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Abstract: Sweet chestnut (Castanea sativa Mill., Fagaceae) is one of the oldest cultivated tree species
in the Mediterranean, providing multiple benefits, and, since it has edible seeds, it represents an
interesting model species for the research of morphological and chemical variability. In this study,
morphometric methods and chemical analyses were used to quantify the extent of differences in
phenotypic and nutritional traits between eight natural populations of sweet chestnut from different
environmental conditions, where different management types are applied, high-forest and coppice.
The samples were collected from the Prealps in Italy to the western part of Bosnia and Herzegovina.
In total, 31 nut and kernel morphometric and nutritional traits were studied on 160 trees, and various
multivariate statistical analyses were used to study intra- and interpopulation variations. Both
analyses, morphometric and chemical, revealed a similar pattern of diversity, with morphological
and chemical variability not associated with geographic or environmental variables. In addition, we
found significant correlations between morphometric and chemical data. High phenotypic variability
was determined both among and within the studied populations, and all populations had a similar
level of diversity. The results of the analysis of morphological and chemical diversity can have
many practical applications for the management, production, and conservation of the sweet chestnut
genetic resources for nut production.

Keywords: fruits; population diversity; population structure; morphometric analysis; chemical analysis

1. Introduction

Sweet chestnut (Castanea sativa Mill.) is a medium–large, monoecious insect- and
wind-pollinated deciduous tree that belongs to the family Fagaceae [1]. This species is
characterized by oblong–lanceolate toothed leaves and spiky cupules containing one to
three (seven) reddish-brown nuts with edible, creamy-white seeds, usually called kernels.
It is distributed in the Mediterranean area, from the Caspian Sea to the Atlantic Ocean,
from 51◦ north latitude in southwestern Germany and southern England, to 37◦ north
longitude on Tlemcen Mountains in Algeria [2]. Due to its multiple benefits (wood, fruit,
honey, and tannin), along with vine and olive, it is one of the oldest cultivated woody
species; hence, it is hard to determine the exact boundaries of its natural distribution [3,4].
Nevertheless, pollen and plant macrofossil analyses suggest that the most probable natural
range of sweet chestnut is delimited by several macro-regions [5]: the Transcaucasian
region, northwestern Anatolia, the Apennines on the Italian Peninsula, the hills of the
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Prealps in northeastern Italy with a possible extension into Slovenia, the Cantabrian coast
in the Iberian Peninsula, and the Balkan Peninsula, with one center in southern Greece and
another one in Macedonia and southwestern Bulgaria. This was also confirmed by several
genetic studies [6–12].

In its natural range, it grows at different altitudes, from 200 m all the way to 1800 m,
depending on the climate and latitude [13]. It does not grow in the lowlands as they are too
humid and cold for it, nor in high mountainous regions, where there are great variations in
daily and annual temperatures [14,15]. In general, sweet chestnut can be defined as a warm–
temperate species that prefers acidic, deep, and well-drained soils [16]. It grows in areas
where annual precipitation ranges from 750 to 1200 mm, and mean annual temperature
from 8◦ to 15 ◦C. Sweet chestnut avoids evergreen Mediterranean woods because they
are too dry and too warm for it, as well as cold and foggy locations, and, in particular,
cold valleys and frost pockets. In areas with warmer climate, it grows on northern and
northeastern exposures and in humid valleys. Conversely, in northern regions and higher
altitudes, it seeks sunny and warm habitats. Besides natural forests, we also find it in fruit
orchards as grafted trees.

The origins of sweet chestnut growing and cultivation date back to ancient history, to
the times of the ancient Greek and Roman civilizations [3]. Regardless of the reasons for its
growing, for the wood or for nuts, intensive use of its forests is the main characteristic [15].
In the sweet chestnut distribution area, in addition to traditionally open stands composed
of grafted chestnut trees (selected varieties) for fruit production, two main silviculture man-
aging types may be identified [16,17]: high-forest and coppices. High-forest can be defined
as chestnut stands that originate directly from seedlings without coppicing or grafting.
In those stands, management follows longer rotation periods, 40–60 (100) years [18], and,
because of that, the trees in those stands are of bigger dimensions. The wood obtained from
high-forests is of high quality and can be used in the construction industry and manufacture
of furniture. Still, regardless of its dimensions, its use can sometimes be limited due to
the chestnut’s susceptibility to the ring-shake. A more traditional type of management for
sweet chestnut timber production is the coppice system. Coppice stands are usually pure
chestnut forests where tree stems are repeatedly cut down and renewed from dormant
buds of the stump. In this management type, a canopy is usually formed from multiple
stems from a common stump. Due to high resprouting ability and remarkably fast growing,
coppice represents the main type of forest management with about 80% of the chestnut
forests for wood production [16,17]. The wood from such stands has a broad application
in various activities, and is used as raw material for tannin and coal, as firewood, and in
the manufacture of pillars, stakes, sticks, and various small items, such as barrels, shingles,
sleepers, etc. Depending on the desired products, the silvicultural practices and rotation
periods (5–30 years) for coppice stands are quite diverse. Regardless of the type of man-
agement mentioned above, whether high-forest or coppice, chestnut forests were used not
only for timber production, but also for nut production.

Such a long-range distribution area of sweet chestnut throughout Europe and Asia
Minor, with contrasting environmental conditions and varying silvicultural management
practices, has significantly affected ecotypic differentiation, genetic polymorphism, and
phenotypic plasticity. Several studies have been carried out so far, which established that
environmental characteristics [10,19–21] and management type [22,23] can affect the genetic
diversity of sweet chestnut populations. Martín et al. [20] highlighted the separation of
sweet chestnut populations from the north and the south by EST-SSRs as the existence of dif-
ferentiation in adaptive traits. Similar results were also reported by Míguez-Soto et al. [21]
for Mediterranean and northern Iberian gene pools of wild sweet chestnut populations. The
above-mentioned authors revealed that both gene pools identified in the Iberian Peninsula
with neutral markers, Mediterranean and north, correspond to two different ecotypes, xeric
and mesophytic, adapted to their climatic conditions as a consequence of natural selection
caused by drought in the central and southern populations, and by cold temperatures in
the north of the Iberian Peninsula. In addition, it was found that long-term management
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techniques may influence the genetic diversity of sweet chestnut populations [22]. How-
ever, when comparing managed coppice and naturalized stands, their results, in general,
only showed slight (nonsignificant) differences in within-population genetic parameters,
and weak, though significant, differences in the amount of two-locus disequilibrium [22].
Nevertheless, little is known about how management types and environmental conditions
affect phenotypic and chemical properties of natural sweet chestnut populations. A large
number of morphometric [24–31] and/or chemical [32–45] studies have been carried out
to date on the nuts of grafted trees from orchards, while there are only a few studies that
include a morphometric analysis of nuts from natural populations [46–51].

Given the context provided above, in the present study, we aim to contribute to the
understanding of the morphological and chemical diversity of wild sweet chestnut pop-
ulations. To do that, we collected samples from 160 trees originating from eight natural
populations stretching from the Prealps in Italy to the western part of Bosnia and Herze-
govina. In our study, we considered populations from different environmental conditions,
continental and sub-Mediterranean biogeographical regions, where different management
types are applied, high-forest and coppice. Our main objectives were to evaluate morpho-
logical diversity, kernel proximate composition, macro- and micronutrients, and population
structure and to test the correlations between geographic, environmental, morphological,
and chemical variation in wild sweet chestnut populations.

