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ABSTRACT

Aim Post-glacial colonization of species from low-latitude refugia to high latitudes, or from lower to higher elevations, often involves repeated founder
effects due to stepwise colonization. This may cause repeated population
bottlenecks and the subsequent loss of alleles. Regression analyses have traditionally been used to analyse the correlation between the mean numbers of
alleles and geographical distances from refugia. Here, we describe and evaluate
the performance of nested subset analyses for detecting allele elimination.
Methods Genetic data sets from five butterfly and one beetle species were
reanalysed using regression and nested subset analyses.
Results The data sets analysed here showed both congruent and divergent
results under regression and nested subset analyses. Some data sets did not
feature a significant correlation between the mean number of alleles and the
colonization trajectory, but did show significant nested structure. Others
showed the opposite effects. Using allele frequencies from the same data sets,
we did not obtain significant patterns of nestedness.
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Main conclusions Our results indicate that classical regression analyses are
not always a suitable tool for analysing allele elimination, and nestedness analyses are much more meaningful. Local natural selection can alter allele frequencies, thereby erasing biogeographical patterns that have evolved as a result of
the stochastic processes involved in colonization. Thus, an appropriate means
of documenting allele elimination sensu Reinig is the joint application of nested
subset and regression analyses based on presence/absence and abundance data
for genetic diversity.
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INTRODUCTION
Climatic oscillations during the Pleistocene caused severe
range shifts among Northern Hemisphere temperate organisms, which often survived the cold phases in southern refugia and expanded northwards during post-glacial warming.
This process of post-glacial colonization of higher latitudes
and elevations has been analysed intensively using morphological and phenotypic characters (Reinig, 1938; Rensch,
1954, 1958; de Lattin, 1967). The development of molecular
markers has led to an increase in phylogeographical studies,
which have substantially expanded our understanding of
ª 2012 Blackwell Publishing Ltd

biogeographical processes (Hewitt, 1996, 2004; see review by
Avise, 2009). One of the major outcomes of many studies is
the detection of intraspecific differentiation into multiple
genetic lineages as a product of long-term isolation in discrete refugia during glacial phases. This has been extensively
documented for the Iberian, Italian and Balkan peninsulas
in the Mediterranean (Comes & Kadereit, 1998; Taberlet
et al., 1998; Hewitt, 2004), and for North Africa (Weingartner et al., 2006; Habel et al., 2008, 2011). Similar biogeographical structures were found in North America for
numerous plants, invertebrates and vertebrates (e.g. Pruett
& Winker, 2005; Milá et al., 2006, 2007; Soltis et al., 2006;
http://wileyonlinelibrary.com/journal/jbi
doi:10.1111/jbi.12054
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Hill et al., 2011 and references therein). In contrast, Armbruster et al. (1998) reported a lack of concordance between
genetic variability and geographical isolation in pitcher-plant
mosquitoes.
Colonization processes over large geographical distances
are generally reflected in population genetic structures: the
mean number of alleles in populations at the leading edge
(e.g. northern distribution margin) is often markedly lower
than in populations in the previous refugial areas (rear edge),
as a consequence of the founder effects that generally accompany colonization. This phenomenon was first described by
Reinig (1938) as ‘allele elimination’, the stochastic loss of
genetic variation as a result of repeated founder effects and
population bottlenecks in the course of range extension.
More recently, such gradients have been detected with
molecular markers (Hewitt, 1996; Merilä et al., 1996). Theoretical models have shown that the extent of allele elimination depends on the type of movement (Hewitt, 1996).
‘Phalanx-wise’ expansion (colonization by many individuals
and populations in one direction at the same time) is
accompanied by little loss of genetic variation over space and
time, and is typical of widespread species with high abundance and strong dispersal ability. Examples of this type of
movement are shown here by the three butterfly species
Maniola jurtina (Linnaeus, 1758) (Nymphalidae), Melanargia
galathea (Linnaeus, 1758) (Nymphalidae), and Polyommatus
icarus (Rottemburg, 1775) (Lycaenidae). In contrast, ‘stepping-stone’ movement (the migration of a single or few individuals bridging large distances) is accompanied by the loss
of genetic variation due to the repeated foundation of new
populations by a single or few individuals and concomitant
severe population bottlenecks. Examples of this colonization
type are provided here by the butterfly species Polyommatus
coridon (Poda, 1761) (Lycaenidae) and Coenonympha arcania
(Linnaeus, 1761) (Nymphalidae), and by the ground beetle
Carabus auronitens Fabricius, 1792 (Carabidae).

