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Summary. The Azores archipelago (Portugal) is formed by nine islands whose
relative positions define them as three geographical groups: Eastern (S.
Miguel and Sta. Maria), Central (Terceira, Faial, Pico, Graciosa and S.
Jorge) and Western (Flores and Corvo). Using the father’s surname of
187,398 individuals living on the nine Azorean Islands, a population analysis
based on inter-island relationship and hierarchical organization was con-
ducted. The relation between islands was investigated using summary
statistics, analysis of molecular variance (AMOVA) as well as graphical
methods. When the values of heteronymy were contrasted with values of gene
diversity based on haplogroup frequencies of the Y chromosome, it was
possible to verify that Graciosa and Sta. Maria appeared to have the least
diverse populations, and that Flores, despite its smaller population size and
geographical isolation, has considerably higher levels of diversity. As for
inter-island relationships, the difficulty of directly interpreting summary
statistics values was evidenced. The AMOVA revealed that only 0-77% of the
variation in surnames can be attributed to among-island variation, a value
that, although small, can be considered significant. Application of Malécot’s
model revealed that geographic distance has an important impact in the
genetic structure of the archipelago. Monmonier’s maximum-difference algo-
rithm demonstrated that the most isolated island of the archipelago appears
to be Graciosa, followed by the islands of the Western group and by Sta.
Maria. After integrating values of summary statistics with results from
AMOVA and graphical methods, a more accurate genetic profile of the
Azores, highly supported by genetic data, has emerged.

Introduction

Simplicity in scientific theories is usually seen as a virtue and population genetics is
no exception. Most discussions on the genetics of populations start with the simplest
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description of a population as a very large, single collection of randomly mating
individuals. From this simple description genetic attributes of populations should be
deduced. However, many real populations do not fit this simple model (Hey &
Machado, 2003). Real populations often have complex geographies and consist of
many sub-populations that are connected by gene exchange or migration between
them, which means that they are hardly ever genetically homogeneous (Hartl & Clark,
1997; Jorde, 1980). Moreover, since distinct populations have their own founders,
history and dynamics, their present-day structure reflects a retrospective of the
interaction of these multiple factors that have to be carefully considered in the
interpretation of purely mathematical data.

An awareness of these complexities, and the goal of using evolutionary models
that are as realistic as possible, has led many population geneticists to focus their
efforts on what is usually called the ‘structure’ of natural populations. One of
the strategies in the study of structured populations has been the traditional
mathematical approach that relies on explicit models and summary statistics
(Hey & Machado, 2003). However, results from summary statistics are usually
difficult to interpret, since values depend on the population size, on the number
of subdivisions as well as on the mutation rate of the specific genetic markers
being used (Jorde, 1980; Flint et al, 1999; Jorde et al, 2000; Hey & Machado,
2003).

The Azores archipelago (Portugal), located in the Atlantic Ocean 1500 km from
the European mainland, is formed by nine islands of volcanic origin. The relative
position of these islands allows the definition of three geographical groups: Eastern
(S. Miguel and Sta. Maria), Central (Terceira, Faial, Pico, Graciosa and S. Jorge) and
Western (Flores and Corvo) (Fig. 1). With a total area of 2344 km?, the Azores have
presently a total population of 237,315 inhabitants, distributed in a very asymmetric
way among the islands (INE, 2001). The settling of the archipelago, discovered and
inhabited in the 15th century, was a slow process that lasted almost a century, starting
with the islands of Sta. Maria and Sdo Miguel, and later being completed by the
islands of Flores and Corvo (Mendonga, 1996). According to historical records, the
first settlers came mainly from various regions of mainland Portugal and the island
of Madeira. However, there is clear evidence, both from historical (Tomaz,
1966-1969; Merelim, 1966; Mendonga, 1996; Gomes, 1997; Gregorio, in press;
Mesquita, in press) as well as molecular data (Santos et al., 2003; Montiel et al., 2005;
Fernando et al., 2005; Neto et al., in press), that people of other European regions,
individuals of Jewish origin and African and Moorish slaves also contributed to the
peopling of the archipelago.