2. Materials and Methods
2.1. Plant Material

The material for morphometric and chemical analysis was collected from eight wild
sweet chestnut populations (Table 1). The study encompassed five populations from Croatia
and one population from Italy, Slovenia, and Bosnia and Herzegovina each. Basic informa-
tion on the populations, such as sampling sites, biogeographical region, and management
type, is shown in Table 1. Within each population, samples were collected from 20 trees,
and approximately 1 kg of nuts was collected from each tree and subsequently used for
morphometric and chemical analyses. Minimum distance between the trees from which the
samples were collected was 50 m, in order to avoid taking samples from related individuals.

Table 1. Acronyms, sample size (N), geographic co-ordinates, countries, biogeographical regions,
and management types for eight sweet chestnut (Castanea sativa Mill.) populations.

Acronym Population N Latitude Longitude Country Biogeographical
Region Management Type

P01 Combai 20 12.056333 45.928222 ITA sub-Mediterranean high-forest
P02 Pazin 20 13.916000 45.234361 CRO sub-Mediterranean high-forest
P03 Bosiljevo 20 15.278500 45.415306 CRO continental high-forest
P04 Karlovac 20 15.499583 45.481917 CRO continental high-forest
P05 Tisovec 20 15.845389 46.270917 SVN continental high-forest
P06 Macelj 20 15.836222 46.257139 CRO continental high-forest
P07 Petrova gora 20 15.833917 45.318667 CRO continental coppice
P08 Cazin 20 15.955278 44.980444 BIH continental coppice

2.2. Morphometric Analysis

The morphometric analysis included only the nuts located laterally in cupules [46,48–51].
Ten nut traits (Figure S1) and eight ratios were examined on a total of 20 nuts from each tree
to evaluate variation among and within sweet chestnut populations. First, nut mass was
determined, and then the following characteristics were measured using a digital caliper:
nut height (NH), width (NW), and thickness (NT); distance from nut base to the point of
maximum nut width (PMNW); and hilum length (HL) and width (HW). Afterwards, the nuts
were cut across at the widest point, the number of kernels (NK) and the number of intrusions
of the seed coat into the kernel (NI) were counted, and the length of the longest intrusion of
the seed coat into the kernel (LI) was measured. The following ratios were calculated from
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the measured characteristics: nut height/nut width (NH/NW), nut thickness/nut height
(NT/NH), nut thickness/nut width (NT/NW), hilum length/nut width (HL/NW), hilum
width/nut thickness (HW/NT), hilum width/hilum length (HW/HL), length of the longest
intrusion of the seed coat into the kernel/nut thickness (LI/NT). In total, traits of 3200 nuts
were measured and 57,600 simple data values were obtained and used in the statistical
processing of data.

2.3. Chemical Analysis

Immediately after collection, the freshly picked nuts were peeled. The pericarp and
seed coat were removed, leaving only the edible part of the nut remaining, that is the kernel.
The kernels were then ground and homogenized using a hand-held blender, without losing
moisture or volatile compounds [52]. A total of 50 g of ground sample from each tree was
put into Ziploc PVC bags. The bags were labelled and placed into a freezer, at −20 ◦C until
further handling.

Water, ash, crude protein, and crude fat contents were determined according to the
procedures established by the Association of Official Analytical Chemists (AOAC). All
analyses were performed in duplicate. Water content was measured using the physi-
cal, indirect method of drying the sample at 105 ◦C over 5 h until a constant mass was
achieved [53]. Total mineral content was determined as ash content in the form of inorganic
matter remaining after combustion of organic matter. A previously carbonized sample was
combusted in a muffle oven using the dry combustion method at 580 ◦C until a uniform
light grey ash was produced or the combusted matter showed constant mass [54]. To
determine the crude fat content, previously weighed and dried chestnut samples were
put into the Soxhlet apparatus and underwent continuous and repetitive extraction using
organic solvents [55]. The extraction interval took 16 h and medicinal-grade petroleum
was used as solvent. The Kjeldahl method was employed to determine the total nitrogen
content [56], in combination with a copper catalyst using the block digestion system Foss
Tecator 6–1007 Digestor and the Foss Kjeltec™ 8100 Auto Distillation unit. Crude protein
content was obtained by multiplying total nitrogen by a conversion factor of 5.30. The
carbohydrate content was estimated by subtracting all previously mentioned components
from 100% [39,40,44,45,57,58].

Macro- and micronutrients (K, Ca, Mg, Na, Cu, Fe, Mn, and Zn) were determined by
atomic absorption spectrometry using the Varian SpectrAA 220 spectrophotometer. Ash
solution was prepared by dissolving cooled ash in nitric acid by heating the solution on
the gas burner for approximately 30 min. This enabled the minerals (metals) present in the
ash to transform into nitrate form, which is preferred for further analysis. The ash solution
was transferred into a volumetric flask of known volume and filled up to the mark with
deionized water.

2.4. Statistical Analysis

Descriptive statistics, including arithmetic mean, standard deviation, and coefficient
of variation, were calculated for the particular morphometric and chemical traits for each
population in order to determine the range of their variation [59]. To determine intra- and
interpopulation nut morphological variation, hierarchical analysis of the variance (ANOVA)
was used. The analyzed factors of variability were population and tree by nesting the tree
factor into the population factor. Univariate analysis of variance was performed to test
for differences in the mean values between the studied populations for 13 chemical traits.
Descriptive statistics and ANOVA analyses were carried out using the program package
STATISTICA [60].

Several multivariate analyses were used to examine the morphological and chemical
diversity of the studied populations: the analyses were performed separately for mor-
phological data and for chemical data. Firstly, principal component analysis was used to
calculate the principal components across all individuals and all studied morphometric
and chemical traits. Biplots were constructed by two principal components showing the an-
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alyzed individuals and traits. In addition, discriminant analysis was performed to evaluate
the utility and importance of the studied morphological and chemical traits by determining
which traits were most useful for maximizing population differentiation. Classification
discriminant analyses were then used to determine the proportion of individuals that were
correctly classified into the studied populations. A cross-validation testing procedure was
performed prior to the classification discriminant analysis. In cross-validation, five indi-
viduals were removed from the original dataset. Finally, a canonical discriminant analysis
was performed based on the minimal dataset of traits that differentiated best between the
studied populations. In addition, a cluster analysis was employed to obtain an overall
view of the structure of the data using populations as operational taxonomic units (OTUs).
Pairwise Euclidean distances were calculated, and cluster analysis was performed using
the unweighted pair-group method with arithmetic mean (UPGMA). Finally, the results of
cluster analysis were plotted in the form of dendrograms. The above multivariate statistical
analyses were conducted using the statistical program R [61].

To test correlation between morphometric, chemical, geographic, and environmental
data, four different matrices were calculated. Climate data from the WorldClim 2 database
with a spatial resolution close to one square kilometer were used to calculate the environ-
mental distance matrix [62,63]. Environmental differences were calculated as Euclidian
distance between population means for the first three principal components of the PC
analysis. Squared Mahalanobis distances between populations were computed to obtain a
matrix of morphometric and chemical distances among populations. Geographic distances
were calculated from the latitude and longitude of the site of sample collection. Finally, to
assess isolation by distance (IBD) and isolation by environment (IBE), response matrices
(morphological differences and chemical differences) were compared to the two predictor
matrices (climate differences and geographic distance) using simple Mantel tests [64–66].
In addition, Mantel test was used to test the correlations between morphological and
chemical distance matrices. The significance level was assessed after 10,000 permutations,
as implemented in NTSYS-pc Ver. 2.02 [67].

