew requires open habitats such as restinga
because it is a heliophyte (Johnson 1972: 73), that it is
a salt-tolerant species (halophilous, Decker 1936, John-
son 1972: 77) or that it is intolerant of competition from
other woody species (Paiva et al. 2003).

Recent work by Brazilian geomorphologists in the
northern coastal region has offered a historical-ecologi-
cal scenario in which the restinga ecotype of A. occiden-
tale could have evolved. Guedes et al. (2017) identified
a vast area (ca. 16,000 km2) of north-eastern Maranhao,
including the Lengdis Maranhenses active dune field
and parts of the Rio Parnaiba Delta, as a Quaternary
dune field system, one of the largest in South America
(see our Fig. 1B). During the last glacial maximum (ca.
12,000 years B.P.) the area was probably even larger
due to lower sea levels. Apart from the Lengdis Maran-
henses (Hilbert et al. 2016) and smaller areas of active
dunes (e.g. in llha Grande, Piaui, Fig. 1D), this area
consists today of ancient dune fields which these
authors, using optically stimulated luminescence quartz
dating, estimated to have stabilised between 19,000 and
14,000 years ago as a result of increase in rainfall lead-
ing to reduction in wind-transported sand drift and con-
sequent growth of vegetation. The implication of these
findings for restinga biology is that the area of restinga
habitat resembling that shown in Fig. 10C would have
been enormously greater in the Quaternary of Maranhao
and Piaui than it is now. The evolution of the restinga
ecotype of A. occidentale could therefore have occurred
as a pioneer form of the species adapted to exploiting
new habitats created by dune formation, exhibiting spe-
cialised characteristics such as tolerance to sand burial,
salt-laden winds, oligotrophic soils and intolerance of
competition from other woody species.

Nomenclature of the restinga ecotype — In the pre-
sent study we have adopted “restinga ecotype” as the
name for the natural populations of A. occidentale in the
coastal region. This is a working solution to the currently
confused nomenclature of these plants, discussed in
more detail below.

Strictly speaking, the name A. occidentale may be
regarded as applicable to one of the domesticated forms
of the species, since its type specimen is a plant from
Sri Lanka grown in the seventeenth century (Mitchell &
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Mori 1987) and presumably derived ultimately from
Brazilian genotypes introduced by Portuguese colonists
in the 16th century (Archak et al. 2009). For many
authors, however, especially ecologists and taxonomists,
the taxon concept (Berendsohn 1995, 2003) of A. occi-
dentale includes both domesticated and wild forms.

The ecological studies of Santos-Filho (2009) and
Santos-Filho et al. (2010) on the restinga vegetation of
Piaui used the name A. occidentale. Johnson (1972,
1973) named the restinga ecotype he studied in coastal
north-eastern Brazil as A. occidentale, as did e.g. Fer-
nandes et al. (1996), Freitas & Paxton (1998), Barros
et al. (1999), Freitas et al. (2002), Paiva et al. (2003),
Freitas et al. (2014). Wild forms in the cerrado biome
are also named as A. occidentale by taxonomists and
ecologists (Mitchell & Mori 1987, Oliveira 2004, Castro
et al. 2009, Castro 2013, Silva et al. 2013, 2016, Barros
et al. 2016, Luz & Pirani 2017, Ratter et al. 2017).

Using the same name, without further qualification, for
natural and cultivated forms of economically important
species is undesirable, an argument elaborated in detail
by Spooner et al. (2003) and Hetterscheid & Branden-
burg (1995) for plants in general. It makes it more diffi-
cult to distinguish the characteristics of domesticated
plants and natural populations, a distinction of real
importance, both for understanding the existing range of
genetic variation, and for conservation purposes.

One alternative that has been adopted is to recognise
natural forms of A. occidentale, both from the restinga
and cerrado, as distinct species or varieties. The name
Anacardium occidentale var. nanum occurs occasionally
in applied literature on cashew genetic improvement
(e.g. Agostini-Costa et al. 2004, Lucena 2006) and
refers to the early dwarf cashew (“caju anao precoce”)
variety, but this name appears never to have been
validly published (The International Plant Names Index
2018). Four other varieties have been validly described;
A. occidentale var. americanum DC. from the Caribbean,
var. indicum DC. from Indonesia and var. longifolium
Presl from Mauritius are most likely domesticated plants.
However, A. occidentale var. gardneri Engl. from Crato,
Ceara probably represents a natural population since
the label on Gardner’s type specimen at the Kew herbar-
ium reads: “Anacardium sp. This seems to differ from A.
occidentale. The leaves are in no ways emarginate. The
fruit, or rather thickened peduncle is not larger than a
cherry — and the tree has a more upright habit than the
species on the coast. ... campo and in the Catingas of
Crato — a large tree. Sept. 1838.” Miiller et al. (2017)
studied collections made in the municipality of Crato
more recently, using the name A. microcarpum Ducke.