From the end of the 16th century until the third quarter of the 19th century, the
population of the Azores underwent a significant increase. From then, and until about
1930, a slight reduction in the number of inhabitants was observed as a consequence
of migratory movement that intensified during the 19th century. After 1930 there was
a considerable increase in the number of inhabitants, which reached its maximum by
1960, after which the population started a marked diminution, once again as a result
of migratory movement. This exodus of Azoreans during the second half of the
20th century resulted in some islands decreasing their population to less than a half
in less than a century.
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Due to the complex and recent process of peopling, which has been affected by
migration as well as its geographic characteristics, the Azores archipelago provides a
suitable scenario to evaluate particular aspects of the impact of subdivision in human
populations. The assessment of the population’s sub-structure can be correlated with
the existence of different founder populations for the distinct subdivisions, and can be
used in the prevision of its theoretical consequences. Moreover, evaluation of the
presence of a sub-structure and quantification of the admixture is an important
prerequisite for selecting populations in which genes contributing to complex traits
can be searched through association mapping (Ziv & Burchard, 2003; Freedman
et al., 2004; Marchini et al, 2004; McKeigue, 2005). Detecting sub-structuring in
populations is also particularly relevant in the context of forensic genetics, given its
pertinence to the decision of introducing corrections in probability calculations and
establishing the need for a specific forensic genetic database.

Research conducted so far, based on the monoparental (mitochondrial DNA and
the non-recombining region of the Y chromosome) and autosomal genetic systems,
has highlighted the fact that the archipelago cannot be considered a truly homo-
geneous population, since the existence of genetic sub-structuring between groups of
islands has been demonstrated (Santos et al., 2003; Montiel et al., 2005; Spinola et al.,
2005). Furthermore, there is clear evidence of differentiation between islands within
the same geographical group (Bettencourt et al., 2006).

In order to test the hierarchical levels of sub-structuring in the population of the
Azores, the analysis of a large number of autosomal markers using representative
samples of each of the nine islands of the archipelago is required, a project that is
currently being developed. Since surnames in many human populations are inherited
through the paternal lineage, they can be considered and interpreted as a marker of
the Y chromosome and, therefore, as a first approach, they can be used to provide
a genetic profile of the Azorean islands. However, although surnames constitute an
inexpensive marker to obtain the profile of genetic variation and genetic structure of
populations (Relethford, 1988; Colantonio ez al, 2003), it is important to acknowl-
edge that they provide only a rough view of the genetic scenario of populations, since
polyphyletism and incorrect transmission of surnames can occur in variable
frequencies.

In this work, using data on surnames, analyses of inter-island relationships and
hierarchical organization of the Azorean populations were conducted. Results
obtained were also used to discuss the adequacy of distinct mathematical models for
the study of the sub-structuring of human populations.

Methods

Population and data

Surnames were extracted from the Azorean electoral census list for the year 2003.
The father’s surnames of each of the 187,398 individuals listed in the census were
retrieved. The data used correspond to the surnames of the inhabitants of the Azores
aged 18 years or older at the time of the census: 3243 for Flores, 339 for Corvo,
11,388 for Faial, 11,690 for Pico, 7943 for Sao Jorge, 3784 for Graciosa, 44,633 for
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Terceira, 99,870 for Sao Miguel and 4508 for Sta. Maria. The surnames of all the
individuals were pooled together in order to combine those which, although they had
the same phonetics, were written differently.

Surnames and genetic structure

In order to evaluate the genetic structure of each island, heterozygosity — or
heteronymy in the case of surnames (Harpending & Ward, 1982; Nei, 1987) — and
Morton’s intra-population a priori kinship (@;;) were calculated (as defined in
Relethford, 1988).

To assess the impact of population size on the intra-population kinship, the
non-linear model of regression proposed by Dahlberg (1948), which allows the
Morton intra-population a priori kinship to be related to the number of inhabitants
(N;), as defined below, was used:

1\
9G;=a <_> ,
N;

where a and b are the constants of the regression model.