3. Results
3.1. Nut Morphometric Traits

The results of the performed statistical analysis are shown in Table 2, by population
(N = 400) and overall for all populations together (N = 3200). The average mass of the nuts
for the eight studied populations was 7.87 g. Variability coefficients for nut mass ranged
from 24.59% for the Karlovac population to 35.84% for the Bosiljevo population. Among
the studied populations, on average, populations Macelj (9.44 g) and Pazin (9.39 g) had the
highest nut mass, followed by the populations Tisovec (8.82 g), Bosiljevo (8.33 g), Combai
(8.17 g), and Karlovac (7.96 g), and populations of Petrova gora (5.94 g) and Cazin (4.96 g)
with the lowest nut mass on average. The Petrova gora and Cazin populations were also
characterized by the lowest average measured values for nut height (NH), nut width (NW),
and nut thickness (NT), as well as for the distance from the base to the largest section of
the nut (PMNW) and hilum length (HL). The highest average values for nut width (NW)
and thickness (NT), and hilum length (HL) and width (HW) were exhibited by the Macelj
population. The longest nuts on average, with the narrowest hilum, were from the Pazin
population. In general, the coppice populations were characterized by smaller nuts.
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Table 2. Descriptive statistical parameters for studied morphometric traits. M—arithmetic mean; SD—
standard deviation; CV—coefficient of variation (%). Acronyms of populations: P01—Combai; P02—
Pazin; P03—Bosiljevo; P04—Karlovac; P05—Tisovec; P06—Macelj; P07—Petrova gora; P08—Cazin.

Trait Descriptive
Parameters P01 P02 P03 P04 P05 P06 P07 P08 Total

nut mass
M 8.17 9.39 8.33 7.96 8.82 9.44 5.94 4.96 7.87
SD 2.60 3.09 2.98 1.96 2.64 2.84 2.11 1.68 2.94
CV 31.78 32.86 35.84 24.59 29.87 30.06 35.55 33.89 37.35

nut height (NH)
M 24.85 26.90 26.15 25.48 26.72 26.17 23.31 23.40 25.37
SD 2.49 2.58 2.93 2.03 2.90 2.67 2.72 3.05 2.99
CV 10.00 9.60 11.22 7.97 10.86 10.19 11.67 13.03 11.77

nut width (NW)
M 27.97 29.95 28.92 28.64 28.56 30.07 25.09 22.96 27.77
SD 3.70 3.72 4.16 2.96 3.42 3.38 3.39 2.75 4.16
CV 13.22 12.43 14.40 10.34 11.96 11.25 13.52 11.96 14.98

distance from base to
the point of maximum

nut width (PMNW)

M 11.31 11.85 12.40 12.17 11.55 12.17 10.50 10.79 11.59
SD 1.65 1.54 1.63 1.37 1.57 1.54 1.48 1.71 1.69
CV 14.56 13.00 13.16 11.22 13.61 12.67 14.09 15.82 14.56

nut thickness (NT)
M 18.04 17.71 16.82 17.13 18.30 18.91 14.94 14.20 17.01
SD 2.62 2.90 2.72 2.36 2.83 2.79 2.60 2.17 3.05
CV 14.50 16.40 16.16 13.78 15.49 14.76 17.37 15.26 17.92

hilum length (HL)
M 21.35 20.17 22.06 21.81 20.55 23.83 19.73 17.86 20.92
SD 4.50 3.42 3.82 3.34 3.56 3.26 3.24 3.01 3.91
CV 21.07 16.96 17.33 15.34 17.31 13.69 16.40 16.88 18.70

hilum width (HW)
M 10.86 9.08 10.25 10.50 9.90 11.75 9.93 9.15 10.18
SD 2.69 1.83 1.99 2.07 1.94 1.96 2.00 1.97 2.22
CV 24.78 20.15 19.37 19.75 19.60 16.66 20.10 21.53 21.85

number of kernels (NK)
M 1.01 1.01 1.01 1.09 1.03 1.01 1.01 1.01 1.02
SD 0.07 0.07 0.10 0.30 0.17 0.07 0.10 0.10 0.14
CV 7.04 7.04 9.88 27.37 16.60 7.04 9.88 9.88 14.16

number of intrusions of
the seed coat into the

kernel (NI)

M 3.26 3.67 3.26 2.61 4.59 3.36 3.14 2.54 3.30
SD 2.08 1.95 1.70 1.88 1.75 1.89 1.97 1.85 1.98
CV 63.71 53.26 52.03 71.99 38.27 56.45 62.80 72.65 59.85

length of the longest
intrusion of the seed

coat into the kernel (LI)

M 4.04 4.88 4.70 3.79 6.15 5.73 3.96 2.71 4.50
SD 2.52 2.59 2.28 2.31 2.19 2.68 2.19 1.84 2.55
CV 62.50 52.99 48.52 60.94 35.55 46.75 55.42 67.96 56.83

NH/NW
M 0.90 0.91 0.91 0.89 0.94 0.87 0.93 1.02 0.92
SD 0.08 0.09 0.08 0.07 0.09 0.07 0.07 0.11 0.09
CV 8.96 9.56 9.00 7.83 9.30 8.21 7.25 10.28 10.03

PMNW/NH
M 0.45 0.44 0.47 0.48 0.43 0.46 0.45 0.46 0.46
SD 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
CV 10.26 8.90 7.60 8.49 8.92 7.68 9.32 8.51 9.28

NT/NH
M 0.73 0.66 0.64 0.67 0.69 0.72 0.64 0.61 0.67
SD 0.10 0.08 0.08 0.09 0.09 0.09 0.09 0.09 0.10
CV 13.37 12.61 12.72 13.19 13.00 12.56 13.33 14.59 14.33

NT/NW
M 0.65 0.59 0.58 0.60 0.64 0.63 0.60 0.62 0.61
SD 0.07 0.06 0.05 0.07 0.07 0.08 0.07 0.07 0.07
CV 11.48 10.41 9.42 11.08 11.16 11.99 11.22 11.63 11.72

HL/NW
M 0.76 0.67 0.76 0.76 0.72 0.79 0.79 0.78 0.75
SD 0.08 0.06 0.05 0.07 0.07 0.06 0.06 0.08 0.08
CV 10.10 8.49 6.15 9.66 10.04 7.94 7.54 10.50 10.18

HW/NT
M 0.60 0.51 0.61 0.61 0.54 0.62 0.67 0.65 0.60
SD 0.10 0.06 0.06 0.08 0.07 0.08 0.10 0.11 0.10
CV 16.95 12.26 10.44 13.01 13.73 12.24 15.00 16.31 16.13
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Table 2. Cont.