(a)

To test the significance of the loss of genetic variation over
geographical space, most authors have used regression analysis to compare the total mean number of alleles with latitude
(specifically, the distance from refugia; Schmitt & Seitz, 2002;
Schmitt et al., 2002; Besold et al., 2008). However, according
to Reinig’s hypothesis of ‘allele elimination’ sensu stricto,
alleles which are lost in the wake of colonization processes
cannot reappear in subsequently founded populations. Analysis of the mean number of alleles with respect to the distance
from the source population does not include information
from allele elimination patterns, which are a hallmark signature of a recolonization process. Thus, genetic evidence for
recolonization is better detected using nested subset analyses.
Until now, nested subset analyses have been used to detect
nested metacommunity structures and an ordered loss of
species along environmental gradients, whereby sites that are
poorer in species are subsets of species-rich sites (Patterson
& Atmar, 1986; Ulrich et al., 2009). A nested subset pattern
is therefore connected to predictable differences in species
richness and composition among sites (Ulrich et al., 2009).
Nested subset analysis was originally developed to describe
patterns of species composition between isolated habitats
such as islands and fragmented landscapes, and has become
popular since Patterson & Atmar (1986) proposed that
nested subset patterns reflect an orderly sequence of extinctions in these situations. More recently, nestedness analysis
has become a common tool in macroecology and biogeography to study the impact of habitat size, isolation and habitat
quality traits on community assembly along environmental
gradients and colonization trajectories (Cutler, 1991; Atmar
& Patterson, 1993; Patterson & Atmar, 2000; Ulrich et al.,
2009). It is important to note that this form of nested subset
pattern is by definition always linked to differences in species
richness (which can be studied by regression analysis), while
a difference in richness is not necessarily connected to nestedness (Ulrich et al., 2009) (Fig. 1). A nested subset pattern

(b)

Figure 1 A hypothetical nested pattern of species occurrences (a) requires an ordered loss of species and is necessarily connected to a
difference in species richness between sites. Absence of a particular species in a particular site (b) cannot be predicted from its overall
number of occurrences. The matrix in panel (a) is significantly nested (NODF = 78.8; P < 0.001) while the matrix in panel (b) is not
nested (NODF = 40.1; P > 0.2). Species and sites were sorted by the respective marginal (row/column) totals.
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thus contains additional information about the probabilities
of species’ occurrences and absences in particular sites (for
reviews on the relationship between richness differences and
ordered species loss, see Baselga, 2010; Almeida-Neto et al.,
2011; Podani & Schmera, 2011).
The nestedness approach can also be adapted to analyse
molecular biogeographical data sets. In population genetic
studies, the presence of taxa (e.g. species) is replaced by
genetic variants (e.g. alleles or haplotypes). A nested structure of gene pools should be found if the colonization
occurred via the stepping-stone mode with the progressive
loss of alleles. Such a scenario should yield a negative
correlation between allelic variation and distance from the
colonization source. Regression analysis might fail to detect
the nested structure of the distribution pattern of alleles
because it does not use information about the trajectory of
allele loss. Thus, the identification of single alleles is more
relevant than the detection of the sum of alleles using classical regression analyses (see Figs 1 and 2).
In this study we employ nestedness analysis for the first
time as a tool for molecular biogeography, and highlight its
explanatory power through examples of its use on multilocus
data from six insect species that represent both phalanx and
stepping-stone modes of colonization. We discuss concordant and contrasting results obtained from nestedness and
regression analyses of colonization patterns.
MATERIALS AND METHODS
We reanalysed genetic data sets consisting of polymorphic
allozymes from five butterfly and one beetle species with
extensive geographical ranges. The molecular data include
three categories of allele elimination obtained from regression analyses: marked elimination of genetic information
over space, little elimination of genetic information over
space, and zero allele elimination. As some of the study
species have been inferred to have been isolated in multiple
refugia during glaciations, and are likely to have recolonized
central and northern Europe from multiple source populations, we divided the data sets into their source lineages and
analysed them separately. We used the following organisms
and data sets (n = number of populations): the butterflies
Polyommatus coridon (western lineage: n = 55, Schmitt et al.,
2002; eastern lineage: n = 18, Schmitt & Seitz, 2002; total
n = 73), Coenonympha arcania (n = 19; Schmitt & Besold,
2010), Melanargia galathea (n = 42; Habel et al., 2011),
Maniola jurtina (western lineage: n = 4; southern lineage:
n = 10; eastern lineage: n = 10; total n = 24; Habel et al.,
2009), and Polyommatus icarus (n = 31; Schmitt et al.,
2003), as well as the ground beetle Carabus auronitens
(n = 33; Assmann et al., 1994). Most of the samples for local
populations used in our analyses consist of 40 individuals.
Populations with small sample sizes (less than 10% of the
mean sampling size) were excluded from further analyses.
Furthermore, alleles making up less than 5% of the total
allele frequencies were excluded to prevent allele bias in the
Journal of Biogeography 40, 769–777
ª 2012 Blackwell Publishing Ltd