Malécot’s isolation-by-distance model (Malécot, 1948) was used to relate a priori
kinship and geographic distance between islands. In terms of a priori kinship, the
model states that kinship declines exponentially with distance, i.e.:

9, = ae bd,
where the constant ¢ is an estimation of the unweighted mean local kinship, and b is
a measure of distance (d) decay.

The relation between islands was investigated using: (a) summary statistics
(Wright, 1951; Relethford, 1988); (b) analysis of molecular variance (AMOVA), which
is usually used in the analysis of data from genetic markers (Weir & Cockerham,
1984; Excoffier et al., 1992; Weir, 1996); and (c) graphical methods.

The AMOVA procedure estimates genetic structure indices using information on
the allelic content of haplotypes, as well as their frequencies (Excoffier et al., 1992).
The significance of the covariance components associated with the different possible
levels of genetic structure (within individuals, within populations, within groups of
populations, among groups) was tested using non-parametric permutation procedures
(Excoffier et al., 1992); in this paper 1000 permutations were used. As for graphical
methods, metric multidimensional scaling (MDS) of genetic distance based on random
isonymy, correspondence analysis (only surnames with an intra-island frequency equal
to or higher than 2% were used) and Monmonier’s maximum-difference algorithm
(Monmonier, 1973) were used to display the relation between the islands of the
archipelago. Multidimensional scaling and correspondence analysis display similarities
and dissimilarities in a virtual space that corresponds to the plot itself. This approach
is particularly suitable for identifying clusters or outliers that are informative about
the sort of differentiation underlying the genetic variability. Nevertheless, when the
analysis aims to provide a real graphic representation of genetic differences in
geographic space, alternative approaches can be used. In this context, Monmonier’s
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Table 1. Frequencies of surnames that present an intra-island frequency equal to or
higher than 5%

Surname Flores Corvo Faial Pico S. Jorge Graciosa Terceira S. Miguel Sta. Maria

Bettencourt  0-12 0-00 1-17 2-51 5-15 8-83 0-85 0-19 0-40
Braga 0-46 000 007 0-04 0-01 0-00 0-06 0-34 5-01
Cunha 0-09 059 026 019 0-71 5:05 0-52 0-20 0-27
Fraga 1-220 560 038 0-44 0-03 0-03 0-10 0-03 0-02
Freitas 574 206 094 151 0-88 0-16 0-91 0-33 3-73
Medeiros 099 059 198 1-39 0-68 0-29 0-82 5-30 1-24
Melo 1-60 059 125 220 0-77 571 2-03 2-59 3-70
Nunes 1-26 560 068 1:09 1-71 0-11 1-09 0-20 0-51
Picango 0-00 000 017 0-05 0-03 5-81 0-12 0-01 0-00
Pimentel -39 501 028 0-80 0-26 0-03 0-57 1-20 0-24
Silva 447 501 1155 867 6-47 21-49 572 3:55 0-95
Silveira 2:13  0-00 3-07 3-06 6-07 0-42 1-21 0-13 0-18
Sousa 404 147 188 248 470 3-01 3-:08 3-70 9-12
Other 76:50 73-45 76-33 7558 72:54 49-08 82:93 82:23 74-62

maximum-difference algorithm (Monmonier, 1973) was implemented for the visuali-
zation, on a geographic map, of the trend data contained in matrices (in this paper
the genetic distance based on random isonymy was used). The algorithm was applied
to a geometric network that connected all the populations (sampled locations) using
Delaunay triangulation (Brassel & Reif, 1973), finding the edges associated with the
highest rate of change in a given distance measure.

ISOnymy3 (Abade, 2003), Arlequin 2-000 (Schneider et al., 2000), Barrier (Manni
et al., 2004) and SPSS 12-0.1 (SPSS, 2003) were used for data analysis.

Results and Discussion

Surnames and estimations of diversity

Table 1 shows the thirteen surnames that present an intra-island frequency equal
to or higher than 5%. In the islands of the Central group, Silva is the most frequent
surname; in the remaining islands, the more frequent surnames differ. This result is
in agreement with historical reports of distinct waves of settlers for the various groups
of islands.