Trait Descriptive
Parameters P01 P02 P03 P04 P05 P06 P07 P08 Total

HW/HL
M 0.51 0.45 0.47 0.48 0.48 0.49 0.50 0.51 0.49
SD 0.09 0.06 0.06 0.06 0.06 0.06 0.06 0.08 0.07
CV 16.70 12.46 13.34 12.41 11.51 12.00 11.36 15.81 14.05

LI/NT
M 0.22 0.27 0.28 0.22 0.34 0.30 0.26 0.19 0.26
SD 0.13 0.13 0.12 0.13 0.11 0.13 0.13 0.12 0.13
CV 57.80 49.23 42.11 60.06 33.03 44.71 50.63 65.97 51.74

On average, for all populations together, one nut contained one kernel each (NK = 1.02).
Variability coefficients for this trait ranged from 7.04% for the Combai, Pazin, and Macelj
populations to 27.37% for the Karlovac population. The highest number of polyembryonic
nuts was recorded in the Karlovac population. The average number of intrusions of the
seed coat into the kernel on the largest section of the nut ranged from 2.61 in the Karlovac
population to 4.59 in the Tisovec population. The average length of those intrusions for all
populations was 19–34% of the average nut thickness (LI/NT = 0.19–0.34).

The analysis of derived variables showed that the Cazin population has nuts approxi-
mately equally wide and high (NH/NW = 1.02), while the nuts of the other populations are,
on average, wider than high. The derived ratios range from 0.87 for the Macelj population
to 0.94 for the Tisovec population. From the ratio between the height from the base to the
largest section of the nut and the nut height (PMNW/NH), we can conclude that the nuts
in all studied populations are widest at 46% of their height. The ratio of nut thickness and
height (NT/NH) is 0.67 on average for all populations, whereas the ratio of nut thickness
and width (NT/NW) is 0.61.

The variables of hilum length and width were compared with the nut width and
thickness (HL/NW and HW/NT, respectively). For all the studied populations together,
the HL/NW ratio is 0.75 and HW/NT ratio is 0.60. The variables of hilum length and
width were also put in a mutual relationship (HW/HL), which shows that the nuts of all
populations have a hilum that is, on average, twice as long as wide (HW/HL = 0.49). In
terms of the above traits, the Pazin population stands out, as it is characterized by the
lowest values for the above variables.

The results of the hierarchical analysis of variance are shown in Table 3. The analysis
showed that the populations and trees within the populations were statistically significantly
different for all traits analyzed. For the majority of measured traits, it was demonstrated
that the largest share of variability from the total variance is conditioned by the variability
of trees within the population. Exceptions were nut thickness (NT) and distance from
nut base to the point of maximum nut width (PMNW), where the variability among trees
within populations was somewhat less than the variability of nuts within the tree, and
variables NK, NI, and LI, where the component of residual variance accounts for the
highest share of variability. The “effect of error” was greater than the “effect of tree” for the
derived variables PMNW/NH, NT/NH, NT/NW, HW/HL, and LI/NT, and smaller for
the variables NH/NW, HL/NW, and HW/NT.

Table 3. Results of the hierarchical analysis of variance for nut and kernel morphometric traits.

Trait Variance Component df %
Variation F p

nut mass
Among populations 7 26.40 11.3574 <0.0001
Within populations 152 48.46 20.2724 <0.0001

Error 25.14
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Table 3. Cont.

Trait Variance Component df %
Variation F p

nut height (NH)
Among populations 7 18.47 7.09504 <0.0001
Within populations 152 58.30 26.0985 <0.0001

Error 23.23

nut width (NW)
Among populations 7 31.67 14.2809 <0.0001
Within populations 152 45.40 20.7954 <0.0001

Error 22.93

distance from base to
the point of maximum

nut width (PMNW)

Among populations 7 13.95 6.98548 <0.0001
Within populations 152 42.23 10.6354 <0.0001

Error 43.82

nut thickness (NT)
Among populations 7 26.22 13.7966 <0.0001
Within populations 152 36.45 11.2423 <0.0001

Error 37.33

hilum length (HL)
Among populations 7 17.28 6.89291 <0.0001
Within populations 152 55.98 21.9393 <0.0001

Error 26.74

hilum width (HW)
Among populations 7 12.49 5.34088 <0.0001
Within populations 152 54.21 17.2763 <0.0001

Error 33.30

number of kernels
(NK)

Among populations 7 2.56 3.43539 <0.01
Within populations 152 12.56 2.47944 <0.0001

Error 84.88

number of intrusions
of the seed coat into

the kernel (NI)

Among populations 7 8.68 5.99596 <0.0001
Within populations 152 28.45 5.52612 <0.0001

Error 62.87

length of the longest
intrusion of the seed

coat into the kernel (LI)

Among populations 7 16.80 11.0424 <0.0001
Within populations 152 27.92 6.05035 <0.0001

Error 55.28

NH/NW
Among populations 7 21.28 9.30401 <0.0001
Within populations 152 48.20 16.79345 <0.0001

Error 30.52

PMNW/NH
Among populations 7 12.15 10.8916 <0.0001
Within populations 152 17.54 3.49451 <0.0001

Error 70.31

NT/NH
Among populations 7 15.79 9.23331 <0.0001
Within populations 152 33.25 7.52340 <0.0001

Error 50.97

NT/NW
Among populations 7 10.09 7.36716 <0.0001
Within populations 152 25.21 4.89694 <0.0001

Error 64.70

HL/NW
Among populations 7 23.67 10.2695 <0.0001
Within populations 152 48.26 18.1867 <0.0001

Error 28.08

HW/NT
Among populations 7 24.91 12.9752 <0.0001
Within populations 152 37.88 11.1793 <0.0001

Error 37.21

HW/HL
Among populations 7 8.44 5.97359 <0.0001
Within populations 152 27.55 5.30367 <0.0001

Error 64.01

LI/NT
Among populations 7 10.89 7.35714 <0.0001
Within populations 152 28.17 5.62329 <0.0001

Error 60.94
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3.2. Kernel Chemical Composition

The proximate composition and macro- and micronutrients of wild sweet chestnut
kernels are presented in Table 4. Total carbohydrates were the major compound in the
sweet chestnut kernels, ranging from 88.70 g per 100 g dm (Macelj population) to 90.77 g
per 100 g dm (Bosiljevo population). The values were relatively uniform, and the average
coefficient of variation was very low (CV = 1.21%). The mean water content value was
57.57%, with a coefficient of variation of 4.51%. In general, high-forest populations had
somewhat lower water content values than the managed coppice populations. Crude
protein and crude fat presented significantly lower values: average crude protein content
was 4.26 g per 100 g dm, and average crude fat content was 2.86 g per 100 g dm. Both of
these parameters were very variable. The coefficient of variation was 16.48% for crude
protein content and 24.86% for crude fat content. Ash content values ranged from 2.67 g
per 100 g dm to 3.50 g per 100 g dm, with a mean value of 3.06 g per 100 g dm. Differences
between the studied populations were confirmed for all studied proximate constitutes.

Table 4. Descriptive statistical parameters and level of significance for studied chemical traits.
M—arithmetic mean; SD—standard deviation; CV—coefficient of variation (%), dm—dry matter.
Acronyms of populations: P01—Combai; P02—Pazin; P03—Bosiljevo; P04—Karlovac; P05—Tisovec;
P06—Macelj; P07—Petrova gora; P08—Cazin.