Figure 2 Proportions of six alleles at five sites from south (S)
to north (N) (different alleles symbolized by different
hatchings). Regression analysis yields identical results for both
data sets. Organization is nested in the pattern on the left
(NODF = 96, WNODF = 63, both P < 0.001) and not nested
on the right (NODF = 63, WNODF = 23, both P > 0.1). The
matrix below shows the nested pattern of the left distribution.

presence/absence matrix; however, for analyses based on
allele frequencies we used also rare alleles with low frequency
values.
The presence and absence of alleles as well as the
frequency of single alleles at multiple enzyme loci were used
as input data. Allele 9 site presence/absence matrices were
sorted according to occurrences (row totals: Fig. 2) (the
input data files are given in Appendix S1 of Supporting
Information). Sites were sorted using latitude as a proxy for
the presumed colonization trajectory. To assess the degree of
nestedness we used two metrics with different focuses: the
incidence-based NODF (nestedness by overlap and decreasing fill) metric of Almeida-Neto et al. (2008) compares
differences in occurrence across rows and sites, while the
matrix temperature metric (Atmar & Patterson, 1993) is a
distance metric and designed particularly for biogeographical
771
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constraint on the occurrences of alleles across the sample
sites, apart from selection and bottleneck effects, we used
two null models that controlled only for the total number of
alleles across the sample sites but did not fix the total numbers of incidences for particular alleles or sites. For the presence/absence matrices, we used a null model that
randomized allele incidences within the matrix (the ee null
model; Gotelli, 2000). For the frequency matrices, we applied
the aa null model of Ulrich & Gotelli (2010), which is based
on total counts and assigns incidences to matrix cells in proportion to the observed row and column totals until the
observed total number of incidences in the matrix is reached.
In order to transform the observed frequencies into counts,
we divided the frequency of each allele by the frequency of
the least common allele. All analyses were performed with
the programs nodf (Almeida-Neto & Ulrich, 2010) and
Turnover (Ulrich & Gotelli, 2012).