In Table 2, the number of different surnames, as well as values of heteronymy and
intra-population a priori kinship (d;), are presented for each island. The islands of
Graciosa and Sta. Maria present the lowest values of heteronymy and the highest
intra-population a priori kinship. By contrast, the islands of Terceira, S. Miguel and
Flores (present study and Santos et al., 2005) exhibit the highest values of heteronomy
and the lowest values of @;;. The values of &J;; are similar to those obtained by Branco
& Mota-Vieira (2005) using surnames extracted from the telephone directory,
representing a subset of only 57,387 individuals. When the values of heteronymy are
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Table 2. For each island the number of inhabitants (INE, 2001), the number of

individuals considered in the analysis (the father’s surname of each individual was

used), the number and percentage of surnames, values of diversity based on surnames

or heteronymy, values of a priori kinship and gene diversity based on NRY
haplogroup frequency are presented

No. No. A priori
No. individuals (%) kinship  Gene diversity

Island inhabitants considered  surnames  Heteronymy (@) NRY (N)*
Flores 3995 3243 298 (9-19) 0-9845 0-0038 0-8571 (21)
Corvo 425 339 87 (25:66) 0-9750 0-0055 —
Faial 15,063 11,388 570 (5-01) 0-9762 0-0059 0-8143 (21)
Pico 14,806 11,690 431 (3-:69) 0-9795 0-0051 0-7333 (6)
S. Jorge 9674 7943 373 (4-70) 0-9760 0-0060 0-6818 (12)
Graciosa 4780 3784 210 (5-55) 0-9288 0-0177 0-3182(12)
Terceira 55,833 44,633 1093 (2-45) 0-9874 0-0032 0-6471 (17)
S. Miguel 131,609 99,870 1433 (1-43) 0-9851 0-0037 0-5818 (64)
Sta. Maria 5578 4508 271 (6:01) 0-9712 0-0071 0-3202 (23)

#Data from Montiel ez al. (2005) and Fernando et al. (2005).

contrasted with values of gene diversity (Nei, 1987), based on haplogroup frequencies
of the Y chromosome (Montiel e al, 2005; Fernando et al., 2005) (Table 2), it is
possible to verify that Graciosa and Sta. Maria also appear as the least diverse
populations, and that Flores has considerably higher levels of diversity.

Since population size is one of the factors that can theoretically influence @;;, and
considering that population size is very different between islands, the non-linear model
proposed by Dahlberg (1948), which describes the relation between kinship and
population size, was applied. The majority of the islands present levels of @;; that are
lower than those predictable by population size alone. The graphical representation
of the relation again calls attention to the island of Graciosa, in which the value of
intra-population kinship was much higher than would be predicted by population size
alone (Fig. 2). This result indicates that the high kinship and reduced diversity of
surnames observed in Graciosa cannot be explained by its small population size.
However, this result has to be interpreted with caution, since the number of
inhabitants explains only 6-4% of the variation observed in kinship. Taken globally,
the previous result indicates that population size is not a crucial factor in shaping the
genetic structure of the Azores islands.

Inter-island relationship and hierarchical analysis of sub-structuring

Considering the nine islands of the archipelago, the Fyy value (random component
of inbreeding) obtained, based on a priori kinship (Relethford, 1988) is 0-0043, a value
similar to that obtained using the isolation-by-distance model (Malécot, 1948)
(Fsr=0-0058). Both values put in evidence, if considering the limits proposed by
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Fig. 2. Scatterplot of the number of inhabitants and the @ priori kinship. The line of
predicted values using the model of Dahlberg (1948) is shown.

Relethford (1988) based on surname analysis, the presence of medium levels of
microdifferentiation. On the other hand, if the limits proposed by Wright (1984) are
considered, the values of Fgr must be considered low. These seemingly contradictory
inferences make obvious the difficulty in interpreting values of summary statistics. To
obtain an insight into this problem, a molecular analysis of variance — AMOVA (Weir
& Cockerham, 1984; Excoffier ef al, 1992; Weir, 1996) — was used to evaluate the
significance of among-island variation.

Considering the nine islands of the archipelago, AMOVA results revealed that
99-23% of the variation in surnames corresponds to intra-island variation, whereas
only 0-77% can be attributed to among-island variation, a value that, although small
according to Wright, is nevertheless significant (p<0-00001). This indicates that at
least one of the islands of the archipelago is set apart from the rest.