Many other studies have used the name A. micro-
carpum Ducke, both for the restinga ecotype in Piaui
(Vieira et al. 2014), as well as for plants from other
regions and vegetation types in Brazil (e.g. Barros et al.
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1999, Criséstomo et al. 2002, Ribeiro & Tabarelli 2002,
Paiva et al. 2003, Agostini-Costa et al. 2004, Mduller
et al. 2013, Barbosa Filho et al. 2014, Barbosa Filho
2015, Miller et al. 2017). A review of the literature sug-
gests that whatever its correct application may be, the
geography, stature and ecology of the original A. micro-
carpum appear to differ significantly from the restinga
ecotype in Piaui. Ducke’s original plants were from the
lower region of the Rio Amazonas in Pard state and
were described by him as trees of 4-6 m height in “cam-
pos cobertos” vegetation, with the vernacular names
“caju do campo” or “caju-y” (Ducke 1922). He cited
specimens occurring from Santarem in north-western
Para to the llha do Marajé at the mouth of the Ama-
zonas and distinguished A. microcarpum from A. occi-
dentale by its smaller stature, harder coriaceous leaves,
more flattened petiole, thicker midrib, laxer inflores-
cence, smaller drupes, and yellow to red hypocarps no
longer than the drupe and with a more acid taste. There
is no mention of dunes and the habitat description is clo-
ser to cerrado vegetation than restinga. Many studies
linked to genetic improvement used accessions deter-
mined as A. microcarpum and cultivated at the major
cashew germplasm collection of the Campo Experimen-
tal de Pacajus in Ceara, belonging to Embrapa
Agroindustria Tropical (e.g. Barros et al. 1999, Cris6-
stomo et al. 2002, Paiva et al. 2003, Agostini-Costa
et al. 2004, Almeida 2009). However, the published
information about these accessions suggests that they
are from wild cerrado populations in north-eastern Brazil,
rather than those of coastal restingas. Our conclusions
are that this scientific name has been used most widely
for a cerrado ecotype of north-eastern Brazil rather than
the restinga ecotype and that its correct application will
remain unclear until the Amazonian populations
described by A. Ducke have been restudied.

Other authors have avoided assigning a species
name (Anacardium spp.) but this leads to imprecision.
Studies including material of both restinga and cerrado
ecotypes have adopted this solution (e.g. Rufino 2004,
Rufino et al. 2007, Maia et al. 2012, Gomes et al.
2013, Borges 2015, Ferreira etal. 2015, Gomes
2017).

At the present early stage of our understanding of
intra-specific variation in natural coastal populations of
A. occidentale an informal name seems most appropri-
ate, and the ecotype terminology already coined by
Mitchell & Mori (1987) serves the purpose. These
authors first used ecotype terminology for different natu-
ral forms of A. occidentale and distinguished restinga
and cerrado ecotypes. Other authors (e.g. Pessoni
2007) have continued to use this terminology, which is a
useful way to frame natural variation of the species com-
plex until the delimitation of formally named taxa (e.g.
subspecies) may become justifiable.
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Mitchell & Mori’s restinga ecotype includes records
from restingas not only from coastal north-eastern Brazil,
but also from as far south as coastal Sao Paulo state, a
geographical distribution that includes a great diversity
of restinga habitats and floras. Santos-Filho (2009) and
Santos-Filho et al. (2010), for example, draw attention to
the different climate and floristic composition of the
restingas of the northern coast of Brazil. As far as we
are aware there are no studies of the habit and ecology
of restinga populations of A. occidentale throughout this
range. However, that by Johnson (1972, 1973, 1974),
especially his treatment of the natural restinga popula-
tions of Ceard, is sufficiently detailed to make us confi-
dent that the Piaui dune populations represent the same
taxonomic entity.

Mitchell & Mori (1987: p. 40, Table 1V) distinguished
the cerrado ecotype by its “undulate, thickly coriaceous
leaves with short, stout petioles” and usually smaller and
more acid hypocarps, whereas the restinga ecotype has
chartaceous leaves and longer petioles. The strongest
difference shown in their table is the much longer rela-
tive length of leaf blade in relation to the petiole in the
cerrado ecotype. Although our study did not sample wild
populations of the cerrado ecotype, our results agreed to
some extent in that the semi-domesticated population at
Cabeceiras had the highest blade-petiole length ratio
and the thickest leaf blades. However absolute petiole
length was greatest in the majority of non-dune popula-
tions and the dune populations we studied tended to
have low values of the leaf variables tabled by Mitchell
& Mori (Supplementary Table S3).