applications (Ulrich et al., 2009). Further, we assessed
patterns of allele co-occurrence using the common C-score
metric (Stone & Roberts, 1992; Ulrich & Gotelli, 2010),
which is a normalized count of the total number of {{1,0},
{0,1}} submatrices within the presence/absence matrix. High
C-score values point to a segregated pattern of allele
co-occurrence within populations. To assess spatial turnover
of alleles we sorted rows and columns according to the first
axis of a correspondence analysis. In a matrix sorted by correspondence analysis, the position of the non-empty cells is
specified by the row and column numbers. Following Gotelli
& Ulrich (2012), we used the squared coefficient of correlation between the row and column numbers, r2, as an index
of how orderly the pattern of the non-empty cells along the
matrix diagonal is; r2 is thus a measure of spatial turnover of
alleles.
To assess how allele elimination is linked to a decline in
allele frequency, if at all, we used an abundance-based
approach to nestedness (Almeida-Neto & Ulrich, 2010). For
each locus with quantitative data for at least five alleles in a
given species, we generated the relevant alleles 9 sites matrix
(74 matrices in total) and assessed the degree of nestedness
from the WNODF (weighed nestedness by overlap and
decreasing fill) metric (Almeida-Neto & Ulrich, 2010), which
extends NODF to quantitative data. WNODF measures the
matrix-wide degree of ordered decline in allele frequency
along a predefined environmental or diversity gradient. Of
course, in frequency matrices where the total has to sum to
100%, decreases in some entries are necessarily connected to
increases in other entries. In a nested situation, this increase
always affects the allele with the higher frequency. However,
this does not influence the performance of WNODF or the
assessment of patterns (Almeida-Neto & Ulrich, 2010).
To test for statistical significance, we used a null model
approach (Gotelli & Ulrich, 2012) and compared the
observed metrics with the distribution of metrics obtained
from 200 randomized matrices. Because there was no a priori

RESULTS
Allele distributions showed a strong spatially nested pattern
across sample sites for all data sets (Table 1), independent of
the nestedness metric used. Degrees of nestedness were
similar when ordered according to richness and colonization
trajectory. Consequently, all matrices were significantly
aggregated as inferred from the low C-scores in comparison
to the null expectation. There was no significant degree of
allele turnover across sites (Table 2).
The number of alleles decreased significantly along the
colonization trajectory in Carabus auronitens, Coenonympha arcania and Polyommatus coridon (Fig. 3; P(r < 0) < 0.01).
In Maniola jurtina, this decrease was only visible in the eastern
lineage (P(r < 0) < 0.01) while in the western and southern
populations, as well as in Melanargia galathea, allele variation
was stable across the colonization trajectory (P(r < 0) > 0.05).
The allele number/trajectory plots of Carabus auronitens and
the southern lineage of Maniola jurtina are not homogenous

Table 1 Raw scores of the matrix temperature metric (T) and NODF metric and expected scores (ee null model: mean ± standard
deviation) of our nine data sets where sites were sorted according to incidence or colonization trajectory. Significant scores (P < 0.01)
are shown in bold type.
Sorted by

Metric

Incidence

Sorted by
Colonization
trajectory

Expected

Carabus auronitens

Incidence

Sorted by
Colonization
trajectory

Expected

Coenonympha arcania

Incidence

Colonization
trajectory

Expected

Melanargia galathea

T
NODF

6.39
10.6
61.06
51.58
Maniola jurtina East

55.76 ± 3.59
25.97 ± 1.17

10.53
14.67
63.69
62.76
Maniola jurtina South

68.55 ± 2.43
44.06 ± 1.12

20.24
25.43
56.56
48.85
Maniola jurtina West

74.98 ± 1.62
42.40 ± 0.61

T
NODF

6.92
21.3
35.46
33.69
Polyommatus coridon West

36.72 ± 4.23
47.45 ± 2.54

15.43
20.35
60.33
57.65
Polyommatus coridon East

59.55 ± 3.23
51.55 ± 1.63

13.15
26.73
49
46.49
Polyommatus icarus

59.75 ± 3.57
51.35 ± 1.59

T
NODF

11.1
55.7

77.74 ± 1.13
34.67 ± 0.34

15.46
54.57

68.79 ± 1.95
39.76 ± 0.80

17.17
57.41

75.35 ± 1.59
42.27 ± 0.64
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12.29
53.13

15.92
54.37

20.58
55.85
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Table 2 Spatial turnover among study sites (C-score and r2) and respective expected scores (the ee null model: mean ± standard
deviation) of our nine data sets. Significant scores (P < 0.01) are shown in bold type.
Metric