In Fig. 3 the multidimensional scaling (MDS) of genetic distance among islands,
based on random isonymy, is presented. The clustering of populations can be related
to the geography of the archipelago: the islands of the Western group are both
located in the negative quadrant of dimensions 1 and 2; the islands of the Eastern
group are both located in the negative quadrant of Dimension 1 and positive
quadrant of Dimension 2; and finally, the islands of the Central group are located in
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Fig. 3. Multidimensional scaling analysis plot representing the genetic distance based
on a random isonymy matrix.

the positive quadrant of Dimension 1, with the exception of Terceira, which is located
near the centre of the coordinates but in the negative quadrant of Dimension 1.
Whereas Dimension 2 gives a distribution of islands mostly according to geographical
groups and distances, Dimension 1 seems to reflect the peopling process. As is known,
the peopling of the islands was initiated in the island of Sta. Maria, followed by the
island of S. Miguel (both from the Eastern group), with individuals essentially from
mainland Portugal. The islands of the Central group were peopled subsequently,
it being well established that people of Flemish origin had an important impact in
this process. Testifying this impact, HLA (human leukocyte antigen system) data
(Spinola et al, 2005) support the influence of Central European populations in
the peopling of the Central group. This fact corroborates the positioning in the
positive part of Dimension 1 of the islands belonging exclusively to this group
of islands. The islands of the Western group were the last to be peopled, mainly
with individuals that migrated from the other islands of the archipelago, this fact
being in accordance with the position of these islands between the Eastern and
Central groups.

Considering the islands individually (not taking into account the geographical
grouping), four well individualized clusters can be identified (Fig. 3): one formed by
the islands of S. Miguel, Flores, Terceira, Pico, Faial and S. Jorge and three other
clusters constituted respectively by Sta. Maria, Graciosa and Corvo. Correspondence
analysis results (Fig. 4) provide a similar picture with the islands of Sta. Maria and
Graciosa being set apart. However, the islands of the Western group appear together
in the plot with the island of the Central group. The differentiation of Sta. Maria and
Graciosa, whose particular behaviour had been demonstrated in the MDS analysis, is
justified by the presence of surnames on those islands that are almost absent on the
other islands. In the case of Corvo (which in this analysis does not stand out from
the cluster) the surnames present on this island appear to be essentially the same as
those present on other islands.

https://doi.org/10.1017/50021932007002477 Published online by Cambridge University Press


https://doi.org/10.1017/S0021932007002477

616 C. Santos, A. Abade and M. Lima

6
&
12
19
32
5
N
o
q 38
o ®Sta. Maria
[}
c 8
[
E
a
17
2+
} 41
® Graciosa
14
7 21
9475 5. Jorge ' 2
4@ %3 4548 129 49
44 Pi é‘g_— jal ®Flores
24 5 Sel-aial
TR,
orvo42317 2();3 il ;9 M:g4uoel
152718 39,0 35
T T T
-4 2 0 2 4

Dimension 1 (30.6%)

Fig. 4. Correspondence analysis, for islands and surnames (with a frequency equal
to or higher than 2%). The first dimension accounts for 30:6% of the inertia, whereas
the second accounts for 22-5%. 1, Alves; 2, Andrade; 3, Avelar; 4, Avila; 5, Azevedo;
6, Bairos; 7, Bettencourt; 8, Braga; 9, Brasil; 10, Cabral; 11, Camara; 12, Chaves;
13, Costa; 14, Cunha; 15, Domingos; 16, Emilio; 17, Espinola; 18, Ferreira;
19, Figueiredo; 20, Fraga; 21, Freitas; 22, Garcia; 23, Gomes; 24, Goulart; 25, Lima;
26, Machado; 27, Martins; 28, Medeiros; 29, Melo; 30, Mendes; 31, Mendonga;
32, Moura; 33, Nunes; 34, Oliveira; 35, Pacheco; 36, Pedras; 37, Pereira; 38, Picanco;
39, Pimentel; 40, Raposo; 41, Resendes; 42, Rocha; 43, Rodrigues; 44, Rosa;
45, Santos; 46, Silva; 47, Silveira; 48, Soares; 49, Sousa; 50, Vieira.