Trait Descriptive
Parameters P01 P02 P03 P04 P05 P06 P07 P08 Total p

w (water)/(g/100 g)
M 54.79 56.35 56.76 58.49 55.26 58.89 59.75 60.28 57.57

<0.0001SD 1.60 1.61 1.91 2.05 2.48 1.64 1.17 1.29 2.60
CV 2.91 2.85 3.36 3.51 4.49 2.78 1.96 2.15 4.51

w (ash)/(g/100 g dm)
M 2.76 2.94 2.90 3.03 2.67 3.37 3.29 3.50 3.06

<0.0001SD 0.26 0.23 0.35 0.23 0.83 0.23 0.32 0.24 0.47
CV 9.28 7.84 11.89 7.44 31.14 6.70 9.87 6.82 15.39

w (crude fat)/(g/100 g dm)
M 2.85 3.45 2.34 3.23 3.14 3.19 2.05 2.67 2.86

<0.0001SD 0.56 0.65 0.39 0.58 0.82 0.45 0.47 0.47 0.71
CV 19.60 18.91 16.55 18.10 26.05 13.97 22.72 17.44 24.86

w (crude protein)/(g/100 g dm)
M 4.39 4.24 3.99 4.48 3.73 4.73 3.89 4.65 4.26

<0.0001SD 0.61 0.28 0.50 0.87 0.46 0.71 0.85 0.51 0.70
CV 13.80 6.51 12.45 19.47 12.24 14.92 21.88 11.08 16.48

w (total carbohydrates)/
(g/100 g dm)

M 90.00 89.37 90.77 89.26 90.47 88.70 90.76 89.18 89.82
<0.0001SD 0.87 0.71 0.63 0.97 0.99 0.68 0.85 0.72 1.09

CV 0.96 0.80 0.69 1.09 1.09 0.77 0.93 0.81 1.21

w (Cu)/(mg/100 g dm)
M 0.85 0.94 0.91 0.84 0.79 0.86 0.87 0.75 0.85

<0.0001SD 0.09 0.12 0.11 0.06 0.03 0.08 0.11 0.15 0.11
CV 10.59 12.74 12.42 7.61 4.31 9.39 12.98 20.38 13.46

w (Zn)/(mg/100 g dm)
M 1.28 1.39 1.35 1.35 1.34 1.38 1.24 1.13 1.31

<0.0001SD 0.12 0.21 0.17 0.08 0.15 0.19 0.24 0.18 0.19
CV 9.17 15.25 12.65 6.04 10.98 14.05 19.15 16.11 14.49

w (Fe)/(mg/100 g dm)
M 1.69 1.70 1.79 1.19 1.50 1.51 1.48 1.65 1.56

<0.0001SD 0.10 0.28 0.34 0.23 0.19 0.26 0.30 0.51 0.34
CV 5.80 16.35 19.24 19.35 12.43 17.15 20.48 30.75 21.74

w (Mn)/(mg/100 g dm)
M 8.89 9.80 11.52 12.54 3.58 3.42 9.79 14.15 9.21

<0.0001SD 2.98 1.97 1.96 3.81 1.66 1.12 2.45 3.15 4.42
CV 33.51 20.10 17.01 30.37 46.47 32.85 25.02 22.27 47.99

w (Na)/(mg/100 g dm)
M 9.29 11.37 10.68 9.16 12.65 7.39 8.67 11.66 10.11

<0.0001SD 3.00 4.67 4.17 2.37 2.52 1.63 2.04 2.24 3.37
CV 32.29 41.08 39.06 25.89 19.91 22.10 23.50 19.21 33.33

w (Ca)/(mg/100 g)
M 100.03 177.03 183.02 108.51 90.22 118.67 147.88 160.74 135.76

<0.0001SD 31.28 41.56 45.63 27.40 8.45 39.64 24.75 32.81 46.94
CV 31.27 23.47 24.93 25.25 9.37 33.40 16.74 20.41 34.58
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Table 4. Cont.

Trait Descriptive
Parameters P01 P02 P03 P04 P05 P06 P07 P08 Total p

w (Mg)/(mg/100 g dm)
M 123.35 145.87 144.93 156.03 134.09 179.40 193.69 198.41 159.47

<0.0001SD 15.50 19.76 27.12 22.60 10.69 36.52 27.72 23.86 35.24
CV 12.57 13.54 18.71 14.48 7.97 20.36 14.31 12.03 22.10

w (K)/(mg/100 g dm)
M 2026.29 2209.35 1907.87 2134.40 1494.79 2514.16 2253.74 2468.82 2126.18

<0.0001SD 269.01 336.41 300.68 314.04 174.84 582.53 264.67 173.35 441.53
CV 13.28 15.23 15.76 14.71 11.70 23.17 11.74 7.02 20.77

All of the macro- and micronutrients varied significantly among studied populations.
For macronutrients, K was the most abundant, ranging from 1907.87 mg per 100 g dm
in the Bosiljevo population to 2514.16 mg per 100 g dm in the Macelj population, with
2126.18 mg per 100 g dm as the mean value. The second most abundant macronutrient was
Mg, varying from 123.35 mg per 100 g dm in the Italian population Combai to 198.41 mg
per 100 g dm in the Bosnia and Herzegovina population Cazin, with 159.47 mg per 100 g
dm as the mean value. The Mg content was followed by Ca content. In general, higher
Mg content was characteristic of extensively managed coppice populations (P07 and P08)
and the highest Ca content of high-forest populations (P02 and P03) characterized by the
carbonate substrate, covered with a deep soil layer. Regarding the micronutrients, Na and
Mn were the most abundant. Mean Na value was 10.11 mg per 100 g dm, and Mn 9.21 mg
per 100 g dm. Other studied micronutrients had significantly lower average values. Mean
Fe value was 1.56 mg per 100 g dm, Zn 1.31 mg per 100 g dm, and Cu 0.85 mg per 100 g
dm. In general, the populations characterized by the carbonate substrate, covered with
a deep soil layer showed higher levels of Fe and Cu, and the coppice populations lower
levels of Zn.

3.3. Population Structure and Correlations between Morphological, Chemical, Geographical, and
Environmental Distances

Principal component (PC) analysis based on ten morphological traits revealed that the
first two principal components explained 75.1% of the total variability (Figure 1, Table S1).
All of the studied morphometric traits were in negative correlation with the first principal
component, and the highest correlations were related to the nut and hilum dimensions. The
number of intrusions into the kernels and their length were in positive correlation with the
second principal component. The biplot constructed by the first two principal components
is presented in Figure 1. Although the studied trees on the graph form a continuous cloud
of data along the first PC axis, there is a tendency to separate the individuals according to
their management type.