Observed

Expected

Observed

Expected

Observed

Expected

Carabus auronitens

Coenonympha arcania

Melanargia galathea

C-score
r2

0.01
0.07 ± 0.001
0.12
0.29 ± 0.03
Maniola jurtina East

0.01
0.12 ± 0.001
0.08
0.13 ± 0.01
Maniola jurtina South

0.03
0.12 ± 0.01
0.04
0.09 ± 0.01
Maniola jurtina West

C-score
r2

0.02
0.13 ± 0.01
0.04
0.27 ± 0.03
Polyommatus coridon West

0.02
0.13 ± 0.005
0.05
0.14 ± 0.01
Polyommatus coridon East

0.02
0.12 ± 0.005
0.04
0.15 ± 0.01
Polyommatus icarus

C-score
r2

0.01
0.01

0.02
0.06

0.03
0.05

0.1 ± 0.005
0.08 ± 0.003

0.11 ± 0.001
0.14 ± 0.01

0.12 ± 0.01
0.09 ± 0.005

Figure 3 Colonization trajectories (latitudinal gradient) of one ground beetle (Carabus auronitens) and five butterfly species partly
coincide with the reduced number of alleles across sample sites. In C. auronitens and the southern line of Maniola jurtina, two
apparently different colonization trajectories are indicated by filled and open circles. Regression lines shown (except for M. jurtina West)
are statistically significant at P < 0.01.

(Fig. 3) and are suggestive of two different colonization
pathways.
Our quantitative approach to test for nestedness confirmed the nestedness results based on presence/absence
(Table 3, Appendix S2). The incidence-based NODF metric
used with the aa null model identified 33 allozymes (45%)
Journal of Biogeography 40, 769–777
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as having a nested allele structure when sorted according to
colonization trajectory (P < 0.05, Table 3). Sorting according to incidence and abundance resulted in only 25 (32%)
significant scores (Table 3). We found no clear trends
towards ordered frequency declines (Table 3, Appendix S2).
For 13 alleles (18%), we found a significant nested pattern,
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Table 3 Summary of the results presented in Appendix S1. WNODF and NODF scores (total of 74 single comparisons) are shown
above or below expected scores and above or below lower and upper two-sided 95% confidence limits of the aa null model. Null model
distributions were obtained from 200 randomized matrices.
Ordered according to
colonization trajectory
Numbers of
Observed
Observed
Observed
Observed

score
score
score
score

<
>
<
>

expected score
expected score
lower confidence limit
upper confidence limit

Ordered according to incidence
and frequency

WNODF

NODF

WNODF

NODF

39
35
25
13

16
58
3
33

51
23
32
8

28
46
14
25

while 25 alleles (34%) appeared to be significantly nonnested, indicating an irregular pattern of allele frequency
across sites.
One-way ANOVA yielded WNODF scores for single loci
that differed significantly between species (sites ordered by
colonization trajectory: F = 7.2, P < 0.001; ordered by
incidence/abundance: F = 6.6, P < 0.001; Appendix S2).
Scattered frequency distributions with scores less than 10
characterized Carabus auronitens, Melanargia galathea and
Polyommatus icarus (Appendix S1), while the eastern and
southern groups of Maniola jurtina and the eastern group of
Polyommatus coridon had average WNODF scores above 15.
In turn, the ANOVA did not indicate significant differences
between species (P > 0.1 for both orders) when referring to
incidences (NODF, Table 3).
Our data for the same enzyme loci across different species
allowed us to address the question of whether the pattern of
allele loss was repeated at the same loci in different species.
Two-way ANOVA indicated similarities in nestedness
between species. Within-allele variability in the degree of
nestedness was significantly lower than the between-allele
variability (sorting by colonization trajectory: F = 2.25,
P = 0.01; sorting by incidence/abundance: F = 3.58,
P < 0.001). These differences did not depend on species
identity (both orders: P > 0.1). The allozyme loci G6PDH,
ME and PEP deviated from the previously described pattern;
their WNODF scores differed by more than 10 units (Appendix S2).