As previously stated, geographic distance is considered as one of the factors
modulating the genetic structure of populations. The application of Malécot’s model
(Malécot, 1948) reveals that about 33% of the variation in kinship is explained by
geographic distance (Fig. 5) and that this last variable has an important impact on
the genetic structure of the archipelago, which is in accordance with the spatial
autocorrelation analysis results obtained by Cabral et al (2005) using data of
surnames from the nine Azorean islands.

To visualize, on a geographic map, the trend data contained in the genetic distance
matrix based on random isonymy, i.e. Monmonier’s maximum-difference algorithm
(Monmonier, 1973), were applied. As can be observed in Fig. 6, the most isolated
island of the archipelago is Graciosa (a result similar to that obtained by Branco &
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Mota-Vieira, 2005, using surnames from the nine Azorean islands), followed by the
islands of the Western group and by Sta. Maria. This picture is highly supported by
genetic data gathered so far: the analysis of the non-recombining region of the Y
chromosome (NRY) haplogroups by groups of island (Montiel et al., 2005) puts in
evidence the differentiation of the Western group, which presents a significantly
different distribution of haplogroups and a genetic diversity greater than that
observed in the other groups of islands (Montiel et al., 2005). Moreover, preliminary
results obtained from the comparison by island of NRY markers also supports the
differentiation of Sta. Maria with respect to S. Miguel (Bettencourt et al., 2006).

When considering the islands grouped according to the three geographical clusters,
AMOVA highlights the fact that there is no important variation amongst geographi-
cal groups. On the other hand, significant variation is observed amongst populations
within groups, indicating that more variation exists between islands from the same
geographical group than between geographical groups of islands, a result that is
consistent with that obtained by graphical representations. Corroborating the results
previously presented, if the islands are clustered according to the graphical analysis,
a reduction of the within-population variation and an increase in among-groups
variation is observed.

The results obtained in this study clearly demonstrate the need to perform a set
of analyses when aiming to infer the sub-structure of a population. The interpretation
of summary statistics, using limits deduced from different populations and markers,
is clearly ambiguous and can result in missed interpretations. For example, for the
Azores the exclusive analysis of values of Fgr has been used to suggest that the
Azores archipelago have a homogeneous population (Branco & Mota-Vieira, 2005),
a conclusion that is clearly not supported by a more exhaustive analysis. As is the
case with other current statistics (such as means, for example), so summary statistics
based on surnames should be evaluated using statistical tests and confidence intervals.
In this work, it is found that the AMOVA formulation can constitute a good
approach to attributing significance to Fgr. According to the results obtained,
correspondence analysis is a good tool to identify which populations present marked
differences in surname composition, with the advantage of having represented in the
same plan both populations and surnames. However, it has a disadvantage for
populations with a large number of surnames, such as the Azores, since it is
impossible to consider all the surnames simultaneously in the analysis. Moreover, as
with the representation of distance matrices using MDS, this technique does not
account for the influence of geographic distance in genetic structure. If a significant
influence of distance is detected, methods like Monmonier’s maximum-difference
algorithm, which provides a real graphic representation of genetic differences in
geographic space, can be used successfully.

Taken globally, the analyses performed in this work, combined with the data of
genetic markers gathered so far, indicate that the Azores archipelago is a sub-
structured population, with sub-populations presenting low levels of diversity, such as
Graciosa, whilst others present surprisingly high values of diversity, as is the case with
the small island of Flores. In accordance with previous observations (Bettencourt
et al., 2006), these results further reinforce the need, whenever performing population
genetic studies in this population, of a detailed genetic characterization of the
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archipelago; using a representative sample of the nine islands of the archipelago is
mandatory. Amongst other implications, the detailed genetic characterization will
allow the identification of adequate sub-populations within the Azores to perform
association mapping studies. Moreover, the data gathered will be important in the
establishment of a specific forensic genetic database for the Azores archipelago.
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