The first two components from the PC analysis of the chemical traits explained 28.6%
and 16.1% of the total variation, respectively (Figure 2, Table S2). PC1 was negatively related
to K, water, ash, Mg, Ca, and crude protein content, and positively to total carbohydrate
content. PC2 was positively correlated with Ca, Cu, Na, Fe and total carbohydrate content,
and negatively with crude protein content. The third, fourth, and fifth PC axes contributed
substantially less to the overall variability, with 12.7%, 10.3%, and 8.1%, respectively.
However, they all have Eigen values greater than 1. Similar to the morphometric analysis,
a trend of separation between the samples from coppice populations and the samples from
high-forest populations could be observed along the first PC axis.
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Figure 1. Principal component (PC) analysis of eight sweet chestnut populations based on ten
morphological traits. The color of the signs is related to the biogeographical region and management
type: yellow color—sub-Mediterranean high-forest populations; blue color—continental high-forest
populations; and green color—continental coppice populations. Morphometric traits: nut height
(NH); nut width (NW); distance from nut base to the point of maximum nut width (PMNW); nut
thickness (NT); hilum length (HL); hilum width (HW); number of kernels (NK); number of intrusions
of the seed coat into the kernel (NI); length of the longest intrusion of the seed coat into the kernel (LI).
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Figure 2. Principal component (PC) analysis of eight sweet chestnut populations based on 13 chemical
traits. The color of the signs is related to the biogeographical region and management type: yellow
color—sub-Mediterranean high-forest populations; blue color—continental high-forest populations;
and green color—continental coppice populations.
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Eight out of ten morphological traits (distance from nut base to the point of maximum
nut width (PMNW), nut width (NW), nut thickness (NT), kernels per nut (NK), length
of the longest intrusion of the seed coat into the kernel (LI), nut mass, number of intru-
sions of the seed coat into the kernel (NI), and hilum width (HW)) were selected as the
best discriminating factors between the studied sweet chestnut populations by stepwise
discriminant analysis (Table S3). The discriminant function based on eight morphometric
traits showed a classification success of 64.2%. The classification of samples from the
Petrova gora population was characterized by the lowest levels of accuracy (46.7%), and the
Bosnian and Herzegovinian population Cazin by the highest (86.7%). The analysis based
on eight traits revealed that the first canonical discriminant variate (CV1) explained 46.2%
of the variation between populations. Although considerable overlap between studied
populations in morphospace was revealed, samples from high-forest populations were
grouped on the left side of the graph, and samples from coppice populations on the right
side of the graph (Figure 3).
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Figure 3. Discriminant analysis of eight sweet chestnut populations based on eight morphological
traits that were the most useful for maximum discrimination between studied populations. Each
individual tree is indicated by a small sign, while the population barycenters are represented by larger
ones. The color of the signs is related to the biogeographical region and management type: yellow
color—sub-Mediterranean high-forest populations; blue color—continental high-forest populations;
and green color—continental coppice populations. Morphometric traits: nut width (NW); distance
from nut base to the point of maximum nut width (PMNW); nut thickness (NT); hilum width (HW);
number of kernels (NK); number of intrusions of the seed coat into the kernel (NI); length of the
longest intrusion of the seed coat into the kernel (LI). Canonical discriminant variate (CV).

Regarding the kernel nutritional value, Mn, Mg, Ca, K, Cu, crude fat, and water
had the highest discrimination power between populations by stepwise discriminant
analysis (Table S4). In terms of significance, the variables that follow are Na, Fe, Zn,
and crude protein content. Seven discriminant variates were obtained, of which the first
five were characterized by Eigen values higher than 1. The first canonical discriminant
variate accounts for 49.0% of the total variation, and the other four for 46.7%, which
makes a total of 95.7% of total variability. From the means of canonical variables, it
can be seen that the first canonical discriminant variate best discriminated the coppice
populations Cazin and Petrova gora from the other high-forest populations, while the
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second variate best discriminated the Macelj and Tisovec population from the Bosiljevo,
Pazin, and Combai populations (Figure 4). This pattern was primarily determined by
water and Mg content, which most strongly influenced the first canonical discriminant
variate. From Figures 3 and 4, it is evident that the studied populations can be better
distinguished based on the chemical composition of kernels than on morphological traits
of the nuts. This was also corroborated by the results of classification discriminant analysis.
The overall classification rate for chemical analysis was 94.2%. The highest percent of
correctly classified individuals was observed in the Macelj, Tisovec, and Petrova gora
populations (100%), and the lowest in the Pazin population (80%).
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Figure 4. Discriminant analysis of eight sweet chestnut populations based on 11 chemical traits that
were the most useful for maximum discrimination between studied populations. Each individual
tree is indicated by a small sign, while the population barycenters are represented by larger ones. The
color of the signs is related to the biogeographical region and management type: yellow color—sub-
Mediterranean high-forest populations; blue color—continental high-forest populations; and green
color—continental coppice populations. Canonical discriminant variate (CV).

In both cluster analyses, morphometric and chemical, the same pattern of population
grouping was found (Figures S2 and S3). The studied populations were divided into two
groups, of which the first included coppice populations of Petrova gora and Cazin, and the
other high-forest populations Bosiljevo, Combai, Tisovec, Macelj, and Karlovac.

In order to determine whether the observed phenotypic and chemical variability
was caused by geographical (IBD) or environmental distances (IBE) between the studied
populations, the Mantel test was performed. Population-level pairwise morphological
and chemical distance was not related to the geographic distance between populations
(morphological r = -0.078, p = 0.463; chemical r = 0.198, p = 0.150), nor to environmental
distance (morphological r = 0.232, p = 0.149; chemical r = 0.170, p = 0.210). Finally, pairwise
morphological and chemical distance matrices were strongly correlated (r = 0.529, p < 0.01).

4. Discussion
4.1. Nut Morphometric Traits

Our results clearly demonstrate a significant morphological diversity of sweet chestnut
nuts from high-forest stands and extensively managed coppices. The mean values of specific
traits that describe the size and shape of the sweet chestnut fruits detected in this study
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were similar to those reported in flora and dendrology textbooks [68–71] or morphometric
studies [46–51]. However, the marginal values for particular traits herein were much wider
than in previously published research papers. Those differences probably resulted from the
size of the sample collection and the size of the study area. Nevertheless, mean nut sizes of
wild sweet chestnut populations in this and other studies were significantly lower compared
to those of cultivated sweet chestnut varieties from orchards [24–32,44,45]. In addition, nuts
from cultivated sweet chestnut trees from orchards were characterized by a significantly
lower number of endocarp intrusions into the kernel. These findings are not surprising
since chestnut trees in orchards are the result of the long artificial selection process, which
eventually resulted in a large number of varieties with superior nut properties, such as size,
taste, and ease of peeling.

The least variable traits analyzed in this research were those describing the shape of
the nut and hilum. In addition, lower coefficients of variation were found for the height and
width of the nut, whereas thickness of the nut showed moderate variation. The somewhat
higher coefficient of variation for nut thickness compared to the values calculated for nut
height and width can be explained by the number of nuts in chestnut burrs [51]. The
cupules most often contain two or three nuts, but their number can vary from one to seven,
which can end up significantly influencing their thickness. High values of the coefficient
of variation were obtained for the trait of nut mass. The number and length of endocarp
intrusions into the kernel, and their relation to nut thickness have been shown to be the most
variable traits analyzed. Earlier morphometric studies of sweet chestnut populations reveal
similar coefficients of variation for specific nut and kernel morphological traits [46–51].

All of the studied populations were highly variable, and there were no populations
that stood out. However, these results are not in line with our earlier published data on
microsatellite diversity of sweet chestnut populations in the same area [12]. In the men-
tioned study, the genetic diversity of peripheral chestnut populations in continental Croatia
and Bosnia and Herzegovina was reduced. These results were attributed to successive
founding events during the postglacial recolonization. The similar level of morphological
variability in all populations studied herein can be explained by phenotypic plasticity that
enables sweet chestnut trees to survive, grow, and reproduce under different environmental
conditions [72–74]. Higher diversity of microhabitat conditions within those two periph-
eral populations of sweet chestnut finally resulted in a higher degree of morphological
variability. In addition, the different age of the stumps in coppice populations may also
have influenced the level of intrapopulation variability. The absence of association between
genetic and phenotypic levels of variation when comparing genetic heterozygosity with
coefficients of variation of the studied morphological traits of particular populations was
reported by Douaihy et al. [75] for Juniperus excelsa M. Bieb.