3. In general, nestedness analysis yielded higher effects than
regression analysis, and thus constitutes a sensitive tool for
detecting allele loss during colonization (see Table 1).
Allele number or pattern of alleles?
Most of our data sets showed a significant correlation
between latitude and allele number when using linear regression analysis: the highest correlation was found for Coenonympha arcania (r = 0.82, P < 0.01) (Besold et al., 2008)
and for the eastern lineage of Polyommatus coridon (r = 0.88,
P < 0.01) (Schmitt & Seitz, 2002). The analyses for Carabus auronitens revealed significant correlation between allele
numbers and latitude with low r2 values (ranging from 0.143
to 0.261 depending on the populations considered; Reimann
et al., 2002). Only a marginal and insignificant reduction in
the mean number of alleles in relation to latitude was
detected in Polyommatus icarus (Schmitt et al., 2002). For
the two butterflies Melanargia galathea and Maniola jurtina,
no significant loss of alleles was found (Habel et al., 2010,
2011). For M. jurtina, the latter trend was only detectable for
the eastern lineage, and not for the western one.
In contrast, when using nestedness analyses, we detected
an ordered loss of alleles for all species, highlighting the sensitivity of our approach. That the reduction of incidence is
not necessarily linked to strong nestedness is well known in
biogeography (Ulrich & Gotelli, 2010) and in studies of bipartite ecological networks (Bascompte et al., 2003). Here we
showed a similar pattern in the spatial distribution of alleles.

DISCUSSION
In this study, we compared the results of allele elimination
in the wake of colonization processes obtained from regression and nestedness analyses. In terms of their performance
under the two analytical procedures, the data sets could
potentially be assigned to three categories: (1) data sets with
a negative correlation between allele number and distance to
the refugial area showing congruence with the results
obtained from the nestedness analyses; (2) data sets without
a significant correlation, but with a significant degree of nestedness; and (3) data sets with a significant correlation, but
no significant nestedness signal. Eight species/data sets fell
into category 1, four into category 2 and none into category
774

Stochasticity versus natural selection
In a second calculation, we replaced the presence/absence
matrix of alleles with frequency data for each population and
enzyme locus, to investigate the additional information
content of this more comprehensive data. Contrary to the
presence/absence situation, no nested structure was detectable for most of the data sets. These contrasting results and
the lack of an ordered structure of allele frequencies point to
local natural selection pressures. Colonization may be accompanied by founder effects and therefore may expose the
population to stochastic processes (Clegg et al., 2002). Species representing a ‘stepwise’ process are often strongly
Journal of Biogeography 40, 769–777
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affected by repeated founder effects and accompanying population bottlenecks. Differences in environmental conditions
may reflect divergent selection pressures. Allozymes can be
under strong natural selection, as has already been shown for
many butterfly species (Stuber et al., 1980; Neva et al., 1986;
Watt, 1994; Johannesson et al., 1995; Eanes, 1999; Karl et al.,
2008, 2009). The absence of random genetic drift and the
presence of selection on genes (e.g. allozymes) can generate a
directional shift in allele frequencies, which works against
stochastic processes during colonization (MacArthur & Wilson, 1963; Hubbell, 2001). Nevertheless, we assume that allele
frequencies contain additional useful information when using
non-coding (neutral) markers unaffected by local selection
pressures.
CONCLUSIONS
Our data clearly suggest that the best way to detect ‘allele
elimination’ sensu stricto is to analyse the pattern of allele
occurrence (presence/absence) over space. While regression
analyses did not detect any significant loss of alleles for the
two species representing the phalanx colonization mode, we
detected a significant nestedness structure. Furthermore, the
degrees of significance differed markedly depending on the
method used: nestedness analysis seems to be much more
sensitive than classical regression calculations. Our results
highlight that nested subset analysis is superior to regression
analysis in studies of the genetic consequences of colonization processes. Our analyses suggest that data on the presence or absence of alleles are adequate for conducting a
nested subset analysis. An important advantage to analysing
allele presence/absence patterns (instead of frequencies) is
that they are likely to be less sensitive to local selection pressures, and hence may reflect the signature of the colonization
process more reliably. Joint analysis of occurrence and frequency data could be a tool for identifying differences in
local selection pressures along colonization trajectories.
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