The vernacular name “Cajui” - The natural restinga
ecotype populations of Piaui are known locally as “cajui”
(e.g. Rufino et al. 2002, 2007, 2008a, 2008b, Rufino
2004, Maia et al. 2012, Vieira et al. 2014, Borges 2015).
Rufino et al. (2002, 2007) and Rufino (2004) studied the
fruits and hypocarps of these populations from the
standpoint of their potential as a source of food and
income for the local rural people who harvest the plants
in a traditional extractive use pattern (Figs. 10A, B, D).
Different genotypes collected from natural populations
were evaluated for a range of food-related chemical
characteristics, focussing on the hypocarp (cashew
apple), and a survey was made of local usage (Rufino
2004). Rufino et al. (2007) made detailed recommenda-
tions for a more organised agricultural production from
plants derived from these natural populations. Rufino
et al. (2008b) presented the results of a survey of local
people in the municipalities of llha Grande and Parnaiba
involved in the extractive exploitation of the natural pop-
ulations of the Dunes ecotype (cajui). Comissao llha
Ativa (2014) published an illustrated guide to sustainable
extractivism of the same populations in the municipalities
of Parnaiba and llha Grande that we studied. Gomes
et al. (2013) studied non-domesticated genotypes of
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cajui (determined as Anacardium spp.) from the cerra-
dos of Piaui and Gomes (2017) used the name cajui
(also determined as Anacardium spp.) in a study of nat-
ural cerrado populations from Piaui (Sete Cidades
National Park).

Cajui, however, is also the vernacular name of a wide
range of Anacardium species, from small shrubs with
underground stems in cerrado vegetation to huge Ama-
zonian trees, the only common characteristic of which is
that their drupes or hypocarps are of smaller size than
the domesticated cashew (“caju” in Brazil). Mitchell &
Mori (1987), Rufino (2004, after Lima 1988) and Agos-
tini-Costa et al. (2006) cited “cajui” or “cajuhy” as one of
the vernacular names of A. corymbosum Barb.Rodr.,
A. giganteum J.Hancock ex Engl., A. humile A.St.-Hil.,
A. microsepalum Loes., A. nanum A.St.-Hil., A. occiden-
tale, and A. spruceanum Benth. ex Engl., and also A.
amilcarianum Machado, A. microcarpum Ducke, A. otho-
nianum Rizzini, which are currently regarded as syn-
onyms of A. occidentale. The Brazilian cashew
agricultural industry is more precise; drupes that weigh
less than 3.3 g after harvesting are classified as cajui
(Rufino et al. 2007). Pontes & Ribeiro (2006) define
cajui as smaller-sized “fruits” (drupe and hypocarp) of
either cerrado plants or domesticated cashew trees.

The cerrado ecotype in Piaui — Anacardium occi-
dentale also occurs naturally in the cerrado biome of
Brazil (Mitchell & Mori 1987, Luz & Pirani 2017). Ratter
et al. (2017) cite it as one of the dominant species of
the core cerrado flora, occurring in twelve Brazilian
states, including southern Piaui and southern Ceara.
There are many records of the species from vegetation
studies carried out in Piaui which indicate that this spe-
cies is a natural component of more than one type of
cerrado vegetation. Castro (2013) provided details for
Piaui, showing that this vegetation extends to the littoral
region of the state. In the northern (but not littoral) sector
of Piaui, Oliveira (2004) cited A. occidentale for the Sete
Cidades National Park as a prominent species of the for-
est types “cerradao”, and “floresta estacional decidua”
and the mainly grassland vegetation type “campo gra-
mindide cespitoso médio”. Silva et al. (2013, 2016) also
recorded A. occidentale (determined as “cajui”) for the
semi-deciduous seasonal forest of this national park.
Barros et al. (2016) recorded A. occidentale for various
vegetation types within the vegetational complex at
Campo Maior, Piaui (ENE of Teresina), where it was
best represented in the “Capoes Florestados”, discontin-
uous woodlands that indicate a transition between drier
and damper ground, and also in cerrado sensu stricto.
The records by Ribeiro & Tabarelli (2002) of A. micro-
carpum in three types of cerrado sensu stricto in a vege-
tation study southeast of Teresina can also probably be
ascribed to the cerrado ecotype of A. occidentale. In
southern Piaui, Castro et al. (2009) cited A. occidentale,
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with the vernacular name “cajui”, for the vegetation of
Serra Vermelha, classified as “Floresta Estacional
Semidecidual de Transicao”, but since the authors did
not include it in their sampling it must have been rare
there.