High natural variability in nut dimensions and shapes was observed within and
among populations of sweet chestnut. Similar to the present study, previous studies
demonstrated that natural populations of sweet chestnut were characterized by high
morphological [48,50,51] and genetic [9,11,12] variability, and that variability was higher
within populations than among them. In general, variation in nut attributes (shape, length,
width, thickness, and mass) of the sweet chestnut has been related to the genetic origin
and environmental conditions [46–51]. Nevertheless, in our study, nut traits related to the
dimensions were more connected to the population management type. Natural stands
were characterized by larger nuts, and coppice populations by smaller nuts.

Statistical models that we use to assess variability among and within populations
usually define “effect of error” as variability of leaves or fruits within the same tree. If the
sampling was correctly conducted according to standardized protocols, this effect should
not exceed the “effect of tree”, at least when it pertains to leaves [76,77]. Nevertheless, our
results suggest that, in the case of fruits, the “effect of tree” is responsible for a greater part
of total variability than the “effect of error”, which tells us that trees within populations
are better differentiated in terms of dimensions and shape than individual fruits of the
same tree. Similar results were also obtained by other authors who study morphological
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variability of the fruits of sweet chestnut [48,50,51] and other tree species, such as the field
elm [78] and service tree [79]. It follows that leaves compared to fruit within the same tree
are under a much higher influence of microenvironmental factors. It has also been shown
that fruits are better suitable for determining intra- and interpopulation variability in sweet
chestnut compared to leaves [80].

4.2. Kernel Chemical Composition

As far as the proximate composition and macro- and micronutrients of sweet chestnut
kernels from high-forest stands and managed coppices are concerned, the data available in
the literature are still missing. On the other hand, there are many published research papers
on the kernel chemical composition of traditional sweet chestnut varieties [32–45]. Overall,
our results confirmed that chestnuts contain high levels of carbohydrates and low amounts
of crude protein and, unlike typical nuts (walnuts, almonds, hazelnuts), low levels of crude
fat. Due to a high starch content, in their chemical composition, chestnuts are more similar
to cereals, hence the name “bread tree” for this species. The results of the chemical analysis
herein were quite close to the data reported by other authors for cultivated varieties [32–45].
However, the distribution range in our study was much wider. Our previous results on a
relatively small number of samples have confirmed the differences in total carbohydrate
content between the kernels of cultivated and wild sweet chestnut trees [44]. The kernels of
cultivated trees were characterized by higher values for total carbohydrates compared to
the kernels of wild trees. This was confirmed in this study as well, as the values of total
carbohydrates were lower than those for traditional chestnut varieties from the same area.
Such insights are not surprising because the kernels of cultivated varieties are most often
described as very sweet due to the high sugar content [81].

This research has found significant differences between the natural populations in the
analyzed chemical composition of sweet chestnut kernels. In general, coppice populations
have somewhat higher water content in comparison with high-forest populations. Fur-
thermore, we did not find any differences in the chemical composition of kernels between
continental and sub-Mediterranean populations. However, from the ecological point of
view, those populations (P02 and P03) that were characterized by the carbonate substrate,
covered with a deep soil layer, have somewhat higher amounts of Ca and micro-nutrients
Cu and Fe. Similarly, several authors found that soil conditions can affect the chemical
composition of the kernels of cultivated sweet chestnut varieties. For instance, Montaña
Míguelez et al. [33] reported high protein content in chestnuts from the region characterized
by schistose soils. Furthermore, Borges et al. [37] found that some regions in Portugal
produced nuts with lower moisture content, which was attributed to the soil genesis of the
studied area. These authors pointed out that different types of parent rock material and
soil can affect the root zone aeration and the tree water potential, which can eventually also
affect the chemical composition of the chestnuts. It was also demonstrated that the area
of production has a higher influence on the physicochemical variables of chestnuts than
the variety, particularly on the mineral composition [38]. It was also found that chemical
heterogeneity within the same variety can be affected by management practices. Linhares
et al. [82] and Mota et al. [83] reported that different irrigation systems in fruit orchards
can affect chestnut quality concerning its chemical composition and nut size. These studies
found that non-irrigated plantations resulted in smaller and sweeter chestnuts compared
to irrigated plantations.

4.3. Population Structure and Correlations between Morphological, Chemical, Geographical, and
Environmental Distances

A molecular study based on SSR markers showed that sweet chestnut from the Prealps
in Italy, Slovenia, Croatia, and the northwestern part of Bosnia and Herzegovina can be
classified into two different genetic groups [12]. In that study, coastal and island populations
of sweet chestnut appeared as a separate group, being the most genetically differentiated.
These findings were attributed to the proximity of sweet chestnut orchards and gene
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flow between natural and cultivated populations. However, the present study could not
recover the two genetic groups mentioned above, and the collection studied here was
divided into two clusters probably related to the management type—coppice and high-
forest. The first group of populations was associated with smaller nuts with higher water
and Mg content, and the second group with larger nuts with lower water and Mg content.
Differences between different types of production practices have also been described for
Greek populations of sweet chestnut [47]. In contrast, leaf morphometric parameters were
of limited use in studying variation and relationships of natural chestnut populations,
when sampling is executed in situ [80], i.e., not in common garden experiments. It was
concluded that leaf morphometry did not possess adequate discriminative capabilities to
distinguish populations and population management types.

It is well known that different factors are involved in phenotypic divergences of plant
populations—natural selection, gene flow, genetic drift, and, at a lower frequency, the
acquisition of novel traits through mutations [84], and that phenotypic differences between
plant populations may be correlated with geographical or environmental differences [85].
However, when we tested IBD and IBE patterns, we found no significant correlations. Our
results revealed that management type can exceed genetic and environmental influences
on the nut size and kernel nutritional value. However, we cannot completely exclude
the possibility that the environment influences population variability in morphological
and chemical nut traits. A characteristic of chestnut coppices compared to high-forests is
short rotations and their intensive use. It has been reported that this cultivation method
greatly depletes the soil and that such forests are extremely acidophilic [14,15,17,18]. In
such forests, it is almost impossible to find trees from seed, and usually many stumps are
old or dying out. Good quality, flat trees of larger dimensions are completely absent, and
the predominant trees are low, stunted and bumpy. In addition to affecting the appearance
of the trees, changes in the habitat, such as soil acidification, can significantly influence
the size and chemical composition of the chestnuts. Besides, differences in morphology
and chemical composition of the nuts can be due to the management type or physiological
function during the growth forms. In coppice forests, the large root and the large amounts
of nutrients stored in them lead to a culmination of height increment already during the
first several years after the trees are felled. Although such plants start bearing nuts very
quickly, already in the first year, they allocate the nutrients primarily to vegetative growth,
which may ultimately influence the size of the nuts and their chemical composition.

5. Conclusions

Overall, our results confirmed significant population differentiation of sweet chestnut
in the study area. All populations in this research had an equal level of morphological
and chemical diversity. The research did not establish that morphological and chemical
distances between populations correlate with geographical or environmental distances.
However, the Mantel test identified significant correlations between the morphological
and chemical distance matrices. Furthermore, multivariate statistical methods established
that populations are grouped by management type. Nevertheless, additional research is
required to establish how the management type affects fruit morphology and chemical
composition of sweet chestnut kernels.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/f13010055/s1, Figure S1. Measured nut traits: nut height (NH); nut width (NW); distance
from nut base to the point of maximum nut width (PMNW); nut thickness (NT); hilum length (HL);
hilum width (HW); number of kernels (NK); number of intrusions of the seed coat into the kernel
(NI); length of the longest intrusion of the seed coat into the kernel (LI). Figure S2. Tree diagram of the
cluster analysis based on ten nut and kernel morphometric traits in studied sweet chestnut (Castanea
sativa Mill.) populations. The unweighted pair-group method with arithmetic mean (UPGMA) was
used to join the clusters, and the Euclidean distance to define the distance between the studied
populations. Figure S3. Tree diagram of the cluster analysis based on 13 kernel chemical traits in
studied sweet chestnut (Castanea sativa Mill.) populations. The unweighted pair-group method

https://www.mdpi.com/article/10.3390/f13010055/s1
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with arithmetic mean (UPGMA) was used to join the clusters, and the Euclidean distance to define
the distance between the studied populations. Table S1. Pearson correlation coefficients between
ten morphometric variables and scores of the first five principal components. Table S2. Pearson
correlation coefficients between 13 chemical variables and scores of the first five principal components.
Table S3. Results of the stepwise discriminant analyses for morphometric traits. Table S4. Results of
the stepwise discriminant analyses for chemical traits.
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composition, morphometric and qualitative nut characteristics. Agronomy 2021, 11, 516. [CrossRef]

46. Villani, F.; Pigliucci, M.; Lauteri, M.; Cherubini, M. Congruence between genetic, morphometric, and physiological data on
differentiation of Turkish chestnut (Castanea sativa). Genome 1992, 35, 251–256. [CrossRef]

47. Aravanopoulos, F.A.; Drouzas, A.D.; Alizoti, P.G. Electrophoretic and quantitative variation in chestnut (Castanea sativa Mill.) in
Hellenic populations in old-growth natural and coppice stands. For. Snow Landsc. Res. 2001, 76, 429–434.

48. Bolvanský, M.; Užík, M. Morphometric variation and differentiation of European chestnut (Castanea sativa) in Slovakia. Biologia
2005, 60, 423–429.

49. Solar, A.; Podjavoršek, A.; Štampar, F.S. Fenotypic and genotypic diversity of European chestnut (Castanea sativa Mill.) in
Slovenia—Opportunity for genetic improvement. Genet. Resour. Crop Evol. 2005, 52, 391–394. [CrossRef]
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51. Poljak, I.; Idžojtić, M.; Zebec, M.; Perković, N. The variability of European sweet chestnut (Castanea sativa Mill.) in the region of
northwest Croatia according to morphology of fruits. Šumar. List 2012, 136, 479–489.

52. AOAC International. Nuts and nut products—Preparation of test sample procedure. In AOAC Official Method 935.52; AOAC
International: Washington, DC, USA, 1995.

53. AOAC International. Nuts and nut products—Moisture in nuts and nut products. In AOAC Official Method 925.40; AOAC
International: Washington, DC, USA, 1995.

54. AOAC International. Nuts and nut products—Ash of nuts and nut products. In AOAC Official Method 950.49; AOAC International:
Washington, DC, USA, 1995.

55. AOAC International. Nuts and nut products—Fat (crude) in nuts and nut products. In AOAC Official Method 948.22; AOAC
International: Washington, DC, USA, 2000.

56. AOAC International. Nuts and nut products—Protein (crude) in nuts and nut products. In AOAC Official Method 950.48; AOAC
International: Washington, DC, USA, 1995.

57. Oliveira, I.; Sousa, A.; Morais, J.S.; Ferreira, I.C.; Bento, A.; Estevinho, L.; Pereira, J.A. Chemical composition, and antioxidant and
antimicrobial activities of three hazelnut (Corylus avellana L.) cultivars. Food Chem. Toxicol. 2008, 46, 1801–1807. [CrossRef]

58. Pereira, J.A.; Oliveira, I.; Sousa, A.; Ferreira, I.C.F.R.; Bento, A.; Estevinho, L.M. Bioactive properties and chemical composition of
six walnut (Juglans regia L.) cultivars. Food Chem. Toxicol. 2008, 46, 2103–2111. [CrossRef]

59. Sokal, R.R.; Rohlf, F.J. Biometry: The Principles and Practice of Statistics in Biological Research, 4th ed.; W.H. Freeman and Co.: New
York, NY, USA, 2012; p. 937.

60. StatSoft, Inc. STATISTICA (Data Analysis Software System), Version 13; StatSoft, Inc.: Tulsa, OK, USA, 2018.
61. R Core Team. R: A Language and Environment for Statistics in Biological Research, 4th ed.; R Foundation for Statistical Computing:

Vienna, Austria, 2020. Available online: http://www.r-project.org/index.html (accessed on 22 October 2021).
62. Hijmans, R.J.; Cameron, S.E.; Parra, J.L.; Jones, P.G.; Jarvis, A. Very high resolution interpolated climate surfaces for global land

areas. Int. J. Climatol. 2005, 25, 1965–1978. [CrossRef]
63. Fick, S.E.; Hijmans, R.J. WorldClim 2: New 1km spatial resolution climate surfaces for global land areas. Int. J. Climatol. 2017, 37,

4302–4315. [CrossRef]
64. Mantel, N. The detection of disease clustering and a generalized regression approach. Cancer Res. 1967, 27, 209–220.
65. Smouse, P.E.; Long, J.C.; Sokal, R. Multiple regression and correlation extensions of the Mantel test of matrix correspondence.

Syst. Zool. 1986, 35, 627–632. [CrossRef]
66. Manly, B.F.J. Randomization, Bootstrap and Monte Carlo Methods in Biology, 3rd ed.; Chapman & Hall/CRC, Taylor & Francis Group:

Boca Raton, FL, USA, 2007; p. 480.
67. Rohlf, F.J. NTSYS-pc: Numerical Taxonomy and Multivariate Analysis System, Version 2.2; Applied Biostatistics Inc.: New York, NY,

USA, 2009; p. 44.
68. Krüssmann, G. Handbuch der Laubgehölze; Paul Parkey in Berlin und Hamburg, Verlag für Landwirtschaft, Veterinärmedizin,

Gartenbau und Forstwesen: Berlin, Germany, 1960.
69. Herman, J. Šumarska Dendrologija; Stanbiro: Zagreb, Croatia, 1971; p. 470.
70. Hegi, G. Illustrierte Flora von Mitteleuropa; Verlag Paul Parey: Berlin und Hamburg, Germany, 1981; Volume 3, p. 504.
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75. Douaihy, B.; Sobierajska, K.; Jasińska, A.K.; Boratyńska, K.; Ok, T.; Romo, A.; Machon, N.; Didukh, Y.; Dagher-Kharrat, M.B.;
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