Conclusions

e The natural (dune) populations are in general more
similar to one another than to domesticated or
semi-domesticated (nondune) populations, but there
is morphological overlap with the nondune popula-
tions geographically nearest to them such that no
single variable separates the dune from the non-
dune category. Nevertheless, statistical classification
methods showed a high (96.4%) success rate of
assignment of individuals to the dune category over-
all and to dune populations individually (86% to
100%).

e Of the variables studied, the most statistically dis-
criminatory for the natural (dune) populations were
their shorter, broader leaf blades, shorter drupes and
fewer leaf secondary veins.

e In the natural dune populations, the least variable
characters were drupe length and number of sec-
ondary veins in the leaf blade, and the most variable
were hypocarp and petiole length.

e The range of within-population morphological varia-
tion in the natural populations studied is similar to, if
slightly less than, that of the semi-domesticated
ones.

e There is a significant correlation between interpopu-
lation geographical distance and their morphological
dissimilarity.

e The similarity relations of the populations sampled
are explained best by their proximity to the coast.
Non-natural (nondune) populations nearest the coast
show strongest similarity to the natural (dune) popu-
lations. This could be due either to gene flow
between wild and domesticated genotypes, or to
non-inherited effects of the coastal environment or
both.

e Populations distant from the coast are most divergent
from one another. The Cabeceiras population, in a
region where cerrado is the natural vegetation type,
is the most distinct of all populations studied, notably
by its distinctly thicker leaf blades and narrower peti-
oles.

e The morphometric differentiation of the populations
growing on stabilised dunes, together with their
occurrence as components of a characteristic rest-
inga vegetation community, supports their recognition
as a natural form of A. occidentale, i.e. as an infor-
mal taxonomic group; we recommend the use of the
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previously proposed term “restinga ecotype” as the
working name for the natural populations of the
coast.

e Further progress in understanding taxonomic struc-
ture within A. occidentale requires wider compar-
ison of natural populations of the restinga ecotype
along the Brazilian coastline in other states, using
both morphological and molecular data, and
between these and natural cerrado ecotype popula-
tions.
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Supporting information

Additional supporting information may be found in the
online version of this article at the publisher's web-site:

Figure S1. Principal component analysis, data set 1.
Ordination of individual means data set using scaled
data. Best viewed in electronic version.

Figure S2. Barplots of the variable loadings of a linear
discriminant analysis (LDA) of data set 1, computed from
the scaled version of the individual means data set,
using populations as the categorical variable. A. First
discriminant axis. B. Second discriminant axis.

Figure S3. Cross-validation results from the linear dis-
criminant analysis (LDA) of the scaled individual means
data set (data set 1) using populations as the categorical
variable. Each bar shows a population as constituted by
the LDA cross-validation test, in which the bar name is
that of the population whose individuals comprise its lar-
gest component. The length of each different coloured
component of the bar is proportional to the number of
individuals of the original populations (see inset legend)
present in it. The more dominant one such component
is, the more consistent and distinct the original popula-
tion may be inferred to be as regards its morphological
variation. Best viewed in electronic version.

Figure S4. Linear discriminant analysis of mean vectors
of populations (data set 1). Ordination of population
means shown in the space of the first two discriminant
axes. Best viewed in electronic version.
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Table S1. Notes on multivariate morphometric studies of
Anacardium occidentale and A. humile published
between 1999-2017, tabled in chronological order. Some
studies were not obtainable online and were not seen,
but they are reported here as cited by other authors.
Only postgraduate and undergraduate studies that are
available online are reported here.

Table S2. Results of univariate analysis tests. A. Raw
data set. B. Individual means data sets (population multi-
variate outliers removed, individual replicates averaged).
C. Individual means data set (Data set 1 only): Results
for tests between the natural and domesticated popula-
tion categories (factor dune — nondune). N = Shapiro-
Wilk test of normal distribution; Bartlett = Bartlett para-
metric test of homogeneity of variances of populations;
Fligner = Fligner-Killeen non-parametric test for equality
of variances of populations; Anova = Parametric analysis
of variance test for differences in means of populations;
Kruskal = Kruskal-Wallis non-parametric test for differ-
ences in central values of populations; F = F parametric
test to compare variances of two categories; t = Welch
two sample parametric t-test for differences in means of
two categories; Wilcoxon = Wilcoxon non-parametric test
for differences in central values of two categories. All
tests carried out in R version 3.5.0 (R Core Team 2018).

Table S3. Variables from our data set tabulated follow-
ing Table IV of Mitchell & Mori (1987: 40), which com-
pares  Anacardium occidentale ecotypes. Dune
populations are highlighted in beige and the cerrado
region population in green.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



